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Preface

The book contains scientific articles dealing with problems in physics, chemistry,
and application of nanomaterials and supramolecular structures. It focuses on exper-
imental investigations using a variety of modern methods and theoretical modeling
of surface structures and physicochemical processes occurring at solid surfaces
based on analytical approaches and computational methods. Special attention is
focused on biomedical nanocomposites based on nanosilica and magnetite and their
interactions with components of biosystems, as well as self-organizing of water–
organic systems in nanopores of adsorbents, cells, and tissues; and immobilization
of biopolymers, drugs, antioxidants at a surface of nanomaterials without the loss of
their native properties. Techniques of chemical modification of nanomaterials and
mesoporous nanostructured films, synthesis and studies of physicochemical prop-
erties of photo-active nanomaterials, nanotubes, and other materials are described.
The results of investigations of supramolecular structures with biomolecules bound
to a surface of highly disperse silica are generalized.

The first part describes theoretical investigations of physicochemical processes
occurring at a surface. A problem of interaction of electromagnetic radiation with
surface excitations of a small particle ensemble at a solid surface was solved using
the electrostatic approximation. The structural and total potentials of interaction of
two quartz crystals separated by a nanosized gap were derived using Green func-
tions with nonlocal Poisson’s equation. Conditions of initializing of ordered motion
of nanoparticles along a surface under the effect of external fluctuations of differ-
ent nature were described, as well as examples of highly efficient Brownian and
molecular motors, photo-induced molecular and dipole rotators, whose unidirec-
tional rotation was accomplished by linearly polarized AC field. The mechanism
of laser desorption/ionization of ionic dyes interacting with chemically modified
surface of porous silicon was suggested.

The second part deals with studies of interactions of nanomaterials with compo-
nents of biosystems, development of new medicines based on nanosilica, their appli-
cation efficiency, chemical engineering of multilevel magnetosensitive nanocom-
posites with a hierarchical architecture, and functions of biomedical nanorobots.
The process of hydration of bone tissue and products of its thermal and chemical
dehydration were analyzed with the help of low-temperature NMR spectroscopy
and cryoporometry.Regularities in the behavior of nanomaterials interacting with
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vi Preface

bioobjects in different media were analyzed considering surface structures and
morphology of solid nanoparticles.

The third part is devoted to the problem of geometrical, chemical, and adsorption
modification of nanomaterials. Chemical design of carbon coating of nanoparticles
of fumed alumina and thin films of silicium, titanium, and zinc oxides doped with
Au and Ag nanoparticles is reported. It was shown that catalytic activity of these
films in photooxidation of dyes correlates with an increase of specific surface area
and acidity and depends strongly on the effectiveness of photogenerated charge
carrier separation. The influence of conditions of template synthesis on structural
and adsorption characteristics of ordered mesoporous silica comprising spherical
microparticles was analyzed. Application of silica matrices in synthesis of car-
bon nanotubes for obtaining gold and silver nanoparticles by reducing the metal
ions from solutions was described. The processes of synthesis of magnetosensitive
nanocomposites based on nanocrystalline Fe3O4 or γ-Fe2O3and highly dispersed
silicon dioxide were studied. It was shown that silica matrix stabilizes the size of
Fe3O4 nanocrystallites at 5–8 nm. An effective and ecologically safe technique
of adsorption modification of nanosilica by nonvolatile organic compounds was
developed which allows production of the required coatings of the nanoparticles
practically without the loss of the nanosilica dispersion properties. Functionalized
mesoporous silica was synthesized; the structure of its surface and adsorptive prop-
erties were analyzed. It was shown that silylated nanosilica could be effective in
formation of fibers of polypropylene–copolyamide blends. Hollow spherical silica
and magnetite particles were synthesized and investigated. Conditions and growth
features of Si and ZnO nanowhiskers at a surface of single-crystal silicon plates
were studied for the vapor–fluid–crystal mechanism. Quantum-dimensional effects
in multilayer epitaxial Si–Ge heterostructures were described. A technique of syn-
thesis of metal oxide nanoparticles incorporated into a silica matrix was developed
comprising chemical modification of the silica surface by acetyl acetonate Ce. Sol–
gel synthesis of quartz glasses and optical composites containing the metal oxide
nanoparticles was proposed.

The fourth part deals with supramolecular structures. Reactive sites for
adsorption of Hg(II) were designed at the nanosilica surface using chemically
attached β-cyclodextrin molecules. Formation of inclusion complexes between β-
cyclodextrin and nitrate ions at the ratio 1:1 and supramolecules of the composition
C42H70O34·4Hg(NO3)2was proven. Interaction of such polymer as chitosan with
nanosilica surface was investigated in order to develop a method of estimation of
quantities of adsorbed chitosan segments directly interacting with the surface and
free segments on the basis of the desorption mass spectrometry data. Dependence of
hemolysis degree of red blood cells on the quantity of the free segments of adsorbed
chitosan was revealed. A new supramolecular antioxidant composed of C and E vita-
mins and silylated nanosilica was prepared and studied. Regularities of adsorption
interaction of supramolecular complexes of flavonoids with nanosilica were studied
as functions of the chemical nature of the surface, biomacromolecules, and the solu-
tion characteristics. Adsorption of bilirubin and bile salts from the individual and
mixed aqueous solutions onto a hydrophobic surface of modified silica was studied.
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The supramolecular structures formed by blood plasma proteins with nanoparticles
of highly disperse silica were analyzed as well as the behavior of water confined in
these systems.

The fifth part describes new techniques for creation of nanotubes and nanocon-
ductors with different materials, synthesis of carbon nanotubes and polymers filled
by these materials, as well as new nanocomposites based on graphite and polymers
and used as gas sensors, films, and disperse materials based on diamond-like carbons
and related materials.

In conclusion, the editors express their gratitude to authors of the articles for
given materials, creative cooperation, fruitful discussion of this book, and valuable
advices. They offer special thanks to Usov D.G., Turelyk M.P., and Tsendra O.M.
for assistance in creation of the book.

This book is intended for students, advanced undergraduates, and specialists in
nanophysics and nanochemistry, chemistry and physics of surfaces, physical chem-
istry, biochemistry, bioengineering, polymer and material science, pharmaceutical
chemistry, and chemical engineering.

Ukraine A.P. Shpak
P.P. Gorbyk
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Part I
Modeling of Physico-chemical Processes

with Participating Surface

The breakdown of regular three-dimensional framework of an ideal crystal is accom-
panied by radical changes in distribution of electron density, electrostatic potential,
and formation of its limiting surface. Such macroscopic violation of crystal peri-
odic structure leads to changes in atoms’ interaction character, their surface valent
orbitals’ hybridization and localization of uncompensated charges, originating of
new electron states and unsaturated valencies. Moreover in real crystals, accumu-
lation of point (vacant lattice sites, interstitial atoms) and lengthy (growth steps,
dislocations, flaws, pores) defects result from impurities and structural disorder. The
impossibility of an abrupt transition from the ordered state to the disordered one
causes existence of an amorphous near-surface interlayer for crystalline substances.
Valence-saturated surface atoms are chemically active centers, and interaction of
adsorbed molecules with them may cause formation of functional coverage, for
example, with hydroxyl groups. The data obtained testifies to surface being a com-
plicated object, experimental studies and numerical modeling of which provide only
an approximate and average pattern of its structure.

This part focuses on modeling physico-chemical processes with surface partici-
pation. The urgency of the question is caused, in particular, by search for efficient
methods for obtaining coatings with desired electrodynamic characteristics. So,
multipole interaction of nanoparticles allocated closely to a phase boundary sur-
face occurs among themselves and with the boundary surface and originates from
polarization effects upon electromagnetic irradiation of the system. This process is
especially strongly displayed in spectra of optical adsorption and scattering. The
indicated interactions are sensitive to shape and size of the nanoparticles and play
an important role in self-organization of nano- and supramolecular structures of
inorganic, organic, and biological nature.

The surface effects play a very important role in the systems of nanoparticles
interacting among themselves and with the environment. Identification of the basic
laws for such interactions of particles of various chemical natures (dielectrics, con-
ductors, metals) is important for theoretical justification of creation of new types of
ultradisperse materials for technical and medico-biological applications. The non-
local electrostatics approximation provides a tool for examination of interactions
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at distances big enough to exclude overlapping of surface atoms of approaching
particles.

Studies of directed transport of nanoparticles along surfaces carrying an
orientation-ordered monolayer of polar atom groups are extremely important from
both the scientific and the practical points of view. The mechanism of its formation
is described by the model of potential energy fluctuation. The processes of mass
transport against the concentration gradient in a non-equilibrium spatially asym-
metric system can be traced using this model. Such phenomena occur in biological
membranes. The results of their studies may be used in nanobiotechnologies.

The usage of nanoporous silica as a universal ionization substrate in the method
of mass-spectrometry with laser-assisted desorption and ionization is an example
of successful practical realization of theoretical approaches to and model concepts
built on their basis of the interactions in the system “electromagnetic radiation–small
particles–surface.” Nanoporous silica is characterized by a high density of surface
defects, an effective absorption in the ultraviolet range, and low thermal conduc-
tivity, which plays an important role in the ionization processes of low molecular
organic compounds in laser-assisted desorption mass-spectrometry. However, spe-
cial attention should be paid to clarification of the influence of local electric fields
and surface heatingon laser irradiation on ionization and desorption of adsorbed
molecules.



Chapter 1
Surface Plasmons in Assemblies of Small
Particles

L.G. Grechko, E.Yu. Grischuk, L.B. Lerman, and A.P. Shpak

Abstract The electrodynamical response of small particles’ systems in external
electric field E0 is investigated. Calculation of the electric field at any point of the
space in a system of spherical particles of different radii Ri (i = 1,2, . . . n) with
different dielectric permittivities εi(ω) above a substrate is carried out. Analytical
expressions for polarizability of two particles are obtained with an allowance for
their multipole interactions between themselves and with the substrate. For the case
of one spherical particle above the substrate, frequencies of surface modes are cal-
culated, and salient features of the external electric field interaction with such a
system are analyzed. Similar problem is solved for a case of two different spherical
particles with radii R1 and R2 arranged at distance d (center to center) from each
other. Electrostatic approximation is used in all calculations. Surface plasmons in a
metallic spheroid are calculated for different eccentricities of ellipse.

1.1 Introduction

Last years, more and more attention is paid in dielectric and optical spectroscopy
for investigation of surface electromagnetic modes (polaritons, plasmons, exitones,
and so on) on the mediums’ interfaces [1, 2], for small particles (SP) and matrix
disperse systems (MDS) [1–3] on their base. Though the basic properties of surface
electromagnetic waves for spatially confined media follow directly from solutions
of Maxwell equations, and they were actively learned by Arnold Sommerfeld on
the eve of nineteenth century, the interest in them ceases from time to time. Only
recently, mainly after surface physics and chemistry evolution and discovery of the
surface enhancement Raman scattering [4], it became clear that spectroscopy of
surface electromagnetic modes can be a powerful investigation method of surface
properties and the structure of MDS.

L. Grechko (B)
O.O. Chuiko Institute of Surface Chemistry of the National Academy of Sciences of Ukraine,
General Naumov St. 17, Kyiv 03164, Ukraine
e-mail: lgrechko09@rambler.ru

3A.P. Shpak, P.P. Gorbyk (eds.), Nanomaterials and Supramolecular Structures,
DOI 10.1007/978-90-481-2309-4_1, C© Springer Science+Business Media B.V. 2009
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The peculiarity of the surface electromagnetic modes (SEM) appears to be a con-
dition of their origin. It is necessary for their origin that the real part of permittivity
of one of the matters of interfaces of media or small particles and matrix in MDS be
negative ( Reε(ω) ≤ −1 where ε is a permittivity and ω is a radiation frequency).
But in most cases through analyzing processes of light reflection and scattering, it
was assumed in explicit or implicit form that Reε(ω) > 0, though the condition
Reε(ω) > 0 even with absence of spatial dispersion ( �k = 0 where �k is a wave
vector) is fulfilled only in case when ω → 0 [3]. As an example, for metals in case
of Droude free electrons ε(ω) = 1 −ω2

p/[ω(ω+ iν)] ( ωp is a plasmon frequency, ν

is an absorber factor for solid). From expression of dependence ε(ω) when ν → 0
and all ω < ω/

√
2, it follows that Reε(ω) ≤ −1 (the equality corresponds to gen-

eration of a surface plasmon). For aluminum at ωp/
√

2 = 10.6 eV at the interface
“aluminum–vacuum” (in small metallic parts at ω ≤ ωp/

√
3 = 6.24 eV) initiation

is possible of surface plasmons with the spectral region of their existence extending
from far ultraviolet radiation to far infra-red. Analogical assertions take place for
many other metals and semiconductors [3, 5–7].

In dielectrics, electric induction D = E + 4πP = ε(ω)E where P is a vector
of electric polarizability, and for negative Reε(ω), increase in P due to external
field E should be more in absolute value and shifted of phase on 180◦ concerning
the field E. Such situation is realized in dielectrics near media absorption bands at
frequencies �0 when the frequency of applied field appears to be a small bit higher
than �0 (the frequency of the main transition). Note then on analyzing SEM in SP
and MDS on their base, a strong dependence was found of spectral characteristics
SEM on the SP form.

At first, as in works [8–10], we developed a mathematical technique for solv-
ing electrostatic boundary-value problem for a system of spatially distributed and
homogeneous spheres placed in a homogeneous external electric field near a flat
and semi-infinite homogeneous substrate. This technique is based on a multipole
expansion for the electrostatic potential and is a generalization of the method devel-
oped in [10]. It is neither assumed that the spheres are of the same material and radii
nor assumed that they are necessarily lying on the substrate. So, the initial problem
is reduced to multipole coefficient’s calculations which define each sphere’s field in
the outer region. The coefficients are defined using an infinite set of coupled alge-
braic equations. In view of the infinite size and complexity of the set, obtaining exact
analytical results is impossible in the general case. However, approximate analyti-
cal results can be obtained using simple systems. Note that the main results of this
section were briefly reported in [11]. Further, we consider as an example, a system
of two different spheres above a substrate in the dipole approximation. This simple
but instructive case is comparatively easy to solve and allows us to demonstrate how
the developed technique works. By using the solution for the multipole coefficients
and their relation to the so-called cyclic coordinates of the polarizability tensor (the
relation is derived in [10]), we determine the expression for the polarizability of
each spherical particle for this special case and show its relation to those known for
systems of two spheres and for sphere–substrate systems. All the above serves not
only as an illustration of possible applications of the elaborated technique, but also
as a basis for further consideration.
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After that, influence of the substrate on the optical properties of a small sphere
is examined in the electrostatic approximation. In order to extract the effects of
substrate–particle interaction and to exclude those due to interparticle interaction,
we turn to a more simple system of a single sphere above a substrate. All the ana-
lytical results are obtained here using the single-oscillator’s Lorentzian model of
dielectric functions for both the sphere and the substrate. The ambient region is
assumed to be vacuum. For such a canonical system, analytical expressions for the
sphere’s resonances and strengths of the corresponding modes are obtained as an
approximation of zero damping. As a particular case of the problem, we analyze
the case of two metallic spherical parts with distance d between them in external
(variable in time) electric field with wave length λ0 which is much more than the
particles’ dimension and d.

The substrate influence on both the frequency and the intensity of the resonances
is analyzed, too. A multi-dipole interaction for one gold particle near gold substrate
is taken into account [10, 11]. As well, we obtain an equation for calculating spec-
trum of surface plasmons in metallic spheroid for the general case. Some numerical
and graphic results are presented.

1.2 Physical System, Initial Problem,
and Multipole Expansions

Let us consider a model system of homogeneous spheres of different sizes and mate-
rials embedded in a semi-infinite homogeneous medium (ambient) occupying one
half of the space. The other half space is filled with another homogeneous medium
(substrate). The system is placed in an external homogeneous electric field E0. The
spheres are assumed to be of arbitrary sizes and located at arbitrary distances both
from each other and from the substrate. Additionally, the spheres may touch each
other and the substrate, or they may not be touching each other. Therefore, results
of this section can be applied to a wide variety of systems of spherical particles.

Under certain conditions, the results of this work can provide a good descrip-
tion of the properties of various real systems, such as MDS, films deposited on a
substrate, aerosols, and colloids placed in an alternative electromagnetic field with
E = E0 exp [i (kr − ωt) ] . One of these conditions is the satisfaction of the elec-
trostatic approximation: all the characteristic lengths in the system (radii, distances,
etc.) must be much smaller than the wavelength of the external field. Another con-
dition is connected with the semi-infinite sizes of the ambient and substrate regions.
Of course, any real system is always space-limited and all of its bounding surfaces
influence its properties. Therefore, our results will be quite correct for those systems
in which the influence of boundaries is negligible.

Let εa, εs, and εi be the dielectric constants of the ambient, substrate, and the i th
sphere, respectively, and Ri be the radius of the i th sphere. The resulting electric
field is caused by the interaction of the external field E0 with all the components of
the system. The corresponding potential satisfies Laplace’s equation [3]

�ψ (r) = 0 (1.1)
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in the regions a (inside ambient, outside spheres), i (inside i th sphere), and s (inside
substrate) together with the standard boundary conditions

ψu
σu−b

= ψv, εu
∂ψu

∂nuσu−v
= εv

∂ψv

∂nv
, (1.2)

where εu is the permittivity of the matter filling the u th region (u = a, i, s) , ψu

is the resulting field potential in the u th region, subscript σu− v under the equal
sign denotes that the expression is valid for observation points lying on the common
boundary surface σu− v of regions u and v.

Using the superposition principle to represent the resulting potential in regions
a and s, together with the image method and multipole expansion techniques for
solving electrostatic problems, we seek a solution of problems (1.1) and (1.2) in the
following form [10–13]:

ψa = ψa
ext +

∑

i

ψa
i th sphere + ψa

substrate

= − E0 × r +
∑

ilm

Ailm Flm (ρi) +
∑

ilm

A′
ilm Flm(ρ′

i)
(1.3)

in the region a,

ψ i =
∑

lm

Bilm Glm
(
ρi

)
(1.4)

in the region i, and

ψ s = ψ s
ext + ψ s

indused = −E0 × r + ψ s
0 +

∑

ilm

Cilm Flm
(
ρ′

i
)

(1.5)

in the region s, where ψa
ext = −Eo × r is the potential of the given external field

E0, in the ambient, ψ s
ext = −E′

0 × r + ψ s
0 is that in the substrate, E′

0 is a constant
vector representing the given external field in the substrate (note that E′

0 	= E0
due to “refraction” of the force lines on the ambient–substrate boundary), ψ s

0 is a
constant contribution to the potential ψ s

ext related with a choice of the origin point
location, ψa

ith sphere = ∑
lm AilmFlm (ρi) is the contribution to ψa due to the induced

charge distribution of the i th sphere, ψa
substrate = ∑

ilm A′
ilm Flm

(
ρ′

i
)

is that due
to the induced charge distribution of the substrate, ψ s

induced = ∑
ilm CikmFlm

(
ρ′

i
)

is the contribution to ψ s due to all the induced charges (of both the substrate and
all the spheres), Flm (r) ≡ r−l−1Ylm

(
r̂
)

and Glm (r) ≡ rl Ylm
(
r̂
)

are spherical
harmonics regular, respectively, at infinity and at zero, Ylm

(
r̂
)

is a spherical function
normalized in the usual way [13 ,14], r̂ ≡ r/r is a unit vector in the r direction,
ρi ≡ r− ri is the radius vector of an observation point with respect to the center of
the i th sphere (see Fig.1.1), ρ′

i ≡ r− r′
i is that with respect to the image of the i th

sphere, ri is the radius vector of the i th sphere’s center.
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Fig. 1.1 Spheres, images,
and vector description of the
considered system

It should be mentioned that all the individual terms in Eqs. (1.3), (1.4),
and (1.5) automatically satisfy Laplace’s equation (1.1), so the unknown values
Ailm, A′

ilm, Bilm, Cilm, E′
0, and ψ s

0 can be obtained after applying only the bound-
ary conditions (1.2) to expansions (1.3), (1.4), and (1.5). Also, it is assumed that∑

lm ≡ ∑∞
l=0
∑l

m=−l throughout this chapter.
The earlier obtained [10] equations form a full set to determine unknown coeffi-

cients Ailm and Bilm (recall that the values A′
ilm are expressed in terms of Ailm and the

explicit form of the expression was found earlier [10]). After some transformations
the equations noted can be reduced to the form

∑

ilm

[
δilm

jl1m1
+ Kilm

jl1m1

]
Ailm = Ujl1m1 , (1.6)

Bilm = f (Ailm), (1.7)

where

Kilm
jl1m1

≡ ajl1 Tj1m
lm

[
F′

LM

(
ri − rj

)]+ (−1)l+m εa − εs

εa + εs
FLM

(
r′i − r′j

)
, (1.8)

ail = l (εi − εa)

lεi + (l + l) εa
R2 l+1

i , Uilm = √4π/3ailE
m
0 δ

1
l = √3/ (4π)

εi − εa

εi + 2εa
ViE

m
0 δ

1
l ,

(1.9)

Tl1m1
lm = (−1)l+m1

[
4π

2 l + 1

(2l1 + 1) (2L + 1)

(L + M)! (L − M)!
(l + m)! (l − m)! (l1 + m1)! (l1 − m1)!

]
,

(1.10)
and Vi = (4π/3)R3

i is the volume of the i th sphere, L = l + l1, M = m − m1
(l1 = 0,1,2,..., m1 = −l1,...,l1).

The explicit form of the function f in Eq. (1.7) is sort of cumbersome. In this
chapter, however, we are not interested in coefficients Bilm representing the resulting
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field inside the spheres, so the function f is not needed for further consideration and
hence not given here. The expression for Uilm is presented in two equivalent forms
(due to ail = R3

i (εi − εa)/(εi + 2εa)). Both the forms are useful.
It is remarkable that the transition from a 2D array of identical spheres located

on a substrate [9] to the system considered here (i.e., a spatial system of different
spheres (above a substrate)) leads, formally, only to the appearance of the ail values
(known as the multipolar polarizabilities of a single sphere in the expressions for
Kilm

jl1m1
and Uilm (Eqs. (1.8) and (1.10)).

Thus, we have obtained an infinite set of coupled linear algebraic equations
(in indices l,m, and, possibly, i) for calculating the multipole coefficients Ailm of
the induced field for each sphere in the ambient. The remaining coefficients (A′

ilm,
Cilm, and Bilm) are expressed in terms of Ailm. Consequently, the initial problem is
reduced to the determination of Ailm from Eq. (1.6). Having determined the values
of Ailm, one can then determine all the remaining multipolar coefficients and, by
using the initial expansions (1.3), (1.4), and (1.5), one can in principle calculate the
electrostatic potential at any point and all other values of interest.

1.3 Two Spheres Above a Substrate: Spheres’
Polarizability Tensor

Let us consider the case of two spheres located above a substrate in such a way
that the line connecting the centers of the spheres is perpendicular to the substrate
surface (see Fig.1.2a). By varying the parameters of this system, one can obtain

Fig. 1.2 A system of two
different spheres above a
substrate, and its particular
cases
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the particular cases shown in Fig. 1.2b–d. The more general case when the line of
spheres’ centers is inclined turns out to be far more analytically complicated and is
not examined in this paper.

In the work [10] we obtained the expression for the mm1th component of the i th
sphere’s polarizability tensor

αm
im1

= ai1
1 + ( − 1)mηm

aī1
d3 +�īm

1 − η2
m

a11a21
d6 +�m

δm
m1

, (1.11)

where

ī ≡
{

1, if i = 2
2, if i = 1

,ηm ≡
{

1, m = ±1
2, m = 0

, �im ≡ Hmai1

[
1

(h1 + h2)
3

− 1

(2hi)
3

]
,

Hm ≡ ηm
εs−εa
εs+εa

,

�m ≡H2
ma11a21

[
1

(2h1)3(2h2)3
− 1

(h1 + h2)6

]

− Hm

[
a11

(2h1)3
+ a21

(2h2)3
+ ( − 1)mηm

2a11a21

d3(h1 + h2)3

]
,

and the geometrical parameters h1, h2, and d are defined in Fig. 1.2. The values
�lm and �m are additions to the numerator and denominator of αm

lm1
, respectively,

describing the substrate’s influence on the sphere’s polarizability and vanishing
when there is no substrate (formally, when εs = εa).

Starting from Eq. (1.11), expressions for α̂i can be easily obtained for the
particular cases shown in Fig. 1.2b–d; namely, in the following cases:

(1) Two spheres without a substrate (Fig. 1.2b): by setting εs = εa (or, alternatively,
moving the substrate away from the spheres to infinity) we find

αm
im1

= αi1
1 + ( − 1)mηmaī1/d

3

1 − η2
ma11a21/d6

δm
m1

. (1.12)

(2) A single sphere above a substrate (Fig. 1.2c): by setting εī = εa (or d = ∞ )
we find

αm
im1

= ai1

1 − Hm
ai1

(2hi)3

δm
m1

. (1.13)

(3) A single sphere in a homogeneous medium with no substrate (Fig. 1.2d): by
setting εs = εi = εa (or d = hi = ∞ ) we find the classical result

αm
im1

= ai1δ
m
m1

= 3V

4π

εi − εa

εi + 2εa
δm

m1
. (1.14)
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Note that tensors (1.12), (1.13), and (1.14) are diagonal in the Cartesian frame
with z axis along the system’s axis of symmetry and have two different diago-
nal components. These components are either transversal to z axis α⊥

i ≡ α1
i1 or

longitudinal to it α

i ≡ α0

i0.
The common peculiarity among tensors (1.12), (1.13), and (1.14) is that they

all differ from the spherical one because of the axial symmetry of the correspond-
ing physical system (Fig. 1.2a–c), while the tensor, Eq. (1.14), for a single sphere
(Fig. 1.2d) is simply proportional to the unit one due to the point symmetry of a
sphere. This last statement means that the induced dipole moments of the spheres in
the systems depicted in Fig. 1.2a–c are not parallel to E0, in contrast to the case of
a single sphere. Thus, the dipole moment of a single sphere is changed in both its
value and direction in the presence of a substrate or another sphere. These changes
are caused, of course, by the interaction between the induced dipole moment of
the sphere and those of neighboring objects (i.e., substrate and/or other spheres)
and depend on the values as well as the relative orientation of the moments. This
simple physical picture of the presence of anisotropy for initially isotropic spheres
helps us to understand some peculiarities of the sphere’s polarizability behavior
considered below.

1.4 Investigations Surface Plasmons for Specific Systems

1.4.1 Substrate Influence on the Optical Properties
of a Small Sphere

We turn now to developing analytical results and subsequent insight into the influ-
ence of a substrate on the optical properties of a sphere. To accomplish this, we shall
consider a single sphere above a substrate. Its polarizability we rewrite here in the
following form (from hereon, the index i is omitted):

αm
m1

= R3 (ε − εa)(εs + εa)

(ε + 2εa)(εs + εa) − ηm
( R

2 h

)3
(ε − εa)(εs − εa)

δm
m1

. (1.15)

In the optical region, all the permittivities in Eq. (1.15) become, in general,
frequency dependent and complex, as does the polarizability itself. In order to ana-
lytically investigate the behavior of α̂, we shall assume ε and εs to be Lorentzian
dielectric functions [3]

ε(ω) = ε∞ + ω2
p

ω2
0 − ω2 − iγω

, εs(ω) = ε∞s + ω2
ps

ω2
0s − ω2 − iγsω

, (1.16)

while εa is assumed to be constant and equal to unity (i.e., having vacuum or rare
gases as the ambient). The index s in Eqs. (1.16) denotes the values characterizing
the substrate material.
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Despite only a few materials being described quite well by the Lorentzian model,
it often gives universal results [3, 7]. Therefore, we shall use this model here to
be satisfied not so much with the quantitative fitness but in clarifying the physical
picture. To accomplish this, we will first obtain the resonant frequencies for a sphere
located near a substrate.

Defining the resonant frequencies as those at which the polarizability of the
sphere becomes infinite (and, correspondingly, the denominator in Eq. (1.15) equals
zero [5]), we find from Eq. (1.15), when accounting for Eqs. (1.16), the following
algebraic equation for the resonant frequencies (in the case ε∞ = ε∞s = εa = 1):

ω4 + a3ω
3 + a2ω

2 + a1ω + a0 = 0 (1.17)

with

a3 = I(γ + γs), a2 = −(ω̃2
0 + ω̃2

0s + γ γs), a1 = −i(ω̃2
0γs + ω̃2

0sγ ),

a0 = ω̃2
0ω̃

2
0s − xm

ω2
p

3

ω2
ps

2
, xm ≡ ηm

(
R

2 h

)3

, (1.18)

where

ω̃2
0 ≡ ω2

0 + ω2
p

3
and ω̃2

0s ≡ ω2
0s + ω2

ps

2

are “shifted” squared frequencies of ω2
0 and ω2

0s, and xm ≡ ηm(R/2 h)3.
Equation (1.17) is of fourth order with complex coefficients and has, in general,

four complex roots. Consequently, the resonant frequencies are, generally speak-
ing, complex values. However, resonance occurs at real frequencies close to the
real part of the corresponding complex frequencies. The exact complex solutions to
Eq. (1.17) are analytically too complicate and not of interest to us here. Instead, one
can determine the real roots by neglecting damping ( γ = γs = 0). In this case,
Eq. (1.17) is reduced to a biquadratic form with the solutions

(
ω±

m

)2 = ω̃2
0 + ω̃2

0s

2
±
√√√√
(
ω̃2

0 − ω̃2
0s

2

)2

+ xm
ω2

p

3

ω2
ps

2
. (1.19)

This expression simple enough contains useful information on the sphere res-
onances that allows one to trace how the substrate influences the absorption peak
position of a sphere brought near it.

The main peculiarity of Eq. (1.19) is that it predicts four positive nonzero reso-
nances for a sphere. Indeed, at each fixed value of m (m = 0,1) we have two resonant
frequencies ω+

m and ω−
m corresponding to different signs of the square root in Eq.

(1.19). Thus, there are two resonances for transversal (m = ±1) and two for longi-
tudinal (m = 0) components of α̂. Therefore, in the general case of the external field
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2

Fig. 1.3 Location of the
resonant frequencies
according to Eq. (1.19). The
location is shown
schematically for one of the
components of α̂ . For another
component, the frequency
splitting is qualitatively the
same, but with another value
of the (�ωm)2 being equal to
the square root from Eq.
(1.29). Note that the
magnitude of the
half-difference (ω̃2

0 − ω̃2
0s)/2

(short arrows) is always less
than (�ωm)2 (long arrows)

arbitrarily oriented with respect to the substrate’s normal direction, the polarizability
of the sphere drastically increases at four frequencies.

Second, the resonant frequencies ω+
m and ω−

m are simultaneously dependent
on both sets of parameters (ω0,ωp) and (ω0s,ωps), which characterize the sphere
itself and the substrate material. Consequently, there is a “coupling” of cor-
responding material oscillators. Only in the limiting case of a single isolated
sphere (no substrate) or an isolated substrate (no sphere) we obtain, as it must

be, the single-object resonance occurring at ω = ω̃0 ≡
(
ω2

0 + ω2
p/3
)1/2

or

ω = ω̃0s ≡
(
ω2

0 + ω2
ps/2

)1/2
, respectively. For a sphere and substrate of fine

metal (ω0 = ω0s = 0) it gives the well-known Frohlich frequencies of surface
plasmons [11] ωF = ωp/

√
3 and ωF = ωps/

√
2. In the general case, how-

ever, the Fröhlich resonances become entangled with those of ω0 and ω0s for bulk
materials.

Third, the resonant frequency locations obey the following regularities (Fig. 1.3).

(1) The resonances for each component of the sphere’s polarizability ( α⊥ or α
 )
are located symmetrically with respect to the square root of the arithmetic mean
( (ω̃2

0 + ω̃2
0s)/2 ) of the shifted squared frequencies ω̃2

0 and ω̃2
0s.

(2) The up- or down-shifts in frequency from the mean
√

(ω̃2
0 + ω̃2

0s)/2 for the

resonances ω+
m and ω−

m are defined by the value of the square root in
Eq. (1.19). They are the same for both resonances (at fixed value of m), while
being different for transversal and longitudinal components. The shifts for α⊥
(m = ±1, ηm = 1) are less than those for α
 (m = 0, ηm = 2).
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(3) Because the radicand in Eq. (1.19) is always greater than the half-difference
magnitude

∣∣ω̃2
0 − ω̃2

0s

∣∣ /2, the “upper” resonances ω+
m (m = 0, ± 1) are always

located above the greater of the two frequencies ω̃0 and ω̃0S , while the “lower”
ones ω−

m are located below the smaller of ω̃0 and ω̃0S.
(4) These shifts, being dependent on the value h/R (see the expression for xm),

decrease with an increase in the height h and are the same for spheres of the
same material but of different radii lying on a substrate (when h = R), i.e., they
are scaling invariant.

Note, finally, that the locations of these sphere resonances with respect to
the resonant frequency ω̃0 of an isolated sphere define the red and blue shifts of
the single-sphere eigenmode. As is clear (see Fig. 1.3), these shifts are not equal.
The red shift (i.e., the shift from ω̃0 to ω−

m ) is greater than the blue shift (from ω̃0 to
ω+

m ) in the case when ω̃2
0 > ω̃2

0s, and less in the opposite case.
It should be stressed that no matter how small the blue shift may be, it always

exists in principle. This result is quite surprising and differs from the commonly
accepted viewpoint that the substrate can cause only the red shift of an isolated
sphere resonant frequency, and the blue-shifted resonances appear (if any) due to
either higher multipoles [8] or nonlocality of the permittivity. From our results, such
statements should be considered as erroneous. Moreover, the appearance of the four
resonances due to splitting and shifting of the single-sphere resonance in the pres-
ence of a substrate is quite analogous to the same dipole approximation for a system
of two unequal spheres, as well as to the production of the combination frequencies
in a system of two coupled oscillators in the classical mechanics.

We can now describe the physical pictureof the single-resonance splitting as fol-
lows. The interaction of the sphere and substrate with the external field leads at first
to exciting and coupling of the corresponding bulk and surface modes ω0, ωp/

√
3

and ω0s, ωps/
√

2, respectively, resulting in the natural modes of the sphere and

substrate, ω̃0 ≡
(
ω2

0 + ω2
p/3
)1/2

and ω̃0s ≡
(
ω2

0 + ω2
ps/2

)1/2
. Then, the natural

modes are coupled via mutual electromagnetic interaction (dipole–dipole, in our
case). The latter is what causes the splitting of ω̃0 into the set of resonances ω±

m .
Increasing the distance between the sphere and the substrate leads to a weakening
of their mutual interaction. In the limit h → ∞, we have noninteracting modes with
eigenfrequencies ω̃0 and ω̃0s with no splitting.

This description of the splitting and shifting of the sphere resonance, being
dependent on the combination of the values ω0, ωp, ω0s, ωps, and h/R, can lead
to various pictures of absorption band localization with respect to the fundamental
frequencies ω0 and ω0s of the bulk materials, as well as to the plasma frequencies
ωp and ωps. Particularly, for a metallic sphere (ω0 = 0) near a dielectric sub-
strate (ωps � ωp), if only ω0s � ωp, one can derive the approximate expressions
(presented in [11], but with misprints)

ω+
m ≈

[
1 + 3

4
xm

(
ωps

ωp

)2
]
ωp√

3
, ω−

m ≈
[
ω2

0 + (1 − xm)
ω2

ps

2

]
.1/2 (1.20)
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One can see from Eq. (1.20), for example, that the blue shift for a metallic sphere
is a small value of the order of (ωps/ωp)2 in the presence of a dielectric substrate,
but is substantial in the case of a metallic substrate.

A problem is analyzed when a small particle and substrate are metals
(ω0 = ω0s = 0) and in general case we assume that ε∞ 	= ε∞s 	= εa. For
frequencies

(
ω±

m

)2, an expression can be obtained:

(ω±
m )2 = 1

2(1 − xmααs){
(ω̄2

f + ω̄2
fs)

2 ±
[(
ω̄2

f − ω̄2
fs

)2 + 4ω̄2
f ω̄

2
fsxm

(1 − α)(1 − αs)

(1 − xmα)(1 − αsxm)

] 1
2
}

,
(1.21)

where

ω̄2
f = ω2

f (1 − αsηm)

1 − ηmααs
,ω̄2

fs = ω2
fs (1 − αsηm)

1 − ηmααs
, (1.22)

ω2
fs = ω2

ps

ε∞s + εa
, ω2

f = ω2
p

ε∞ + 2εa
, α = ε∞ − εa

ε∞ + 2εa
, αs = ε∞s − εa

ε∞s + εa
. (1.23)

Here ωf and ωfs are independent frequencies of surface plasmons of small par-
ticles and the substrate; if d→∞, ω̄2

f and ω̄2
fs are the same frequencies taking into

consideration dipole interaction of the substrate and small particle for finite d values
(Fig. 1.2b). In case when ε∞ = ε∞s = εa = 1 (Eq. (1.20)) at ω0 = ω0s = 0
we have

2(ω±
m )2 = ω2

f + ω2
fs ±

[
(ω2

f − ω2
fs) + 4ω2

f ω
2
fsAm

]
.

1
2 (1.24)

In case when material of particle and the substrate is the same (ωp = ωps), it
follows

(
ω±

m

)2 = ω2
p

12

⎧
⎨

⎩5 ±
[

1 + 3ηm

(
R

h

)3
] 1

2

⎫
⎬

⎭ . (1.25)

To determine optically active modes, it is necessary to evaluate relative oscillator
strengths f +

m and f −
m [10]. It follows from the analysis that only two modes

(
ω−

m

)2

appear to be optically active in absorption spectra. Oscillator strengths of other two
modes (ω+

m )2 tend to zero.
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1.4.2 Two Metallic Spherical Particles in External Electric Field

Let us analyze the case of two metallic spherical parts with distance d between them
(Fig. 1.2) in external (variable in time) electric field with wave length λ0 which is
greatly more than the particles’ dimension and d. In this case it is necessaryto assign
εa = εs, polarizability tensor of i th particle can be formed as

αm
im1

= ai1
1 + (−1)m ηmaī1

1 − η2
m

a11a21
d6

, (1.26)

ai = εi − εa

εi + 2εa
R3

i , i = 1,2, (1.27)

where Ri is i th particle radius.
All other designations are the same.
Condition for obtaining frequencies of surface plasmons (zero value of denomi-

nator in Eq. (1.27)) in this case looks like

η2
m

R3
1R3

2

d6

(
ε1∞ − εa

ε1∞ + 2εa

)(
ε2∞ − εa

ε2∞ + 2εa

)(
ω2 − ω2

e1

ω2 − ω2
f 1

)(
ω2 − ω2

e2

ω2 − ω2
f 2

)
= 1. (1.28)

Permittivities of metal spheres were taken in Drude formulation [3]

ε1 (ω) = ε1∞ − ω2
p1

ω (ω + iγ1)
; ε2 (ω) = ε2∞ − ω2

p2

ω (ω + iγ2)
, (1.29)

and in case of realization expression (1.28) γ1, γ2 should come to zero.
Additionally, in Eq. (1.28) next designations are introduced:

ω2
fi = ω2

pi

εi∞ + 2εa
; ω2

ei = ω2
pi

εi∞ − εa
, i = 1,2. (1.30)

Taking into consideration these remarks, frequencies of surface plasmons are

2
(
ω±

m

)2 = ω̄2
f 1 + ω̄2

f 2 ±
[(
ω̄2

f 1 − ω̄2
f 2

)2 + 4ω̄2
f 1 × ω̄2

f 2
(1 − α1) (1 − α2) x2

m(
1 − α1A2

m

) (
1 − α2x2

m

)
] 1

2

,

(1.31)
where

x2
m = η2

m
R3

1R3
2

d6
; α12 = α1α2; α1 = εi∞ − εa

εi∞ + 2εa

ω̄2
f 1 = ω2

f 1
1 − α2x2

m

1 − α12x2
m

; ω̄2
f 2 = ω2

f 2
1 − α1x2

m

1 − α12x2
m

; i = 1,2.
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Expression (1.31) represents the basic formula for calculating frequencies of
surface plasmons in a system of two different metallic spherical particles which
disposed in external electric field at distance d. Corresponding frequencies of the
“oscillators” force can be obtained using the method displayed in [10].

Let us analyze a particular case when particles consist of the same material
ε1 (ω) = ε2 (ω) but have different dimensions R1 	= R2. Then from Eq. (1.31)
frequencies of surface plasmons in a system of two particles are

(
ω±

m

)2 = (1 ± xm)ω2
f

1 ± α0xm
, ωf = ω2

p

ε∞ + 2ε0
, ε1 (ω) = ε2 (ω) ≡ ε(ω),

ε(ω) = ε∞ − ω2
p

ω2
, � = R2/R1 (R2 ≤ R1), α0 = ε∞ − ε0

ε∞ + 2ε0
, xm = ηm�

3/2(R1/d)3,

ηm =
{

2, when m = (0; ||)
1, when m = ( ± 1; ⊥)

. (1.32)

The sign ‖ means that field E0 is directed along a straight line connecting the
particles’ centers, and longitudinal field is directed at right angle to the line:

(�ω)2 = (ω+
0 )2 − (ω−

0 )2 = 3ω2
p

[
(R1R2)1/2

d

]3

. (1.33)

At ε∞ = ε0, α0 = 0 expression for four frequencies of surfaces plasmons looks
like

(
ω±

m

)2 = ω2
f

[
1 ± ηm�

3/2(R1/d)3
]

,

and expression for the tensor of a polarizability of the first particle (i = 1) can be
presented in the form

αm
m1

= R3
i ω

2
f

[
f +
m

(ω+
m )2 − ω2

+ f −
m

(ω−
m )2 − ω2

]
δm

m1
,

where oscillator strengths, corresponded frequencies ω±
m are f +

m = (1/2)(1 + ( −
1)m�3/2), f −

m = (1/2)(1 − ( − 1)m�3/2) with f +
m + f −

m = 1.
For longitudinal modes (m = 0), more optically active is the mode ω+

0 , and for
transversal (m = ±1) it is ω−

1 . At � = 1 and identical radii of particles there will
be two modes in the spectrum of surface modes, thus a change of frequency will be
equal to

(�ω)2 ≡ (ω+
0 )2 − (ω−

1 )2 = 3ω2
p

[
(R1R2)1/2

d

]3

.
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At R1 = R2 peak value of �ω takes place at d = 2R1. If ε∞ = εa = 1 then

�ω = (1/8)1/2ωp ≈ 0,35ωp. (1.34)

Note that value �ω forms one-third of the plasma frequency ωp of small parti-
cles’ material. In real systems it is necessary to take into consideration electron’s
extinction γ1,γ2 and frequency dependencies ε1(ω) and ε2(ω).

1.4.3 Multipole Interaction Effect

Complex permittivities of a particle and substrate are analyzed. For ambient region,
real value of permittivity εa is assumed. If general case of multipole interaction of
one particle with substrate is taken into consideration, the following expressions are
used for the polarizability tensor components α̂m:

αm = εar3Am1 (for m = ⊥or ‖ ), (1.35)

where coefficients Am1 are to be obtained from infinite systems of linear algebraic
equations (k = 1,2,.., δkj – Kronecker–Copelly symbols)

∞∑

j=1

(
δkj +

{
k (εi − εa) (εa − εs)

[kεi + (k + 1) εa] (εa + εs)

}[
(k + j)!

k!j! (2d/r)k+j+1

])
×A⊥j = εi − εa

εi + 2εa
δk1,

(1.36)
for longitudinal constituent (with respect to the surface) of the external electric field.

Accordingly, for normal constituent

∞∑

j=1

(
δkj +

{
k (εi − εa) (εa − εs)

[kεi + (k + 1) εa] (εa + εs)

}[
(k + j)!

(k + 1)! (j − 1)! (2d/r)k+j+1

])
×

A||j = εi − εa

εi + 2εa
δkj.

(1.37)

The given formulas describe completely the interaction of electromagnetic radi-
ation with a small particle near substrate and make it possible to calculate frequency
response of optical characteristics for different specific systems.

The problem comes to solution of infinite systems (1.36) and (1.37). As a rule,
such systems can be solved using reduction method, that is, the systems are to be
replaced by systems with a finite number of equations. Such a replace is valid only in
the case when the system is a regular one or, at least, quasi-regular [17]. As applied
to the given problem, not enough attention is paid to the question in literature. As a
rule, the problem is on the basis of general considerations restricted to dipole–dipole
interaction.
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To estimate impact of registering different number of multipoles on radiation
spectrum, a number of calculations were done and some results are displayed in
tables and figures. Let us analyze a golden particle on the gold substrate (air is
ambient). For dielectric function of gold, experimental data [18, 19] are used (in
200–1900 nm range) concerning the massive material which were approximated in
calculations using cubic splines. It should be noted that the next values of plas-
mon and extinction frequencies are ωp = 1,37 × 1016 Hz, γp = 0,33 × 1014 Hz
[1]. The particle was investigated with radius 20 nm, and all the results displayed
below correspond to perpendicular polarization of the external field. There was no
dimensional correction in calculations of the dielectric function because the particle
is great enough.

A problem of construction of precise enough numerical solution of algebraic
linear high-order systems with complex coefficients depending on real parameter
(frequency) needs a separate investigation. We used in our calculations approved
high-precision program SACG from IMSL library, Math. Library for Fortran Power
Station, version 4.0, designed for solution systems of the type we needed.

As one would expect, the calculations made it clear that rate of convergence
for solutions of infinite systems (1.6) and (1.7) depended on the frequency current
value (wavelength). The values displayed in [20] of the infinite system solutions for
some wavelength values and for different number l of equations are retained. Data
obtained show that in case of short waves (200–500 nm) solution convergence is
good enough but in plasmon resonance region it becomes worse, and more equa-
tions necessary to retain or special techniques are needed. The calculations also
showed that for a long wave region (1100–2000 nm) solution convergence was good
enough, too.

Scattering, absorption, and extinction spectra for remote particle are displayed
in Fig. 1.4a, and for a particle on the substrate (dipole approximation) in Fig. 1.4b.
In Fig. 1.4c similar spectra are displayed for quadrupole approximation (l = 2).
Extinction spectra with multipoles taken into account for l = 1,2,3,6 are shown in
Fig. 1.4d.

It follows, first of all, from the results exposed that the basic input in extinction
is given by absorption (the particle is relatively small). There is only one absorp-
tion maximum in the spectra corresponding to resonance frequency of the surface
plasmon. At this, the substrate increases substantially (compared with the separate
particle) an absorption intensity for the resonance frequency with the extremum
shift to longer waves. The result correlates with the data displayed in [9]. Taking
multipole input into consideration also brings to a substantial increasing absorption
(several times compared with a dipole approximation).

At increasing equation number in the system, calculations also show a shift of
the resonance wavelength λr to greater lengths (red shift). Corresponding values of
wavelengths for some l values are given in Table1.1. Note that for a separate golden
λr ≈ 510 nm. May be seen from the data is that when eight multipoles are taken
into consideration, the resonance wavelength increases as much as 28% compared
with that in the dipole approximation.
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Fig. 1.4 Spectra of golden particle distant from the substrate: a particle alone; b spectra of golden
particle placed on the golden substrate (dipole approximation); c (quadrupole approximation);
d impact of multipoles taken into account on the extinction spectrum for the golden particle placed
on the golden substrate; 1 Qsca , 2 Qabs , 3 Qext

Table 1.1 Values of resonance wavelengths for different number of multipoles taken into
consideration (a golden particle on the golden substrate)

l 1 2 3 6 8
λr (nm) 521 548 563 629 669

The second example of a silver spherical particle on a silver substrate was
considered in our work [20].

1.4.4 Surface Excitations of Spheroid: General Case

According to tradition, the MDS spectrum for spatially confined systems is cal-
culated in the presence of external electromagnetic field. For spatially confined
systems their polarizability and SEM frequencies are calculated on the appearance
of anomalous growth of their polarizability. In other words, a heterogenous system
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of differential equations is solved for corresponding system though the spectrum
itself of surface MDS can be found from the homogeneous system of Maxwell equa-
tions for the specific problem as the condition of existence of nontrivial solutions
[21, 22]. This method was used in the given work for calculation of surface plas-
mons’ spectrum in spherical metallic particle. The frequencies of surface modes
ωlm(ξ ) are calculated. Dependences of these frequencies are calculated numerically
from ellipsoids’ oblongness ξ = 1/e (e is an ellipse eccentricity) for different values
of l and m.

In any spatially confined media, fluctuations of electromagnetic field always
take place [23]. The spectrum of possible excitations in the media is formed by
Maxwell equation and boundary conditions corresponding to the given problem. For
electrostatic approximation for the case of spheroid these equations and boundary
conditions look like [7]

�V = 0, (�E = −grad V), (1.38)

E(in)
t = E(out)

t ; εinEin
n = εoutE

out
n , (1.39)

where V(x,y,z) is an electric field potential in an arbitrary point of space (x,y,z),Ein
t

and Ein
n the tangential and normal components to the surface arranging elec-

trical field �E inside spheroid, Eout
t and Eout

n the same components �E outside
of the spheroid. Taking symmetry of the problem into consideration, the solv-
ing of the problem can be exposed in a spherical coordinates’ system (ξ ,η,ϕ)
[13, 14]. Cartesian coordinates (x,y,z) are connected with these coordinates with
formulae [13]

x = f ξ η 1 ≤ ξ ≤ ∞ ,
y = f ( ξ2 − 1 )1/2( 1 − η2 )1/2 cos ϕ − 1 ≤ η ≤ 1 ,
z = f ( ξ2 − 1 )1/2 ( 1 − η2 )1/2 sin ϕ 0 ≤ ϕ < 2π ,

(1.40)

where f is a focal distance of great semi-axis for ellipsoid of revolution.
Taking into consideration a physical idea about limited nature of the potential V

and its first derivatives’ in any space points, solution of Eq. (1.38) for internal (in)
and external (out) space regions relatively to the ellipsoid surface can be exposed:

Vin = Pm
l (ξ)Pm

l (η) [A cos mϕ + B sin mϕ] , (1.41)

Vout = Qm
l (ξ)Pm

l (η) [C cos mϕ + D sin mϕ] , (1.42)

where Pm
l (ξ ), Qm

l (ξ ) are Legendre polynomials of the first and the second kind.
Taking into consideration boundary conditions (1.39) and formulae (1.41),

(1.42), it can be found that

εin
P′m

l (ξo)

Pm
l (ξo)

= εout
Q′m

l (ξo)

Qm
l (ξo)

, (1.43)
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(a) (b)

Fig. 1.5 (a) Frequencies SP (ωlm) of elongated spheroid versus ξ = 1/e for l = 1, l = 3 for
at x = 1, εh = ε∞ = 1. (b) Frequencies SP (ωlm) of elongated spheroid versus ξ = 1/e for
l = 2 at x = 0,1; x = 1; x = 10

where the stroke at Legendre polynomials means differentiation by ξ for spe-
cific spheroid. Equation (1.43) is the basic one for determining surface modes’
frequencies of an arbitrary spheroid.

Let us analyze a metallic spheroid disposed into a dielectric space with permittiv-
ity εout = εa independent of frequency ω. Dielectric function for spheroid is taken
in Droude form [3] εin = ε∞ − �2

p/[ω(ω + iν)]. Finally, we obtain an equation
for calculating the spectrum of surface plasmons (SP) in metallic spheroid for the
general case:

(
1 − ω2

p

ω2
em

)
P′m

l (ξo)

Pm
l (ξo)

= x
Q′m

l (ξo)

Qm
l (ξo)

, (1.44)

Where ω2
p = �2

p/ε∞, x = εa/ε∞, and ωem are the frequencies of the surface
modes for the metallic spheroid.

Using recurrent dependencies for Legendre polynomials Pm
l (ξ ) i Qm

l (ξ ) [14],
numerical procedure was realized of calculating dependencies SP of the spheroid
ωlm(ξ ) from ξ = 1/e for different l and m values. The calculation results are shown
in Fig. 1.5.

As follows from Fig. 1.5, in contrast to frequencies of sphere surface plasmons

ω2
l

/
ω2

p = (lε∞)/[lε∞ + (1+ l)εh], frequencies ωlm depend substantially on number

m (splitting on m); at that growth of spheroid’s oblongness (ξ → 1), the splitting
increases. It is interesting to note that when the parameter x = εh/ε∞ changes,
curves ωlm(ξ ) move upward (downward) at diminishing (increasing) x compared to
curves ωlm(ξ ) at x = 1. This is especially important because for most of the metals
x < 1 (for silver ε∞ = 4,5; gold ε∞ = 10) at εa = 1 (vacuum). The formulae
obtained for calculating frequencies ωlm of elongated ξ can be easily generalized in
case of flattened ellipsoid using a simple change of ξ0 to i(ξ2

0 − 1)1/2 (i = √−1). It
comes from Legendre polynomials abilities [14].
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1.5 Conclusion

The solution of the electrostatic boundary-value problem for a system of homo-
geneous spherical particles located near a homogeneous semi-infinite substrate is
obtained. In the dipole–dipole approximation for two different spheres above a sub-
strate, a system of equations was found from which expression for the polarizability
tensor α̂ of each sphere was obtained. As a verification of the theory developed in
this paper, we obtained the polarizability tensor both for systems of two spheres and
for a sphere near a substrate.

The influence of a substrate, while not so large in the static state as might be
expected, leads to new effects such as splitting and shifting of the single-sphere
resonance in a time-varying external field. The quantitative characteristics of these
effects were obtained by using a Lorentzian model of the permittivities for both
the sphere and the substrate while neglecting damping. In the general case of an
external field oriented arbitrarily with respect to the substrate’s normal direction,
the single-sphere resonance proves to be split into four resonances, where one pair
is red shifted and the other blue shifted. This result is analogous to that obtained
for a system of two spheres with no substrate and has a close analogy with the
mechanical phenomenon of oscillator coupling. Not all of the new resonances are
equivalent from an experimental point of view. Some of them may not be observed
due to the potentially small strength of the mode.

An effective algorithm is proposed for solving an infinite system of linear alge-
braic equations for determination of polarizability of a small particle disposed
over the substrate using reduction method whose application was proved earlier.
Closed analytical formulae are elaborated for registration of dipole–dipole and
quadrupole–quadrupole interaction of particle with substrate.

Registration of high multipoles gives a shift of resonance wavelength in the side
of longer waves (red shift), and this shift can be a substantial one for both gold and
silver. It means that in some cases registration of the dipole interaction only may
be insufficient, and the registration of higher potential components (quadrupole,
octupole, and interactions of higher types) is needed.

So, on the basis of elaborated general theory of small particles’ interaction with
various surfaces (including biological ones) as much as calculations provided it can
be stated that the multipole interaction of this kind arises only in the presence of
external electric field. The result is modification of electrodynamic properties of
both particles and the surface: repartition of charges, shift of peaks positions, and
changing absorption intensity of electromagnetic radiation by a system of parti-
cles on the surface. At this nature of changing absorption processes both particles
and surface depends on the electrodynamics parameters of the surface and parti-
cles (effective permittivities, eigenmodes, physical and chemical conditions on the
surface, and so on).

It can appropriately be noted that absorption intensity for the system “silver
particle–silver substrate” is a few times higher then that for the system “gold
particle–gold substrate.”
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Chapter 2
Interaction Potential Between Two Closely
Spaced Dielectric Surfaces

L.G. Il’chenko, V.V. Il’chenko, and V.V. Lobanov

Abstract The structural and total interaction potentials of the vacuum space
between two dielectric quartz crystal slabs of symmetric volume features but
asymmetric surface features were calculated with Green’s function applied to the
non-local Poisson equation.

The influence of the microscopic (atomic) structure of the surfaces and variation of
the interslab width were assessed. Widths lower than 10 Å and certain co-influence
of microscopic atom structures were found to increase the structural component
of the total potential by forming lateral superlattices in the vacuum space with
parameters exceeding the values of each dielectric surface.

2.1 Introduction

The transition from micro to nanotechnologies involves the development and use of
new materials and structures with properties considerably different from the con-
ventional ones due to the reduced size of the particles (S < 100 nm) and the small
distance between them L < 5 nm [1].

In this context a detailed definition of the potential V(�r) becomes necessary to
understand the essence of the interaction between two solid particles in the nanome-
ter domain. The detail level must account for the differences in bulk properties of
interacting particles and interparticle medium, charges, microscopic structures and
adsorption layers of surfaces and external electric fields [2–9].

The decrease of the distance (L) between quasi-neutral dielectric surfaces to
values lower than 5 nm is known to form a potential barrier determined by an
image force potential distribution V0

j (x) [2, 3]. To allow for a continuity of V0
j (x)

V.V. Lobanov (B)
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on the interfaces, a correct description of the spatial dispersion of the functions of
permittivity εj(�k) in each medium is needed.

The presence of a homogeneous charge density σ 1 on the first dielectric sur-
face and of another homogenous charge density σ2 on the second one substantially
changes the potential barrier at all values of L. Quantum-chemical calculations [6]
show that the real dielectric surface is quasi-neutral. Thus, at L distances much
greater than 1 nm the total interaction potential V2(�r) at the centre of the vac-
uum space is determined by the image force potential V0

2 (x) = V0(x). Despite the
quasi-neutrality of the surfaces in the macroscopic scale, at small distances (L≤1 )
the surfaces are essentially non-neutral, i.e., the interaction potential has a �Vst

2 (�r)
contribution from the microscopic (atomic) structure of the surfaces [4, 5, 7–9].

This chapter deals with the calculation of the �Vst
2 (�r) in the hyperfine vacuum

space L between two dielectric β-cristobalite crystal slabs of different microscopic
surface structure. The methodology uses the Green’s function as applied to the non-
local Poisson equation. The calculations are carried out in the framework of local
and non-local electrostatics theory taking into consideration the spatial dispersion
effects in the ε1(�k) and ε3(�k) permittivity functions. Specifically an approximation
of the Inkson interpolation model [10] is used.

The β-cristobalite surfaces are modelled with two types of ordered surface lat-
tices (ν1,ν2 = 2) [6] with quasi-neutral surface charge (σ1 =σ2 = 0). The amplitude
�Vst

2 (�r) is determined by the atomic structure, namely the values of the effective
charges on the surface atoms (e∗

i and e∗
n), their two-dimensional concentration (Ni

and Nn), the number and type of surface lattices (square, rectangular, triangular, etc.)
and the intersurface distance L.

At small L values (L ≤ 1nm) the structural potential �Vst
2 (�r) was found to deter-

mine lateral changes in the height of the potential barrier in the vacuum space
between the dielectric surfaces. The interaction of the microscopic surface struc-
tures of each slab results in the formation of ordered lateral superlattices of total
potential V2(�r). These superlattices show parameter values that exceed those of their
parent dielectric surface and promote the ordered localization of charged particles
(electrons, ions) in the interslab vacuum space.

2.2 Fundamentals of the Theoretical Method

Some solutions to the problem of calculating the potential of a point charge ±e in
the general (vacuum) energy level for a three-layer system of two dielectric media
enclosing vacuum space can be found that use the Green’s function as applied to
the non-local Poisson equation [2, 3, 11, 12]. The system is commonly described by
a dielectric function ε1(�k) and a surface charge density σ1(y, z) on the first dielec-
tric medium in the range x ≤ 0 and with a dielectric function ε3(�k) and surface
charge density σ2(y, z) on the second one in the range of x ≥ L. Dielectric media are
separated by a vacuum space at 0 ≤ x ≤ L (ε2(�k) = 1).

The Green’s function of a longitudinal field D(q; x, x′) describing the screened
Coulomb interaction between the charges at the points x and x′ is determined by the
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Poisson’s equation [2, 3, 11, 12]:

(
∂2

∂x2
− q2

)
· D
(
q; x, x′)− 4πe2

∫
dx′�(q; x, x′)D

(
q;x′,x

) = δ
(
x − x′) , (2.1)

where δ(z) is the delta-function, �(q; x, x′) is the polarization operator of the het-
erogeneous system and q = {qy, qz

}
is the two-dimensional component of the wave

vector.
The solution of the homogeneous Poisson’s equation (2.1) for Dj(q; x, x′) can be

written in the following form:

Dj(q; x, x′) =
−aj(q; x)θ (x)∂Dj(q; 0, x′) + aj(q; x)θ ( − x)∂Dj(q; 0, x′) + bj,j−1(q; x, x′) , (2.2)

where the function ∂Dj(q; 0, x′) = ∂Dj(q; x, x′)
∂x

∣∣∣
x=0

is the derivative in the case of

εj(�k) → 1 for �k →∞ and ∂Dj(q; 0, x′) = εj · ∂Dj(q; x, x′)
∂x

∣∣∣
x=0

if εj(�k) → εj while

�k → ∞; θ (x) is the step function.
Functions aj(q; x) and bj,j−1(q; x, x′) = bj(q; x)δj,j−1 have the following form

[2, 11, 12]:

aj(q; x) = 1

π

∞∫

−∞

dk⊥ exp (ik⊥x)

εj(k⊥,q) · (k2⊥ + q2)
, (2.3)

bj(q; x, x′) = 1

2

[
aj(q; x − x′) + aj(q; x + x′)

]
, (2.4)

where k⊥ is the component of the wave vector normal to the interface and δj,j−1is
the Kronecker symbol.

Under the condition of potential’s continuity and considering the sharp change
4πσk(q) in the normal component of the electrostatic induction vector at the
dielectric surfaces (x = 0 and x = L) the function Dj(q;x,x) can be written as

Dj(q;x,x) = D0
j (q;x,x) +�Dj(q;x). (2.5)

The D0
j (q; x, x) term strongly determines the total potential polarization compo-

nent V0
j (x). This is related to the difference in bulk properties of three media (image

force potential) [11, 12].
The �Dj(q;x) term determines the total potential component �Vj(�r) caused by

the interfaces charge and is defined by the following expression [4, 5, 7–9]:

�Vj(�r) = −e
∫ ∞

−∞

∫ ∞

−∞
dqydqz

(2π)2
exp [i(qyy + qzz)] ·�Dj(qy,qz;x), (2.6)
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where the Green’s function �Dj(q;x) in a vacuum space (j = 2) between two
dielectric surfaces is expressed as [4, 5]:

�D2(q;x) = − 4π

B(q)

{
σ1 (q) · a1 (q;0) · [sh

[
(L − x) · q

]

+q · a3 (q;L) · ch
[
(L − x) · q

]]
. + σ2(q) · a3(q;L) · [sh (x · q)

+q · a1(q;0) · ch (x · q)
]}

, (0 ≤ x ≤ L) ,

(2.7)

In the last equation

B(q) = sh (q · L) ·
[
1 + q2 · a1 (q;0) · a3(q;L))

]
+q ·ch (q · L) ·[a1 (q;0)+ a3 (q;L)

]
.

(2.8)

To account for the microscopic structure of the surfaces it is convenient to con-
sider that the charge densities σ1 on the first (x ≤ 0) and σ2 on the second (x ≥ L)
dielectric surfaces are generated by the ordered lattices of the surface atoms. For
the sake of simplicity of the calculations only square lattices were considered. The
lattices have sides of length ai and a two-dimensional concentration Ni = a−2

i . The
i-type atoms on the first lattice (k = 1) have an effective charge e∗

i on the surface.
On the second lattice (k = 2) sides are of length bi and a two-dimensional concen-
tration Nn = b−2

n . The n-type surface atoms have an effective charge e∗
n. The Fourier

components of the surface atoms charge density of the first and second slabs, i.e.,
σ1(q) and σ2(q), can be represented in the following form [4, 5, 7–9]:

lσ1(q) =
ν1∑

i=1

σi(q) =

= (2π )2
ν1∑

i=1

e∗
i Ni
[
δ(qy)δ(qz) + δ

(
(qy − 2π/ai

)
δ (qz − 2π/ai)

]
,

(2.9)

lσ2(q) =
ν2∑

n=1

σn(q) =

= (2π )2
ν1∑

n=1

e∗
nNn

[
δ(qy)δ(qz) + δ

(
(qy − 2π/bn

)
δ (qz − 2π/bn)

]
,

(2.10)

where ν1 and ν2 are the number of types of nuclear lattices on each of the two
surfaces. The first component in (2.9) and (2.10) corresponds to the homogeneous
(not modulated) charge density on the first and second surfaces.

In the absence of external fields and in the case where the slab surfaces can be

considered quasi-neutral surfaces

(
σ1 =

ν1∑
i=1
σi = 0; σ2 =

ν2∑
n=1

σn = 0

)
, the distri-

bution of the potential V2(�r) in the vacuum space will be determined by the image
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forces potential V0
2 (x) and the structural potential �Vst

2 (�r). The latter is determined
by the nuclear (microscopic) structure of the interfaces, i.e.,

V2(�r) = V0
2 (x) +�Vst

2 (�r).

Let us define the structural potential �Vst
2 (�r) distribution for the system of

two dielectric slabs enclosing a vacuum space. This is commonly referred to
as the dielectric–vacuum–dielectric (DVD) system. In the framework of local
electrostatics the inductivity functions meet the condition

ε1(�k) = ε1 = const, ε3(�k) = ε3 = const. (2.11)

Taking (2.11) into account and integrating (2.3) for the expansion coefficients
(2.2),

a1(q;0) = 1

ε1q
; a3(q;L) = 1

ε3q
. (2.12)

By substituting (2.12), (2.9) and (2.10) in (2.8) and (2.7), and then in (2.6), the
distribution of the structural potential �Vst

2 (�r) in the vacuum space (0 ≤ x ≤ L) of
the DVD can be expressed as

�Vst
2 (�r) =

= ±4πe ·
{
ν1∑

i=1

e∗
i Ni · [ε3 · sh [(L − x) · αi] + ch [(L − x) · αi]]

αi · [(ε1ε3 + 1) · sh (L · αi)+ (ε1 + ε3) · ch (L · αi)]
×

× cos

(
2π

ai
y

)
· cos

(
2π

ai
z

)

+
ν2∑

n=1

e∗
nNn · [ε1 · sh (x · βn)+ ch (x · βn)]

βn · [(ε1ε3 + 1) · sh (L · βn)+ (ε1 + ε3) · ch (L · βn)]
×

× cos

(
2π

bn
y

)
· cos

(
2π

bn
z

)}
(0 ≤ x ≤ L) .

(2.13)

The spatial dispersion of the dielectric functions ε1(�k) and ε3(�k) is conveniently
treated by means of the Inkson interpolation model in which the dielectric functions
are considered to have the form [10]

ε1,3(�k) = 1 + ε1,3 − 1

1 +
(�k2/λ2

1,3

)
,(ε1,3 − 1)

, �k2 = k2⊥ + q2. (2.14)

In this equation ε1,3 are the dielectric constants (with �k → 0), λ−1
1,3 the effective

radii of the screening ion cores of the dielectric (semiconductor) crystal lattice with
bound (valence) electrons.
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Substituting (2.14) in (2.3) and integrating over k⊥, we obtain (as compared to
(2.12))

a1(q,0) = 1

ε1q
√

q2 +�2
1

[√
q2 +�2

1 + (ε1 − 1) · q

]
, (2.15)

a3(q,L) = 1

ε3q
√

q2 +�2
3

[√
q2 +�2

3 + (ε3 − 1) · q

]
. (2.16)

In this equation �1,3 = λ1,3 ·
√

ε1,3
ε1,3−1 .

Expressions for the structural potential �Vst
2 (�r) based on non-local electrostatics

can be thus obtained by integrating (2.6) and taking into account (2.7), (2.8), (2.9),
and (2.10), (2.15) and (2.16) for the DVD system. These expressions depend on the
width L of the vacuum space and the bulk properties of the interacting dielectrics
(semiconductors), i.e., the dielectric constants ε1,3 of the crystal lattices and the
effective screening radii of the ion cores of the crystal lattice with bound electrons,
λ−1

1,3. These are, however, too lengthy and they are spared for the sake of simplicity.

2.3 Results

The allowance for spatial dispersion effects in the functions ε1,3(�k) of dielectrics
when the Inkson interpolation model is used is known to guarantee the continuity of
the image forces potential V0

2 (x) = V0(x) on the interfaces. This continuity cannot
be achieved by classical representations [2, 3].

In Fig. 2.1 the solid curves represent the potential barrier formation in the vacuum
space between two dielectrics. Silicon dioxide with bulk properties of β-cristobalite
(ε1,3 = 4.4 and λ1,3 = 1.603 × 107cm–1) was chosen as an example.

As seen in Fig. 2.1 (also see [3–5]) the image forces potential, calculated for a
charge ±e with non-local electrostatics, is continuous on the interfaces. The height
of the potential barrier in the vacuum space L increases with distances from the
dielectric surface. The continuity of V0(x) enables a correct charging condition for
each of the two dielectric surfaces.

Figure 2.2 shows the structural potential �Vst
2 (�r) distribution in the DVD system

when the vacuum space separates two β-cristobalite monocrystals with symmet-
rical bulk properties, different microscopic (nuclear) structures and quasi-neutral
surfaces.

Figure 2.2 shows that the shorter the L value the higher the contribution of the
surface microscopic structure. The allowance for spatial dispersion effects in the
dielectric functions considerably increases the contribution of the structural poten-
tial �Vst

2 (�r) in the total potential V2(�r) as compared to the same effect calculated on
the base of local electrostatics.

The total potential V2(�r) (y = 0, z = 0) for positive charges +e (solid curve 1)
and negative charges (−e) (solid curve 2) for the DVD system is shown in Fig. 2.3.
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Fig. 2.1 Image force
potential V0(x) for a DVD
system with two identical
β-cristobalite monocrystals
enclosing a vacuum space
with L = 2 nm (1), L = 3
nm (2) and L = 4 nm (3),
respectively. Dashed curves
1′ − 3′ : V0(x) distribution in
the vacuum space as
predicted by classical
dielectric theory (2.11)

Fig. 2.2 �Vst
2 (x,0,0) distribution in a SiO2(111) –vacuum– SiO2(100) system with symmetrical

bulk properties plotted for two values of the vacuum space lengths (L = 0.4 nm and L = 0.6 nm).
ε1,3 = 4.4 ; λ1,3 = 1.603 × 107 cm–1. SiO2(111) (x ≤ 0): e∗

1 = 1 , N1 = 4.5 × 1014 cm–2;
e∗

2 = −0.5 , N2 = 9 × 1014 cm−2. SiO2(100) (x ≥ L): e∗
1 = 1.18 , N1 = 3.9 × 1014 cm−2;

e∗
2 = −0.59 , N2 = 7.8 × 1014 cm−2. Solid lines (1, 2): positive (+e) charge. Dotted lines (3, 4):

negative (−e) charge. Dotted lines 1–4 represent the �Vst
2 (x,0,0) distribution as obtained from

(2.13) with local electrostatics
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Fig. 2.3 V2(x,0,0)
distribution in a SiO2(111)−
vacuum– SiO2(100) system
with symmetrical bulk
properties as obtained from
non-local electrostatics (solid
curves 1 and 2). The dotted
curve represents the image
forces potential V0(x) at
L = 0.5 nm [3]. Parameters
of surface microscopic
structure as in Figure 2.2

It can be seen again that the use of spatially dispersed dielectric functions and the
Inkson interpolation model (2.14) not only leads to a continuity of the image forces
potential V0(x) and total potential V2(�r) on the interfaces (x = 0, x = L) but also
to an increase of the structural potential �Vst

2 (�r) contribution as compared with the
same contribution calculated with local electrostatics (2.13).

Fig. 2.4 is a plot of the lateral (along the interfaces) total potential V2(L/2,y,0)
distribution at the centre of the vacuum space. It can be seen that for small values of
L, i.e., values smaller than 1 nm, the contribution of the structural potential �Vst(�r)
leads to a lateral change in the potential barrier height due to an overlapping of
contributions from the microscopic (nuclear) structures of the surfaces. An ordered
lattice of total potential V2(�r) inside of the vacuum space is thus created.

Fig. 2.4 Total potential
V2(L/2,y,0) at the centre of a
vacuum space of length
L = 0.4 nm. SiO2(111)
–vacuum– SiO2(100) system
as depicted in Fig. 2.2
caption. The horizontal
dashed line represents the
value of the image force
potential V0(x) at the centre
of the vacuum space x = L/2



2 Interaction Potential Between Two Closely Spaced Dielectric Surfaces 33

2.4 Conclusions

The structural and total interaction potentials in the vacuum space between two
dielectric β-cristobalite crystal slabs with symmetrical bulk properties and different
surface features have been calculated with the use of the Green’s function applied
to the non-local Poisson equation.

Calculations of the structural potential �Vst
2 (�r) in the hyperfine vacuum space

show that the inclusion of spatial dispersion effects in the inductivity functions
ε1,3(�k) leads to two results: (1) a continuity of the image force potential V0(x) and
the total potential V2(�r) on the slabs and (2) an increase of the �Vst

2 (�r) contribution
as compared to that predicted by local electrostatics.

The study of quasi-neutral surfaces with two types of ordered surface lattices
ν1,ν2 =2 shows that when the interslab space is narrowed to values in the 0.3–2 nm
range the structural potential�Vst

2 (�r) increases (decreases) the total potential barrier
in the vacuum space depending on the effective charge e∗

i,n of the surface atoms, their
two-dimensional concentration Ni,n, the type of surface lattices and the ion charge
sign ±e.

The influence of the microscopic (atomic) structure of the surfaces and the dis-
tance from the slab surface (0 ≤ x ≤ L) were also assessed. width lower than 1 nm
and the overlap of contributions from the microscopic atom structures were found
to increase the structural component �Vst

2 (x,y,0) of the total potential V2(x,y,0).
Lateral superlattices were formed in the vacuum space with parameters exceeding
the values of each dielectric surface.
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Chapter 3
Mechanical Motion in Nonequilibrium
Nanosystems

V.M. Rozenbaum

Abstract Unidirectional mechanical motion of nanoobjects along an interface can
result from highly nonequilibrium processes which transmit the energy from various
external sources to the system. Phenomena of this kind underlie the operation of so-
called Brownian (molecular or biological) motors and have been attracting a great
research interest in the last few decades. This chapter presents the main necessary
conditions for directed motion of nanoparticles along the surface under the action
of external nonequilibrium fluctuations; the methods to realize such conditions are
also considered. Several examples are given for high-efficiency Brownian motors,
molecular pumps, photoinduced molecular motors, and dipole rotators (the latter
rotate unidirectionally in a linearly polarized alternating electric field).

Nonequilibrium fluctuations in asymmetric media which cause the directed motion
of Brownian particles even in the absence of an external field have stimulated a
great deal of interest in the recent decades [1–3]. The challenge is to gain an insight
into high-efficiency energy conversion in various kinds of Brownian motors (such
as nanovehicles, molecular pumps, particle segregators, etc.) mostly powered by
the exothermic hydrolysis of adenosine triphosphate. On the other hand, a strong
practical motivation for the research in this area is to artificially mimic the opera-
tional mechanisms of natural nanodevices aiming at significant technological and
engineering breakthroughs.

As a rule, nonequilibrium fluctuations result from an external process which
determines the time dependence of potential energy parameters. To exemplify, a
catalytic chemical reaction proceeding on a Brownian particle gives rise to temporal
fluctuations of the particle charge q(t) between two values, q+ and q− (see the left
part of Fig. 3.1). If the particle is placed in a spatially periodic asymmetric potential
ϕ(x), its potential energy becomes time-dependent: U(x,t) = q(t)ϕ(x) [3]. A similar
time dependence of the potential energy, U(x,t) = −µ(t) · E(x), can be caused by
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Fig. 3.1 The origin of the
time-dependent potential
energy of a Brownian particle
near a polar substrate

fluctuations of the particle dipole moment µ(t) in a spatially periodic asymmetric
external electric field E(x) (see the right part of Fig. 3.1). Dipole moment fluctu-
ations can be generated by switching on/off the resonance laser radiation, i.e., by
changing the dipole moment of a molecule on its excitation/deexcitation [4]. In the
above examples, the time dependence of the potential energy U (x,t) represents the
fluctuations between two potential reliefs, U+ (x) and U− (x), which are identically
shaped but differently extended along the energy axis in the “+” and “–” states. As
another instance, the dichotomous fluctuations of the potential energy arise when
the energy profile is shifted by half a period L/2 on the transitions between two
states: U− (x) = U+ (x + L/2) [5]. The fluctuations concerned can occur at certain
periodic time intervals or in a probabilistic manner; the former case corresponds
to a deterministic and the latter to a stochastic dichotomous process. Brownian
motors with the dichotomous fluctuations of the potential energy significantly dif-
fer in kinematics from those in which the potential energy continuously changes in
time (e.g., from a dipole rotator in a symmetric hindered-rotation potential which
rotates unidirectionally under the action of a linearly polarized alternating electric
field [6, 7]).

Thus, the first necessary condition for the directed motion to occur is nonequi-
librium fluctuations which supply the system with the energy drawn from various
external sources. The fluctuations can be induced by fast chemical reactions or by
abruptly changing electric fields if they cause jumps in the rate constants of the
chemical reactions relevant to directed particle transfer [8–12]. The corresponding
models include fluctuating potentials when the reaction-coordinate phase space can
be introduced [13–15].

The second necessary condition implies that the system has a particular direction
due to the asymmetric potential or electric field (see Fig. 3.1) which, in turn, are pro-
vided by polar substrates or orientationally ordered monolayers of adsorbed polar
molecules [16]. Indeed, the ground state of two-dimensional dipole systems is rep-
resented by multichain ferroelectric or antiferroelectric structures (depending on the
type of the adsorbate lattice), with dipole moments oriented parallel to chain axes.

Let the dipole chain have the period L and collinear orientations of the dipole
moments μ0 along the chain axis; the axis x is specified by the chain axis (so that the
value x = 0 determines the position of a certain dipole) and the axis z is perpendicu-
lar to the axis x. Then the electric field potential at the point with the coordinates x, z
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can be expressed as a rapidly converging series in the McDonald functions K0 [17]:

ϕz (x) = 8πμ0

L2

∞∑

h=1

hK0

(
2πh

L
z

)
sin

(
2πh

L
x

)
. (3.1)

At z
/

L ≥ 0.3, the series can, to high accuracy, be restricted to the first two terms.
In particular, at z/L ≈ 0.28, the potential appears as the function

ϕ(x) =
(

8πμ0

/
L2
)

K0(1.76)[ sin (2πx/L) + 4−1 sin (4πx/L)], (3.2)

which is approximated well by the asymmetric sawtooth potential.
The dynamics of a Brownian particle with the fluctuating potential energy is

defined by the Langevin equation:

ma = −ζv − U′
x(x,t) − f (t), (3.3)

where m, a, v, respectively, denote the particle mass, acceleration, and velocity; ζ
is the friction coefficient, and −U′

x(x,t) = −∂U(x,t)
/
∂x is the position- and time-

dependent force acting on the particle from the substrate. The difference between
Eq. (3.3) and the equation of motion following from the second Newton law is that
the former contains the random force f (t) describing the random thermal impacts of
environmental molecules. If time-averaged, this force vanishes and the correlation
function taken at some fixed time instants accounts for a δ-correlated process (white
noise):

〈 f (t)〉 = 0 ,
〈
f (t)f (t′)

〉 = 2ζkBTδ(t − t′), (3.4)

where kB is the Boltzmann constant and T is the absolute temperature.
For a nanosized particle in a sufficiently viscous medium, one can neglect the

inertia force and turn to a statistical description using the distribution function ρ(x,t)
which determines the probability density for a particle to be at the point x at the
time t. Such an approximation is adequate on the time interval�t >> m/ζ which is
long enough for thermodynamic equilibrium to be established in the velocity space
and the diffusion coefficient D = kBT

/
ζ is much less than the product of the particle

thermal velocity vT ∼
√

kBT
/

m and the spatial period L of the potential energy.

The characteristic value of D has the order of magnitude 10−5 and 10−9 m2/s for
molecules in the gas and liquid phases, respectively. As is typical of most molecules,
vTL ∼ 10−7 m2/s (at L ∼10 Å) and hence the inequality D << vTL is valid only for
a particle diffusing in a liquid. With this condition, the distribution function ρ(x,t)
satisfies the Smoluchowski equation [18]

∂

∂t
ρ (x,t) = − ∂

∂x
J (x,t), J (x,t) = −D

[
βρ (x,t)

∂

∂x
U (x,t)+ ∂

∂x
ρ (x,t)

]
, (3.5)



38 V.M. Rozenbaum

(β = (kBT)−1 is the inverse temperature) and is normalized as follows:∫ L
0 ρ (x,t) dx = 1. The desired average velocity of the directed motion of a Brownian

particle is specified by the average flux J (x,t):

v ≡ lim
T→∞

1

T

T∫

0

dt

L∫

0

dx J(x,t). (3.6)

As already mentioned, of particular interest are those dichotomous processes in
which the time-dependent potential energy U (x,t) fluctuates between two potential
reliefs, U+ (x) and U− (x). This time dependence is conveniently expressed in terms
of the average value u(x) = [

U+(x) + U−(x)
]/

2 and the amplitude w(x) =[
U+(x) − U−(x)

]/
2 of the fluctuations

U (x,t) = u(x) + σ (t)w(x), (3.7)

where the function σ (t) assumes only two values ±1. These values can be taken
periodically by the following law:

σ (t) =
{ +1, nτ ≤ t ≤ nτ + τ+ ,

−1, nτ + τ+ ≤ t ≤ (n + 1) τ ,
n = 0, ± 1, ± 2, .... (3.8)

Then the system exists in two alternate states with the potential reliefs U+ (x) and
U− (x), the respective lifetimes τ+ and τ−, and the total time period τ = τ+ + τ−.
Taking advantage of the time independence of the potential energy within either
state, differential equation (3.5) is solved separately for each time interval τ±
and the solutions are linked together through their boundary conditions to provide
distribution function continuity throughout the total period. Deterministic dichoto-
mous processes defined by relation (3.8) are usually controllable by an external
device, e.g., by a laser turned on/off at certain time instants (as in the case of
photoinduced dipole motors).In contrast, stochastic dichotomous processes occur
if potential energy fluctuations are driven, for instance, by chemical reactions.

A stochastic dichotomous process schematized by the equation below can be
specified by the transition rates γ± between two states of the system (i.e., the average
inverse lifetimes τ± of the states):

�
γ+
�
γ−

�. (3.9)

Each state is characterized by the distribution functions ρ±(x,t) which obey
the Smoluchowski equations (3.5) with the additionally included interstate transi-
tion rates:

∂

∂t
ρ± (x,t) = − ∂

∂x
J± (x,t) − γ±ρ± (x,t)+ γ∓ρ∓ (x,t) ,

J± (x,t) = −D

[
βρ± (x,t)

∂

∂x
U± (x)+ ∂

∂x
ρ± (x,t)

]
.

(3.10)
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Within the stochastic approach, stationary processes (∂ρ±(x,t)
/
∂t = 0) are

mainly concerned. When rewritten in time-independent terms, Eq. (3.10) is signifi-
cantly simplified and the desired average velocity of the directed motion defined by
Eq. (3.6) becomes

v = L
[
J+(x) + J−(x)

]
. (3.11)

If the model includes thermal interstate transitions of the particle or addresses
some peculiar cases when the transition probabilities depend on the particle position,
then the transition rates should be coordinate-dependent: γ± = γ±(x) (as an exam-
ple, see the previously published description of a reciprocating nanoengine [19]).

Interestingly, an alternative treatment of stochastic dichotomous processes
implies that the function σ (t) in Eq. (3.7) becomes a random quantity to be averaged
with regard to certain rules:

〈σ 〉 = (γ− − γ+)/.(γ+ + γ−),

〈σ (t)σ
(
t′
)〉 =

t>t′
〈σ 〉2 +

(
1 − 〈σ 〉2

)
e−�(t−t′) , � ≡ γ+ + γ− ,

〈σ (t)σ
(
t′
)
σ
(
t′′
)〉 =

t>t′>t′′
〈σ 〉
[
〈σ 〉2 +

(
1 − 〈σ 〉2

) (
e−�(t−t′) + e−�(t′−t′′) − e−�(t−t′′)

)]
,

...

.

(3.12)
The Smoluchowski equation (3.5) now contains the random function σ (t) and its

solution ρ(x,t) should also be averaged using relations (3.12). This is possible if the
solution is expressible as an infinite series containing correlation functions (3.12)
and can be restricted to the first terms due to the presence of a small parameter.
As shown below, the high-temperature approximation allows this technique to be
implemented.

In view of their position periodicity, the potential energy and the distribution
function of the steady-state process can be Fourier-transformed into the coordinate
x representation using the formula

f (x,t) =
∑

q

fq(t) exp (ikqx), kq = (2π/L
)

q, (3.13)

where q is an integer, and f (x + L,t) = f (x,t) is a function of coordinate and time.
Then the differential equation (3.5) can be written in the integral form:

ρq(t) = L−1δq,0 − βDkq exp ( − Dk2
qt)
∑

q′
kq′

t∫

−∞
dt′Uq′ (t′)ρq−q′(t′) exp (Dk2

qt′)

(3.14)
(δq,0 = 1 at q = 0 and δq,0 = 0 at q 	= 0). We assume t = −∞ as a

starting instant in Eq. (3.14) to avoid interference of transient processes with the
results obtained. The average velocity of the directed motion of a Brownian particle
appears as

v = −iβDL
∑

q

kq lim
T→∞

1

T

T∫

0

dtUq(t)ρ−q(t). (3.15)
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Solving Eq. (3.14) by iterations (with regard to the smallness of the parameter
β) and substituting the solution into expression (3.15), the general representation of
the average velocity is derived [20]:

v = iβ3D3
∑

qq′
k2

qk2
q+q′kq′Fq,q′ ,

Fq,q′ = lim
T→∞

1

T

T∫

0

dtUq(t)e−Dk2
qt

t∫

−∞
dt′Uq′ (t′)eD

(
k2

q−k2
q+q′

)
t′

t′∫

−∞
dt′′U−q−q′ (t′′)eDk2

q+q′ t′′ .

(3.16)

Note that v becomes zero for the symmetric potentials U−q(t) = Uq(t) as a result
of the double summation over the indices qq′ of the expression containing the wave
vectors to an odd power. For the same reason, v = 0 for the time-independent
potential energy. As evident from the very structure of Eq. (3.16), it is only the
interaction of several spatial harmonics of the potential that can provide nonzero
values of v. Thus the directed motion is always initiated by nonlinear processes in
an asymmetric and temporally fluctuating force field.

As a time-periodic function, the potential energy U (x,t + τ) = U (x,t) can be
Fourier-transformed into the frequency representation:

Uq(t) =
∑

j

Uqj exp ( − iωjt) , ωj = (2π/τ) j, (3.17)

where j denotes integers. Then relations (3.16) are simplified:

v = iβ3D3
∑

qj,q′j′

k2
qk2

q+q′kq′UqjUq′j′U−q−q′,−j−j′
(

iωj + Dk2
q

) (
iωj+j′ + Dk2

q+q′
) (3.18)

It should be noted that the contribution with j = j′ = 0 vanishes by virtue of
the identity

∑
q,q′ kq′Uq,0Uq′,0U−q−q′,0 = 0. Therefore, the desired average velocity

is determined only by the time-dependent components of the potential energy with
j 	= 0:

v = −β3D2
∑

q,q′,j
(j 	=0)

ωjk2
qkq′U−q−q′,0(UqjUq′,−j + Uq′jUq,−j)

(iωj + Dk2
q)(iωj + Dk2

q′ )

+iβ3D3
∑

qj,q′j′

(j 	=0,j′ 	=0,j+j′ 	=0)

k2
qk2

q+q′kq′UqjUq′j′U−q−q′, −j−j′

(iωj + Dk2
q)(iωj+j′ + Dk2

q+q′ )
.

(3.19)



3 Mechanical Motion in Nonequilibrium Nanosystems 41

Representations (3.18) and (3.19) are particularly convenient to calculate the
motion velocities for those Brownian motors in which the harmonic fluctuations
of the potential energy are specified by the first harmonics ( j = ±1, ± 2). The the-
ory of Brownian motors often employs the following spatially asymmetric function
of the potential energy:

U(x,t) = U1(t) sin (2πx/L) + U2(t) sin (4πx/L). (3.20)

A deterministic periodic dichotomous process is characterized by the period τand
the state lifetimes τ+ and τ− ( τ = τ+ + τ−). For convenience, we introduce the
ratio of, e.g., the “–” state lifetime to the period τ : δ ≡ τ−/τ ( 0 < δ < 1). Then
the Fourier components σj of the deterministic function σ (t) can be expressed as
σj = 1−2δ at j = 0 and σj = i[1−exp (−2π iδj)]/(π j) at j 	= 0. On substituting these
relations into Eq. (3.18) and summing over the indices jj′, the average velocity can
be obtained for a potential relief with an arbitrary coordinate dependence. Though
we omit the rather cumbersome explicit form of the resulting expression, its two
important properties should be pointed out. First, if the lifetimes τ+ and τ− are
much longer than the characteristic diffusion time L2/D on a distance of the order
L (and hence quasi-equilibrium can be achieved in both states of the dichotomous
process), then the average velocity is described by the known relation [21] which
assumes the following form in the high-temperature limit:

v = 4iβ3L

πτ

∑

qq′(	=0)

uq′wqw−q−q′

q
. (3.21)

It is thus seen that at low frequencies γ ≡ τ−1 of the potential energy fluc-
tuations, we arrive at v ∝ γ and δ-independence of v. The second important
feature of the deterministic process is that v ∝ γ−2 at γ → ∞. Of course, the
above-mentioned regularities are valid only if δ is neither very close to zero nor to
unity.

To derive the average velocity of a high-temperature Brownian motor governed
by a Markovian stochastic dichotomous process (see Scheme (3.9)), one can use
the high-temperature expansion of Eq. (3.10) to obtain its approximate solutions
and substitute them into relation (3.11). As an alternative, formulae (3.7) and (3.16)
with correlation functions (3.12) can be applied.The resulting expression [20] takes
the form

v = 4iβ3D

τ

∑

qq′

Dkqkq+q′uq′ + (γ+ − γ−)wq′
(
� + Dk2

q

) (
� + Dk2

q+q′
) kq′wqw−q−q′ . (3.22)

It is clear that Eq. (3.22) is reduced to Eq. (3.21) at small �, i.e., the average
velocity of the directed motion is independent of the stochastic or deterministic
nature of the process provided that quasi-equilibrium can be achieved in both states
of the dichotomous process. On the other hand, at large � and a sufficiently smooth
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potential dominated by several first harmonics, we obtain the limiting relation
v ∝ γ−1 which is not the same as in the deterministic process ( v ∝ γ−2).

The structure of relation (3.22) is determined by the fact that the Smoluchowski
equation (3.5) contains not potential energies themselves but their first derivatives
with respect to coordinate (i.e., forces). The time-independent terms corresponding
to the components u0 and w0 do not contribute to this relation and, accordingly,
analysis of its properties involves only the Fourier components with q 	= 0.

The main inference to be made from Eq. (3.22) is that if the fluctuation amplitude
wq of the potential energy is larger than its average value uq, then the direction of
the motor motion can be reversed by varying the average frequency ratio γ+/γ−. At
γ+ 	= γ−, temporal asymmetry arises which, along with spatial asymmetry, dictates
the motion direction. Evidently, this regularity holds true only on condition that the
sum of the terms containing wqwq′w−q−q′ does not go to zero (contrary to, e.g.,
the case of potentials with half-period fluctuations which implies wq 	= 0 only at
odd q).

The case of most interest is uq = 0; it is exemplified by the motors for which the
charge or dipole moment fluctuates by the sign reversal. Then the directed motion
arises solely due to the difference in two state lifetimes of the dichotomous process.
In a longer state, a particle has an increased probability to be localized in the vicinity
of the potential well minimum, whereas its position in a shorter state is determined
by the dynamic effect of a steep descent along the abrupt slope of the potential relief.
The resulting trend for the particle is to move to the right at τ+ > τ− (if δ < 1/2)
and to the left at τ+ < τ− as illustrated in Fig. 3.2.

Much promise is shown by the high-efficiency models of Brownian motors such
as the potential fluctuating by half a period and the so-called “catalytic wheel” acting
as a molecular pump. Highly efficient conversion of energy input into mechanical
energy output in these models is due to (i) a high and narrow barrier blocking the
reverse motion and (ii) the identical but mutually energy-shifted potential reliefs
on both half-periods [5, 22–25]. Particle transport through biological membranes
driven by electric-field fluctuations is described by the “catalytic wheel” model [25].
The fluctuations cause conformational changes in membrane channels which, in
turn, give rise to particle capture from solution on one membrane side and release
on the other; a circular flux thus originates which determines the operational velocity
of the molecular pump.

Fig. 3.2 Directed motion as
a result of the competition
between the spatial and
temporal asymmetry of the
potential energy
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The directed motion of nanoparticles can also be treated as rectified reciprocating
motion, reciprocation occurring at the nanoscale under the action of nonequilibrium
external forces. The theory of reciprocating nanoengines, including energy aspects,
has recently been developed [19]. The most significant finding is that the general-
ized driving force of reciprocation can arise both from the difference of potential
profiles in two states of the dichotomous process and from the position dependence
of interstate transition rate constants.

One of the possible implementations of near-surface molecular motors is a dipole
photomotor suggested by us previously [4]. It operates due to a change in the molec-
ular dipole moment which occurs on resonant laser-induced excitation. Another
illustrative example is represented by a molecular rotor [7]. It can rotate unidi-
rectionally only if an external alternating electric field simultaneously modulates
minima and maxima of the two-well hindered-rotation potential.

To conclude, the directed motion in nanosystems can arise provided they are
powered by some external sources through nonequilibrium fluctuations, on the one
hand, and have spatial asymmetry, on the other hand. At the same time, tempo-
ral asymmetry, if present in a motion-generating dichotomous process, plays an
equally crucial role in motor kinematics. It is the competition between the two
asymmetry types that specifies the magnitude and sign of the average directed
velocity thus allowing to control them by varying molecular structure, instrumental
parameters, etc.
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Chapter 4
Surface-Assisted Laser Desorption Ionization
of Low Molecular Organic Substances
on Oxidized Porous Silicon

I.V. Shmigol, S.A. Alekseev, O.Yu. Lavrynenko, V.N. Zaitsev, D. Barbier,
and V.A. Pokrovskiy

Abstract Desorption/ionization on silicon (DIOS) mass spectra of methylene
blue (MB+Cl−) were studied using p+-type oxidized monofunctional porous sili-
con (PS-OXmono) free layers. Reduction/protonation processes of methylene blue
(MB) dye were investigated. It was shown that SiHx terminal sites on oxidized
surface of porous silicon (PS-OX) are not the rate-determining factor for the reduc-
tion/protonation in DIOS. Tunneling of electron through the dielectric layer of
nanostructures on silicon surface under effect of local electrostatic and electromag-
netic fields is considered to be the most significant factor of adsorbate–adsorbent
electron exchange and further laser-induced ion formation.

4.1 Introduction

The dependence of the ion desorption mechanism on physical and chemical proper-
ties of an ionization platform is a crucial factor for surface-assisted laser desorption
ionization mass spectrometry (SALDI MS) [1]. Specifically, methods of desorp-
tion ionization on silicon mass spectrometry (DIOS MS) [2] realize matrix-free
approaches in desorption mass spectrometry, i.e., do not use auxiliary agents for ion-
ization. In particular, using porous silicon (PS) as an ionization platform for DIOS
MS of low molecular organic compounds provides the absence of background mass
spectrum in low mass range, a simplified procedure of sample preparation, the pos-
sibility of porous silica surface chemical modification for synthesis of ionization
platforms with pregiven properties, etc. As well known [3], selectivity of surface
functional groups to various types of molecules with potentialities of DIOS MS
allows one to design specific high-sensitive analytical devices (chips) for desorption
mass spectrometry [4].

In our early study [5] the possibility of use of ion-change reaction between
modified porous silicon surface and methylene blue dye as model analyte
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was investigated for receiving of qualitative mass spectrometric information by
DIOS. As-prepared PS (PS-H), the PS thermally oxidized at 300◦C (PS-OX),
PS with chemically grafted cation-exchanging alkylsulfonic acid (PS-SO3H) and
anion-exchanging propyl-octadecyldimethylammonium chloride (PS-ODMA+Cl−)
groups were tested as ionization platforms. Two mechanisms of the MB+ des-
orption/ionization were proposed: (1) the formation of MBH+ ion due to the
reaction of MB+ with H• atoms, generated under the laser-induced decomposition
of Si–H surface fragments, which is predominant for PS-H and PS-OX platforms;
(2) direct thermal desorption of the MB+ cation, prevailing for PS-SO3H. Most
probably that porous silicon surface is the source of protons and electrons for reduc-
tion/protonations of methylene blue. It is well known that different terminal groups
–SiHx on PS-H, –O3SiH and –SiOH on PS-OX are presented on native and oxidized
surfaces. However, reduction of methylene blue occurred in both cases; therefore the
goal of the present study is the investigation of desorption/ionization processes on
monofunctional oxidized porous silicon surface PS-OXmono grafted only by –SiOH
terminal groups.

4.2 Experimental

4.2.1 Porous Silicon Fabrication and Oxidation

Porous silicon was prepared by anodic etching of p+-doped (ρ = 10 m� cm) double
sides polished silicon (100) wafers in HF (49%) and ethanol mixture (1:1 v/v) at the
anodic current density of 150 mA cm−2 [6]. Samples of 55 μm in thickness and
at 65% porosity (PS-H) were detached from the bulk silicon by switching to the
electropolishing regime at the end of the anodization process (pulse at 1 A cm−2

for 5 s). PS-H samples were oxidized at 80◦C for 15 min in H2SO4(strong) and
H2O2(35%) mixture (7:3 v/v), affording PS-OXmono samples.

4.2.2 Instrumentation

The FTIR spectra of free-standing PS samples were recorded over the 400–
7800 cm–1 spectral range using a transmittance mode at ambient conditions using a
Nicolet Nexus 470 spectrometer.

Laser desorption/ionization mass spectrometry measurements were performed
using an Autoflex II time-of-flight mass spectrometer (Bruker Daltonics, Germany)
with nitrogen laser (337 nm wavelength and 3 ns pulse width) and accelerating
voltage 20 kV. Porous silicon samples were attached to a standard holder of a
MALDI plate using a home-made clip. Presented mass spectra were collected by
averaging of 100 individual laser shots. All the measurements were performed under
conditions: 10 μJ/pulse laser energy and 30 ns delayed extraction period.
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4.2.3 Deposition of Dyes on PS Samples

To perform the DIOS MS measurements, 1 μl probes of 10−3 M solution of the
model dye in H2O:EtOH mixture (1:9) were directly deposited on PS-OXmono

sample and dried in ambient air.

4.3 Results and Discussion

4.3.1 Chemical Composition of PS Surface Layers by FTIR Data

Usual oxidation of PS at 300◦C for 1 h in dry oxygen, producing PS-OX samples,
leads to the disappearance of almost all Si4−xSiHx surface groups and formation
of silicon oxide layer (very intense ν(Si−O) band in 1200–1000 cm−1 interval)
(Fig. 4.1, spectrum 1). The surface of PS-OX is terminated mainly by fragments
of O2SiSiH (ν(SiH) at 2208 cm−1), O3SiH (ν(SiH) at 2264 cm−1, ω(SiH) at
875 cm−1 [7]), isolated silanol groups Si−OH (narrow ν(O–H) band at 3745 cm−1),
hydrogen-bonded silanol groups, and adsorbed water (wide ν(O−H) band centered
at 3400 cm−1).

However, oxidation of PS at 80◦C for 15 min in H2SO4(strong) and H2O2(35%)
mixture, producing PS-OXmono samples, leads to the disappearance of almost all
O3SiH, O2SiSiH surface groups (Fig. 4.1, spectrum 2). Intense band between
1200 and 1000 cm−1 can be related to the SiO2 lattice vibrations. Presence of
surface silanol groups is indicated by the narrow band at 3745 cm−1 (stretching
mode of isolated silanols) and the wide band centered at 3400 cm−1 (stretching
of hydrogen-bonded silanols and adsorbed water). In the spectrum of the PS-
OXmonoband 1640 cm−1 can be related to the physically adsorbed water scissors
vibrations.
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Fig. 4.1 FTIR spectra of PS-OX (1) and PS-OXmono (2) samples
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4.3.2 DIOS Mass Spectra of MB Dye

The DIOS mass spectra of MB dye were obtained using the proposed ionization
platform PS-OXmono. Interpretation of those mass spectra (Fig. 4.2) reveals sig-
nificant variations in the intensity ratio for peaks at m/z=284, 285, and 286 in
comparison with natural isotope distribution. This fact points to the reactions of
one- (a) and two-electron (b) reduction/protonation of MB cation occurring on the
modified silicon surface:

[MB]+ + e− → [MB]◦, (4.1a)

[MB]+ + e− + H+ → [MBH]·+, (4.2a)

[MB]+ + 2e− + H+ → [MBH]◦, (4.1b)

[MBH]· + H+ → [MBH2]+. (4.2b)

It is known that reduction of molecules under conditions of the desorption mass
spectrometry measurements depends on availability of electrons and protons in the
reaction space [8]. The products of the one-electron reduction (1a) (semi-reduced
form) may appear in the protonated form [MBN]•+ (2a). The products of two-
electron reduction/protonation [MBH]

◦
(1b, leuco-form) are neutral and thus may

be observed in the mass spectra only in the protonated form [MBN2]+ (2b).
Notice that similar reduction/protonation processes are also observed at a surface

of ionization platforms based on initial PS and oxidized polyfunctional PS with the
−O3SiH and −SiOH groups, respectively [5]. Taking into account obtained results,
explanation of the reduction/ionization by desorption of hydrogen from the surface
terminal SiHx groups (350◦C for Si2SiH2, 500◦C for Si3SiH, 550◦C for O3SiH [9])
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Fig. 4.2 Mass spectrum of methylene blue dye on PS-OXmono surface
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as a result of local heating of the ionization platform by laser irradiation [10] is not
adequate because the SiHx groups are absent at the PS-OXmono surface.

Reduction/protonation of MB dye at the PS surface with monofunctional termi-
nal groups may be explained by irradiation of the surface PS-OXmono resulting in
the formation of electron–hole pairs (laser photon energy is 3.6 eV at the wave-
length λ = 337 nm, gap energy (Eg) of silicon monocrystal is 1.1 eV) which move
to the surface and can reduce or oxidize molecules adsorbed to the ionization plat-
form surface. A dielectric SiO2 layer is formed at the surface as a result of oxidation
which provides an energetic barrier for electrons generated by laser irradiation of
the surface. The thickness of such an oxide layer is usually ∼ 6 Å corresponding
approximately to three monolayers of SiO2[11].

Such thickness of surface dielectric layer allows the electron exchange between
silicon surface and adsorbed molecule by tunnel effect. Probability of electron
transfer depends exponentially upon electrostatic field in vicinity of nanostructured
surface sites. Surface plasmons generated by laser irradiation of chemically modi-
fied porous silicon also play an important role in ionization of adsorbed molecules.
And last but not least, surface migration promoted by local temperature increase,
caused by laser heating, provides delivery of molecules from pores to areas where
the highest values of electric field occur.

Thus, the laser-induced tunnel transition of electron through the oxide layer and
subsequent ionization of adsorbed organic molecules is a complex multi-stage pro-
cess depending essentially on structural details of an ionization platform, chemical
composition of surface sites, and temperature of a surface layer affected by the laser
irradiation.

The laser irradiation can also promote oxidation of water molecules adsorbed
at the pore walls of PS. The products of water oxidation may effect directly the
degradation of the MB molecules adsorbed on TiO2 films as was shown previously
[12]. But the fact that the reduction/protonation of dyes was not observed in the
case of ionization PS-SO3H platforms containing significant amounts of adsorbed
water [5] confirms that the presence of water in PS pores is not the main factor in
the reduction/protonation processes of MB dye on the oxidized surface of PS.

4.4 Conclusions

On the basis of the present study and the literature data [5] we revealed that
chemically modified surface of PS was an exceptional proton source for reduc-
tion/protonation of ionic dyes such as MB and, evidently, certain other organic
compounds.

Besides, we have found that PS-OXmono modified ionization platforms provided
reduction/protonation of adsorbate as efficiently as plain PS-OX surfaces with both
SiHx and SiOH groups. So, the presence of SiHx terminal groups at the oxidized
surface of PS serving as a hydrogen source on local laser-induced heating is not
a rate-determining factor for the reduction/protonation in DIOS. Specific physical
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and chemical properties of modified porous silicon, such as high concentration of
surface defects, efficient UV absorption, high local electrostatic and electromagnetic
fields make this material a promising platform to open new ways in application of
laser desorption mass spectrometry.
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Part II
Interaction of Nanomaterials with

Components of Biological Environments

Modern nanotechnologies provide tools for creation of unique agents for medicine
and biology. Their practical usage is mostly based on knowledge about interaction
of nanomaterials with the components of biological environment.

Among the large amount of known materials, oxides are of great interest for
scientists. This class of compounds possesses a wide variety of properties, while
accumulated knowledge is used for their further optimization with respect to cer-
tain applications. This chapter highlights highly dispersive pyrogenic oxides and
magnetic nanosized oxides for various functional purposes and, in particular, for
creation of an artificial bone tissue.

Silica’s prominent position among oxides can be accounted for by a number of
factors; in fact, the evolution of living matter took place in close contact with it;
moreover, silica is a participant of many physiological processes. In the nanosized
amorphous state silica possesses high biological activity and ability to modulate
biotransformation and pharmacokinetics of medical preparations.

Due to a large specific surface area (200–400m2/g) and structural features, silica
is characterized by high adsorption properties with respect to water, peptides, exo-
and endotoxins, and microorganisms.

“Siliks” is a medical drug, developed at O.O. Chuyko Institute of Surface
Chemistry of the NAS of Ukraine on the base of nanosilica, as well as some
new generations of highly effective combined medical drugs acting via various
mechanisms of therapeutic effect and designed for a wide range of applications.

Magnetic oxides, magnetite in particular, which possess high biocompatibility,
are of great interest for medico-biological usage. The surface of magnetite in a
nanosized state may be used as a reactive component for targeted design of mul-
tilevel nanocomposites with hierarchical architecture and functions of nanorobots,
which include recognition of specific microbiological objects in biological environ-
ment, targeted delivery and deposition of medicinal products into organs or cells,
diagnostics and therapy of diseases at the cell level, adsorption of cell decom-
position products after application of chemotherapeutic agents or hyperthermia,
their removal from the organism using magnetic field. The application of polyfunc-
tional nanocomposites of combined action, which contain monoclonal antibodies
and highly efficient cytostatic compounds, in oncology may be accompanied by a
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synergetic effect of chemo- and immunotherapeutic drugs and results in decreased
toxico-allergic response of the organism.

One of the major problems of modern transplantology is creation of an artificial
bone tissue. According to research reports, the porous type of bone tissue con-
tains more than 30% (wt.) of bound water. Cluster structures of such water exist
in strong- and weak-associated states and were detected in a number of biological
objects (yeast cells, wheat seeds, etc.) and hydrated shells of bioactive amorphous
nanosilica. It was found that relative amount of the indicated types of water depends
on a state of a bioobject (anabiosis or the active phase) or chemical nature of
the nanoparticles’ surface. So, one may suppose that the detected water cluster
structures may be used for monitoring and quality evaluation of artificial bioma-
terials, bone implants in particular. The reports dealing with analysis of textural and
adsorption characteristics, structure of surface and volume phases of particles, and
hierarchy of self-organized structures of pyrogenic oxide systems show regularities
of interaction of the particles and the oxides with low- and high-molecular com-
pounds, biomacromolecules, and cells and the peculiarities of the behavior in liquid
medium. The relation “structure–composition–properties” for the complex oxides
was derived from and their potential capabilities for redox and acid–base catalysis,
adsorption of ions of heavy elements, delivery of adsorbates, polymer filling, etc.,
were evaluated using the obtained data.



Chapter 5
Application Efficiency of Complex Preparations
Based on Nanodisperse Silica in Medical
Practice

O.O. Chuiko, P.P. Gorbyk, V.K. Pogorelyi, A.A. Pentyuk, I.I. Gerashchenko,
A.V. Il’chenko, E.I. Shtat’ko, N.B. Lutsyuk, A.A. Vil’tsanyuk,
Y.P. Verbilovsky, and O.I. Kutel’makh

Abstract Unique physical–chemical properties of amorphous silica surface pro-
vide certain biological effects: high hydrophilia, affinity to proteins, adsorption of
microorganisms and of some low-molecular substances. All of them, as well as
the capability of amorphous silica to modulate pharmacokinetics and biotransfor-
mation of other medicines by joint administration, allow us to use it not only as
a medication of applicational and oral therapy, but also as a matrix or a carrier to
create combined drugs. A number of such perspective medical products as Aquasil,
Siloglucan, Phytosilard, Lysosil, Lysetox, Flotoxan are now at different stages of
development, preclinical, and clinical studies.

5.1 Introduction

Silicon compounds and Si-containing minerals belong to most widely distributed
compounds in the nature and comprise almost half of the Earth’s crust. There is
a hypothesis that a silica surface was a matrix for spontaneous synthesis of the
first biogenic molecules. Silicon compounds are not foreign substance for living
organisms since it was proven that silicon is necessary for the formation and normal
functioning of the vessel walls, cartilages, skin collagen, etc. Silica (∼10 mg) is an
irreplaceable micronutrient for man and animals. In the regions with a low content
of silica which can be bioassimilable, a frequency of cardiovascular and oncologic
diseases increases. At the same time crystalline forms of silica, especially on the
inhalation route of entrance, can be a reason for development of a fibrous process in
lungs and other organs [1–4].

Silicas of natural and synthetic origin can be used in medicine for therapeutic
purposes. From ancient times kaolin, talc, bentonite, and other natural minerals
were used as adsorbing means. Synthetic silicas such as porous silica gels and

P.P. Gorbyk (B)
O.O. Chuiko Institute of Surface Chemistry of the National Academy of Sciences of Ukraine,
General Naumov St. 17, Kyiv 03164, Ukraine
e-mail: gorbyk_petro@isc.gov.ua

53A.P. Shpak, P.P. Gorbyk (eds.), Nanomaterials and Supramolecular Structures,
DOI 10.1007/978-90-481-2309-4_5, C© Springer Science+Business Media B.V. 2009



54 O.O. Chuiko et al.

amorphous nanodispersed silicas (NDS) are the objects of comprehensive inves-
tigations at O.O. Chuiko Institute of Surface Chemistry and other scientific research
institutions [5–7].

Nanodispersed silica produced by burning of SiCl4 in an O2/H2/N2 flame is
characterized by a relatively low content of silanols at a surface of nonporous pri-
mary nanoparticles forming secondary structures with only textural porosity. Until
recently NDS was used in the pharmacy as an auxiliary substance to improve
decomposition of tablets, to increase the viscosity and friability of the powders, and
to reinforce the viscosity and stabilization of soft medicinal preparations. However,
the physicochemical and biological properties of NDS are unique and can provide
much wide spectrum of its multipurpose utilization in different branches of medicine
and pharmacy. In particular, chemical structure of NDS makes it possible to utilize
it not only as a means of application and enteral therapy but also as a matrix carrier
to create combined medicines [8, 9].

From the chemical point of view NDS particles can be considered as a 3D poly-
mer with SiO4/2 as structural units connected together through the Si–O–Si bridges.
Surface silanols (2–4 OH/nm2) cause high hydrophilicity of NDS and its osmotic
activity. The NDS surface possesses weak proton-donor properties in the aqueous
medium. The pK value of the surface hydroxyls is in the 6–8 range, whereas the
isoelectric point corresponds to 2.2 [5, 8].

The aim of this work was to describe combined preparations based on NDS being
on different stages of development, preclinical, and clinical tests.

5.2 Results and Discussion

5.2.1 Biomedical Properties of NDS

The properties of NDS which cause its biomedical activity (Table 5.1) are (1)
high hydrophilicity, (2) bonding of large amounts of proteins, (3) adsorption
of microorganisms and viruses, (4) bonding of certain low-molecular substances
predominantly N-containing [5].

The NDS properties shown in Table 5.1 and its capability to modulate the phar-
macokinetics and biotransformation of medicines have been assumed as the basis
of a technology to create combined preparations of a new generation. Recently
our efforts were directed to the creation of new medicines with the initial NDS
such as Silics (Biosil), the development of combined medicines which would com-
bine NDS and medicines of other pharmacological groups. In the case of combined
medicines special approaches were used which allow us to create preparations with
both accelerated and delayed releases of an active substance from the matrix [5, 10].

Among the main directions of utilization of NDS in medicine and pharmacy it is
possible to separate four ways:

(1) NDS as an auxiliary component of medicines (tablet, suppository, powders),
a filler, and a stabilizer (up to 8 wt% in accordance with the pharmacopoeia)
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Table 5.1 Main mechanisms of therapeutic activity of NDS

Sorption of proteins
Microbial toxins
Antigens and the allergens
Endotoxins
Lipoprotein complexes
Receptors of enterocytes
Stabilization of exoenzymes

Effects on microorganisms
Agglutination of bacteria
Microbial decontamination
Prevention of invasion and translocation of

pathogenic microflora
Repression of rotting and fermentation in

gastrointestinal tract

Hydrophilicity
Hydro-osmotic activity
Adsorption of water
Regulation of adsorption and secretion in

the intestine

Bonding of low-molecular substances
Peptides at mean molecular weight
Exotoxins
Toxic metabolites

provides the necessary mechanochemical characteristics of many finished
medicines, although NDS itself does not practically appear to own therapeutic
activity because of a small concentration in the medicines.

(2) NDS as an autonomous medicine for enteral and local application (e.g., known
preparation Silics (Biosil) and recently worked out colloidal solution of NDS
(Aquasil).

(3) Combined medicines based on mechanical compositions of NDS with other
preparations (antiseptics, enzymes, etc.) which combine the pharmacological
effects inherent for NDS with a specific activity of other active constituents of
the mixtures.

(4) Combined medicines manufactured on the basis of created technologies of
immobilization of different medicines on NDS as a matrix or a carrier. In this
case it is possible to create medicines with controlled release of an active sub-
stance to achieve optimization of the pharmacokinetics, and consequently, the
therapeutic activity of immobilized substances. Acceleration or delay of release
of immobilized substance is achieved depending on production technology and
concentration of components.

5.2.2 Generations of Preparations Based on NDS

All preparations based on NDS already developed or being in different stages
of development and long-range planning could be divided into three generations
(Table 5.2).

The preparations of the first generation include medicines with the initial NDS
powder as a substance suitable to produce the aqueous suspensions and the col-
loidal solution with NDS (Aquasil). The preparations of the second generation
include mechanical composites with complex powders or suspensions of NDS with
antiseptic, fermentation, and other components.

The preparations of the third generation include pharmacotherapeutic systems
with silica nanoparticles modified by immobilized medicines capable for adjustable
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Table 5.2 Generations of preparations based on NDS

Generation Preparations

First Biosil – Silics (powder), Aquasil (suspension)
Second Siloglucan, Phytosilard, Lysosil, Lysetox,

Flotoxan, etc. (complex powders and
suspensions, plasters and bandages)

Third Immobilized preparations with adjustable
release of an active substance (including
capsules and containers)

release or capsules with nanosilica nuclei. Such preparations of the first generation
as Silics and Aquasil are already introduced in the medical practice.

5.2.3 List and Examples of Combined Preparations

5.2.3.1 Preparations of the Second Generation

Among preparations of the second generation there is Siloglucan, enteral rehydra-
tional preparation with the anti-diarrhea properties, a complex powder used for
preparation of suspension, includes NDS, salts, glucose, compounds for correlation
adjustment of taste and odor [11]. Composition of 100g of Siloglucan [12] includes
33 g of NDS; 11.6 g of sodium chloride; 8.3 g of potassium chloride; 9.6 g of sodium
citrate; 35.6 g of glucose; 0.5 g of aspartame; 0.5 g of extract of Mentha piperita.

It is known that correction of the disorder of water–salt metabolism is the main
approach to treat infectious diarrhea. For this purpose such preparations for rehy-
dration as salt mixtures, Rehydron (ORION, Finland), Cytraglucosolan (Russia),
Orasan (Sandoz, Switzerland), Gastrolith (Polfa), etc., are used. All these prepara-
tions can more or less satisfactorily renew the disordered electrolytic balance on the
intestinal infections; however, they do not have direct anti-diarrhea activity but only
remove a part of complications of intestinal infections. Moreover correction of the
disorder of water–salt metabolism is not always effective because the absorption of
components of the rehydrational mixtures is inhibited due to injuries of the intestine
as a result of damage of the transport systems of cell membranes. These disadvan-
tages are removed by introduction of NDS to the rehydrational mixture, which (1)
provides the binding of pathogenic microorganisms in the intestine, (2) possesses
direct anti-diarrhea activity regulating peristalsis of the intestine, and (3) is capable
to substantially activate the processes of absorption in the intestine (this is a unique
property of NDS).

The results of our investigations of the NDS effects in vitro showed that it
can significantly accelerate absorption of tested compounds through the intestine
mucous, e.g., more than 1.5 times for glucose, chlorine anions by 30%, and sodium
and potassium cations by 15%. The mechanism of this effect is not adequately
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explained; however, there is evidence that it is based on the interaction of adsorbent
nanoparticles with the membranes of red blood cells.

High efficiency of preparation Siloglucan was shown in the study of a model
which combined diarrheal syndrome with dehydration (exicosis) of rats [13]. As a
result of diarrhea and exicosis of non-treated animals, a decrease in the capacity of a
liquid fraction in blood was observed, and the hematocrit index increased almost to
60%; however, concentration of chloride anions decreased in serum. Introduction of
Rehydron (salt blend) provided only a partial correction of these indicators, whereas
the application of Siloglucan completely normalized them. The observed power-
ful anti-diarrhea and rehydrational effects of Siloglucan were confirmed by clinical
experiments.

One can assume that the therapeutic activity of Siloglucan is achieved because
of the following effects: binding of pathogenic microorganisms and their toxins
in the intestine, retardation of the intestine peristalsis, whereas the acceleration
of the absorption of components of the salt mixture compensates the loss of elec-
trolytes and fluid. Thus, Siloglucan realizes the major principle of pharmacotherapy
such as actions against both exciters of intestinal infections and the pathogenetic
mechanisms of the diarrheal syndrome development.

Preclinical tests were carried out for such combined preparations as Phytosilard
(with Echinacea immobilized on NDS) and Phytosilard in combination with
nonsteroidal anti-inflammatory preparation Nimesulide (Phytosilard-N). The inves-
tigation results testified a high anti-inflammatory activity of these preparations on
the models of gingivitis and paradontosis related to inflammatory processes of
soft tissues in the mouth cavity [14, 15]. The application of Phytosilard, espe-
cially Phytosilard-N, sufficiently effectively removed the clinical and laboratory
symptoms of inflammation and reduced a healing period of tunica mucosa in the
mouth cavity. A high efficiency of Phytosilard–Nimesulide preparation is provided
by combination of keratoplastic activity of Phytosilard with the anti-inflammatory
properties of Nimesulide. The latter is a selective inhibitor of cyclooxygenase-2
(enzyme controlling the synthesis of prostaglandins as mediators responsible for
the development of edema, pain, and hyperthermia in inflammation nidus).

Such combined preparations as Lysosil and Lysetox were developed to treat
purulent wounds [16–18]. The wound-healing composition Lysosil contains NDS
(Biosil, 96 wt%), crystalline trypsin or chymopsin (1 wt%), and borax (3 wt%). The
therapeutic effect of the composition on sanation of pyoinflammatory nidi is caused
by complex activity of the components: protease thins exudate and causes degra-
dation of necrotic tissues; NDS binds and neutralizes microorganisms, pathogenic
proteins, and necrolysis products preventing their absorption; borax (weak antisep-
tic) fulfills a function of buffer to adjust the pH value (∼7) necessary for the work
of the enzyme. The use of such substance as borax possessing the basic properties
is also due to the fact that on the development of pyoinflammatory complications in
wounds acidosis (pH < 6.5) is observed. The osmotic activity of Lysosil is close to
that of NDS (∼500%).

On the development of composition Lysetox, stabilization of trypsin was
achieved in the working medium due to introduction of an antimicrobial preparation
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Table 5.3 Impact of Aethonium on the rate of thermoinactivation of proteases in water medium

Constant of inactivation (kin • 10−3, min−1)

Temperature (◦C) Solution of native enzyme
Solution of enzyme with
added 0.02% of Aethonium

Trypsin
37 2.5 0
84 27 1.3

Chymotrypsin
37 14 1.5
84 >100 2.8

Aethonium (1,2-ethylene-bis(N-dimethylcarbodecyloxymethyl) ammonium dichlo-
ride) possessing also the surfactant properties [17] (Table 5.3). At the physiological
temperature (37◦C) the activity of Aethonium-stabilized trypsin remains practically
the same for 7 h and its minimum content (remaining sufficiently high proteolytic
activity) can be decreased by nearly four times. Lysetox (NDS (97%), crystalline
trypsin (1%), Aethonium (1.5–1.7%)) has protein adsorption capability and high
hydro-osmotic activity (∼500%) similar to that of NDS.

A complex sorption bandage created as a convenient medicinal preparation based
on NDS represents 6–8 layers of gauze filled by NDS and other medicinal sub-
stances pressed using a press [19]. Lysosil and Lysetox can be used as fillers, as
well as other antiseptics, anesthetics, or their blends. Exact dosing of the prepara-
tions is achieved due to fixed sizes of the bandage (“tablet” of 40 mm in diameter
and 3 mm in thickness). The bandage placed in a sealed packaging maintains general
regime of sterilization in a steam sterilizer. On the optimization of the production
technology of the bandage, it was established that optimal pressure is 10–15 bar;
the composition must include 35–45% of gauze, 35–45% of NDS, and 10–20% of
auxiliary substances. The bandage adhesion to a wound surface decreases in com-
parison with standard gauze by a factor of 2.5–3; however, its absorption properties
remain the same. The wound dressings can be done once for 2–3 days because of the
prolonged therapeutic activity of the developed bandage. The bandage can be input
in the area of purulent leakage since its removal does not cause pain. The clinical
estimations of the therapeutic efficiency of the developed compositions in compari-
son with the initial NDS showed that their application leads to accelerated dynamics
of the wound-healing process. In particular, sloughing is accelerated and completes
in 1–2 days, and the treatment period is shortened by 3–4 days [16, 19].

Flotoxan based on Silics (NDS) and used to treat the pyoinflammatory processes
(Ukraine patent No. 32088A) and composed of NDS (73%), polymethylsiloxane
(25%), and Aethonium (2%) has a high capability to adsorb proteins, bacteria,
metabolites of mean molecular weights and to retain them [20]. The osmotic activ-
ity of Flotoxan can be regulated by the change of NDS/polymethylsiloxane ratio in
contents of preparation. Flotoxan is characterized by a proteolytic activity due to
protease activation in suppurative contents, since rapid cleaning of wound surface



5 Application Efficiency of Complex Preparations Based on NDS in Medical Practice 59

from necrotic tissues occurs. The preparation decreases a level of endogenous intox-
ication due to the binding of the toxic products and stopping of their resorption
through the wound surface. The hydrophilic sorbent (NDS) adsorption-active with
respect to high molecular compounds (proteins and peptides) and hydrophobic sor-
bent (polymethylsiloxane) strongly binding acidic compounds of mean molecular
weights are jointed in this preparation. The presence of Aethonium as a cationic
surfactant and an active antiseptic provides high antimicrobial activity of the prepa-
ration. Flotoxan forms a stable suspension in the aqueous solutions which can be
used for washing of suppurative areas. A comparative evaluation of the proper-
ties of NDS, polymethylsiloxane, and Flotoxan showed that the adsorption activity
of Flotoxan with respect to proteins was 320 mg/g (activity of initial NDS was
330 mg/g under the same conditions). Flotoxan uptakes acidic compounds with
mean molecular weights from the aqueous solution in the quantity of nearly 5 mg/g
and about 3 mg/g of basic compounds with mean molecular weights. The appli-
cation of Flotoxan on the complex treatment of patients with the pyoinflammatory
processes led to shortening of the treatment period by 3 days [21–23].

5.2.3.2 Preparations of the Third Generation

The preclinical research of original medicinal preparations of such anti-arrhythmic
medicine as quinidine was carried out. It is known that alkaloid quinidine is one
of a few preparations capable to normalize cardiac rhythm with ciliary arrhythmia
of auricles and avoiding the application of electro-cardioversion. In this case there
is requirement of a medicine with accelerated absorption for rapid stopping of the
ciliary arrhythmia attack, and a medicine with delayed absorption for maintaining
therapeutic concentration of quinidine, i.e., a minimum level of quinidine in blood,
to avoid the arrhythmia relapse. The first medicine is a simple mechano-mixture
of quinidine with NDS which provides the acceleration of the absorption of quini-
dine from the intestine. The second medicine is quinidine immobilized on the NDS
surface with the help of fastener substances. To immobilize quinidine on NDS, sur-
factants or proteins, e.g., albumin, could be used. This medicine was prepared by
precipitation of quinidine–serum albumin complex on the NDS surface [5, 24].

A pharmacokinetic study (Fig. 5.1) showed that intragastric introduction of a
simple mixture of quinidine with NDS to rats leads to acceleration of quinidine
absorption with a greater peak concentration of quinidine in blood in comparison
with the introduction of quinidine alone. This effect provides rapid relief of the
ciliary arrhythmia attack.

On the other hand quinidine immobilized on NDS has the opposite pharma-
cokinetic characteristics. On the basis of biopharmaceutical and pharmacokinetic
investigations one can conclude that this preparation ideally satisfies requirements
for prolonged medicines [5, 24, 25]. On oral administration of quinidine–albumin–
NDS conjugate to animals, a decrease in the peak concentration of quinidine in
blood is observed, as well as considerable slowdown of elimination of the prepa-
ration from blood (Fig. 5.1). The period of the half-life of quinidine in blood is
extended more than doubly and trace amounts of the preparation are detected in
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Fig. 5.1 Concentration of quinidine in blood for different preparations: (1) quinidine; (2)
quinidine/NDS mixture; and (3) quinidine–albumin–NDS conjugate

blood in 24 h. Furthermore, on administration of this medicine, bioaccessibility of
quinidine is maximal, i.e., quinidine most fully transfers from the intestine into the
internal medium of organism. This medicine is capable to support the prolonged
anti-arrhythmic action of quinidine.

A device (capsule) was developed with programmable release of antimicro-
bial means for prophylaxis of the ventral area infection by intestinal microflora
in the postoperative period. This device is input in an intestine lumen on a sur-
gical procedure [26]. This device represents a two-layered capsule with gelatin
and an antiseptic Aethonium incorporated in the walls and filled by antimicrobial
preparations in a mixture with NDS (Fig. 5.2).

The device works as follows: the dissolution of the outer layer begins after its
introduction into the intestine lumen on the formation of interintestinal connection.
In the course of this process the therapeutic concentration of antiseptic is provided
in the zone of intestinal sutures. The gradual dissolution of the inner layer occurs

Fig. 5.2 Biosoluble device
with programmed release of
antimicrobial substances
(Ukraine patent No. 41529A):
(1) outer fast soluble layer;
(2) inner slowly soluble layer;
(3) lug for fixation of the
device in the anastomosis
zone; (4) mixture of NDS and
antimicrobial preparations
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during a day after a surgical procedure in consequence of which antiseptic concen-
tration is supported at a fixed level. Since the infection of the abdominal cavity by
intestinal microflora can strongly occur in the first hours after a surgical procedure
(from 8 to 24 h after the application of sutures) the device was designed in such
a way that the outer layer would be dissolved during the first 4 h and the internal
layer would be dissolved during 24 h. After the dissolution of the inner layer the
mixture of sorbents and antimicrobial means is realized into the intestine lumen and
retained there in the form of gelatinous substance till the appearance of peristalsis of
intestine, i.e., during 2–3 days after the surgical procedure [26, 27]. The use of the
biosoluble device with programmed release of antimicrobial means and a sorption
component effectively prevents the postoperative infection of the abdominal cavity
through the line of intestine anastomosis and prevents the development of peritoni-
tis. There is a decrease of the quantity of intraperitoneal complications from 19.5 to
5.9%, shortening the duration of the treatment of patients from 18.6 to 12 days, and
reduction of the lethality from 13.8 to 2.9% on the use of this device [28].

5.3 Conclusion

The research and development of combined medical preparations on the basis of
NDS is a promising trend in pharmacy. The medicines can be manufactured during
a comparatively short time by the pharmaceutical industry and introduced in medical
practice.
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Chapter 6
Chemical Construction of Polyfunctional
Nanocomposites and Nanorobots
for Medico-biological Applications
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Abstract A method for preparation of magnetosensitive nanocomposites on the
basis of surface-modified magnetite carrying immobilized cisplatin and monoclonal
antibody CD 95 (a medico-biological nanorobot model) was developed. Adsorption
and covalent immobilization of monoclonal antibody CD 95 and human normal
immunoglobulin on nanocomposites comprising magnetite coated with poly(acryl
amide) and γ-aminopropylsiloxane was studied. Isotherms of covalent attach-
ment of oxidized immunoglobulin via formation of Schiff bases and non-specific
(physical) adsorption of the normal immunoglobulin were compared. Kinetics of
release of the immunoglobulin to a model environment was studied. Interaction of
the prepared models of nanorobots with the cell line MCF-7 was studied. It was
shown that use of magnetically driven nanocomposites carrying the anti-tumour
drug and the monoclonal antibody CD 95 causes a synergic cytotoxic effect which
exceeds the influence of the control doses up to 50%.

6.1 Introduction

The modern level of nanotechnology permits creating unique means for medicine
and biology [1]. Their introduction into practice is the basis of the contemporary
progress in diagnostics and therapy, in particular, at the cell and genetic levels.

Researchers’ interest in magnetosensitive biocompatible nanoparticles arises
from the possibilities to control their motion in biological medium by external mag-
netic field, use for targeted drug delivery, form local hyperthermia zones, create new
types of adsorbents, means for early diagnostics of diseases, etc. [2–4].

In the recent years, the newest direction in diagnostics and therapy based on
use of hierarchically constructed magnetosensitive nanocomposites working as “
nanoclinics” has been developed. For example, the authors of [5] prepared them
via a multi-stage sol–gel synthesis in micelles. The surface of the nanocomposites
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was functionalized in order to provide recognition and targeting of specific cells.
The nanocomposites comprised magnetosensitive cores in silica shells up to 50 nm
in diameter which might carry encapsulated optical, magnetic or electric sensors
or therapeutic agents. The nanocomposites can be delivered to a cell in a targeted
manner and used for diagnostics or changing the cells’ function in a desired fashion.
Use of local hyperthermia principally permits therapy of malignant tumours without
application of chemical drugs.

The available literature data let us conclude that creation of multi-level nanocom-
posites possessing functions of medico-biological nanorobots which include recog-
nition of specific microbiological objects in biological media, targeted delivery of
medical drugs to specified organs or cells, diagnostics and therapy of malignant
tumours at the cell level, adsorption of products of decomposition of cancer cells
after impact of a chemotherapeutic agent or hyperthermia and subsequent removal
from a body is of the highest priority.

Creation of magnetically controlled nanocomposites which possess the func-
tions of nanorobots requires a number of tasks to be solved: synthesis of efficient
monodomain carriers with satisfactory magnetic properties, modification and func-
tionalization of their surface, immobilization of medical drugs, encapsulation,
attachment of sensors, etc. From the practical point of view, it is important to carry
out theoretical evaluation of transport conditions and calculation and optimization
of the carriers’ parameters.

The magnetic characteristics can be tuned within certain limits via changing the
size, shape, composition and structure of the nanoparticles. However, the properties
of materials cannot be always controlled upon synthesis since they depend a lot on
the particles’ size distribution. Thus the characteristics of the materials can vary as
a function of their polydispersity.

Surface modification of the magnetic carriers with biocompatible polymers
requires optimization of the functions of the polymer constituent. In such sys-
tems, polymer molecules may work as a binding matrix for a therapeutic or
diagnostic drug and determine important medication parameters like solubility,
bioavailability, prolonged activity period achieved due to slow release of the med-
ical drug from the polymer matrix and shelf live. Methods of immobilization of
pharmacologically active substances can vary and are determined by designation
of the medical preparation and clinical features of pathology for which they are
applied.

It is known that chemotherapeutic anticancer medical means cause disturbances
in nucleic acids metabolism; suppress DNA functions, processes of biosynthesis,
blood formation and digestion; and are cardio-, neuro- and nephrotoxic. Therefore,
the task of targeted transport of medical preparations by magnetic carriers is
extremely important. Their fixation and deposition in a tumour zone by mag-
netic field makes a substantial reduction of the preparation dose possible and, as
a consequence, minimizes toxico-allergic reactions of an organism.

Use of monoclonal antibodies in oncology practice was classified by
S. Rosenberg (1997) as a method of passive immunotherapy of malignant tumours
[6]. Clinical data indicate that passive immunotherapy by monoclonal antibodies
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is of course efficient, and its results are often as good as those of chemotherapy.
At the same time, its toxicity level is substantially lower than of chemotherapy.
Complex use of these methods is considered as the most prospective because it
notably broadens the potential of treatment of modern drugs and promotes their
efficiency.

Use of nanocomposites carrying a cytotoxic drug and a monoclonal antibody
would provide recognition of specified cells, targeted delivery of the chemothera-
peutic agent to a tumour, achievement of the therapeutic effect at lower concentra-
tions and decreasing the general toxic influence of the cytostatic drug on a whole
organism.

Therefore, this work is dedicated to chemical construction of multi-level biocom-
patible magnetosensitive nanocomposites with hierarchical structure and polyfunc-
tional properties modelling medico-biological nanorobots, studies of immobiliza-
tion of biologically active cytotoxic molecules and monoclonal antibodies (CD 95)
on their surfaces and the impact of the prepared models on the cell line MCF-7 of
the human mammary gland carcinoma.

Our analysis of literature data showed that there is no exact understanding of
the optimized structure and composition of immunomagnetic nanocomposites and
optimal amount of antibodies in the nanocomposites. There are arguments about the
strength of antibody–antigen bonding. Besides that, there are only few reports of
creation of combined magnetosensitive preparations via step-by-step attachment of
medical drugs and antibodies to the surface of nanocomposites.

6.2 Synthesis and Properties of Magnetite

Highly disperse magnetite was prepared via co-precipitation of salts [7, 8] in accord
to the reaction

Fe+2 + 2Fe+3 + 8NH4OH → Fe3O4 + 4H2O + 8NH+
4 . (6.1)

Fractionation of the prepared magnetite was carried out with magnetic field.
The method [7, 8] permits obtaining magnetite with broad size distribution of the

particles (from microns to nanometres) which requires additional fractionation.
In order to achieve a better control over size distribution, we developed a cry-

ochemical method of heterogeneous synthesis of magnetite at the interface of solid
(frozen iron II and III salts solution) and liquid (ammonia solution of a certain
concentration) phases [3]. The ammonia solution is taken in excess, while the sec-
ond phase melts and releases the solution which has predetermined concentrations
of the reactive components. A permanent concentration gradient is maintained at
the thin interface upon melting the iron-containing solid. Contrary to the homo-
geneous synthesis, growth of the nanoparticles is terminated at a certain distance
from the solid phase due to absence of the iron salts. This prevents further growth
of the formed nanoparticles and preserves their initial size. The nanoparticles are
collected with non-uniform magnetic field, and the supernatant solution is removed.
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The precipitate is washed many times with water in order to dispose off the anions
present in the solution.

Samples of the nanocrystalline magnetite with specific surface area of ∼ 90–180
m2/g (measured by thermal desorption of Ar) were prepared using the cryochem-
ical method. Depending on the synthetic conditions, the particles’ size comprised
6–50 nm revealing a quite narrow distribution interval. The fraction of the mostly
monodomain magnetite particles of 20–50 nm in diameter was used for preparation
of the magnetic carriers.

The advantages of the proposed method comprise the increased yield of the
monodomain magnetite particles directly from the synthesis and their narrower size
distribution.

6.3 Coating of Magnetite Surface with Poly(acryl amide)

Stabilization and biocompatibilization of the nano-sized magnetite particles were
achieved via coating their surface with cross-linked poly(acryl amide) (PAA).
The PAA layer was prepared via co-polymerization of acryl amide and N,N’-
methylene-bis-acryl amide in high-frequency (HF) discharge plasma at radiator
power of 20 W [9–11]. The monomer and the cross-linker were coated onto the
magnetite surface in a rotor evaporator at 303 K. Plasma polymerization was
carried out in glowing discharge at 1×10−3 Pa. Conversion degree of carbon–
carbon double bonds was measured by the method of Kaufmann based on titration
in a non-aqueous solution and the ability of the C=C bonds to combine with
Br2 [12]. The obtained samples were studied in the wavelength range 400–
4000 cm−1 with a FTIR “Perkin Elmer” spectrometer (the model 1720X) [13–15].
The spectra revealed absorption bands related to the initial magnetite and the PAA
coating [16].

We studied magnetic properties of the magnetite particles modified with PAA and
the impact of the coating thickness. The coating weight was varied from 5 to 50%
of the total weight of the composite. The specific magnetization σi and its function
σi = f(H) were calculated from the experimental data. From them, the ultimate mag-
netization at saturation condition σs, the remnant magnetization σr, and the coercive
force Hc were determined [17].

The experimental functions of the specific magnetization on magnetic field
strength for the bare magnetite and the magnetite with various PAA coating contents
showed that the coating fraction up to 15 wt.% does not cause notable deviations
from the initial magnetite magnetic properties. The values σs, Hc, are located in
the ranges from 61.5×10−7 to 62.0×10−7T m3/kg and from 30.94 to 29.31 kA/m,
respectively, while σr is equal to 30.1×10−7T m3/kg. Increase in the coating weight
up to 50% leads to the lower σs, Hc, σr values: down to 51.1×10−7 T m3/kg,
29.31 kA/m, and 24.0×10−7T m3/kg, respectively. These results show that the
increase in the weight fraction of the PAA layer up to 50% makes a negligible
contribution to the specific magnetic properties.
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6.4 Modification of Magnetite with γ-Aminopropylsiloxane

The surface of magnetite nanoparticles was coated with γ-aminopropylsiloxane (γ-
APS) in toluene [18]. The reaction of polycondensation was carried out in accord to
the scheme

−OH + (C2H5O)3 Si (CH2)3 NH2 → −O −Si (CH2)3 NH2 + 3C2H5OH (6.2)

γ-Aminopropyltriethoxysilane (γ-APTES) was dried over molecular sieves and
purified by distillation in vacuum. Magnetite was exposed to a solution of γ-APTES
(10% vol.) in toluene for 8 h, precipitated in a centrifuge, washed with toluene and
acetone and dried at 293 K.

Contents of functional groups on the surface of magnetite was measured with
X-ray photoelectron spectroscopy (XPS) and differential scanning calorimetry
(DSC) combined with differential thermo-gravimetric analysis (DTA). The ther-
mal graphs were recorded in the temperature range 293–1273 K at the heating
rate 0.16◦/s on a Q-1500D thermal analyzer purchased from the company MOM
(Hungary). Concentration of the –OH groups at the surface of the magnetite
nanoparticles calculated from the DTA data was equal to 2.2 mmol/g or 2.4
μmol/m2 at Sspecific = 90 m2/g [19].

Presence of the amino groups at the surface of the obtained nanocomposite was
confirmed with XPS [20]. The XPS spectra were recorded on a spectrometer EC-
2402 with an analyzer “PHOIBOS-100” SPECS using the Kα radiation of a Mg
anode (EMgKα = 1253.6 eV). The spectrometer was calibrated using the line Au
4f7/2 which has the binding energy Eb = 84 eV.

Fourier transform infrared spectra were recorded on a spectrometer “Perkin
Elmer” (model 1720X) in the range 400–4000 cm−1. Pronounced absorption bands
at 1037 and 1130 cm−1 of approximately equal intensities indicates formation
of a polymer layer Si–O–Si at the magnetite surface resulted from hydrolytic
polycondensation of the modifier molecules [19].

6.5 Surface Immobilization of Human Immunoglobulin

We developed procedures for immobilization of antibodies at surfaces of the
magnetite-based nanocomposites coated with poly(acryl amide) (PAA) [16]
and polysiloxane (γ-APS) [19] using a model preparation of human normal
immunoglobulin (Ig) produced by Biofarma, Kyiv. The Ig was purified via dialysis
in order to remove low molecular weight preserving compounds.

We measured isotherms of physical adsorption of Ig to the surfaces of the
nanocomposites. Samples of the nanocomposites (100 mg) were introduced into
Ig solutions (5 ml) of varying concentration.

Adsorption of Ig was carried out in physiological conditions during 2 h upon
shaking at ambient temperature. The amount adsorbed at the surfaces of the
nanocomposites was determined from the difference between the Ig concentrations
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Table 6.1 Isotherm of non-specific adsorption of human normal immunoglobulin to the nanocom-
posite Fe3O4/PAA

C0(mg/ml) D (280 nm) Ceq.(mg/ml) Aphys.(mg/g)

0.35 0.485 0.33 0.84
0.45 0.629 0.43 0.90
0.55 0.776 0.53 0.85
0.71 0.966 0.66 2.32
0.86 1.153 0.79 3.40
1.40 1.762 1.21 9.48

Table 6.2 Isotherm of non-specific adsorption of human normal immunoglobulin to the nanocom-
posite Fe3O4/γ-APS

C0(mg/ml) D (280 nm) Ceq.(mg/ml) Aphys(mg/g)

0.15 0.249 0.18 0.00
0.25 0.305 0.22 0.00
0.45 0.607 0.44 0.64
0.55 0.745 0.54 0.66
0.71 0.964 0.69 0.80
0.86 1.178 0.85 0.57
1.00 1.361 0.98 0.97
1.40 1.911 1.38 1.18

before and after adsorption. The concentrations were measured on Spectrometer
Lambda 35 uv/vis supplied by Perkin Elmer Instruments at the wavelength λ =
280 nm using a calibration curve. The results are presented in Tables 6.1 and 6.2
and Fig. 6.1a, b.

We recorded isotherms of covalent binding of Ig to the surfaces of the nanocom-
posites. The chosen mechanism of the covalent binding comprises reaction of
aldehyde groups created upon periodate oxidation of Ig-side carbohydrate chains
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Fig. 6.1 Comparison of isotherms of physical adsorption of human normal Ig (1) and the covalent
binding of the oxidized human Ig (2) to the nanocomposites: a Fe3O4/PAA; b Fe3O4/γ-APS
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with amino groups located at the grafting surfaces leading to formation of Schiff
bases (imines). An advantage of this mechanism is oriented immobilization of the
antibody molecules with the Fc fragment (fragment crystallizable) facing the surface
and the Fab fragment (fragment antigen binding) sticking out [21, 22].

The nanocomposites consisting of magnetite nanoparticles coated with PAA
were activated by ethylenediamine (ED) in order to form amino groups at the surface
in accord to the reaction scheme [23]

−PAA−CO−NH2+H2N−(CH2)2−NH2 → |−PAA−CO−NH−(CH2)2−NH2
(6.3)

Since the surface of the nanocomposite Fe3O4/γ-APS contains native amino
groups, no additional treatment was carried out.

Oxidation of human normal immunoglobulin was carried out in 0.1 M NaIO4
solution prepared on the basis of aqueous 0.02 M acetate buffer (pH 5.0) in accord
to the reaction scheme

Ig − gly + NaIO4 → Ig − COH + NaIO3 (6.4)

The oxidized Ig was purified with dialysis against 2 l of 0.02 M acetate buffer
(pH 5.0). The solution obtained after the dialysis was set to pH 8–9 with 0.06 M
carbonate–hydrocarbonate buffer based on 0.15 M NaCl (pH 9.5).

Covalent binding of Ig to the nanocomposites Fe3O4/PAA activated by ED and
Fe3O4/γ-APS (30 mg) was carried out from 7 ml solution of 0.06 M carbonate–
hydrocarbonate buffer (pH 9.0) and 0.15 M NaCl during 2 h at the ambient
temperature upon shaking in accord to the reaction scheme

carrier − R − NH2+OCH − Ig → carrier − R − N = CH − Ig + H2O Schiffbase.
(6.5)

The bound Ig amount was determined from the difference between the initial and
final concentrations of the contact solution. The concentrations were measured by
UV absorption at λ = 280 nm using a calibration curve. The data on isotherms of
the covalent binding are shown in Tables 6.3 and 6.4 and Fig. 6.1a, b.

Table 6.3 Isotherm of the covalent binding of oxidized human normal immunoglobulin to the
nanocomposite Fe3O4

C0 (mg/ml) D (280 nm) Ceq. (mg/ml) A(Ig/PAA) (mg/g)

0.15 0.201 0.128 5.07
0.25 0.288 0.184 15.52
0.35 0.420 0.268 19.14
0.45 0.528 0.337 26.48
0.55 0.630 0.402 34.59
0.71 0.841 0.536 40.57
0.86 0.974 0.621 55.79
1.00 1.144 0.730 63.04
1.40 1.416 0.903 116.00
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Table 6.4 Isotherm of covalent binding of oxidized human normal immunoglobulin to the
nanocomposite Fe3O4/γ-APS

C0 (mg/ml) D (280 nm) Ceq. (mg/ml) A(Ig/PAA) (mg/g)

0.15 0.282 0.140 2.42
0.25 0.352 0.224 6.14
0.35 0.468 0.298 12.07
0.45 0.594 0.379 16.67
0.55 0.723 0.461 20.70
0.71 0.924 0.590 28.08
0.86 1.025 0.653 48.19
1.00 1.207 0.770 53.71
1.40 1.742 1.111 67.41

The obtained isotherms of non-specific adsorption (Tables 6.1 and 6.2) and
the covalent binding (Tables 6.3 and 6.4) of Ig to the nanocomposites are linear
functions with no saturation in the studied concentration range (Fig. 6.1a, b). The
experimental data were converted to the analytical form using the equation y = E×x,
and the respective distribution coefficients E (ml/g) were calculated. The coefficients
reflect the Ig distribution between the nanocomposites’ surfaces and the contacting
solutions. The coefficients (E) and the Ig amounts immobilized at the nanocompos-
ites’ surfaces at the concentration of the Ig initial solution 1.4 mg/ml (the maximal
in the experiment) are summarized in Table 6.5.

The coefficients for the covalent binding exceed the respective coefficients for
non-specific adsorption by more than an order and reflect equilibrium shift towards
surface immobilization of Ig.

It should be noted that a significant part of Ig (64–80%) remains in the solu-
tion upon covalent binding since the reaction of Schiff base formation is reversible
(Tables 6.3 and 6.4).

Nature of nanocomposite’s surface influences the values of both the physical
and the covalent immobilization of Ig. The amounts of immobilized Ig and the
distribution coefficients are higher for the nanocomposite Fe3O4/PAA.

We studied the kinetics of release of Ig to model environment (0.15 M NaCl)
for the nanocomposites Fe3O4/PAA and Fe3O4/γ-APS which carried physically
and covalently bound Ig and had been prepared upon measurements of the respec-
tive isotherms. The samples of the nanocomposites (0.030 g) carrying physically or
covalently bound Ig were placed into 5 or 7 ml of 0.15 M NaCl, respectively, and
the UV absorption at 280 nm of the solution was measured after gentle shaking for

Table 6.5 Values of human Ig adsorption to the nanocomposites’ surfaces of different nature at
the concentration of the initial Ig solution C = 1.4 mg/ml

Nanocomposite Aphys. (mg/g) Ephys. (ml/g) Acov. (ml/g) Ecov. (ml/g)

Fe3O4/PAA 9.48 6.1 116.00 83.53
Fe3O4/γ-APS 1.18 0.92 67.41 59.51
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Table 6.6 Parameters of the equation y = y0 + Ae-x/t describing release kinetics of covalently
bound human immunoglobulin from the nanocomposite Fe3O4/PAA

y(0) =
55.8 mg/g

y(0) =
40.6 mg/g

y(0) =
34.6 mg/g

y(0) =
19.1 mg/g

y(0) =
15.6 mg/g

y0 49.77±3.25 30.40±41.22 25.94±0 11.09±0 0±0
A 2.76±5.62 11.35±0 8.65±0 8.05±0 15.52±0
t 0.27±1.45 1.80±19.54 2.64±1.24 4.37±1.35 6.51±2.45

Table 6.7 Parameters of the equation y = y0 + Ae-x/t describing release kinetic of covalently bound
human immunoglobulin from the nanocomposite Fe3O4/γ-APS

y(0) = 48.2 mg/g y(0) = 28.1 mg/g y(0) = 12.1 mg/g

y0 28.69±3.89 9.13 ± 0 0±0
A 17.60±4.89 18.93 ± 3.11 12.06±3.97
t 60.15±55.12 14.93 ± 8.03 12.18±17.68

certain time intervals. The concentration of the desorbed Ig was calculated using the
calibration curves.

Physically immobilized Ig desorbed during 1–2 min; the desorption curves are
not shown. The data on desorption of covalently bound Ig are summarized in
Tables 6.6 and 6.7 and Fig. 6.2a, b. Parameters of the release kinetic curves were cal-
culated by the method of least squares using the equation y(x) = y0 +Ae−x/t, where
y0 is the amount of bound Ig which is not released at the given conditions, A is the
amount of bound Ig which is being released, 1/t characterizes release dynamics and
curvature of the kinetic function.

The obtained kinetic data show that the released Ig amount decreases upon
increase of the amount initially immobilized at the surfaces of both nanocompos-
ites. For small amounts of immobilized Ig 15.5 mg/g (Fe3O4/PAA) and 12.0 mg/g
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Fig. 6.2 Kinetics of release of covalently bound human immunoglobulin from the surface of the
nanocomposites a Fe3O4/PAA, b Fe3O4/γ-APS. The initial bound amounts of immunoglobulin are
shown in the right panels. The curves y = y0 + Ae-x/t were calculated from the experimental data
by the method of least squares
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(Fe3O4/γ-APS), up to 30% of the Ig is released during the first 5–10 min. For higher
immobilized Ig amounts 55.8 mg/g (Fe3O4/PAA) and 48.2 mg/g (Fe3O4/γ-APS),
16–18% of the Ig is released during the first 10–15 min. Release of surface-
immobilized Ig bound via Schiff bases occurs slower and at lower extent than of
physically bound Ig.

6.6 Immobilization of the CD 95 Antibody

We prepared nanocomposites carrying anti-tumour drug cisplatin and monoclonal
mouse antibody CD 95 against the human Fas-antigen of the isotype IgG1, kappa,
the clone DX2 produced by DakoCytomation (Denmark). The concentration of the
initial solution of the antibody was 20 μg/ml.

We studied both non-specific (physical) adsorption and the covalent binding of
the monoclonal antibody CD 95 to the nanocomposites Fe3O4/PAA and Fe3O4/γ-
APS. We prepared four samples (0.03 g). Each sample was introduced into 1.0 ml
solution of the antibody or 1.7 ml solution of the oxidized antibody, respectively:

1. Fe3O4/PAA + CD 95;
2. Fe3O4/γ-APS + CD 95;
3. Fe3O4/PAA + CD 95oxidized;
4. Fe3O4/γ-APS + CD 95oxidized.

Physical adsorption of the monoclonal antibody CD 95 (20 μg/ml) to the
nanocomposites (samples 1 and 2) was carried out in 0.15 M NaCl (1.0 ml) during
2 h upon shaking at ambient temperature.

Oxidation of the monoclonal antibody CD 95 was carried out in acetate buffer-
based solution of 0.1 M NaIO4 (pH 5.0). The oxidized CD 95 was purified by
dialysis against 2 l of 0.02 M acetate buffer (pH 5.0). The solution of the oxidized
antibody was set to pH 8–9 after dialysis against a solution of 0.06 M carbonate-
hydrocarbonate buffer (pH 9.5) and 0.15 M NaCl. The concentration of the antibody
CD 95 after the dialysis was equal to 13 μg/ml.

Covalent binding of the oxidized and purified monoclonal antibody to the
nanocomposites Fe3O4/PAA (activated with ED, see Section 6.5 for details) and
Fe3O4/γ-APS (samples 3 and 4) was carried out in a solution of 0.06 M carbonate–
hydrocarbonate buffer (pH 9.0) and 0.15 M NaCl during 2 h upon shaking at ambient
temperature. Then the nanocomposites were separated using magnetic field, and
the antibody concentrations in the contact solution were measured using a com-
bined reader for a microplate Synergy HT, Model SIAFRTD, Serial Number 202993
(Bio Tek).

Quantitative measurements of protein contents in the solutions were carried
out by the method of Bradford [24]. The method is based on recording light
absorption of a complex between Coomassie Blue G-250 dye and protein which
has a maximum at 595 nm. The antibody concentration was determined from
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Table 6.8 Immobilization of the monoclonal antibody CD 95 at the surfaces of magnetosensitive
nanocomposites Fe3O4/PAA and Fe3O4/γ-APS

Nanocomposite C0, μg/ml D Ceq., μg/ml A(CD 95), μg/g

Fe3O4/PAA + CD 95 20.00 0.44 19.93 2.3
Fe3O4/γ-APS + CD 95 20.00 0.42 19.96 1.2
Fe3O4/PAA + CD 95oxidized 3.88 0.73 1.00 163.2
Fe3O4/γ-APS + CD 95oxidized 3.88 0.72 1.45 137.7

a calibration curve. The adsorbed amount of the antibody was calculated from
the difference between its concentrations in the contact solution prior and after
adsorption (Table 6.8).

C0 is the initial antibody concentration; D is the optical density; Ceq is the equi-
librium concentration of the antibody upon adsorption; A is the adsorbed amount of
CD 95 at the surfaces of the nanocomposites.

The obtained results show that the covalent binding via Schiff bases has the fol-
lowing advantages with respect to non-specific adsorption: higher thermodynamic
stability of the immobilized layer originating from the covalent bonding and bet-
ter kinetic stability due to hampered release arising from slow hydrolysis of the
Schiff bases.

6.7 Immobilization of Cisplatin at the Surfaces
of the Nanocomposites

Cisplatin (CP) is an anti-tumour platinum-containing drug supplied as aqueous solu-
tion. Mechanism of the anti-tumour activity of platinum derivatives comprises DNA
chains bifunctional alkylating which suppresses biosynthesis of nucleic acids and
induces cell apoptosis.

CP passes poorly through the hematoencephalic barrier and is quickly trans-
formed into inactive metabolites. Binding to proteins in the state of the metabolites
reaches 90%.

The period τ1/2 of half-excretion of the drug from blood is equal to 20–49 min
at the initial stage, 58–73 h at the final stage assuming normal excretion kidney
function and 240 h upon anuria. The drug is excreted by kidneys in the amount of
27–43 % in 5 days, while platinum can still be found in tissues during 4 months
after introduction.

We studied stability of CP by measuring its cytotoxic activity after 10, 20 and 30
days and found that it remains constant within a month.

Adsorption kinetics of CP at surfaces of the nanocomposites [25] was measured
upon shaking an aqueous solution of CP (50 ml) with magnetic particles of the
nanocomposites (200 mg) during 18 h at the ambient temperature. Probes (5 ml)
were taken from the solutions every 2 h. The adsorbed amounts were determined as
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Fig. 6.3 Kinetic curves of adsorption of cisplatin at the surfaces of the magnetosensitive
nanocomposites Fe3O4/PAA (a) and Fe3O4/γ-APS (b)

the difference between the initial and current concentrations of Pt2+ ions in the con-
tact solutions. The measurements were carried out with a single beam two-channel
atomic-absorbance spectrophotometer C-115 M1 with flame atomizer, deuterium
background corrector and digital registration. A hollow cathode lamp for platinum
(the analytical line 265.9 nm) and the fuel–oxidizer system acetylene–air were used.

The adsorption kinetic curves are shown in Fig. 6.3a, b.
The adsorbed amounts of cisplatin (calculated for Pt2+) at the surfaces of

the nanocomposites Fe3O4/PAA and Fe3O4/γ-APS comprise 128 and 98.3 mg/g,
respectively. The major part of the drug is adsorbed during the first 2–3 h.

6.8 Preparation and Cytotoxic Properties of Magnetically
Driven Polyfunctional Nanocomposites
(Models of Nanorobots)

We prepared the following samples for studies of impact of the magnetically driven
nanocomposites carrying the cytostatic drug and the monoclonal antibody on vital
activity of cancer cells:

1. Fe3O4/PAA + CD 95;
2. Fe3O4/PAA + CP;
3. Fe3O4/PAA + CD 95 + CP;
4. Fe3O4/γ-APS + CD 95;
5. Fe3O4/γ-APS + CP;
6. Fe3O4/γ-APS + CD 95 + CP.

The antibody CD 95 was bound to the nanocomposites via formation of Schiff
bases (samples 1, 3, 4, 6). The samples 3 and 6 were prepared in two steps: first,
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the oxidized monoclonal antibody CD 95 was conjugated with the nanocomposites
Fe3O4/PAA (activated with ED) and Fe3O4/γ-APS, then the cytostatic drug was
adsorbed.

Oxidation of the monoclonal antibody CD 95 was carried out in accord to the
procedure described in Section 6.6 and the reaction scheme (6.4).

Covalent binding of the monoclonal antibody CD 95 (V = 1.7 ml, C = 3.88
μg/ml) to the surfaces of the nanocomposites Fe3O4/PAA (activated with ED) and
Fe3O4/γ-APS was carried out during 1.5 h upon shaking at the ambient tempera-
ture in accord to the reaction scheme (6.5). The obtained magnetic samples were
collected in magnetic field of a permanent magnet.

The nanocomposites containing the covalently bound monoclonal antibody (the
immobilized amounts of CD 95 were 163.2 mg/g for Fe3O4/PAA and 137.7 mg/g
for Fe3O4/γ-APS) were introduced into 10 ml of CP aqueous solution (1 mg/ml).
Adsorption was carried out for 4 h upon shaking. The precipitate was collected in
magnetic field of a permanent magnet. The adsorbed amounts of CP were 128 mg/g
for Fe3O4/PAA and 98.3 mg/g for Fe3O4/γ-APS.

Cytotoxic impact of the nanocomposites carrying immobilized monoclonal
antibody and the cytostatic drug on cancer cells was studied in vitro. The nanocom-
posites were taken in the amounts which contained the quantity of CP equal to the
biological equivalent of efficiency IC25, i.e. 25% of the IC concentration which
100% suppresses the cells. Our earlier experiments showed that IC50 = 5 μg/ml,
therefore IC25 = 2.5 μg/ml. At that concentration of the nanocomposites, the con-
centration of the monoclonal antibody CD 95 was equal to 0.2 μg/ml (the doze used
for clinical treatment is equal to 10–30 μg/ml). The studies of cytotoxicity were
carried out at P.E. Kavetsky Institute of Experimental Pathology, Oncology, and
Radiobiology of the National Academy of Sciences of Ukraine [26]. The cytotoxic
impact of the nanocomposites Fe3O4/PAA and Fe3O4/γ-APS carrying immobilized
monoclonal antibody CD 95 and CP was measured for the human mammary gland
cancer cell line MCF-7. The cytotoxic activity of the respective nanocomposites
carrying only CP or only the monoclonal antibody was also measured for com-
parison. The following solutions were used as the control samples: pure nutrient
medium, CP (2.5 μg/ml) and the monoclonal antibody CD 95 solution (0.2 μg/ml).
We also studied the cytotoxic effect of the bare magnetite nanoparticles and the bare
nanocomposites Fe3O4/PAA and Fe3O4/γ-APS.

The volumes 100 μl of the MCF-7 line cells (1×105cells/ml) were deposited
into 96-cavity microplates. The cells were cultivated in a modified medium
Dulbecco – ISCOV (Sigma, Germany) with addition of 10% embryonic calve serum
and antibiotic gentamycin at 40 μg/ml in standard conditions at 37◦C and air satu-
ration with 5% CO2. The samples being studied were added to the cells after a 24 h
period of the cells’ adapting to the cultivating conditions. Each sample was added
in three parallels and incubated in the same conditions. Cytotoxicity was measured
after 24 h.

The impact was evaluated with the MTT-colorimetric test. The method is
based on the ability of mitochondrion ferments of living cells to convert 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) (yellow salt) into
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Table 6.9 Impact of the magnetosensitive nanocomposites Fe3O4/PAA and Fe3O4/γ-APS carry-
ing adsorbed cisplatin (CP) and the conjugated monoclonal antibody CD 95 on the vital activity of
the MCF-7 line cells

Fe3O4/
γ-APS+ CP

Fe3O4/γ-APS
+ CD 95

Fe3O4/γ-APS
+ CP+ CD 95

Fe3O4/
PAA+ CP

Fe3O4/PAA
+CD 95

Fe3O4/PAA
+ CP+ CD 95

Suppressed
cells (%)

31 20 46 38 21 57

CP,
2.5 μg/ml

CD 95,
0.2 μg/ml

CP, 2.5 μg/ml +
CD 95, 0.2 μg/ml

Suppressed
cells (%)

25 10 38

crystalline MTT-formazan (lilac) [26]. The MTT solution (Sigma, 20 μl, 5 mg/ml in
phosphate–saline buffer) was added to the cavities of the plastic plate and incubated
for 3 h. Then the plate was centrifuged at 1500 rev/min for 5 min and the super-
natant was removed with an automated suction. Dimethylsulfoxide (Serva, 100 μl)
was added to each cavity to dissolve the formazan crystals. The optical absorbance
was measured with a multi-cavity spectrophotometer at the wavelength 540 nm. The
results of the study are summarized in the Table 6.9.

In accord to the obtained data, the magnetosensitive nanocomposites carrying
adsorbed CP in quantity twice below the therapeutic range and the amount of the
monoclonal antibody CD 95 almost by one order lower cause death of 46–57 % of
the tumour cells which exceeds the impact of the control solution (CP + CD 95)
by up to 50%. This synergy effect can be explained as follows. First, the targeted
delivery of the complex cytostatic drug–antibody to the tumour cells was accom-
plished. The cytotoxic effect of CP is achieved through formation of covalent bonds
between the drug and DNA. Traumatic effect of the nanocomposite on the cell mem-
brane facilitates the process and improves transport of the therapeutic preparation
through the membrane barrier. Bifuctional products of the interaction, the so-called
DNA-adducts, block replication, transcription and, as a consequence, cell prolifer-
ation. Second, the system ligand/receptor plays an important role in apoptosis of
malignant cells. The antibody binding its receptor launches a system of signal trans-
mission which leads to apoptosis. There are also reports [6] that this system may
cause death of tumour cells upon influence of cytotoxic drugs.

Consequently, the impact of the magnetically driven nanocomposites (models of
nanorobots) carrying the anti-tumour drug and the monoclonal antibody CD 95 on
the cancer cells MCF-7 exerts a synergic effect and provides the desired cytotoxic-
ity at lower concentrations. Thus the toxic effect of the medical chemotherapeutic
preparation on a whole organism can be decreased. Magnetic properties of the
nanorobot models, peculiarities of their transport in the vascular system, their use
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for creation of hyperthermia zones, desorption kinetics of the cytostatic drug and
efficiency of its influence on cell lines are discussed elsewhere [3].

6.9 Conclusions

The complex of nanotechnologic stages of constructing the biocompatible nano-
composites with hierarchic architecture of the type magnetite–biocompatible
coating–chemotherapeutic drug–antibody was worked out.

Processes of adsorption of the chemotherapeutic drug cisplatin, physical adsorp-
tion and covalent immobilization of human normal immunoglobulin and covalent
binding of the antibody CD 95 to surfaces of magnetically driven nanocomposites
Fe3O4/γ-APS and Fe3O4/PAA were studied.

The isotherms of covalent and physical binding of human normal immunoglob-
ulin to the magnetically driven nanocomposites were compared. We determined the
ratios of the immunoglobulin distribution coefficients for the covalent binding via
formation of Schiff bases and physical adsorption for each of the nanocomposites:
Ecov./Ephys.(Fe3O4/PAA)=13.7; Ecov./Ephys.(Fe3O4/γ-APS)=64.7.

A technique of preparation of magnetosensitive nanocomposites on the basis of
modified magnetite carrying immobilized cisplatin and the monoclonal antibody
CD 95 (the nanorobot models) was worked out. Interaction of the models with the
cell line of human mammary gland cancer MCF-7 was studied in vitro. We showed
that the cytotoxic impact of the magnetically driven nanocomposites containing the
anti-tumour drug and the monoclonal antibody CD 95 exerts synergic effect and
exceeds the impact of the control cisplatin dose by 50%.
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Chapter 7
Self-Organization of Water–Organic Systems
in Bone Tissue and Products of Its Chemical
Degradation

V.V. Turov, V.M. Gun’ko, O.V. Nechypor, A.P. Golovan, V.A. Kaspersky,
A.V. Turov, R. Leboda, M. Jablonski, and P.P. Gorbyk

Abstract Hydration of bone tissue and products of its thermal and chemical degra-
dation in the presence of organic solvents was studied using low-temperature 1H
NMR spectroscopy and cryoporometry. It was revealed that water filling nanosized
cavities between structural elements of bone tissue can be assigned to two types of
clustered structures corresponding to strongly and weakly associated water reflect-
ing in the 1H NMR spectra as separate signals with chemical shift δH = 1.3 and
5 ppm. It was shown that the chloroform medium stabilizes weakly associated water
and reduces interaction of strongly associated water with the phase boundaries. The
same tendency is outlined in protein and mineral components of bovine bone. The
presence of electron-donor solvents (acetonitrile, DMSO) leads to formation of clus-
tered structures (with electron-donor molecules, strongly associated water or water
solution in organic solvents) in the hydrate shells of structural elements of bone
materials. In contrast to the native bone material, individual model systems with
proteins or mineral components are characterized by a considerable diminution or
complete disappearance of weakly associated water.

7.1 Introduction

Bone tissue as a multicomponent material includes hydroxyapatite (HAP)
(Ca10(PO4)6·(OH)2) as the main mineral component, whose crystallites are included
in collagen matrix [1–5]. Bone tissue formed around cells (osteocytes) includes an
organic fraction with collagen fibers, carbohydrates, and lipids. In bones of many
mammals, concentration of collagen can reach to 90% of the organic fraction. On
normal osteogenesis calcium and phosphates are delivered by blood to develop a
mineral skeleton together with organic components produced by bone cells. On
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deficiency of calcium or phosphorus a portion of the mineral component can be
decomposed and transferred by the circulatory system to other organs. The possibil-
ity of this mass transfer is provided by high hydration of bone substances because
in different parts of bones water content can be 30–50 wt%. Osteoclasts (special
bone macrophages) take part in the mentioned process producing enzymes which
effectively decompose bone substances. The processes of formation and decom-
position of bone tissue can depend on the structure of water layers and clusters
being in nanocavities within bone tissue. In bones, water predominantly is in bound
state in biomacromolecules and fills cavities between structural elements of pro-
tein molecules and HAP crystallites. Since the size of these cavities is in nanometer
scale, bound water is in a clustered state. The structure and properties of clustered
water can strongly differ from that of bulk water. Many unique properties of water
can be explained using cluster models [6–9] including two-state water model with
high (HDW) and low (LDW) densities, icosahedral nanodomains with ideal (such
as hexagonal ice with LDW) and collapsed structures with HDW [7–9]. Equilibrium
between HDW and LDW depends on temperature, pressure, presence of dissolved
compounds, or phase boundaries.

1H NMR spectroscopy, one sufficiently accurate method, allows the determina-
tion of water structure [10–13], the average number of the hydrogen bonds (nH) of
water molecules, changes in the Gibbs free energy of bound water on the basis of
temperature dependence of amounts of unfrozen water, clustered structure of water
using the Gibbs–Thomson relation for the freezing point depression, etc. The chem-
ical shift of the proton resonance of water (δH) can be used to estimate the nH value
assuming that non-associated water (in gas phase or dissolved in nonpolar solvents)
has δH = 1–2 ppm [14] and δH = 7 ppm for ice Ih [15]. Notice that the presence of
dissolved ions, strong acids, or bases in water can significantly change the δH values
because cations or anions change the hydrogen bond network structure on relatively
large distances.

The value of interaction energy of water with phase boundaries can be deter-
mined using the 1H NMR spectroscopy with layer-by-layer freezing-out of liquid
bulk and bound phases [10, 11] that allows the determination of the amounts of
four types of water such as strongly (Cs

uw, SBW frozen at T < 250 K and �G <
–0.5 kJ/mol) and weakly (Cw

uw, WBW frozen at T > 250 K and �G > −0.5 kJ/mol)
bound and strongly (SAW, Csa

uw at δH = 3–5 ppm) and weakly (WAW, Cwa
uw at δH

= 1–2 ppm) associated waters, as well as the value of interfacial energy (γ S, as
summary change in the Gibbs free energy of solid phase/water caused by the pres-
ence of the phase boundary), maximum decrease in the Gibbs free energy in layers
of strongly (�Gs) and weakly (�Gw) bound waters. To estimate the size distribu-
tion functions of pores filled by unfrozen water at T < 273 K, NMR-cryoporometry
[16] based on the Gibbs–Thomson (GT) relation for the freezing point depression
[17] can be used. Water or other liquids can be frozen in narrower pores at lower
temperatures described by the GT equation

�Tm = Tm (R)− Tm,∞ = 2σslTm,∞
�HfρR

= − k

R
, (7.1)
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where Tm(R) is the melting temperature of a frozen liquid in pores of radius R, Tm
the bulk melting temperature, ρ the density of the solid, σ sl the energy of solid–
liquid interaction, �Hf the bulk enthalpy of fusion, and k a constant.

A study of water state in whole bones of rat tails [18] and a porous component
of bone tissue (human vertebral bone) [19] using the low-temperature 1H NMR
spectroscopy revealed that water bound in bone tissue corresponds to SAW and
WAW characterized by slow molecular exchange between them in the NMR time
scale. In this case two signals of water at δH = 5 ppm (SAW) and 1.3 ppm (WAW)
were observed. The aim of this chapter was to study the effects of organic solvents
and chemical destruction of organic components of bone tissue on the amounts of
SAW and WAW as well as of SBW and WBW.

7.2 Materials and Methods

A sample of human vertebral bone tissue (Medical University, Lublin) was from
healthy bone [19]. Two samples (BB1 and BB2) of degradation products of bovine
tubular bone tissue were used. Bovine bone sample was boiled in water in a reactor
for 0.5 h and treated at 70◦C for 5 h, then hydrolyzed in 0.1 M HCl for several hours,
washed off by water, and dried at 150◦C in a drying chamber. For degreasing, cutting
bone chips (5–10 mm length, 0.1–0.2 mm thickness) were washed off by 0.5% solu-
tion of sodium carbonate on stirring for 2 h, decanted, and secondly washed off for
2 h. After removal of the alkaline solution, the sample was washed off by distilled
water. For removal of mineral component, the sample was treated by 1.35 g-eq/l
solution of HCl on stirring for 15 min, decanted, and washed off by water to neutral
pH controlled using an indicator. After drying at 105–110◦C the sample (BB1) as a
white powder at the specific surface area ∼50 m2/g included predominantly protein
fraction of bone tissue. The decanted solution included a dissolved mineral fraction
of bone. For precipitation, potassium phosphate (1.6 g) was added to 100 ml of the
solution and neutralized to pH 7.0–7.3 by sodium hydroxide on stirring. The precip-
itate of white color was washed off by water and dried at 105–110◦C. The obtained
powder sample (BB2) corresponds to re-crystallized hydroxyapatite.

The 1H NMR spectra were recorded using a Varian 400 Mercury spectrometer
of high resolution using the 90◦ probe pulses with a duration of 2 μs. The tem-
perature was controlled with a Bruker VT-1000 device with relative mean errors of
±1 K. Changes in concentration of unfrozen water were determined with an accu-
racy of ±2–3% that was provided by computer processing of the spectra including
baseline correction and deconvolution of the spectra using the Gaussian functions.
To prevent supercooling of the studied systems, the measurements of the amounts
of unfrozen water were carried out on heating of samples preliminarily cooled to
210 K and equilibrated for 5–7 min for each temperature. The 1H NMR spectra
recorded here at T < 273 K include the signals only of nonfreezable mobile water
molecules. The signals of water molecules from ice, as well as protons from the
materials, do not contribute to the 1H NMR spectra because of features of the mea-
surement technique and the short duration (∼10−6 s) of transverse relaxation of
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protons in immobile structures which is shorter by several orders than that of mobile
water. The characteristics of bound water layers were computed as described previ-
ously [10–13]. Organic solvents were used in the H and D forms, and the deuterated
solvents included > 99% D.

7.3 Results and Discussion

The 1H NMR spectra of human bone tissue containing 30 wt% (initial sample) and
60 wt% of water are shown in Fig. 7.1. The temperature dependences of the amounts
of unfrozen water (Cuw) and the relationships between the Cuw and �G values cal-
culated as described previously [10–13] for SAW and WAW are given in Fig. 7.2.
The characteristics of the bound water layers are shown in Table 7.1.

The 1H NMR spectra of porous component of bone tissue (Fig. 7.1a) were
recorded at T = 210–280 K. The spectra include two overlapping signals at δH
≈ 1.5 ppm (more intense signal) and 5 ppm. The intensity of both signals decreases
with lowering temperature and they are not observed at 210 K. These signals can
be attributed to different forms of water: WAW (δH ≈ 1.5 ppm) and SAW (δH ≈
5 ppm) [18, 19]. Water addition (+30 wt%) to the initial sample (Fig. 7.1b) leads to
redistribution of the signal intensity, since in the initial sample, the amounts of SAW
and WAW were Csa

uw = 75 mg/g and Cwa
uw = 220 mg/g and after addition of water

they were 350 and 240 mg/g, respectively.
From the data (Fig. 7.1 and Table 7.1), an increase in the amounts of SAW in

bone tissue is accompanied by a predominate increase in the amounts of WBW. An
increase in a WBW fraction in WAW occurs due to a decrease in the amounts of
SBW. The total amounts of SBW increase by ∼30%. Bone tissue as other biotissues
is a soft material, internal structure of which depends on a quantity of adsorbate
(e.g., water). Therefore, the increase in the amounts of SBW can be explained by an
increase in the volume of soft cavities accessible for water and characterized by a
high adsorption potential.

The investigations carried out for a large number of rigid mineral and carbon
adsorbents characterized by developed system of micro- and mesopores or rela-
tively soft (with respect to secondary particles) nanooxides with developed surface
area showed that self-organizing of water/organic mixtures can occur with re-
arrangement of the interfacial layers. In this case weakly polar or nonpolar organic
component interacting with the surface predominantly by the dispersion mechanism
can displace water from the surface toward broader pores or on the outer surface of
adsorbent particles, where SAW becomes predominant [10, 20–24]. Notice that the
strongest re-arrangement of the interfacial layers occurs if the pore walls are mosaic
with hydrophilic and hydrophobic patches. Notice that cavities in biotissues can
have mosaic walls with hydrophilic and hydrophobic functionalities. Therefore, the
effects of self-organizing of water/organic mixtures bound in these cavities can be
similar to that observed for mosaic or hybrid adsorbents.

Addition of a certain quantity of nonpolar organic solvent (benzene) to the bone
tissue sample leads to significant changes in the shape of the 1H NMR spectra
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Fig. 7.1 Influence of solvents on water state in human bone tissue: (a) initial sample; (b) after
addition of 30 wt% of water; initial sample in (c) benzene, (d) chloroform (100 wt%), and (e)
CD3CN (80 wt%), and (f) sample with added 30 wt% of water in DMSO-d6



84 V.V. Turov et al.

200 220 240 260 280

0

50

100

150

200

250

300

350

400

450

C
uw

 (
m

g/
g)

T, K

on air
+30% H2O
C6H6

CHCl3
CD3CN
+30% H2O

DMSO

(a)
0 100 200 300 400

–3.0

–2.5

–2.0

–1.5

–1.0

–0.5

0.0

0.5

ΔG
 (

kJ
/m

ol
)

Cuw (mg/g)

on Air
+ 30% H2O

in C6H6

 in CHCl3
 in CD3CN

+30 % H2O

in DMSO-D6

(b)

200 220 240 260 280

0

50

100

150

200

250 on air
+30% H2O

C6H6

CHCl3
CD3CN

+30% H2O

DMSO

ΔG
 (

kJ
/m

ol
)

Temperature  (K)(c)
0 50 100 150 200 250

–3.0

–2.5

–2.0

–1.5

–1.0

–0.5

0.0

on air
+30% H2O

C6H6

CHCl3
CD3CN

+30% H2O

DMSO

ΔG
 (

kJ
/m

ol
)

Cuw (mg/g)(d)

Fig. 7.2 Influence of solvents on water state in human bone tissue for (a, b) SAW and (c, d) WAW
for initial sample, after addition of 30 wt% of water or in benzene, chloroform, and acetonitrile,
and in DMSO-d6 (after addition of 30 wt% of water)

(Fig. 7.1c). The signal width of bound water sharply decreases, and the signals of
SAW and WAW become easily resolved. Notice that besides the signals of water
(Fig. 7.1) the signal of CH groups of benzene and chloroform is observed at δH
= 7.2–7.3 ppm. Redistribution of the signal intensities of SAW and WAW and the
amounts of SBW and WBW (Table 7.1) occurs simultaneously with decreasing sig-
nal width. The amount of SAW increases by a factor of 1.5, and the corresponding
decrease in the concentration of WAW is observed. These changes occur due to
a decrease in the amounts of WBW which completely vanishes in the WAW struc-
tures. In the SAW structures, a quantity of SBW decreases by a factor of 1.5. Similar
changes in the spectra are observed with the presence of weakly polar deuterochlo-
roform (Fig. 7.1d); however, in this case the decrease in the WAW fraction is larger.
Features of the water–chloroform mixture are caused by changes in WAW becom-
ing such strongly bound that it does not practically freeze over the used temperature
range.
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Table 7.1 Characteristics of water bound in human bone tissue with addition of organic solvents

Water type Solvent

Water
content
(wt%)

Cs
uw

(mg/g)
Cw

uw
(mg/g)

−�Gs
(kJ/mol)

γ S
(J/g)

Suw
(m2/g)

Vuw
(cm3/g)

SAW – 30 65 10 2.40 4.2 4.4 0.061
– 60 200 150 2.46 19.5 15.8 0.269
C6H6 30 40 120 2.54 5.3 22.0 0.158
CHCl3 30 40 140 2.95 5.8 24.8 0.169
CD3CN 30 20 85 2.50 2.2 15.3 0.076
DMSO-d6 60 305 115 5.16 60.0 551.0 0.385

WAW – 30 120 100 2.34 10.3 21.0 0.214
– 60 90 150 2.50 7.1 31.5 0.204
C6H6 30 140 − 2.93 10.2 71.2 0.141
CHCl3 30 115 − 2.50 36.2 218.4 0.117
CD3CN 30 38 42 2.37 2.4 5.7 0.050
DMSO-d6 60 28 152 2.52 5.2 26.9 0.157

In the presence of acetonitrile as well as in the case of nonpolar or weakly polar
solvents, an increase in the SAW fraction is observed (Table 7.1); however, this
effect is weaker. At T < 280 K, the signal of SAW splits into two signals at δH ≈ 4–5
and 3 ppm. The SAW signal shifted toward the strong magnetic fields corresponds
to water dissolved in acetonitrile. This mixture can be formed in pores of bone
tissue or out of them. Since bone tissue has a high affinity to water and a quantity of
acetonitrile is not large (80 wt% of dry bone material), it is possible to consider that
a certain portion of water–acetonitrile complexes forms within pores.

An increase in the signal intensity and appearance of a strong temperature depen-
dence of the chemical shift value for SAW (δH decreases from 5.5 to 4 ppm with
elevating temperature) are observed for hydrated bone tissue placed in DMSO. In
this case a major fraction of WAW becomes WBW (Table 7.1). The strong temper-
ature dependence of the chemical shift testifies about the existence of several types
of water–DMSO structures (frozen at different temperatures) such as small water
clusters or individual water molecules surrounded by DMSO molecules, confined
water nanodomains with small amounts of dissolved DMSO molecules, and water
structures located out of pores.

The obtained results (Table 7.1, Figs. 7.1 and 7.2) suggest that in the case of sam-
ples being in solvent media (chloroform, benzene, and acetonitrile), an increase in
the quantity of WBW is characteristic for the SAW structures. However, in contrast
to inorganic adsorbents [20–24], this growth occurs due to a decrease in a quantity
of WAW. As a result the value of interfacial free energy (with exception of water–
acetonitrile) has a tendency to increase. For DMSO as the most polar solvent among
studied ones, a substantial fraction of water is dissolved in the solvent. This leads
to a sharp increase in the γ S value (Table 7.1), which reflects interaction of water
rather with DMSO than with the pore walls of bone tissue.

Figure 7.3 shows temperature changes in the 1H NMR spectra of BB1. The ini-
tial powder does not practically contain water (Fig. 7.3a) since a small quantity of
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Fig. 7.3 1H NMR spectra of water bound in BB1 recorded at different temperatures for (a) initial
sample, (b) after addition of 10 wt% of water, and then addition of (c) 60 wt% of CDCl3, (d)
80 wt% of CD3CN, (e) 30 wt% and (f) 80 wt% of DMSO-d6

residual water appears in the spectra in the form of very broad signal with a max-
imum at δH ≈ 5 ppm. Estimation of the signal intensity shows that the amount of
water in this sample is smaller than 1 wt%. Addition of 10 wt% of water to this sam-
ple leads to a certain decrease in the signal width (Fig. 7.3b) and its chemical shift
is displaced from 5 to 5.8 ppm with lowering temperature. The replacement of air
medium by such weakly polar solvent as deuterochloroform leads to the appearance
of WAW, whose quantity is equal to 2 wt% at 280 K (Fig. 7.3c). In contrast to SAW,
practically total amount of WAW corresponds to SBW. In contrast to the native bone
material (Fig. 7.1), addition of electron-donor organic solvents (acetonitrile-d3 and
DMSO-d6) to BB1 did not lead to stabilization of WAW (Fig. 7.3, Table 7.2).
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Table 7.2 Characteristics of water bound in BB1 at 10 wt% of water and after addition of solvents

Solvent
Solvent
content (wt%)

Cs
uw

(mg/g)
Cw

uw
(mg/g)

−�Gs
(kJ/mol)

γ S
(J/g)

Suw
(m2/g)

Vuw
(cm3/g)

– − 80 20 4.01 8.3 7.3 0.094
CDCl3
(WAW)

100 10 7 3.71 1.2 2.6 0.017

CDCl3
(SAW)

100 50 33 2.31 4.8 6.1 0.077

CD3CN 10 100 0 2.42 6.8 53.1 0.100
CD3CN 30 96 4 2.38 5.6 49.1 0.100
CD3CN 100 90 10 2.71 6.1 38.0 0.100
(CD3)2SO 10 90 10 5.47 15.7 24.7 0.100
(CD3)2SO 30 100 0 14.76 43.8 93.7 0.100
(CD3)2SO 100 100 0 5.00 17.3 65.9 0.100

In the presence of acetonitrile besides the signal of SAW, a weak signal of CHD2
groups of non-deuterated acetonitrile is observed at δH ≈ 2 ppm (Fig. 7.3d). In the
case of a relatively small concentration of DMSO (30 wt%), two close signals of
SAW and the solution of water in DMSO (signal shifted toward the strong magnetic
field) are observed in the spectra (Fig. 7.3e).

In the DMSO medium (Fig. 7.3f), there is dynamic equilibrium between these
forms of water, and the signal shifts from 6 ppm at 210 K to 3.5 ppm at 280 K.
Since the δH value at low temperatures is slightly larger than that of liquid water,
one can assume that SAW and DMSO form clustered structures in which the DMSO
molecules surround water clusters. Sample BB1 includes mainly protein component
of bone tissue; therefore, one can assume that WAW localizes in cavities with mainly
hydrophobic walls (hydrophobic side groups of certain amino acids). A similar
effect was previously observed for frozen-dried serum albumin [10].

Figure 7.4 shows the temperature dependences of the amounts of unfrozen water
Cuw(T) and the corresponding relationships between the �G and Cuw values, and
the characteristics of bound water layers are shown in Table 7.2.

These results suggest that the amount of SBW in SAW is significantly decreased
only in the presence of chloroform. In the case of added electron-donor solvents,
entire water becomes SBW and partially freezes out only at low temperatures. The
proximity of the �Gs values (characterizing changes in the Gibbs free energy in
the first adsorbed water layer [10, 11]) for practically all samples (with exception
of samples with DMSO) to that for the initial BB1 without solvents suggests that
water is concentrated in the solvation shells of collagen structures. A significant
increase in the �Gs and γ S values is observed for samples containing DMSO that
can be caused by a great energy of hydration of DMSO molecules and dissolution of
water molecules in DMSO. The maximum γ S value for sample containing 30 wt%
of DMSO can be caused by the maximal clusterization of the DMSO/water struc-
tures. The presence of several water signals at δH = 6 and 4–4.5 ppm is due to
heterogeneity of these structures. Stabilization of a considerable quantity of WAW
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Fig. 7.4 Influence of solvents on (a, b) temperature dependence of the amounts of unfrozen water
and (c, d) relationships between the Cuw and �G values for (a, c) BB1 and (b, d) BB2 with added
10 wt% of water and different amounts of solvents

by chloroform does not occur for sample BB2 (mineral component of bone tis-
sue) (Fig. 7.5). In the presence of deuterochloroform, WAW is observed as a weak
signal whose intensity is difficult to be measured against the background of the sig-
nal of SAW. In other respects features of changes in the spectral characteristics of
BB2 with organic solvents are close to that observed for BB1. Chloroform slightly
reduces a quantity of SAW (Table 7.3); however, this decrease is considerably less
than for BB1. In the presence of acetonitrile, the signals of SAW and a solution of
water in acetonitrile are distinguished but a fraction of the solution is higher than
that for BB1. In the case of DMSO, this equilibrium shifts toward the solution of
water in DMSO. Probably this is due to a smaller value of the specific surface area
of the HAP crystallites/water interfaces because a smaller γ S value is for the initial
BB2 in comparison with the initial BB1. The characteristics of bound water layers
in the presence of 30 and 100 wt% of DMSO for BB2 are close to that for BB1 with
addition of 100 wt% of DMSO.

In the presence of DMSO, the�Gs values are equal to 5–6 kJ/mol for the major-
ity of samples of native human bone tissue and protein or mineral components of
bovine bone tissue. Probably, this value is affected by the free energy of solvation
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Fig. 7.5 1H NMR spectra of water bound in BB2 recorded at different temperatures after addition
of (a) 10 wt% of water and then 80–100 wt% of solvents (b) CDCl3, (c) CD3CN, and (d) DMSO-d6

of water in DMSO in the interfacial layers under action of the surface forces of the
materials.

Taking into account that the heat effect of water crystallization is 4 kJ/mol one
can conclude that the solvation energy of water in DMSO (T < 273 K) is higher
than the interaction energy of water with functionalities of both protein and mineral
components of bone tissue.

For the majority of samples addition of solvents leads to an increase in the surface
area of bone structures being in contact with unfrozen water (Tables 7.1, 7.2, and
7.3, Suw). This effect is strongest on addition of DMSO because contribution of
narrow cavities filled by water (or water/DMSO mixture) increases (Fig. 7.6). In
other words, DMSO/water mixture can penetrate into narrower cavities than water
alone. The observed results are in agreement with well-known properties of DMSO
as a carrier of other compounds and a cryoprotectant [25, 26].

The effect of DMSO is stronger for SAW than WAW (Table 7.1, Fig. 7.6) because
WAW as water bound in the form of small interfacial clusters possesses a lower
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Table 7.3 Characteristics of water bound in BB2 with added 10 wt% of water and solvents (30 or
100 wt%)

Solvent
Solvent
content (wt%)

Cs
uw

(mg/g)
Cw

uw
(mg/g)

−�Gs
(kJ/mol)

γ S
(J/g)

Suw
(m2/g)

Vuw
(cm3/g)

– − 60 40 2.57 4.36 23.2 0.100
CDCl3 30 60 40 2.31 4.52 21.6 0.099
CDCl3 100 55 35 2.31 4.25 15.7 0.095
CD3CN 30 100 0 2.47 5.91 41.1 0.100
CD3CN 100 100 0 3.04 6.76 49.3 0.100
(CD3)2SO 30 100 0 6.04 20.30 19.5 0.100
(CD3)2SO 100 100 0 6.02 20.76 74.4 0.100
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Fig. 7.6 Size distributions of pores filled by unfrozen water for (a) SAW and (b) WAW in human
bone tissue initially and after addition of water and solvents; (c) BB1 and (d) BB2 after addition
of water and solvents
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ability to form mixtures with DMSO (or other polar solvents) than SAW present in
the form of nanodomains. Therefore, the effects of nonpolar (benzene) or weakly
polar (chloroform) solvents (which can more strongly interact with hydrophobic
functionalities than water) on WAW is stronger than that of DMSO (Table 7.1, Suw
and γ S). Notice that the effects of CD3CN (as more polar than C6H6 but less polar
than DMSO) for both SAW and WAW are minimal.

In the case of protein or mineral components of bovine bone tissue, the influence
of solvents on bound water differs from that for human bone tissue (Tables 7.1, 7.2,
and 7.3 and Fig. 7.6). Addition of less polar solvents gives smaller changes in the
Suw, γ S, and �Gs values. These results can be explained by a lower heterogeneity
of BB1 and BB2 samples than native one; i.e., model samples BB1 and BB2 have
less mosaic (hydrophilic/hydrophobic) surfaces than native bone tissue.

7.4 Conclusion

Water in bone tissue is present in two forms of spatially divided clustered structures
as strongly associated water characterized by δH = 4.5–6 ppm and weakly asso-
ciated water at δH = 1–2 ppm. Weakly associated water is more strongly bound
and freezes at temperatures considerably lower than the freezing point of the major
fraction of SAW.

The chloroform medium stabilizes weakly associated water and decreases the
interaction of water with the surfaces of the bovine bone materials. The same
tendency is outlined for protein and mineral components of the bone material.

The presence of such electron-donor solvents as acetonitrile and DMSO leads to
the formation of clustered structures (with the electron-donor molecules and SAW
or the solution of water in the solvents) in the hydrate shells of structural elements
of the bone material. The 1H NMR signals of these structures are observed in the
form of separate signals.

A small fraction of weakly associated water is characteristic for protein and
mineral components in contrast to the native bone tissue. For protein component
in chloroform medium, contribution of this fraction increases, while for the min-
eral component, it is present only in the form of a broad and weak signal. There
are several factors in the native bone material, which are appropriate for the
formation of weakly associated water structures, such as hydrophilic hydroxya-
patite nanoparticles in hydrophilic/hydrophobic collagen matrix and hydrophobic
grease functionalities as weakly polar or nonpolar components creating mosaic
hydrophilic/hydrophobic structures.
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Chapter 8
Regularities in the Behaviour of Nanooxides
in Different Media Affected by Surface
Structure and Morphology of Particles

V.M. Gun’ko, V.I. Zarko, V.V. Turov, E.V. Goncharuk, Y.M. Nychiporuk,
A.A. Turova, P.P. Gorbyk, R. Leboda, J. Skubiszewska-Zięba,
P. Pissis, and J.P. Blitz

Abstract Textural and adsorptive characteristics, surface structures, and the vol-
ume of individual, binary and ternary nanooxide particles with SiO2, Al2O3 and
TiO2 were investigated. These materials’ interactions with low and high molec-
ular weight compounds were investigated using adsorption, NMR, TSDC, DRS,
FTIR, TPD–MS, Auger spectroscopy, optical spectroscopy, DLS, titration and
microcalorimetry. The presence of a structural hierarchy of particles from pri-
mary (10–50 nm), their aggregates (50–1000 nm) and agglomerates of aggregates
(> 1 μm) to visible flocculi affects textural features of the oxides, adsorption of
different compounds and the behaviour of materials in liquid media.

8.1 Introduction

Adsorbents possessing internal and textural porosities can be divided into three
groups [1–9]: (i) materials with particles in the micron to millimetre size range
with internal porosity; (ii) materials comprised of nonporous nanoparticles form-
ing aggregates and agglomerates responsible for textural porosity as voids between
nanoparticles; and (iii) materials comprised of porous nanoparticles with internal
porosity of 101–102 or hundreds of nanometre size range, and forming secondary
particles with textural porosity. Features of the textural characteristics determining
adsorption properties of materials dependent on surface chemistry determine the
application area of adsorbents [1–4]. Adsorbents with internal microporosity prac-
tically do not adsorb high molecular weight compounds, but effectively adsorb low
molecular compounds penetrating into micropores. Adsorbents with textural poros-
ity effectively adsorb high molecular weight compounds from solution but are poor
adsorbents of low molecular weight compounds since the adsorption energy is com-
parable to the energy of desolvation caused by adsorption. The aim of this chapter
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is to study regularities in the behaviour of individual and complex nanooxides in
different media affected by surface structure and particle morphology.

8.2 Materials and Methods

Materials. Fumed silica, alumina, titania and related mixed nanooxides with sil-
ica/titania (ST), silica/alumina (SA) and alumina/silica/titania (AST) with different
concentrations of components (Table 8.1, prepared at the pilot plant of the Institute

Table 8.1 Structural characteristics and the heat of immersion of nanooxides in water

Sample
CSiO2

(wt%)
CTiO2

(wt%)
CAl2O3

(wt%)
SBET
(m2/g)

Vp

(cm3/g) �wsph

�Him
(J/m2)

A-50 99.9 52 0.126 0.378 0.22
A-100 99.9 87 0.193 0.028
A-150 99.9 144 0.312 0.300
A-200 99.9 206 0.463 0.031
A-300 99.9 232 0.483 0.222 0.18
A-300 99.9 294 0.518 0.174
A-300 99.9 331 0.689 0.356
A-380 99.9 378 0.780 0.051
A-400 99.9 409 0.859 0.351
A-500 99.9 492 0.874 0.063 0.14
SA1 98.7 1.3 203 0.416 0.251 0.28
SA3 97 3 185 0.405 0.344 0.21
SA5 94.6 0.1 5.3 266 0.719 0.234
SA8 92 8 303 0.688 0.330 0.12
SA23 77 23 347 0.788 0.233 0.13
SA30 70 30 238 0.643 0.260
SA75 25 75 118 0.320 0.233 0.34
SA96 3.8 0.1 96.1 81 0.163 0.418 0.54
Al2O3 99.9 125 0.262 0.164 0.37
ST2 98 2 77 0.263 0.353 0.36
ST9 91 9 235 0.580 0.246 0.18
ST14 86 14 156 0.386 0.385 0.26
ST20 80 20 84 0.174 0.402 0.34
ST29 71 29 73 0.180 0.386
ST40 60 40 148 0.333 0.420 0.24
ST63 33 63 84 0.215 0.309
ST65 35 65 34 0.080 0.380 0.40
ST94 6 94 30 0.100 0.254 0.33
TiO2 100 42 0.117 0.317 0.26
AST03 2.75 0.25 97.0 125 0.308 0.315 0.35
AST06 20.0 0.6 79.4 97 0.234 0.327 0.51
AST1 10.0 1.0 89.0 99 0.253 0.328 0.55
AST50 28 50 22 37 0.095 0.306 0.47
AST71 8 71 21 74 0.127 0.429 0.59
AST82 6 82 12 39 0.150 0.265 0.49
AST87 4 87 9 42 0.148 0.203 0.72
AST88 8 88 4 39 0.123 0.300 0.64
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of Surface Chemistry, Kalush, Ukraine) were used as the initial powder materials.
The chemical composition of mixed oxides (Table 8.1) was analysed using a XRF
(Canberra, USA) spectrophotometer with a 55Fe (or 109Cd) radioactive source, and
an amplitude analyser (Canberra) coupled with a computer with the AXIL program.
Before the XRF measurements all samples were heated at 723 K for 8 h to remove
adsorbed compounds and residual HCl and MCl groups remaining after pyrogenic
synthesis in the O2/H2/N2 flame using precursors MCln (M = Si, Al, Ti). The syn-
thesis of similar individual and composite nanooxides was described previously
[10–20].

Nitrogen, water, DMAAB and polymer adsorption. To analyse the structural char-
acteristics of nanooxides, low-temperature (77.4 K) nitrogen adsorption–desorption
isotherms were recorded using a Micromeritics ASAP 2405 N adsorption analyser.
The nitrogen desorption data were utilised to compute pore size distribution (PSD)
recalculated to incremental values (IPSD) [12–20]. To analyse the adsorptive char-
acteristics, water adsorption–desorption on nanooxides was studied by an adsorption
apparatus with a McBain–Bark quartz scale at 293 ± 0.2 K and relative pressure
p/p0 = 0.01–0.999.

(Dimethylamino)azobenzene (pKa = 3.3) was chosen as a colour indicator to
study the active site distributions on the oxide surfaces by optical spectroscopy.
The diffuse reflectance spectra of adsorbed DMAAB were recorded using a SF-18
(LOMO, St. Petersburg) spectrophotometer.

Polymer adsorption measurements from aqueous solutions (0.1–1.0 wt%) were
added to oxide powders, agitated at 298 K for 2 h and then centrifuged (6000 rpm)
for 0.5 h. The value of the adsorption of poly(vinyl alcohol) (PVA), poly(ethylene
glycol) (PEG), poly(vinyl pyrrolidone) (PVP), poly(ethylene oxide) (PEO), poly-
dimethyldisiloxane (PDMS) and lecithin was determined using viscosimetry. The
concentration of adsorbed proteins was determined by analysis of the residual liquid
after centrifugation using the Biuret method and UV/vis spectrophotometry [20].

TPD–MS. Water desorption from nanooxides was studied by the one-pass (OP)
temperature-programmed desorption (TPD) time-of-flight (TOF) mass spectrome-
try (MS) method. Relevant conditions were pressure in chamber 4×10−4 Pa, sample
weight 5 mg, heating rate 1.67 K/s, with a short distance (∼0.5 cm) between sample
and MS detector with a MSC-3 (“Electron,” Sumy, Ukraine) TOF mass spectrom-
eter (sensitivity 2.2×10−5 A Torr−1, accelerating voltage 0.5 kV, pulse frequency
3 kHz), and rehydration time was 15 min.

FTIR. Variable temperature diffuse reflectance FTIR spectra of nanooxides were
acquired at 4 cm−1 nominal resolution by co-addition of 64 scans using a Digilab
FTS3000 FTIR spectrometer equipped with a liquid nitrogen cooled MCT detector
[16, 17]. The sample temperature was monitored and controlled with a temperature
controller from Omega Engineering. A 5% (w/w) dispersion of nanooxide was dis-
persed in ground and dried KCl (particle size approximately 5 μm). The dispersion
was heated to 200◦C for a minimum of 15 min prior to spectral data acquisition and
ratioed to a spectrum of pure KCl acquired under the same conditions.

NMR spectroscopy. The 29Si (resonance frequency 59.595 MHz) cross-
polarisation magic angle spinning (CP/MAS) NMR spectra and the 27Al (resonance
frequency 78.172 MHz) MAS NMR spectra (program ZG) of mixed oxides were
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recorded by a Bruker AvanceTM 300 NMR spectrometer (magnetic field of 7.046 T,
spinning rate of 8 kHz, 4 mm zirconia rotor). Chemical shifts of 29Si and 27Al were
referenced to tetramethylsilane and an Al(NO3)3 aqueous solution, respectively, i.e.
the resonance of Si(CH3)4 and Al(H2O)6

3+ was set to 0 ppm. The 1H NMR spec-
tra were recorded using a Varian 400 Mercury spectrometer or a Bruker WP-100
SY spectrometer of high resolution with a bandwidth of 10–50 kHz. The 90◦ probe
pulses with a duration of 2–4 μs were used to record the 1H NMR spectra. The tem-
perature was controlled with a Bruker VT-1000 device. Relative mean errors were
±10% for 1H NMR signal intensity (by comparison of signals with widely varying
intensities) and ±1 K for temperature [21].

Thermally stimulated depolarisation current (TSDC). Thermally stimulated
depolarisation current measurements of oxide samples were polarised by an elec-
trostatic field at an intensity F = (1–5)×105 V/m at 265 K for 2 min, then cooled
to 90 K with the field still applied and then heated without the field at a heating rate
of 0.05 K/s. Relative mean errors for the measured TSD current were ±5%, ±2 K
for temperature and ±5% for the heating rate. The TSDC method was described in
detail elsewhere [22].

Broadband dielectric relaxation spectroscopy (DRS). DRS measurements of
complex dielectric permittivity was determined as a function of frequency (f = 10−1

to 3×106 Hz) at T = 123–293 K (controlled better than ±0.1 K). The dielectric
constant (ε′) is indicative of the ability of a material to store energy and polarise
when subjected to an electric field, while the dielectric loss factor (ε′′) is associated
with loss of electric field energy in a material which is dissipated as heat [23]. An
Alpha dielectric analyser with a Quatro Cryosystem for temperature control was
employed (both from Novocontrol GmbH, Germany). The samples were placed
between parallel disk-shaped electrodes, and the distance between the electrodes
was kept constant using a Teflon ring spacer of 1 mm thickness.

Metal ion adsorption. Pb(II) and Ni(II) adsorption on oxide surfaces (oxide con-
centration Cox = 0.2 wt%) was carried out from aqueous solution of PbX2 or
NiX2 (X = ClO4). The initial concentration was 10−3–10−6 M (concentration of
radioactive species 210Pb(II) and 59Ni(II) was 10−6 M) with addition of a neutral
electrolyte (10−3 M NaClO4) using a Teflon cell (50 cm3) temperature-controlled at
T = 298±0.2 K. The pH value was varied by addition of 0.1 M HCl or NaOH solu-
tions. The gamma radioactivity of the solution was determined using a Beckman
Gamma 5500B counter.

Microcalorimetry. A study of oxide adsorbents was carried out by means of
a DAC 1.1A (EPSE, Chernogolovka, Russia) differential automatic calorimeter.
Before measurements of the heat of immersion (�Him), a sample (∼50 mg) was
degassed at 473 K and 0.01 Pa for 2 h. The 50 mg sample per 3 cm3 of distilled
water was exposed for several hours. The average errors of the�Him measurements
repeated several times were smaller than ±10%.

Dynamic light scattering (DLS). Electrophoretic and particle size distribution
investigations were carried out using a Zetasizer 3000 (Malvern Instruments) appa-
ratus ( λ = 633 nm, � = 90◦, software version 1.3) at 298 K. Deionised distilled
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water and oxide samples (1–10 g of oxide per dm3 of water) were utilised to pre-
pare suspensions which were ultrasonicated for 5 min using an ultrasonic disperser
(Sonicator Misonix, power 500 W and frequency 22 kHz). The pH values were
adjusted by addition of 0.1 M HCl or NaOH solutions, and the salinity was 0.001 M
NaCl.

Surface charge density and Debye screening length. To evaluate the surface
charge density (σ 0), potentiometric titrations were performed using a thermostated
Teflon vessel in nitrogen atmosphere free from CO2 at 25 ± 0.2◦C. The solu-
tion pH was measured using a PHM240 Research pH-meter (G202C and K401
electrodes) coupled with an REC-61 recorder. The surface charge density was
calculated using the potentiometric titration data for a blank electrolyte solution
and oxide suspensions (Cox = 0.2 wt% for all oxides), at a constant salinity of
10−3 M NaCl. Calculations of the Debye screening length (κ−1) were carried out
using the Loeb equation from the results of the DLS and potentiometric titrations
measurements [17].

8.3 Surface Structure and Properties

Complex nanooxides (Table 8.1, SA, ST and AST) are characterised by nonlinear
changes in surface content of Al2O3 and TiO2 (Fig. 8.1, Cs

X) versus their total con-
tent in the materials. The relationships between the specific surface area (SBET) or
the pore volume (Vp) of these mixed oxides and theCAl2O3 and CTiO2 values are non-
linear; however, there is the tendency of a decrease in SBET and Vp values at CAl2O3≥ 23 wt% and CTiO2 ≥ 40 wt% (Table 8.1). In SA and AST samples, a maximum in
the content of surface alumina is observed at CAl2O3 = 8–12 wt% and a minimum

Fig. 8.1 Relationships between total C X and surface content C s
X of (a) alumina and titania in

SA, ST and AST samples; (b) relationship between the ratio C s
X/C X and the total content of the

second phases
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at CAl2O3 = 21–30 wt% (Fig. 8.1). In contrast to surface alumina the surface titania
increases with the total content of TiO2 in ST and AST without significant devia-
tion. Notice that a shallow minimum in CTiOs

2
at CTiO2 = 20 wt% corresponds to

a maximal number of≡SiOTi≡ bridges in ST, and the largest number of Brønsted
acid sites is in SA23 [24, 25]. These structural features, as well as changes in the
size of primary particles and their aggregation, and Brønsted (B) and Lewis (L) acid-
ity affect interfacial phenomena: the adsorption (gaseous phase) and structurisation
(aqueous suspension) of water, the adsorption of metal ions, polymers and proteins
and other effects [8, 9].

One can expect the interfacial relaxation phenomena to depend on oxide surface
composition as observed by NMR, TSDC, DRS and other methods [10, 21, 22].

The FTIR spectra of nanooxides (Fig. 8.2) in the OH stretching region were
acquired at 200◦C to minimise the effects of surface adsorbed water. The free silanol
peak at 3740 cm−1 is readily detected in SA at CAl2O3 ≤ 30 wt% and in ST at CTiO2≤ 65 wt%. However, for certain samples there is only a shoulder at 3740 cm−1.
This free silanol peak is not seen at the highest alumina (75%) or titania (94%)
contents. For both SA and ST samples, the free silanol peak intensity decreases
with increasing surface alumina or titania content. As alumina content increases an
increase in absorbance at lower frequencies is observed. These broad bands may
arise from hydrogen-bonded hydroxyls on the alumina, silica, mixed metal sites

Fig. 8.2 FTIR spectra acquired at 200◦C of nanosilica A-500, SA (a), ST (b) and AST (c) samples
at different alumina and titania contents in the OH stretching region
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correlating with Brønsted acid sites, and residual water which may be held more
tightly by the mixed oxides. Spectra of the ST samples exhibit similar behaviour. It
is interesting to note that a small but distinct set of peaks in the 3300–3200 cm−1

region is seen in the ST and titania samples (Fig. 8.2b). The AST sample spectra
(Fig. 8.2c) exhibit characteristics of both the SA and ST sample spectra, e.g. peaks in
the 3700–3600 cm−1 region which are not characteristic for individual silica. These
bands can be assigned to different terminal ≡MOH and bridging ≡M1O(H)M2≡
hydroxyls (M = Si, Ti and Al).

On the basis of the analysis of the FTIR spectra (Fig. 8.2) and the literature, the
bands at 3730 and 3710 cm−1 observed for pure titania (Fig. 8.2b) can be attributed
to ≡TiOH and ≡TiO(H)Ti≡ groups.

The bands at 3650–3640 cm−1 are linked to ≡SiO(H)Al≡ and the bands at
3670–3660 cm−1 can be assigned to ≡SiO(H)Ti≡ in AST. The bands at 3690–
3680 cm−1 can be assigned to ≡AlO(H)Ti≡ or ≡AlO(H)Si≡ [16, 17]. A broad
band at 3670 cm−1 is characteristic of disturbed silanols of pure silica. Thus the
FTIR spectra demonstrate a certain heterogeneity of mixed oxides with respect to
the characteristics of the surface hydroxyls, which can impact the adsorption proper-
ties of the materials, since surface hydroxyls are the main adsorption sites on metal
oxides.

The adsorption (Fig. 8.3a) and desorption (Figs. 8.3b and 8.4) of water from
nanooxides depend on the concentration and kind of surface hydroxyls, SBET
(Table 8.1) and the type of packing of nanoparticles in aggregates [5, 10–12]. For
instance, the adsorption/desorption of water is largest for SA23 among SA samples
because SA23 has the largest SBET value (Table 8.1) and greatest Brønsted acidity
(Fig. 8.5) because of a lowCs

Al2O3
value (Fig. 8.1). Typically the lower theCs

Al2O3
value in amorphous (e.g. fumed) or crystalline (e.g. zeolites) SA, the higher the
Brønsted acidity. The sample SA8 has larger SBET and Cs

Al2O3
values than SA3.

Therefore desorption of water (Fig. 8.3b) from SA8 is greater at T < 550 K (effect
of surface alumina and Al2O3/SiO2 interfaces) and lower at T > 550 K (effect of
surface silica) because associative desorption of water from surface hydroxyl con-
densation occurs more easily from SA than silica (Figs. 8.3 and 8.4). However, the
adsorption of water is higher on SA3 than SA8 (Fig. 8.3a).

Since the volume of adsorbed water is less than the total pore volume measured
by N2 adsorption (Vp, Table 8.1), water fills just a fraction of the total pore volume
in these SA materials.

Therefore, even though SA8 has larger SBET and Vp values, the lower adsorption
of water onto SA8 may be caused by a difference in packing of primary particles in
aggregates. Deviation from the model of pores as voids between spherical particles
(Table 8.1,�wsph) varied from 0.05 to 0.43 and depends on nanooxide composition
because it is smaller for silicas and larger for mixed oxides.

This difference appears in the IPSDs (Fig. 8.3d) for both narrow pores at R
between 1 and 5 nm and for broader pores at R > 20 nm. Water more effectively
fills narrow pores (Vw < Vp), and the IPSD of SA3 is higher at 1 < R < 5 nm than
that of SA8 (Fig. 8.3d). Therefore the adsorption of water is higher for SA3 than
SA8 (Fig. 8.3a). The shape of the IPSDs of SA (Fig. 8.3d) and nanosilica (Fig. 8.3c)
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Fig. 8.3 (a) Adsorption isotherms of water, (b) TPD–MS spectra of water (m/z 18), and IPSD for
(c) nanosilica and (d) SA samples

Fig. 8.4 TPD–MS spectra of water (m/z 18) desorbed from degassed (a) ST and (b) AST
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Fig. 8.5 Optical spectra of
DMAAB adsorbed on
nanooxides

samples differ over the ranges of narrow mesopores and macropores. This can be
caused by the presence of surface alumina and silica in SA samples, leading to
changes in particle–particle interactions influencing formation of aggregates and
agglomerates, whose sizes are larger for SA than nanosilica samples [10]. Of the
low titania content AST samples, AST06 exhibits the largest water adsorption while
also having relatively small SBET and Vp values (Table 8.1). Since AST06 has a rel-
atively high silica content, this results in a relatively large number of surface acid
(SiO(H)Al) sites. Therefore, the �Him value is higher for AST06 than AST03 with
minimal silica content.

The main water desorption peak from ST is at T = 330–450 K and from AST
at T = 330–550 K (Fig. 8.4). However, the tail of this desorption is longer for both
ST and SA samples (Fig. 8.3b) than for AST samples. Water desorption from AST
stops at T = 650–700 K because of the small content of silica in these samples. The
influence of silica on water desorption from mixed nanooxides is much less than for
CVD-TiO2/A-300 (Fig. 8.4c) (high-temperature portions of the water desorption
curves for A-300 and CVD-TiO2/A-300 are similar). In the case of grafted CVD-
TiO2, separate titania particles form and their contacts with silica particles are weak
[26]. This result confirms the importance of the formation of bridges ≡SiO(H)M≡
and ≡SiOM≡ and tight contacts between different phases in mixed nanooxides
for different surface processes. These structural features can play a specific role
on the relaxation of interfacial water in aqueous suspensions of these oxides, as
shown below.

The larger number of different surface sites at a mixed oxide surface [16, 17, 24]
leads to broadening of the TPD–MS spectra for ST samples in comparison with indi-
vidual titania (Fig. 8.4). For AST samples, desorption of water from AST82, AST87
and AST88 is similar, water desorption from AST50 and AST71 differs (Fig. 8.4)
due to the effect of larger SBET (AST71) and lowerCs

TiO2
values (AST50). The TPD–

MS spectra of desorbed water (Fig. 8.4) is dependent on oxide composition. Several
factors, in addition to the surface content of the second oxide, can be responsible
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Fig. 8.6 Distribution functions of the activation energy of water desorption (m/z =18) from (a)
A-300 and SA and (b) ST samples

for this effect: (i) different contents of terminal and bridging hydroxyls for different
samples; (ii) different topology and morphology of primary and secondary parti-
cles; (iii) different SBET values; and (iv) different amounts of adsorbed intact water.
These factors also affect the distribution functions of the activation energy (E) of
water desorption (Fig. 8.6). The difference between the f(E) shape for SA, ST and
AST is much smaller than for A-300, because silica has only terminal hydroxyls
(single ≡SiOH and twin =Si(OH)2). An increase in the surface B acidity of SA23
(Fig. 8.5), evidenced by the DMAAB spectrum being slightly shifted towards longer
wavelengths in comparison with other SA samples because of a relatively low sur-
face content of alumina at a higher SBET value for SA23, results in a higher intensity
of f(E) at E > 150 kJ/mol for SA3 and SA8 than for SA23 (Fig. 8.6a). ST20 has the
largest number of bridging hydroxyls ≡SiO(H)Ti≡ with maximal B acidity among
ST samples.

Therefore the high-energy band of f(E) at E > 130 kJ/mol is lower for ST20 in
comparison with ST2 and ST94 (shown as boundary ST samples). The TPD activa-
tion energy of 70–80 kJ/mol for desorption of water from titania corresponds to the
initial portion of the f(E) function for mixed oxides (Fig. 8.6), related to desorption
of intact water molecules.

Features of mixed oxides are reflected in the amounts of Si atoms in the structures
Si(OM–)4 (Q4

Si in Table8.2, Fig. 8.7), Si(OM–)3(OH) (Q3
Si) and Si(OM–)2(OH)2

(Q2
Si) (where M = Si, Al or Ti). Their contributions, as well as of sites with dif-

ferent O-coordination numbers of aluminium atoms, change with increasingCTiO2
orCAl2O3

value. Contributions of six-, five- and fourfold O-coordinated Al atoms
also vary. For a large titania content material such as ST94 or AST88 (CSiO2

= 6
and 8 wt%, respectively), silica does not represent a separate phase because it forms
a solid solution in titania. However, titania in ST9 or ST with largerCTiO2

values
forms its own phase, observed in XRD patterns. The distribution of alumina in SA,
and titania in ST, at the particle surface as a function of the total content of alumina
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Table 8.2 Contributions (in %) of different centres with Si and Al in SA, ST and AST sam-
ples determined as relative integral intensity of the bands obtained on deconvolution of the 29Si
CP/MAS and 27Al MAS NMR spectra

Sample Q4
Si Q3

Si Q2
Si QAl(VI) QAl(V) QAl(IV)

SA1 45.7 33.3 21.0 60.3 39.7
SA3 31.1 52.6 14.2 77.9 1 21.1
SA8 48.0 45.0 7.0 73.4 26.6
SA23 45.5 33.4 21.1 55.9 3.5 40.6
SA30 28.8 50.7 20.5 51.0 4.2 44.8
ST9 33.6 44.7 21.7
ST14 44.0 31.8 24.2
ST20 29.1 54.6 16.3
ST63 57.3 16.6 26.1
ST65 64.9 19.5 15.6
AST50 68.1 23.6 8.3 86.2 13.8
AST82 94.1 3.4 2.5

Fig. 8.7 (a, b) 29Si and (c, d) 27Al MAS NMR spectra of (a) ST, (b, d) SA and (c) AST samples
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or titania differs (smoother curve for ST than SA). A small amount of Si atoms at
the surface of ST samples at highCTiO2

values causes results in small signals from

Q3
Si and Q2

Si sites, and a large signal from Q4
Si sites (Fig. 8.7a) corresponding to

Si atoms in the bulk. This is in agreement with the FTIR spectra (Fig. 8.2) showing
decreased intensity of the O–H stretching vibrations of free silanols at 3740 cm−1

with increasing surface content of alumina or titania in mixed oxides. A similar ten-
dency for SA samples is more complex than for ST samples because the surface
content of alumina as a function of total alumina content is extremely nonlinear.

An increase in the content of alumina in SA samples and titania in ST sam-
ples leads to the opposite results with respect to contribution of Q4

Si at −110 ppm
(Fig. 8.7 and Table 8.2) because of the difference in the electronic properties
of titania (semiconductor) and alumina (dielectric). However, changes in Q3

Si at
−101 ppm and Q2

Si at −91 ppm do not seem to correlate withCAl2O3
andCTiO2

val-
ues. Deviation from a linear dependence of contribution of these sites on theCAl2O3
andCTiO2

values are caused by nonlinear changes in the surface content of these

oxides (Fig. 8.1). The Q3
Si and Q2

Si sites correspond to surface silanols, whose
content directly depends on the surface content of alumina and titania (the effects
of titania on shielding the Si nuclei can affect the position of the corresponding
components of the 29Si CP/MAS NMR spectra). A semiconducting titania phase, as
an electron-donor for the silica phase, can change shielding of the Si nuclei; addi-
tionally, the Si(OM–)4 structure (i.e. bond lengths and valence angles) changes if
M 	= Si.

Therefore, the 29Si NMR spectra shift slightly and the Q4
Si intensity increases

with increasing CTiO2
value in ST samples (Fig. 8.7a). The electronic properties of

dielectric alumina and silica (as well as the sizes of Si and Al atoms) are closer than
titania; therefore, a similar displacement of the 29Si NMR spectra is not observed
for SA samples with increasing CAl2O3

value (Fig. 8.7b). The number of Q2
Si sites

decreases with increasing surface content of alumina or titania (Table 8.2); for
instance, it is lowest for SA8 with the largest content of surface alumina (Fig. 8.1).
The number of Q3

Si sites is greatest for ST20 and SA3 for several reasons related to
the surface content of the second oxide: its distribution form in the bulk, the particle
size and surface patches, the number of contacts of these patches with silica and the
number of centres with isomorphic substitution of Si for Al or Ti atoms.

According to the 27Al MAS NMR spectra (Fig. 8.7c, d), the content of sixfold
O-coordinated Al(VI) (27Al resonance at ∼0 ppm) in the alumina phase is larger
than that of fourfold O-coordinated Al(IV) (27Al resonance at ∼50 ppm) in SA sam-
ples (Table 8.2). This suggests that alumina preferentially forms in a separate phase
(e.g. γ-Al2O3 (which represents ∼20% in individual nanoalumina) includes approx-
imately 80% Al(VI) and 20% Al(IV) or individual amorphous phase) than a solid
solution in the silica matrix with substitution of fourfold O-coordinated Si, keeping
this coordination state. Although the peak intensity of the Al(IV) resonance is higher
than Al(VI) for SA23 and SA30, the Al(VI) band is broader (Fig. 8.7) and a larger
FWHM (full-width at half-maximum) value causes a greater integral contribution of
Al(VI) sites (Table 8.2). In the case of AST82 synthesised at a higher temperature
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(> 1700 K) than SA samples, the alumina phase includes mainly Al(VI) because
(i) patches of individual alumina can have a structure similar to a high-temperature
modification of alumina (e.g. α-Al2O3 with only Al(VI)); and (ii) a dense solid
solution of alumina in titania corresponds to substitution of sixfold O-coordinated
Ti(VI) by Al(VI). In AST50 possessing a larger content of silica but a smaller con-
tent of titania (Table 8.1), and synthesised at a lower temperature than AST82, an
individual alumina phase can include patches with a structure close to that of γ-
Al2O3 or amorphous alumina including both Al(VI) and Al(IV). Contribution of
Al(VI) in AST50 is greater than that of γ-Al2O3 because of the reasons mentioned
above with respect to AST82. However, a lower synthesis temperature and possible
incorporation of Al(IV) into the silica lattice (as AST50 includes 28% silica) gives
a larger amount of Al(IV) in AST50 than AST82. The 29Si CP/MAS NMR spec-
trum of AST82 (not shown) in contrast to AST50 does not have clear bands, and the
Si–O(Si) stretching vibrations at 1100 cm−1 are not observed in the FTIR spectrum
of AST82 or AST88. These results suggest that silica is absent as an individual
phase in AST82, AST87 and AST88 forming only a solid solution in titania and
alumina. The opposite effects of titania and alumina on the 29Si chemical shift pro-
vide a very small 29Si (at the noise level) in the AST samples, with the exception
of AST50. A low amount of Al(V) (27Al chemical shift at 30 ppm) is observed for
certain samples (Table 8.2); however, a clear Al(V) band is observed only for SA23
(Fig. 8.7d) characterised by a low amount of surface alumina (Fig. 8.1).

If the ratio QAl(VI)/QAl(IV) ≈ 4 corresponds to an individual Al2O3 phase (γ-
Al2O3 or amorphous) in mixed oxides, then the value β = QAl(IV)/(QAl(IV) +
QAl(IV)) − 0.2 can be used as a measure of the number of Al atoms isomorphi-
cally substituting Si atoms in the silica lattice. This estimation for SA3 (β = 0.011)
shows that nearly all alumina is at the surface in agreement with AES data. However,
in the case of other SA samples a fraction of the Al atoms can be embedded in the
silica matrix. The greatest number of these Al atoms (β > 0.2) is observed for SA30
and SA23 (Table 8.2), characterised by relatively low surface content of alumina
according to the AES data (Fig. 8.1).

The dependence of Brønsted acidity on theCs
Al2O3

value and the nonlinear depen-
dence of surface alumina concentration on the total content of alumina in SA and
AST samples (Fig. 8.1), as well as differences in the morphology of particles and
the size distribution of gaps between these particles (Fig. 8.3), can cause nonlin-
earity of the interfacial characteristics of both mixed oxides and adsorbed water or
water layers structured by the oxide surface in aqueous suspensions. For analysis of
the interfacial phenomena in aqueous suspensions, the data related to dry powders
and dried solid residues obtained from suspensions of nanooxides can be used. This
comparison allows the elucidation of some changes in the characteristics of oxides
occurring on their transfer from the gaseous medium to liquid and then into air.

A minimalCs
Al2O3

value for SA23 (Fig. 8.1a) results in the smallest amounts

(Cuw) of structured water unfrozen at T < 273 K (Fig. 8.8) determined by 1H
NMR spectra. Larger Cuw values are found for the suspensions of alumina and SA3
(highCs

Al2O3
value). Changes in the Gibbs free energy of the structured water are

between −0.2 and −2.7 kJ/mol (Fig. 8.8b).
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Fig. 8.8 (a) Concentration of unfrozen water (Cuw) as a function of temperature for aqueous
suspension (5 wt%) of alumina and SA samples determined from the 1H NMR spectra; (b) relation-
ship between Gibbs free energy �G and Cuw (curve for ST20 is also shown); (c, d) relationships
between total content of alumina is SA samples and surface content of aluminium and (e) interfacial
free energy γ S and the enthalpy of immersion in water (�Him), and (d) the number of statistical
water layers (nwl) at a thickness of each of them of 0.3 nm

The structure of interfacial water can be also characterised by the Debye screen-
ing length (κ−1) as a function of pH (Fig. 8.9) and ζ potential as a function of pH
and the surface charge density (Fig. 8.10).

Notice that the ζ potential and the surface charge density deal with differ-
ent planes (i.e. shear and surface planes, respectively). In the case of individual
oxides (e.g. silica, titania and alumina), the κ−1(pH) function has only one maxi-
mum observed in the pH range close to the isoelectric point (IEP) of the materials
(Fig. 8.9a) since IEP(SiO2) ≈ 2.2, IEP(TiO2) ≈ 6 and IEP(Al2O3) ≈ 9.8. The
κ−1(pH) function is determined on the basis of three factors ζ (pH), σ 0(pH) and
effective diameter of particles Def(pH) (with consideration for the porosity of
aggregates), and these are nonlinear functions of pH (Fig. 8.10). However, for
mixed oxides the κ−1(pH) function can have an unexpected shape, e.g. SA23 (low
amount of surface alumina and high Brønsted acidity) exhibits a maximum far from
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Fig. 8.9 Debye screening length (κ −1) for dispersions with (a) nanosilica A-150 and A-300,
SA23, ST94, TiO2 and Al2O3 (b) AST samples

IEP(SiO2) and IEP(Al2O3) (Fig. 8.9a). There is a difference in the peak position of
the κ−1(pH) function for TiO2 and titania-containing ST and AST oxides because
of the complex structure of their surface. The difference in the surface composition
of AST samples (Figs. 8.1 and 8.2) causes noticeable differences in their behaviour
in aqueous media (Figs. 8.9 and 8.10), especially for AST71 in comparison with
other AST samples, because of the maximal content of alumina and specific sur-
face area among AST samples (Table 8.1). This results in the differences (discussed
above and below) in many of the properties of AST71 and other samples. Complex

Fig. 8.10 ζ potential as a
function of pH and surface
charge density of A-300,
TiO2 and AST samples
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shapes of the κ−1(pH) function as well as the ζ (pH) potential and σ 0(pH) can lead
to complex pH dependences of other properties of the nanooxide dispersions such
as aggregation of particles (i.e. Def(pH)), adsorption of dissolved compounds and
metal ions, suspension viscosity, etc.

The spectra of DMAAB adsorbed onto SA23 and ST20 have similar widths
(Fig. 8.5) because of a wide range of surface sites; however, ST20 has a larger
amount of L sites. This similarity in the types of surface sites results in a simi-
lar shape of the �G(Cuw) graphs for interfacial water in aqueous suspensions of
these oxides (Fig. 8.8b). However, relationships between the enthalpy of immersion
in water (�Him) and surface content of Al, versus the total content of the second
oxides differ for SA and ST [16, 17]. This can be caused by differences in the dis-
tribution of alumina and titania, and the corresponding active sites at the surface of
mixed oxides.

The γ s and �Him values as functions ofCAl2O3
in SA correlate with the surface

content of aluminiumCs
Al (Fig. 8.8c), as well as the thickness of the interfacial struc-

tured water (Fig. 8.8d). These correlations are caused by several factors: (i) number
and acidity of surface sites; (ii) nonuniformity of the surface; and (iii) specific sur-
face area (γ s and�Him are calculated per unit surface area). The influence not only
of the number of B sites but also of other factors on the surface properties of mixed
oxides is clearly depicted in the data (Fig. 8.8) [16, 17].

The effects of not only B sites but also other surface structures (and several
adsorption mechanisms) on the adsorption of metal ions are clearly observed in
Fig. 8.11. The shapes of the plateau adsorption curves of Pb(II) onto SA samples,
and Ni(II) onto ST samples, correlate with the surface content of alumina and tita-
nia, respectively. A larger deviation in the curve shapes for the adsorption of Pb(II)
onto the SA samples corresponds to a similar deviation in the relationship between
the SBET and Cs

Al2O3
versus the total CAl2O3 values (Table 8.1), because the ion

adsorption is calculated per unit surface area. The observed correlations show that

Fig. 8.11 Surface content of (a) Al in SA and (b) Ti in ST and the plateau adsorption of (a) Pb(II)
and (b) Ni(II) as a function of the total (a) alumina and (b) titania content in mixed nanooxides
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the number of B sites is not limiting for the plateau adsorption of Pb(II) and Ni(II),
because this maximal adsorption is observed at relatively high pH values (close to
7–8) when the contribution of hydroxy species of Pb(II) and Ni(II) increases.

8.4 Interaction of Nanooxides with Polymers and Proteins

The adsorption of several types of polymers onto nanosilica A-300 gives differ-
ent interfacial layer structures. PEG and PEO having the same segment structure
are characterised by a close �(Cpol) shape (Fig. 8.12a). Despite weak polymer–
polymer interactions, PDMS gives the lowest �(Cpol) values (as a function of Cpol
in mg/g) because of (i) a large segment (mseg) weight –(CH3)2Si–O–Si(CH3)2–, (ii)
its weak interaction with silanols due to relatively poor electron-donor properties of
oxygen atoms in the siloxane bonds, (iii) steric effects of the CH3 groups and (iv)
the helical structure of the PDMS chain. PVA molecules can form strong hydrogen
bonds with both silanols and OH groups of neighbouring molecules, leading to low
� values as a function of Cpol and the lowest � values as a function of Cpol/mseg
(Fig. 8.12b). PVP has a larger segment weight than PEG, PEO and PVA by a factor
of 2.4. Therefore, �(Cpol) for PVP is lower than PEG or PEO, but close to that of
PVA (Fig. 8.12a). PVP molecules can more effectively interact with surface silanols
than other linear polymer molecules because of the rotational mobility of the side
groups responsible for the formation of hydrogen bonds (Fig. 8.12b).

BSA molecules demonstrate relatively low �(Cpol) values because of the high
average mseg value, and the globular protein shape. Therefore, a significant por-
tion of the molecules cannot be in contact with the silica surface. However, protein

Fig. 8.12 Perturbation degree (�) of free surface silanols as a function of the polymer loading (a)
Cpol in mg per gram of silica, and (b) Cpol normalised by dividing by the molecular weight of a
segment (mseg) for PEG (35 kDa), POE (600 kDa), PVP (12.7 kDa), PVA (43 kDa), PDMS (8 kDa)
and BSA (67 kDa) onto A-300
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molecules have several types of polar side groups in addition to the polypeptide
chain which can form strong hydrogen bonds with silanols, which can partially
compensate for the effect of the globular shape of the molecules on the �(Cpol)
values. Normalisation of Cpol by dividing by the segment mseg molecular weight
(Fig. 8.12b) results in similar �(Cpol/mseg) graphs for all A-300/polymer systems
except A-300/PVA. The effects of strong hydrogen bonds between PVA molecules
are the likely cause of this result. The globular structure of BSA molecules pre-
vents strong lateral interactions, therefore �(Cpol/mseg) for BSA is similar to
other systems characterised by relatively weak polymer–polymer interactions. The
effects of residual interfacial water, which can disturb silanols and form hydro-
gen bond bridges between polar groups of polymer molecules and surface silanols,
can provide a small difference in the �(Cpol/mseg) graphs for different polymers
(especially at Cpol/mseg > 1) (Fig. 8.12b). Thus a minimal loss of the specific sur-
face area for the nanooxide/polymer powders results from a monolayer coating of
nanoparticles by PEO or PEG. This is a result of the formation of strong hydro-
gen bonds with silanols and weak polymer–polymer interactions, which result in a
dense coverage with stronger interactions between polymer molecules and surface
silanols.

The strong interaction of adsorbed polymers with oxide surfaces causes changes
during their thermal decomposition. Additionally, the catalytic effect of active sur-
face sites on mixed oxides on thermolysis of adsorbed PVA and PEG molecules
(Fig. 8.13) causes displacement of the TPD peaks towards lower temperatures in
comparison with thermolysis on silica.

There is a difference in the catalytic effects for PVA and PEO, because of their
structural differences and the type of surface interactions. Dehydration of PVA/silica
is complete at 650 K, but the dehydration of nanosilica alone occurs at much higher
temperatures (up to 1000 K and higher). The strong hydrogen bonding of OH groups
of PVA and silica is the main reason for this difference. Since the sample mass
used in all of the TPD–MS measurements was almost identical, differences in the
TPD peak intensities of eliminated water and CO on decomposition of PVA and
PEG (Fig. 8.13) are likely caused by differences in the catalytic effects of SA and
ST samples and the differences in the specific surface area of nanooxides and the
amounts of polymers.

Assuming that the glass transition temperature (Tg) for PVA/A-300 corresponds
to the maximum on the ε′′(f,T) and ε′(f,T) curves at low frequencies, i.e. Tg = 341 K
(Fig. 8.14) and Tg = 358 K for bulk PVA, one can estimate the amounts of water
bound in the PVA phase to be 0.6 wt%.

Since t total amount of water in PVA/A-300 is ≈1.7 wt%, the amount of water
adsorbed on the silica surface from air is approximately 1.1 wt%. There are three
types of relaxations (α, β and γ, in order of increasing frequency/decreasing temper-
ature) of different intensity and strong ion conductivity at low frequencies/high tem-
peratures caused by adsorbed water promoting the mobility of protons (Figs. 8.14
and 8.15). Contribution of the conductivity increases with increasing temperature
because of enhanced mobility of bound water molecules [23]. According to 1H
NMR spectra of similar systems, mobile water molecules appear in the strongly
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Fig. 8.13 TPD–MS thermograms at m/z (a, b) 18 (water) and (c, d) 28 (CO) formed on decom-
position of PVA (a, c) and PEG (b, d) adsorbed on silica A-300, silica/alumina SA1, SA3, SA8,
silica/titania ST2, ST9, ST20 and alumina/silica/titania AST50

adsorbed layer at T > 200–210 K and at T > 250–260 K in the weakly bound water
layer. With a small amount of adsorbed water (as in this case), all water is strongly
bound. Even low amounts of interfacial water result in relatively large ε′′ and ε′ val-
ues at low frequencies, due to the contribution of the conductivity term. Therefore,
the intensity of the relaxation processes related to the polymer molecules is low, and
it is difficult to decompose the ε′′(f) curves especially at low temperatures [23].

Several time-dependent effects can be responsible for the secondary particle
rearrangement: (i) decomposition of residual secondary particles of silica upon
interaction with the first layer of adsorbed organics (OC-I), followed by a sec-
ond layer (OC-II), because of a stronger binding of organics to the silica surface
than silica to silica particles; (ii) coagulation of silica nanoparticles with polymer
or protein molecules to form new secondary hybrid particles due to electro-
static, polar and hydrogen bonding interactions; (iii) rearrangement of adsorbed
OC-I/silica aggregates upon interaction with OC-II because of the displacement
of adsorbed smaller molecules by larger ones (i.e. due to the Vroman effect);
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Fig. 8.14 (a) Dielectric loss, (b) permittivity, (c) tan ε = ε′′/ε′ and (d) derivative dε′′/d(ln ω) as
functions of frequency and temperature for PVA/A-300

Fig. 8.15 Distribution
functions of activation energy
for the α and β relaxations in
PVA/A-300
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Fig. 8.16 Particle size distributions with respect to particle volume in the aqueous suspension
of (a) A-300, PEG (2 kDa)/A-300 and BSA(II)/PEG(I)/A-300 and (b) A-300, PVA/A-300 and
BSA(II)/PVA(I)/A-300

and (iv) rearrangement of aggregates with adsorbed OC-II/OC-I/silica with time
because of perikinetic and orthokinetic aggregation and differential sedimentation
of organics/solid particles [10, 28]. Figure 8.16 depicts the time-dependent interac-
tion of PEG(I)-BSA(II) and PVA(I)-BSA(II) with A-300 (CSiO2 = 0.1 wt% and
salinity 0.9 wt% of NaCl) at polymer concentrations close to their monolayer
coverage [28].

For the first pair, smaller particles appear after addition of the BSA solution to
the PEG/A-300 suspension. However, a certain amount of large particles at a size
d > 600 nm are observed (Fig. 8.16). The behaviour of the second pair is radically
altered, large particles form after addition of the BSA solution to the PVA/A-300
suspension. This enlargement of aggregates increases with time. BSA molecules
can destroy hybrid aggregates composed of primary silica particles and relatively
small PEG molecules, which can weakly block the silica surface against much
larger BSA molecules. Therefore the PSDV and PSDN peaks for PEG/A-300 at
d ≈ 100 nm disappear but the peaks at 20–40 nm appear after interaction with
BSA. The second PSDV peak at 400–500 nm is also time-dependent and affected
by adsorbed BSA as well as PSDI. In the case of pre-adsorbed PVA, decomposition
of aggregates of PVA/A-300 by BSA molecules is not observed because aggre-
gates of electron-donor/proton-donor PVA/silica can strongly interact with BSA
without decomposition. Additionally, PVA molecules can more strongly shield the
silica surface against BSA molecules than smaller PEG molecules (the WM value
is 2 kDa (PEG) and 43 kDa (PVA)). PEG has only electron-donor groups, which
can more effectively interact with ≡SiOH groups than with other PEG molecules.
Therefore the interactions between PEG-PEG molecules are weaker than between
PEG and BSA molecules. More detailed analysis of subsequent adsorption of
different organics on nanosilicas was given elsewhere [27,28].
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8.5 Conclusion

The processes of adsorption/desorption, relaxation and diffusion near or on a surface
of individual and mixed nanooxides depend on textural characteristics, morphology
of primary and secondary particles and chemical structure of the surface of pri-
mary particles. The adsorption, relaxation and energetic parameters of the powders
and suspensions of mixed oxides correlate with the surface Al2O3 content in SA
and AST materials and the surface TiO2 content in ST and AST. These concentra-
tions determine the quantity and properties of active sites responsible for processes
occurring at the interfaces of mixed oxides. Investigations by broadband dielec-
tric relaxation spectroscopy of weakly hydrated powders with PVA/A-300 depict
concentration- and temperature-dependent structural reorganisation of the systems
and the effects of nanoparticles on the relaxation of adsorbed polymer molecules and
their glass transition temperature. The time-dependent rearrangement of secondary
particles is observed in aqueous suspensions of polymer/BSA/nanosilica. This rear-
rangement depends on the type of polymers, especially the formation of hydrogen
bonds between polymer molecules (PVA).
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Part III
Geometrical, Chemical, and Adsorptive

Modification of Nanomaterials

The substance in a nanosized state possesses features not usual for massive samples.
New properties of nanomaterials may be caused by sized energy quantization,
exceeded influence of surface electronic states, bioactivity and bioaccessibility of
nanoparticles.

So, quantum-sized effects may develop in nanostructures at room temperature,
when the distance between energy levels of the spectrum of sized quantization
at least becomes commensurable with the energy of corresponding phonons. And
the prohibition rules for electron transition of Pauli–Fermi principle may be mod-
ified. Chemical activity of the surface of nanomaterials is closely connected with
an increasing influence of surface atoms and hence of uncompensated valencies.
Bioactivity and bioaccessibility of nanomaterials may be caused by a direct effect of
surface-active sites on corresponding terminal fragments of a cell membrane and by
specific structure of hydrated shells, which contain cluster structures, recognizable
by bioobjects.

The ways of further improvement and development of nanotechnologies may be
connected with the usage of geometrical, chemical, and adsorption methods of mod-
ification, which will allow treatment of nanomaterials for obtaining new properties
and considerable extension of functional capabilities. These methods are classified
and widely used in surface chemistry of disperse solid state. As a rule, one-step syn-
thesis does not give a desired result; however, in such cases multi-step modification
allows surface assemblage of compounds with given structure and properties.

Besides that in the last years, special attention has been paid to studies of
geometrical, chemical, and adsorptive modification of materials and their usage as
nanoreactors for synthesis of nanotubes, nanowires, and noble metal nanoparticles.
Nanovolume of such chemical reactors may accommodate metal-containing com-
pounds for further reduction, immobilize reagents with reduction properties, and
limit the growth of nanoparticles. One should consider that special conditions of
chemical transformation may result from the superposition of electric fields of ions
localized closely to the surface of nanosized pores.

This part reviews the results of our studies in the field.



Chapter 9
Chemical Design of Carbon Coating
on the Alumina Support

Lyudmila F. Sharanda, Igor V. Plyuto, Anatoliy P. Shpak, Igor V. Babich,
Michiel Makkee, Jacob A. Moulijn, Jerzy Stoch, and Yuri V. Plyuto

Abstract The developed approach to the synthesis of carbon-coated alumina is
described. It includes grafting of 4,4′-methylenebis(phenylisocyanate) (MDI) due
to reaction of isocyanate groups (N−−−−C−−−−O) with hydroxyl groups on the alumina
surface via N−−−−C bond opening and subsequent pyrolysis of MDI surface species
at 700◦C in vacuum. Carbon-coated alumina supports with carbon loading up to
17.5 wt.% were synthesised by repetition of grafting–pyrolysis cycles. SEM anal-
ysis shows that surface structure of the initial alumina support is retained and no
separate carbon phase is observed. It has been found out that carbon coating does not
substantially influence the pore structure of the initial alumina support. The mech-
anism of formation of carbon coating as well as the structure of the synthesised
carbon-coated alumina was studied by FTIR, TG/DTG-DTA, XPS, XRD, SEM and
adsorption measurements.

9.1 Introduction

Combination of physico-chemical properties of individual carbon and alumina in
carbon-coated alumina or carbon–alumina hybrid results in novel materials promis-
ing for the development of advanced sorbents [1], catalyst supports and catalysts
[2–9], electrically conductive fillers and coatings [10–12], membranes [13, 14] and
functional coatings [15]. The synthesis of carbon-coated alumina or carbon–alumina
hybrid is by pyrolytic methods.

In the case of carbon-coated sorbents [1], the synthesis may include, for exam-
ple, combining of the alumina particles with sucrose followed by carbonisation at
700◦C. Electrically conducting carbon coatings over alumina foams were prepared
by the alumina foams’ impregnation in a polyurethane solution with subsequent
pyrolysis of the polymer layer [12]. An optimal coating procedure was developed,
using a commercial polyurethane lacquer. Pyrolysis was performed by heating
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the coated foams to 650–1200◦C. In a similar way the electrically conductive
dense and porous alumina with in situ-synthesised nanoscale carbon networks was
prepared [11].

The proposed alternative CVD approach [10] is based on the ability of organic
compounds to pyrolyse on the surface of the alumina and silica–alumina supports
at elevated temperatures in the range of 600–700◦C. Among the tested organic
pyrolysable substances, such hydrocarbons as hexane, benzene, toluene, naphtha-
lene, anthracene, cyclohexene and cyclohehene were found to be the most promising
for making carbon–alumina and carbon–silica–alumina catalyst supports [2–9].
By CVD route, the carbon-coated alumina membranes [13, 14] and decorating
carbon-coated thin anodic aluminium oxide films of tunable colour [15] were also
developed.

The novelty of the present work is in the development of a two-step method of
coating of alumina with carbon. Carbon-coated alumina was synthesised by graft-
ing and subsequent pyrolysis of 4,4′-methylenebis(phenylisocyanate) on the support
surface. The mechanism of formation of the carbon coating as well as the structure
of the synthesised carbon-coated alumina were studied by FTIR, XPS, XRD, SEM,
TG/DTG-DTA and adsorption measurements.

9.2 Experimental

9.2.1 Material

The as-received precipitated alumina support (CK 300, Ketjen, SBET(N2) = 266 m2

g−1) was crushed, sieved to a particle size of 0.25–0.50 mm and calcined in
air at 500◦C for 2 h in a muffle furnace in order to remove organic impurities.
4,4′-Methylenebis(phenylisocyanate) (MDI) obtained from Bayer AG was dissolved
in o-xylene preliminary dried with NaX molecular sieves. The weighted amount
(15 g) of the support was contacted with 340 ml of 1% o-xylene solution of MDI at
room temperature for 1 day, filtered and the sample was washed with approximately
100 ml of pure o-xylene followed by drying at 60◦C for 2 h. Then, the sample
was placed into a quartz cell and evacuated at room temperature to the pressure of
1 × 10−2 Pa. The temperature of the sample was increased to 700◦C within a period
of 10 h under continuous pumping. The sample was kept at this temperature and a
pressure of 1 × 10−2 Pa for 2 h in order to complete pyrolysis of the grafted MDI
and to remove the volatile products.

To prepare the samples with increased carbon content, the grafting–pyrolysis
cycle was repeated up to three times. The above procedure resulted in samples
with carbon content of 7.7, 12.3 and 17.5 wt.%, denoted hereafter as C(7.7)/Al2O3,
C(12.3)/Al2O3 and C(17.5)/Al2O3, respectively.

9.2.2 Experimental Methods

IR spectra in a reflectance mode were recorded in the range from 4000 to 400 cm−1

with a spectral resolution of 8 cm−1 using a Nexus Nicolet FTIR spectrometer



9 Chemical Design of Carbon Coating on the Alumina Support 121

(Thermo Scientific) equipped with a Smart Collector reflectance accessory. Alumina
samples were powdered with KBr in 1:10 ratio.

Thermal studies (TG/DTG-DTA) were carried out with a STA-1500 H ther-
mobalance (PL Thermal Sciences) at a heating rate of 10◦C/min in an airflow
of ∼50 cm3/min. The carbon content in the synthesised samples was determined
gravimetrically from the weight loss within the temperature interval 300–650◦C.

Surface area (BET) and porosity were determined by nitrogen adsorption/
desorption at 77 K using a Quantachrome Autosorb-6B equipment. The samples
were preliminary heated in vacuum at 150◦C for 16 h.

X-ray diffraction (XRD) patterns were recorded in the range 5–80◦ (scan-
ning step 0.1◦) with a DRON-3 M automated diffractometer using the Cu-Kα

(Å=1.54178 A) radiation and Ni filter.
SEM images were obtained with a LEO 1550 high-resolution electron micro-

scope. An electron beam of 2.5 kV was used to analyse the surface details of the
samples.

X-ray photoelectron spectra (XPS) were recorded on a Vacuum Generator
ESCA-3 photoelectron spectrometer using Al-Kα1,2 radiation (1486.6 eV) from an
X-ray source operating at 10 kV and 12 mA. The working pressure inside the cham-
ber was less than 2.5 × 10−6 Pa. All spectra were recorded with a step size of 0.1 eV
in the constant pass energy mode at 50 eV. Samples were mounted for the analysis
by dusting their powder onto a double-sided polymer-based adhesive tape.

9.3 Results and Discussion

The contact of the alumina support with MDI dissolved in o-xylene resulted in par-
tial discoloration of the solution and the initial white colour of the alumina samples
turned yellow which means interaction of MDI with the support surface. This inter-
action is strong and irreversible since the sample does not lose yellow colour even
after washing with o-xylene.

The interaction of MDI with the alumina surface was investigated by FTIR spec-
troscopy. In FTIR spectrum of MDI, the intense absorption band at 2268 cm−1

typical for isocyanate group (N−−−−C−−−−O) [16] is observed (Fig. 9.1(1)).
This band is not present in the spectrum of the alumina sample which contacted

with MDI. Instead, one can see the broad band at 3450 cm−1 which corresponds
to N–H vibrations (Fig. 9.1(2)). Besides, the band around 1512 cm−1 which cor-
responds to C–N vibrations is also observed [16]. These changes mean that MDI
grafting should proceed via N−−−−C bond opening upon the reaction of N−−−−C−−−−O
groups with hydroxyl groups of the alumina support. Grafting of MDI on the
alumina surface is shown in Fig. 9.2.

Thermal analysis using TG/DTG-DTA technique was used to ensure quantita-
tive control over MDI grafting on the alumina support and determine carbon yield
after pyrolysis of grafted MDI species. Thermoanalytical characterisation of carbon-
coated samples (Fig. 9.3) exhibits intense weight loss in DTG patterns around 500◦C
that coincides with the exothermic peak in DTA curves.
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Fig. 9.2 Grafting of 4,4′-methylenebis(phenylisocyanate) (MDI) on the alumina surface

Oxidation starts at 300◦C and proceeds in one step in a narrow temperature inter-
val. This suggests that oxidation of a single carbon phase occurs. Table 9.1 illustrates
the formation of carbon coating upon pyrolysis of MDI grafted to the surface of the
alumina support.

One can see that on the initial alumina support the amount of the grafted MDI
reaches 16.2 wt.%. The carbon loading in this samples after pyrolysis was 7.7 wt.%
that corresponds to 66% of carbon yield. The synthesised C(7.7)/Al2O3 sample was
contacted with solution of MDI in o-xylene again. In this case the adsorption of MDI
also proceeded since discoloration of the solution was observed. The adsorption of
MDI appeared to be somewhat lower as compared to that on the initial alumina
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Table 9.1 Synthesis of carbon coating on the alumina support by pyrolysis of grafted MDI

Pyrolysis of grafted MDI

Sample
Initial carbon
loading (wt.%)

Grafted MDI
(wt.%)

Yield of elemental
carbon (wt.%)

Final carbon
loading (wt.%)

Al2O3 0 16.2 66.0 7.7
C(7.7)/Al2O3 7.7 10.6 60.3 12.3
C(12.3)/Al2O3 12.3 10.2 71.0 17.5
C(17.5)/Al2O3 17.5 – – −

support; however, the carbon yield after pyrolysis remains sufficiently high. Similar
results were obtained for the sample C(12.3)/Al2O3 and the increase of the carbon
loading in this case reached 5.2 wt.%. After threefold repetition of the grafting–
pyrolysis cycle the carbon loading on the alumina surface was 17.5 wt.%.

It appears that up to 16 wt.% of MDI can be grafted on the initial alumina sur-
face. High loading of MDI surface species is due to reaction of N−−−−C−−−−O groups
with hydroxyl groups of the alumina support. In the case of carbon-coated alumina
supports, the reactive C(OH) and C(O)OH groups which exist in carbon coating can
also react with MDI. This explains a sufficient grafting of MDI not only on the ini-
tial alumina support but also on carbon-coated alumina and high carbon yield upon
each repetition of the grafting–pyrolysis cycle.

Characterisation of the synthesised samples with XRD does not reveal any
peaks which should be attributed to the ordered carbon structures [17]. Therefore,
the presence of either amorphous carbon coating or a thin graphitic layer can be
assumed.

The nitrogen adsorption–desorption isotherms were recorded in order to clarify
the influence of carbon coating on textural characteristic of the synthesised supports
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Fig. 9.4 Nitrogen adsorption–desorption isotherms of the initial Al2O3 support (a) and
C(7.7)/Al2O3 (b) samples

(see Fig. 9.4). One can see that the shape of the nitrogen adsorption–desorption
isotherms and the hysteresis loops is similar for all samples.

The structural characteristics of the initial and the synthesised supports are
summarised in Table 9.2.

The apparent surface area of all carbon-coated samples appeared to be somewhat
less than that of the initial alumina support. The increase of carbon loading resulted
in the decrease of the total pore volume. The dependence of the mean pore diameter
on carbon loading appeared more complex. Deposition of the first carbon layer on
the initial Al2O3 support resulted in the increase of mean pore diameter from 55 to
61 Å that indicates the filling or shielding of micropores. Further increase of carbon
loading is accompanied with a steady decrease of the mean pore diameter from 61
to 55 Å convincing the uniformity of the carbon covering.

Table 9.2 Textural properties of the initial and carbon-coated alumina supports

Sample
Carbon loading
(wt.%)

SBET (N2)
(m2/g)

Total pore
volume (cm3/g)

Mean pore
diameter (Å)

Al2O3 0 266 0.65 55
C(7.7)/Al2O3 7.7 234 0.57 61
C(12.3)/Al2O3 12.3 230 0.52 58
C(17.5)/Al2O3 17.5 212 0.47 55
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a b

Fig. 9.5 SEM images of the initial Al2O3 support (a) and C(17.5)/Al2O3 (b) sample

This means that the porous structure of the initial alumina support was not
changed upon carbon deposition. Moreover, a pore mouth plugging did not occur
and carbon appeared to be uniformly distributed over the surface of alumina support.
Therefore, we may suppose that carbon uniformly coats the alumina surface.

The surface morphologies of the initial alumina support and the synthesised
carbon-coated samples were compared using SEM. As one can seen in Fig. 9.5a,
the initial alumina support possesses distinct grain boundaries between individ-
ual particles. The SEM image of the carbon-coated alumina with carbon content
17.5 wt.% which was synthesised by a threefold repetition of grafting–pyrolysis
cycles (Fig. 9.5b) shows that surface structure of the initial alumina support is
retained and no separate carbon phase is observed. Besides, the boundaries between
the alumina grains are clearly seen that indicates the uniform nature of the carbon
coating.

Thus, the proposed synthesis of the carbon-coated alumina support by MDI graft-
ing and subsequent pyrolysis leads to formation of uniform carbon coating on the
alumina surface.

All synthesised carbon-coated alumina samples were analysed by XPS in the
regions of the binding energy of the Al2p and C1s electrons. The recorded Al2p and
C1s envelopes (Fig. 9.6) show asymmetry that decreases with the increased carbon
loading. This means that the spectra have a complex character and are composed of
a number of overlapping individual components.

A curve synthesis procedure was used in order to extract the overlapping compo-
nent peaks from the experimental XPS envelopes. The experimental envelopes were
reconstructed manually using an increasing number of individual peaks.

The position and intensity of individual component peaks were determined using
a minimum variation of their full width at half maximum (FWHM) and the constant
80% Gaussian/20% Lorentzian mixing ratio of the fitting function.

We succeeded in curve reconstruction of the experimental XPS envelopes in the
region of the binding energy of the Al2p electrons with two individual components
and in the region of the binding energy of the C1s electrons with four individual
components (Fig. 9.6a, b).
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Fig. 9.6 XPS spectra of
C(7.7)/Al2O3 sample in the
region of the Al2p (a) and
C1s (b) binding energies

Table 9.3 Peak position in experimental XPS envelopes of carbon-coated alumina supports after
curve synthesis

Binding energya (eV)

Sample Al2p C1s

C(7.7)/Al2O3 74.00 75.31
(2.9) (2.7)

284.40 286.00 288.34 290.08
(2.7) (2.4) (2.3) (2.3)

C(12.3)/Al2O3 74.00 75.37
(2.4) (2.3)

284.29 286.00 288.05 290.27
(2.3) (2.5) (2.3) (2.3)

C(17.5)/Al2O3 74.00 75.88
(2.1) (2.3)

284.34 285.88 288.16 290.58
(2.1) (2.3) (2.3) (2.3)

aValues in parentheses correspond to full width at half maximum in eV.

The binding energies were referenced to the low-energy individual component at
74.0 eV in the experimental Al2p envelope. The position of the individual compo-
nents and their width, which resulted from the curve synthesis, are summarised in
Table 9.3.
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In all experimental Al2p envelopes the high-energy individual components at
75.3–75.9 eV are present (Fig. 9.6a) along with the normally observed low-energy
ones. In the case of the C1s envelope, the number of high-energy individual com-
ponents reaches three (Fig. 9.6b). It should be mentioned that for each considered
sample, the absolute difference between the binding energy of the individual low-
and high-energy components in the Al2p envelopes and between the low-energy and
the neighbouring components in the C1s envelopes appeared to be very close.

The presence of the high-energy Al2p components can be explained if one con-
siders the occurrence of a steady-state charging of the different parts of insulating
alumina support. The variation of the charging effect that can appear owing to a
difference in the contact of alumina particles with the conducting sample holder
is minimised by application of insulating adhesive tape. Therefore, a differential
charging should relate to the chemical composition of the synthesised samples. This
is the case since the insulating alumina support is covered with a conducting car-
bon. As a result, the charging of the parts of the insulating alumina support, which
are not covered with carbon, exceeds the charging of those parts that are in direct
contact with the carbon coating, increasing a probability of charge compensation by
acquisition of slow or thermal electrons from the vacuum. Therefore, Al2p peaks
with different binding energies are observed. It is self evident that the high-energy
components originate from those parts of the alumina support that are not covered
with the carbon coating and, hence, have a higher steady-state charging.

The relative intensities of the individual components in the Al2p and C1s
envelopes depend on the carbon content in the synthesised samples. The relative
intensity of the low-energy individual component appears to be higher for samples
with an increased carbon loading. If we compare the intensities of the Al2p peaks,
the contribution of the high-energy individual components at 75.3–75.9 eV into the
overall intensity of the Al2p envelopes decreases with an increase in carbon loading
on the alumina surface, which is negligible for C(17.5)/Al2O3 sample. Taking this
into account, one can conclude a complete coverage of the alumina surface with
carbon layer in the case of the C(17.5)/Al2O3 sample.

In the C1s envelopes, the number of the high-energy individual components
reaches three (Fig. 9.6b). The contribution of the high-energy individual compo-
nents at 286.0–291.0 eV into the overall intensity of the C1s envelope is more
pronounced as compared to that in the case of the Al2p envelopes. Although the
contribution of the high-energy individual C1s components to the overall intensity
of the C1s envelopes decreases with an increase in carbon loading their role is still
important even for the C(17.5)/Al2O3 sample with the highest carbon loading.

The proposed model enables us to explain a complex character of the XPS enve-
lope in the region that corresponds to the binding energy of the C1s electrons
(Fig. 9.6a). The component around 284.3–284.4 eV can be attributed to carbon,
which constitutes the coating and, hence, ensures surface conductivity. One can
assume that the component around 285.9–286.0 eV is connected with carbon in
carbonaceous surface species, which do not form a conducting layer on alumina
support.
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It should be noted that the contribution of the high-energy individual compo-
nents at 286.0 eV to the overall intensity of the C1s envelope is still high even for
the C(17.5)/Al2O3 sample whose surface should be considered as completely cov-
ered with carbon layer as concluded from the analysis of the Al2p envelope. Thus,
the high-energy individual components at 286.0 eV in the C1s envelope are con-
nected not just with a steady-state charging. The presence of the high-energy C1s
components in XPS envelopes of coals was also reported [18–21].

In order to explain the origin of the components around 285.9–286.0, 288.0–
288.3 and 290.1–290.6 eV in experimental C1s envelopes (Fig. 9.6b), one should
refer to the chemical shifts for the C1s electrons in organic compounds.

Experimentally determined chemical shifts of C1s electrons in a wide range of
model organic compounds [22] divides them into four classes with (1) carbon atoms
bonded only to carbon and/or hydrogen (i.e. carbon atoms in C–C or C–H groups
and not directly bonded to oxygen) – binding energies around 285.0 eV; (2) carbon
atoms bonded to a single oxygen in C–O groups – binding energies around 286.6 eV
and chemical shifts reaching 1.6 ± 0.1 eV; (3) carbon atoms bonded to two single
(non-carbonyl) oxygens or to a single carbonyl oxygen in O–C–O or C−−−−O groups,
respectively – binding energies of 287.9 ± 0.2 eV and chemical shifts reaching
2.9 ± 0.2 eV; (4) carbon atoms bonded to a carbonyl and non-carbonyl oxygen in
O−−−−C–O carboxyl groups – binding energies of 289.1±0.2 eV and chemical shifts
reaching 4.1 ± 0.2 eV.

From this viewpoint, the components around 285.9–286.0, 288.0–288.3 and
290.1–290.6 eV in Fig. 9.6b should be attributed to carbon, which is bound to oxy-
gen in surface species. Most likely they relate to carboxylate surface structures in
carbon coating on the alumina support.

From Table 9.4, one can see that upon increasing of carbon content, the pro-
portion between the integral intensity of the C1s component at 284.3–284.4, which
relates to the carbon coating, and the integral intensity of the overall Al2p envelope
constantly changes. Therefore, it was possible to compare the bulk and the surface
C/Al ratio and to analyse the dependence of the latter on carbon content. In order to
do this, the bulk values were calculated assuming a complete and homogeneous dis-
persion of carbon in an alumina matrix. Surface values, related to the probed surface
layer, were calculated using the following equation [23]:

C

Al
= IC

IAl
· SAl

SC
, (9.1)

where IC is the integral intensity of the overall C1s envelope, IAl is the integral
intensity of the overall Al2p envelope, SAl and SC are atomic sensitivity factors of

Table 9.4 XPS analysis of carbon-coated alumina supports

Sample C loading (wt.%) Bulk C/Al ratio I(C1s)/I(Al2p) Surface C/Al ratio

C(7.7)/Al2O3 7.7 0.35 1.69 1.25
C(12.3)/Al2O3 12.3 0.60 2.05 1.52
C(17.5)/Al2O3 17.5 0.90 2.64 1.95
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Al (0.185) and C (0.250) for the 2p and 1s electrons, respectively [18], determined
from the empirical peak area values [19].

The intensity ratio data enable to estimate the surface atomic concentration of
carbon in the synthesised samples (Table 9.4). One can see that for C(7.7)/Al2O3
sample, the surface C/Al ratio is more than three times higher as compared to that
of the bulk one. This means that carbon is preferably concentrated at the external
surface of the alumina support. With increasing of carbon loading, the difference
between the surface and bulk C/Al ratio decreases. Thus for C(17.5)/Al2O3 sam-
ple, the proportion between the surface and bulk C/Al ratio falls ca. to 2. One can
conclude that the carbon coating becomes more uniformly distributed within the
internal and the external surfaces of the alumina support.

9.4 Conclusions

Carbon coating can be synthesised on the alumina support by grafting of
4,4′-methylenebis(phenylisocyanate) (MDI) via reaction of isocyanate groups
(N−−−−C−−−−O) with hydroxyl groups on the alumina surface due to N−−−−C bond open-
ing and subsequent pyrolysis of MDI surface species at 700◦C in vacuum. By
repetition of grafting–pyrolysis cycles, the carbon loading on the alumina surface
can be increased from 7.7 wt.% (one grafting–pyrolysis cycle) to 17.5 wt.% (three
grafting–pyrolysis cycles). The possibility of repetition of the adsorption cycles is
connected with the ability of isocyanate groups in MDI to react not only with sur-
face hydroxyl groups on the alumina support but with C(OH) and C(O)OH groups
which were detected by XPS in carbon coating. SEM analysis shows that surface
structure of the initial alumina support is retained after carbon coating deposition
and no separate carbon phase is observed. It has been found that carbon coating
does not substantially influence the pore structure of the initial alumina support.
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Chapter 10
Design of Ag-Modified TiO2-Based Films
with Controlled Optical and Photocatalytic
Properties

N.P. Smirnova, E.V. Manuilov, O.M. Korduban, Yu.I. Gnatyuk,
V.O. Kandyba, A.M. Eremenko, P.P. Gorbyk, and A.P. Shpak

Abstract TiO2-based functional coatings doped with Ag nanoparticles were pre-
pared via template assisted sol–gel method with an attempt to enhance the decom-
position reaction rate of industrial water pollutants. The films were characterized
by X-ray diffraction (XRD), atomic force microscopy (AFM), X-ray photoelectron
(XPS), and UV–vis spectroscopies. Catalytic activity in photooxidative organic dyes
decomposition remarkably enhances TiO2/ZnO samples with homogeneously dis-
tributed noble metal nanoparticles. Ag nanoparticles in TiO2 matrix improve an
efficiency of charge separation and charge-transfer processes, acting as traps for
photoinduced electrons.

10.1 Introduction

Many processes related to the elimination of toxic and hazardous chemical sub-
stances from air and wastewaters require photocatalysts (especially coatings and
films) with developed porous structure and high surface area [1, 2]. The most widely
used catalyst is titanium dioxide that has many interesting properties: chemical sta-
bility and high refractive index, good transmittance in the visible region, strong
oxidation power, and superhydrophilicity under UV illumination. Coupling of two
semiconductors [3], in particular TiO2 and ZnO [4, 5], is useful for achievement
of more efficient separation of photogenerated electron–hole pairs that leads to
improvement of the photoactivity, for example, in the process of methyl orange
photo-cleavage [5]. Zinc–titanium oxide materials have great potentials for use as
catalysts [4, 6], superhydrophilic coatings [7], semiconductive ceramics [8]. A com-
mon way to enhance the quantum efficiency is to add the noble metal on the surface
of semiconductor powder or film [9, 10]. The noble metal, which acts as a sink
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for photoinduced charge carriers, promotes interfacial charge-transfer processes.
Such semiconductor–metal composite films can play an important role in photo-
electrochemical cells. Several fabrication techniques including sol–gel process with
thermoinduced [11], photo- or chemical reduction of metal ions deposited on the
TiO2 surface [12], as well as combination of ion-exchange and reduction process
[13] ,were proposed for the preparation of the films containing small particles of
metals and semiconductor.

In our previous work we reported direct photoelectrochemical investiga-
tions of the TiO2/Ag and TiO2/ZnO/Ag heterojunctions that showed cathode
shift of the flat-band potential position and increase of photocurrent quantum
yield in comparison with unmodified TiO2 electrodes. Modification of TiO2-
based films with Ag nanoparticles gives the possibility to decrease overvoltage
in the process of electrochemical oxygen reduction and extends the potential
range for oxygen determination [14]. Questions still remain regarding stabil-
ity of Ag nanoparticles deposited on semiconductor surface, the effect of the
electronic structure of nanocomposites on their optical and photocatalytic prop-
erties. This work is devoted to the photochemical deposition of Ag nanoparticles
onto mesoporous TiO2 and TiO2/ZnO (1% ZnO) films, prepared via templated
sol–gel route, investigation of surface morphology, optical properties, electronic
structure, and photocatalytic activity in the process of xantene dye Rhodamine
B photodegradation.

10.2 Experimental

Mesoporous TiO2 and TiO2/ZnO films were obtained as described in our previous
papers [2, 7, 11] using titanium tetra-isopropoxide and zinc acetate as Ti and Zn
sources and triblock copolymer Pluronic P123 as the templating agent. Ag-modified
films were prepared via photoreduction of Ag+ ions deposited on the mesoporous
TiO2 and ZnO/TiO2 (1 at.% ZnO) films from aqueous solution [Ag(NH3)2]NO3
under UV irradiation followed by heat treatment at 20–500◦C.

Atomic force microscopy (AFM) was carried out using a Digital Nanoscope
(Nanoscope IIIa). UV–vis optical absorption spectra were recorded by a Perkin-
Elmer Lambda 35 spectrophotometer.

Chemical analysis of films was performed using atomic absorption spectrometer
SELMI M-150.

The electronic structure of the sol–gel film surface was explored by X-ray photo-
electron spectroscopy (XPS) with an electron spectrometer (E MgKα =1253.6 eV,
P = 10–7 Pa) with PHOIBOS-100 energy analyzer SPECS (USA). The spectra of
Ag3d level were decomposed into peak couples with parameters of spin–orbit sep-
aration �Ep (3d3/2 − 3d5/2) = 6.0 eV and ratio of intensities was I 3d3/2/3d5/2=
0.66. Full width at the half maximum height (FWHM) was 1.0 eV. The deconvolu-
tion was carried out by Gauss–Newton method; the area of peaks was determined
after subtraction of background by Shirley method.
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Photocatalytic activity of synthesized films was checked in the photodegra-
dation process of xantene dye Rhodamine B (CM = 5×10−5 M) as described
previously [11].

10.3 Synthesis of Mesoporous TiO2 and TiO2/ZnO Films
Modified with Ag

Optically transparent mesoporous TiO2/ZnO films were prepared via the adopted
sol–gel method from [15]. Calculated thickness of one-coating films ranged between
70 and 90 nm; refractive index was 1.9–2.1. Total surface area (SBET ∼ 300 m2/g)
value was obtained from BET analysis of the isotherms for all TiO2 and TiO2/ZnO
samples [7]. The absorption onset for TiO2/ZnO films was slightly red-shifted
as compared with unmodified TiO2 films giving the band-gap Eg values 3.4 and
3.5 eV for TiO2/ZnO and TiO2 films, respectively. The increase of the Eg values
up to 3.5 eV in comparison with Eg of bulk TiO2 (3.2 eV) revealed the forma-
tion of nanocrystalline structure for synthesized films. Band-gap energy values
were calculated by extrapolation of the linear parts of the dependences (αhv)1/2

∼ f(hv) to abscissa axis assuming indirect electronic transitions to prevail for the
above-indicated TiO2-based semiconductors [16].

Ag nanoparticles were deposited on the mesoporous TiO2 and TiO2/ZnO film
surfaces via a two-step procedure, adopted from [13]: semiconductor films were
dipped in a 10−3 M aqueous solution of [Ag(NH3)2]NO3 (pH 10), washed with
ultrapure water and dried, then irradiated with UV light at 254 nm to reduce the
deposited Ag+ ions to Ag0 nanoparticles. Basic [Ag(NH3)2]NO3 complex salt was
used because an ion-exchange process effectively occurs on negatively charged
TiO2 surface under basic conditions:

≡Ti − O− + [Ag (NH3)2
]+ ↔≡Ti − O− [Ag (NH3)2

]
.

Furthermore NH3 acts as an additional electron donor facilitating silver
reduction.

Silver ion reduction is caused by electron attachment from conduction band of
TiO2 generated under UV irradiation. Initiation of silver ion reduction demands
strong reductive agents because the potential Ag+/Ag0

atom is −1.8 V [17]. As
first clusters are formed, the potential grows to 0.79 V (aqueous solution) for
Ag+/Ag0

metal, and the reduction process is facilitated. The bond energy of Ag–O
is low and more preferable bonding corresponds to Ag–Ag. Therefore, on thermal
treatment, the silver atoms and clusters will tend to agglomerate forming nanoparti-
cles [10]. An initial distribution of noble metal cations is uniform on the film surface.
However, reduction of cations causes their consolidation as the free energy of sol-
vation of Ag+ in water is negative and very low �Gs = −75.7 kcal/mol (calculated
using the B3LYP/SDD/IEFPCM method). Positive �Gs = 4.3 kcal/mol for Ag0;
and �Gs = 8.1 (Ag4

0), −42.3 (Ag4
+), 22.5 (Ag8

0), −24.4 (Ag8
+) kcal/mol are
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observed. Consequently, the average positive value of free energy of solvation per
Ag atom for reduced metal clusters decreases with its growth [18].

Available Ag+ concentration on the film surface was adjusted by repetition of dip-
ping/irradiation procedure and controlled by UV–vis measurements. The increase of
Ag surface plasmon absorption at 400–450 nm is a sign of the Ag accumulation.

The concentration of Ag+ ions determined by atomic absorption analysis was
13% Ag in TiO2/Ag and 14% in TiO2/ZnO/Ag as-prepared samples. During contact
of TiO2/ZnO films with basic [Ag(NH3)2]NO3 solution, partial dissolution of ZnO
followed by exchange of Zn2+ ions in the film with Ag+ leads to more homoge-
neous distribution and stabilization of Ag0 nanoparticles generated through the Ag+

photoreduction on the surface [10].

10.4 Characterization of TiO2/Ag and /TiO2/ZnO/Ag Films by
XRD, AFM, and UV–Vis Spectroscopy

The obtained Zn to Ti atomic ratios (Table10.1) reveals that the stoichiometry of as-
prepared TiO2/ZnO films is disturbed. Zn is present in near-surface region at about
3 and 35 at.% instead of 1 and 10 at.% in precursor.

Partial dissolving of Zn2+ ions in the sample treated with NH4OH (pH 10) basic
solution leads to the redistribution of Zn ions along the film profile and rise in Zn/Ti
surface ratio for TiO2/1%ZnO samples up to 0.07.

TiO2/10%ZnO films with Zn ions-enriched surface at the same condition of
NH4OH treatment lose a significant part of Zn 2+ ions that precipitate as Zn(OH)2 in
solution. We suggested the same mechanism of [Ag(NH3)2]+ action on the Zn-rich
sites of the film surface. Zn/Ti ratio in Ag+-doped films was estimated to be 0.04
after ion-exchange procedure. These data coincide with chemical analysis by atom
absorption spectroscopy that gives us 1.03% Zn in TiO2/1%ZnO film before and
0.70% Zn after contact with [Ag(NH3)2]+ ions.

Crystalline structure of TiO2/Ag and TiO2/ZnO/Ag nanocomposites with 1% Zn
content was investigated by XRD analysis of film scratched off from the glass sub-
strate (Fig. 10.1). The XRD pattern of TiO2/Ag exhibits only anatase diffraction
lines. No observable rutile phase is found in all samples. For TiO2/1%ZnO sample
the new peaks characteristic to cubic Zn2Ti3O8 phase [8] appears. According to [8]
during sintering, ZnO reacts with TiO2 and transforms into Zn2Ti3O8 phase and
further (at 600◦C) to hexagonal ZnTiO3 phase.

As we reported previously [7], initial crystallinity of titania films (60%) was
slightly decreased when Zn concentration in the films grew. The average size of

Table 10.1 A summary of the Zn to Ti atomic ratios before and after contact with ammonia
solution calculated from XPS survey spectra

Sample TiO2/1%ZnO TiO2/1%ZnO NH3 TiO2/10%ZnO TiO2/10%ZnO NH3

Zn/Ti ratio 0.03 0.07 0.35 0.24
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Fig. 10.1 X-ray diffraction
patterns of TiO2/Ag 1,
TiO2/1%ZnO/Ag 2 films,
� – anatase, • – new phase
Zn2Ti3O8

anatase crystallites estimated according to the Scherrer equation increases from
9 nm for TiO2 to 11 nm for TiO2/ZnO powders. The characteristic peak at 2θ =
38.1◦ of Ag0 was not observed in the XRD pattern due to the overlapping of the
structural lines of TiO2 anatase and silver. Only weak peak near 2θ = 44.3◦ of sil-
ver (331) can be seen indicating that very small Ag species uniformly dispersed
within the film surface.

Surface morphology of mesoporous TiO2/ZnO/Ag films with photodeposited Ag
nanoparticles before and after thermal treatment at 500◦C was studied using AFM
microscopy. Surface of non-treated TiO2/ZnO/Ag films consists of the agglomerates
of silver nanoparticles with sizes of ∼ 1.1 μm and heights in the range of 10–
160 nm (maximum at 70 nm). Root mean square roughness of the film is 21.3 nm.
After annealing at 500◦C the surface of TiO2/ZnO/Ag films is composed of rows of
smaller Ag particles (height 10–95 nm with maximum ∼45 nm) oriented along one
direction that follows mesoporous TiO2 film topology (root mean square roughness
is 21.5 nm).

From AFM data and broad surface plasmon resonance band (SPR) (450 nm) in
absorption spectra of TiO2/ZnO/Ag films (Fig. 10.2) we can conclude nonhomo-
geneous distribution of Ag nanoparticles on the surface of as-prepared films; after
heat treatment smaller particles oriented along one direction (b) were obtained giv-
ing bright yellow color and the intensive plasmon resonance peak at 400 nm typical
for particles with narrow size distribution. Only wide band in the visible region was
registered in absorption spectra of TiO2/Ag films prepared in the same manner that
could be attributed to the formation of large silver particles and/or silver oxide [19].

Subsequent thermal treatment leads to the decrease of absorption in visible range
of spectra and discoloration of films. One possible explanation could be that we
obtained extremely small (<2 nm) nanoparticles dispersed on the titania surface
without characteristic plasmon resonance absorption (Fig. 10.3).
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Fig. 10.2 3D and 2D AFM images of the surface of TiO2/ZnO/Ag films deposited onto glass
substrate: a, c film with as-deposited Ag particles; b, d film treated at 500◦C
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photodeposited silver
nanoparticles as-prepared
(1, 3) and after thermal
treatment at 500◦C (2, 4)

10.5 Surface Analysis of TiO2/Ag and TiO2/ZnO/Ag
Nanocomposites by X-Ray Photoelectron Spectroscopy

In order to elucidate the nature of SPR peak transformation in optical spec-
tra of TiO2/Ag and TiO2/ZnO/Ag films during thermal treatment the analysis of
photoemission spectra of as-prepared and thermal treated at 500◦C samples was
performed.

The composition and chemical state changes occurring on the film surface during
thermal treatment are characterized according to the peak intensity, shape changes,
and binding energy (EB) shift in the X-ray photoelectron spectra.
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XPS analysis of the atomic level Ti2p is presented in Fig. 10.4. The Ti2p binding
energy for all Ag-doped samples is slightly shifted to higher EB as compared to that
of unmodified TiO2.

This is because the Fermi level of Ag is lower than that of TiO2, so that the
conduction band electrons of TiO2 may transfer to the Ag species deposited on the
surface of TiO2, resulting in decrease of the outer electron density of Ti ions [20].

The Ti2p3/2 line of TiO2/Ag samples is composed of a single peak at EB =
459.4 eV for as-prepared and annealed at 500◦C films, leaving no doubt of the
existence of Ti(IV)O2 as major titanium species [21].

For the TiO2/1%ZnO/Ag samples the Ti2p3/2 peak becomes broader and more
asymmetric that represents the existence of additional peak at 458.9 eV shifted by
0.5 eV from the main peak at 459.4 eV (Fig. 10.4c, d). This peak could be attributed
to the formation on the surface of Zn–O–Ti bonds. The obtained EB values are sim-
ilar to those reported by C.T. Wang and J.C. Lin for nanosized zinc–titanium oxide
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aerogel [6]. Lower EB value than in TiO2 indicates stronger electronic interaction
between Zn and Ti atoms in the mixed oxide structure. This peak is diminished
after additional thermal treatment due to further Zn2Ti3O8 phase crystallization (see
XRD pattern in Fig. 10.1).

Figure 10.5 presents XPS spectra of the TiO2/1%ZnO films and TiO2/1%
ZnO/Ag films after photodeposition of silver and following calcination at 500◦C.
TiO2/1%ZnO/Ag film showed higher EB values for Zn2p3/2 than in ZnO [6]. Due
to asymmetry, the Zn2p peak can be decomposed into two components: one at
1022.7 eV that according to [6] can be assigned to Zn2+ ions in Zn–O–Ti bonds
of Zn2Ti3O8 structure and peak at 1021.7 eV that corresponds to Zn–O–Zn bonds
in ZnO. This peak decreases after calcination at 500◦C giving rise to the 1022.7
peak of Zn2Ti3O8 phase that can be seen in diffractogram (Fig. 10.1). It seems Ag
loading accelerates this process.
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XPS spectra of TiO2/1%ZnO films treated with NH4OH solution (Fig. 10.5b)
confirm that such treatment does not lead to significant changes in electronic
structure of Zn2p3/2 levels.

Silver is a metal that has anomalous properties in EB shifts when being oxidized,
i.e., the Ag3d peaks shift to lower EB values [22]. Usually, positive EB shifts in the
metal core-level peaks are observed when the metal is oxidized, which are explained
by considering the electronegativity differences between the metal atom and cation.
Factors such as lattice potential, work function changes, and extra-atomic relaxation
energy lead to negative EB shift in the case of Ag and some Cd compounds [23].

The XPS spectra of Ag3d level and results of their decomposition into peaks are
shown in Fig. 10.6.

Ag3d5/2 component for as-prepared TiO2/Ag and TiO2/ZnO/Ag films stands
at 368.2 and 368.0 eV, respectively (Fig. 10.6a, c). Thermal treatment results in
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Fig. 10.6 Peak synthesis for Ag3d level for as-prepared samples (a, c) and after thermal treatment
at 500◦C (b, d) of TiO2/Ag (a, b) and TiO2/ZnO/Ag (c, d) films
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peak narrowing and their shift toward higher binding energy by 0.4 eV. The peak
decomposition reveals the presence of Ag in metallic state peaked at 368.35 eV and
Ag2O with peak at EB = 367.7 eV. The values are in good agreement with those
(368.22 eV) reported herein [22, 24]. These results indicate that the silver nanoparti-
cles formed on TiO2 under given experimental conditions (UV irradiation, ambient
atmosphere, room temperature) are chemically very reactive and were easily oxi-
dized with Ag2O shell formation. The authors [25] reported that the growth of silver
oxide overlayer up to 6 nm on Ag0–TiO2 interface is a function of plasma exposure
time at room temperature. Higher intensity of oxide peak for TiO2/ZnO/Ag film
as compared to TiO2/Ag supports our assumption about more homogeneous dis-
tribution of smaller Ag nanoparticles on this surface. Tendency to oxidation might
increase significantly with decrease of particle size and increase of portion of surface
atoms exposed to interface.

Annealing at 500◦C results in the complete decomposition of silver oxide; no
peaks are observed at low EB side near 367.7 eV for TiO2/Ag as for TiO2/ZnO/Ag
samples (Fig. 10.6b, d). For the last one Ag2O decomposition leads to Ag0 peak
intensity growth (Fig 10.6d) that coincides with narrow SPR band appearance in the
absorption spectra (Fig. 10.3, 4).

For both samples two components were found to form Ag3d5/2 peak: one of them
at 368.4 eV corresponds to metallic silver and the other one that has binding energy
higher by 0.4 eV (368.8 eV) than that for Ag0. Observed shift toward higher EB after
thermal treatment is similar to that reported for Ag nanoparticles in SiO2, SiNx, and
TiO2 thin films [26]. This effect was also observed for Pt [27] indicating the charge
transfer from semiconductor matrix to the metal.

Calculated Ag to Ti atomic ratios (Table 10.2) show that the silver content in the
near-surface region is significant and equal for both samples.

The different Ag / Ti ratio values of the films treated at 500◦C and as-prepared
one indicate the decrease of the total Ag0 amount on the TiO2/Ag surface as well as
on the surface of TiO2/1%ZnO/Ag film.

XPS data confirm our suggestion that Ag0 is still present on the TiO2/Ag film,
but the disappearance of SPR band in the TiO2/Ag spectra could be caused by the
formation of very small Ag particles on the TiO2 surface or by partial “dissolving”
of certain critical-size silver nanodrops in the crystalline matrix as was described

Table 10.2 A summary of the Ag content and Ag to Ti atomic ratios before and after annealing at
500◦C

EBAg3d5/2 TiO2/Aga(%) TiO2/1%ZnO/Aga (%) TiO2/Agb (%) TiO2/1%ZnO/Agb (%)

367.7 eV 35.9 54.2 − −
368.3 eV 64.1 45.8 60.7 70.1
368.8 eV − − 39.3 29.9
Ag/Ti 0.60(13%) 0.60(14%) 0.11(2.3%) 0.09(2.1%)

aWith photodeposited silver.
bThermally treated at 500◦C.
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Fig. 10.7 Peak synthesis for O1s level for as-prepared samples (a, c) and after thermal treatment
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elsewhere [13, 18]. Escape of the metal nanoparticles from TiO2/1%ZnO/Ag film
after 500◦C treatment leads to more homogeneous particle size distribution through
the film profile because of more intensive evaporation of silver droplets from the
outer surface of the films. The smaller particles that manifested in the intensive
SPR peak in the absorption spectra were formed in restricted media inside the
film pores, where Zn2+ ions were replaced by Ag+ ones and converted to Ag0

as a result of photoreduction. Similar results are reported for temperature depen-
dence of Ag nanoparticles distribution through the depth profile of Ag–TiO2 sol–gel
films [28].

The O1s spectra presented in Fig. 10.7 were separated into two main contri-
butions that were assigned to the “O2–” anions of the crystalline network (near
530.0 eV) and integrated as –OH (532.5 eV) and adsorbed H2O (533.0 eV). The
first peak is slightly shifted to lower EB value for the TiO2/ZnO and thermal-treated
TiO2/Ag due to the increase of basic strength of the metal oxide with Ti–O–Zn and
Ti–O–Ag bonds formation [29].
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10.6 The Photocatalytic Activity of Prepared Nanocomposites

On the basis of literature [12, 30] the heterogeneous photocatalytic process of
Rhodamine B degradation can be expressed as follows: the photogenerated holes
of the valence band migrate to the surface of photocatalyst. Due to the fact that
Fermi level of TiO2 is higher than Ag0, electrons allow transfer to Ag nanoparticles
and avoid recombination with holes [9]. The oxidative pathway can be performed by
direct hole attack or mediated by OH radicals that formed when holes react with OH-

groups on the TiO2 surface. Photoinduced electrons of the conduction band inter-
act with the electron acceptors, commonly dissolved O2, which are transformed in
superoxide radical anion O2

·−. These radicals (•OH, O2
·−) possess high oxidative

potential for complete mineralization of Rhodamine B (RB).
The activity of prepared samples was estimated in processes of RB decomposi-

tion. Photooxidation rates were calculated in pseudo first order reaction approach
under equal conditions and presented in Fig. 10.8. As we can see from the fig-
ure improved efficiency of photodegradation is caused by Zn doping due to the
photogenerated charge separation between TiO2 and Zn2Ti3O8 phase [4]. Silver-
modified samples prepared via photodeposition procedure exhibit enhanced activity
(3–4 times) toward the undoped TiO2 and TiO2/ZnO coatings. Efficiency of dye
photodegradation grows in correlation with the flat-band potential shift to more neg-
ative values (from −0.51 V for TiO2 to −0.71 V for photodeposited and −1.51 V
for additionally treated at 500◦C TiO2/ZnO/Ag samples) [14].

The decrease of activity of the TiO2/Ag film after heat treatment in spite of
the fact that Ag0 nanoparticles are present on the surface (clearly evident from
the XPS spectra) could be connected with lack of plasmon resonance band in
UV–vis spectra of this nanocomposite. This observation supports “plasmonic pho-
tocatalysis” approach discussed in [31]. The authors [31] hypothesized that the
enhanced near-field in the vicinity of the Ag nanoparticles could boost the exci-
tation of the electron–hole pairs in TiO2 and therefore increased the efficiency of
the photocatalyst.
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10.7 Conclusions

Prepared by templated sol–gel method TiO2/ZnO mesoporous films consist of
anatase nanocrystallites and Zn2Ti3O8 phase.

The XPS results indicate that the Ag metal was dominant in all samples modified
with Ag.

The intensive sharp SPR peak in absorption spectra evidences about the forma-
tion of silver nanoparticles in restricted media inside the film pores after Zn2+ ions
in TiO2/ZnO matrix were replaced by Ag+ ones and then converted into Ag0 by
photoreduction.

Thermal treatment at 500◦C leads to destruction of silver oxide shell and more
homogeneous distribution of Ag nanoparticles in oxide matrixes that enhanced
activity in the photooxidation of Rhodamine B.
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Chapter 11
Nanoporous Silica Matrices and Their
Application in Synthesis of Nanostructures

V.A. Tertykh, V.V. Yanishpolskii, K.V. Katok, and I.S. Berezovska

Abstract The effect of the presence of I-4 Me-Ph ionene in the supramolecular
template (cetyltrimethylammonium bromide) on formation of porous structure of
silicas was studied. We also studied the peculiarities of template synthesis of meso-
porous silicas inside of large pores of silica gel. Mesoporous silicas with chemically
modified surface were applied in synthesis of metallic nanostructures. Porous sil-
icas with grafted layer of hydridepolysiloxane were used for in situ preparation
of supported nanoparticles of gold and silver by reduction of metal ions from
chloroauric acid and silver nitrate solutions, respectively. Nitrogen adsorption–
desorption, X-ray powder diffraction analysis, scanning and transmission electron
microscopies, IR-, UV–visible, and laser correlation spectroscopies were applied
for characterization of adsorbents and nanostructures obtained.

Ordered mesoporous silicas of the M41S type have attracted much attention due
to their application as adsorbents in separation techniques, catalysts supports, hosts
for a variety of optoelectronic materials. The nature of a supramolecular template
and inorganic precursors crucially influences the quality of materials with desired
nanoporous architecture. Instability of their structure has considerably limited range
of application of the M41S materials. Thus, porous structure control and structural
stability of mesoporous silicas are the current trends in the template synthesis of
ordered porous materials [1–3].

Nowadays, researchers more widely use possibilities of geometrical and chem-
ical modification of silica matrices in synthesis of supported nanoparticles. One of
the approaches of controlled synthesis of metal nanoparticles is using porous matri-
ces whose sizes of pores confine growth of nanoparticles [4]. The second approach
is attachment of appropriate metal-containing compounds with following reduc-
tion of metal [5]. The third route is application of chemically modified silicas with
immobilized reagents possessing reductive properties.
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Reductive properties of silicon hydride groups with respect to metals in elec-
tromotive series are well known [6–8], therefore formation of gold and silver
nanoparticles is necessary to be expected in close vicinity of grafted silicon hydride
groups. Sizes of reduced nanoparticles could be regulated by varying concentration
of metal-containing compounds in solution or using matrices with specified sizes
of pores.

The main target of the work was to study the effect of polymer-containing
template on the porous structure and particle morphology of silicas obtained by
calcination of sol–gel products. Here, we also report the approach in improvement
of mesoporous silicas’ mechanical stability due to carrying out of template synthesis
inside of volume of inorganic matrices with higher structural stability. Possibilities
of application of chemically modified ordered mesoporous silicas of the MCM-41
type for immobilization of metal nanoparticles were investigated.

11.1 Role of Ionene in Composition of Porous
Structure of Template-Synthesized Silicas

Ionic surfactants with different lengths of hydrocarbon chain are the most widely
applied to form mesoporous structure because of their possibility to self-assembly
into charged micelles. There has been considerable interest in studying the influence
of polymers with high charge density, especially organic polymers with a quaternary
nitrogen atom (polycations, ionenes), on the composition of the porous structure of
template-synthesized silicas [9, 10].

Syntheses were carried out in ethanol–ammonia media using tetraethoxysi-
lane (TEOS) as a silica precursor with molar ratio of components 1 TEOS:X:11
NH3:144 H2O:58 EtOH, where X is a template. The following templates were
used: (a) cetyltrimethylammonium bromide (CTAB); (b) mixtures of CTAB with
various amounts of I-4 Me-Ph ionene; (c) ionene of the general formula.

CH3

N
+

CH3

(CH2)6

CH3

N
+

CH3

CH2
CH2

n

ClCl

Composition of the used templates is presented in Table 11.1.
The calcined silicas were investigated by adsorption–desorption of nitrogen at

77 K (ASAP-2000). From isotherms of nitrogen adsorption, the specific surface
area, pore volume, and pore size distribution were determined. The structure of
samples was investigated using small-angle X-ray diffraction (XRD) (automated
diffractometer DRON-4-07, CuKα-radiation). Scanning electronic microscopy
(Superprobe-733, JEOL) was applied to study the form and size of the obtained
silica particles.
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Table 11.1 Composition of micellar templates in sol–gel synthesis of silicas

Template Molar ratio of TEOS/template I-4 Me-Ph content (mol%)

CTAB 0.3 −
CTAB + I-4 Me-Ph 0.3 1
CTAB + I-4 Me-Ph 0.3 10
CTAB + I-4 Me-Ph 0.3 33
I-4 Me-Ph 0.3 100

Nitrogen adsorption isotherms (Fig.11.1a) of silicas, synthesized with CTAB
and mixtures of CTAB with small amounts of ionene (1–10%) as templates, show
a type IV isotherm. Capillary condensation of nitrogen was observed over a nar-
row range of relative pressures (p/p0 =0.15–0.27) that is evidence of the presence
of mesopores. Specific surface areas determined by the BET method were 1050–
1230 m2/g, and curves of pore sizes distribution (DFT method) had two maxima
of 2.5 and 1 nm (Fig. 11.1b). Increase of polymer concentration (up to 33%) led to

Fig. 11.1 Nitrogen adsorption isotherms (a), pore size distribution (b), and X-ray diffrac-
tograms (c) of silicas synthesized with different amounts of I-4 Me-Ph ionene in the template:
0% (1), 1% (2), 10% (3), 33% (4), and 100% (5)
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Table 11.2 Adsorption-structural parameters of silicas synthesized with different amounts of I-4
Me-Ph ionene in the template

I-4 Me-Ph
ionene content (%)

Surface area
(m2/g; from BET)

Parameter of lattice ao
(nm; from X-ray data)

Structure of pores
(from X-ray data)

– 800 3.9 Hexagonal ordered
1 1234 3.8 Hexagonal ordered
10 1055 3.9 Hexagonal ordered
33 702 3.9 Slightly ordered
100 239 – Disordered

decrease in surface areas up to 700 m2/g. The adsorption isotherm of silica synthe-
sized with the use of ionene as a template gave a type I isotherm, and the resulting
material has a relatively low value of specific surface area (240 m2/g).

The diffractograms (Fig 11.1c) of silicas synthesized using pure CTAB as a
template and in the presence of small amounts of ionene (up to 10%) show three
low-angle Bragg peaks in the range of 2θ=2.5–7.0◦ with indexation for hexagonal
system and are typical for the MCM-41 materials [1, 3]. The diffractogram of sil-
ica synthesized with ionene content of 33% has one weak peak; silicas synthesized
with pure ionene as a template have no peaks and are characterized by the disor-
dered structure of pores. The distances between pore centers (lattice parameter, ao)
were determined using the formula ao=2d100/30.5 (d100 – interplanar distance of
100 planes) [11, 12].

Fig. 11.2 SEM micrographs of silicas synthesized using CTAB (a, b) and CTAB with different
amounts of I-4 Me-Ph ionene: 1% (c), 10% (d), 33% (e), 100% (f) as templates
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Thus, the polymer of the I-4 MePh type can be applied as a molecular template to
synthesize mesoporous materials with higher value of specific surface area in com-
parison with silicas synthesized with use of pristine CTAB. These materials have
ordered bimodal structure of pores of 2.5 nm size formed by micelles of CTAB and
1 nm size that reveals structure-directing role of polyionene. Adsorption-structural
characteristics of silicas synthesized with different ratios of CTAB and ionene in the
template are presented in Table 11.2.

Scanning electronic micrographs (Fig. 11.2) of silicas synthesized in alcohol–
ammonia media using CTAB as a supramolecular template show that a majority
of particles have almost perfect spherical granulation with average particle diam-
eter about 0.5 μm. Addition of ionene into template leads to decrease of particle
sizes from 0.5 to 0.1 μm and transformation of spherical particles to irregular
agglomerates.

11.2 Template Synthesis of Mesoporous Silicas Inside
of Nanoreactors Based on Large Pores of Silica Gel

Together with successes in porous structure design, an increase of ordered meso-
porous silica stability is an essential parameter for their potential applications
[13, 14]. Here, improvement of mechanical properties by incorporation of the
MCM-41 materials inside of pore volume of silicas with higher structural stability
has been proposed.

Synthesis of mesoporous silicas in nanoreactors based on large pores of silica
gel was carried out by step-by-step incorporations of micellar solutions inside of
pore volume of silica gel with surface area about 115 m2/g and average pore diame-
ter about 24 nm. Micellar solution with molar ratio of components 1 TEOS:0.18
CTAB:5 NH3:75 H2O was prepared according to procedure [15]. After tem-
plate elimination synthesized materials were characterized by low-temperature
adsorption–desorption of nitrogen to estimate surface area (BET equation) and pore
size distribution (DFT method) [16]. X-ray diffraction was used to determine the
structure of synthesized samples.

Results of thermal analysis of template-containing mesoporous silicas synthe-
sized inside of pore volume of silica gel are presented in Fig. 11.3. Thermo-
gravimetric studies of uncalcined samples can provide information about
approximate content of the organic template. The TG and DTG curves of the syn-
thesized materials show a typical decomposition profile with four distinctive weight
loss steps. Initial weight loss (about 4%) at the temperature up to 200◦C can be
explained by evaporation of ammonia and physically adsorbed water. In the tem-
perature range from 200 to 360◦C, the main decrease of mass (about 12%) with
expressed exothermal effect (DTA curve) is observed because of organic template
decomposition. The third peak on the DTG curve in the range of temperature
360–550◦C is connected with thermal oxidation of residual organic compounds
(about 7% of the lost weight). At the temperature above 550◦C TG and DTG curves
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Fig. 11.3 TG , DTG, and DTA curves of mesoporous silicas synthesized inside of pore volume of
silica gel

show slight weight loss (2.9%) corresponding to water loss due to condensation of
silanol groups to form siloxane bonds. Total weight loss was 25.9%, and 19% of
lost weight corresponds to the content of the organic template. According to molar
ratio of micellar solution components, the quantity of synthesized mesoporous sil-
icas should be equal to 3% of the total weight of the synthesized material which is
in good agreement with results of thermal analysis.

Nitrogen adsorption–desorption isotherm for silica gel has a hysteresis loop at
high relative pressure; it reveals existence of large pores in the samples (Fig. 11.4a,
curve 1). Nitrogen adsorption–desorption isotherms for silica gel after template
syntheses inside of nanopores are characterized by appearance of capillary conden-
sation ranges (0.3<p/p o<0.4) and testify the mesopores’ presence. The sharpness of
these regions increased after each template synthesis was accompanied by decreas-
ing hysteresis loop which can be explained by filling silica gel pore volume with
mesoporous silica (Fig. 11.4a, curves 2–7).

Specific surface area of pristine silica gel is 115 m2/g (by BET equation), and
the DFT pore size distribution curve for silica gel has broad peak in the range of
pore size 30–50 nm (Fig. 11.4b, curve 1). Samples with incorporated mesoporous
silicas are characterized by increase in specific surface area from 115 to 377 m2/g
(Table 11.3). Pore size distribution curves exhibit peaks corresponding to pores of
3 nm size (Fig. 11.4b). Absence of any peaks in the diffractogram of the initial silica
gel confirms its amorphous nature (Fig. 11.4c, curve 1).

It is clear from X-ray diffraction patterns that introducing micellar solu-
tion causes appearance of reflection intensity in low-angle region (Fig. 11.4c,
curves 2–7). Broad low-angle diffraction peak should be a result of formation of
worm-like pore structure, and weak intensity of reflection can be explained by small
quantity of incorporated silica.

Thus, template synthesis of mesoporous silicas with pore diameter of 2.5 nm was
carried out inside of nanoreactors based on large pores of silica gel. Surface area of
the initial silica gel was 115 m2/g and after the introduction of micellar solution, the
calcined samples had a surface area about 377 m2/g (Table 11.3).
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Fig. 11.4 Nitrogen adsorption–desorption isotherms (a), differential curves of dependence of pore
size on pore volume (b), and diffractograms (c) for silicas synthesized inside of large pores of silica
gel: the initial silica gel (1) and silica gels after the first (2), second (3), third (4), fourth (5), fifth
(6), sixth (7) introducing of MCM-41

Table 11.3 Structural-adsorption characteristics of silicas synthesized inside of large pores of
silica gel: initial silica gel (sample 1) and silica gels after the first (sample 2), second (sample 3),
third (sample 4), fourth (sample 5), fifth (sample 6), sixth (sample 7) introducing of MCM-41 (DFT
method)

Structural-adsorption characteristics

Sample
Smeso
(m2/g)

Smacro
(m2/g)

Smicro
(m2/g)

Stotal
(m2/g)

Vmeso
(cm3/g)

Vmacro
(cm3/g)

Vmicro
(cm3/g)

1 66 14 23 103 0.46 0.23 0.007
2 105 9 32 146 0.43 0.15 0.012
3 156 3 46 205 0.36 0.05 0.015
7 248 1.5 12 262 0.37 0.03 0.004
5 292 0.8 0.7 293 0.39 0.03 0
6 295 0.7 0.3 296 0.38 0.02 0
7 313 1 0.3 314 0.39 0.03 0
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11.3 Synthesis of Gold and Silver Nanoparticles in Surface
Layer of Silica Matrices

Nanoparticles attract considerable attention since they display unique electrical,
optical, mechanical, and magnetic properties which are distinct from their bulk
counterparts [17]. The most notable optical feature of metal nanoparticles is the
surface plasmon resonance which arises from the collective oscillation of con-
ducting electrons on the surface of the metal. The characteristic surface plasmon
resonance of silver and gold nanoparticles has been used prominently in diverse
areas of biological and biomedical science, such as in molecular labeling [18],
SERS [19], and nonlinear optics, for the fabrication of biosensors, labeling of cells
and biomolecules, therapies against cancer, and also for the fast detection of DNA
macromolecules [20] and antibodies due to the change of the plasmon resonance.

For the preparation of mesoporous silica with grafted silicon hydride groups
(≡SiH), we applied surface modification with triethoxysilane in the presence of
acetic acid [21]. Then the modified silica was impregnated with chloroauric acid or
silver nitrate solutions at room temperature and dried for 24 h in an oven at 150◦C.

The presence of silicon hydride groups grafted to the silica surface was confirmed
by FTIR spectral data (NEXUS FT-IR). The metal nanoparticles were character-
ized using X-ray powder diffraction (DRON-4-07, CuKα-radiation) and identified
by TEM (JEM 100CXII) and UV–visible spectra recorded with a Carl Zeiss Jena
spectrophotometer. Particle size distribution was estimated by photon correla-
tion spectroscopy method using laser correlation spectrometer PCS 100 (Malvern
Instrument Limited, UK) equipped with multi-computing correlator type 7032 CE.

The metal nanoclusters were immobilized due to a reduction of the metal com-
plexes immediately in a place of the reducer attachment (surface ≡SiH groups). The
reduction process is caused by the properties of the ≡SiH groups, accompanied by
their hydrolysis and formation of highly dispersed metal nanoparticles.

Ordered mesoporous silica MCM-41 with silicon hydride groups in the grafted
modified layer was used for synthesis of noble metal nanoparticles. In the IR
spectrum of the silica (Fig. 11.5, curve 1), a sharp band is observed in the region

Fig. 11.5 FTIR spectra: 1 initial MCM-41 silica, 2 MCM-41 with grafted ≡SiH groups,
3 MCM-41 with reduced nanoparticles of silver (left) and gold (right)
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of O–H vibration at 3750 cm−1 of isolated OH groups of the silica surface. In the
spectrum of the silicon hydride-containing silicas (Fig. 11.5, curve 2), this band is
absent and a broad band is seen at 2240 cm−1 providing evidence for the fact that
attachment of the ≡SiH groups occurred. Also intensive narrow absorption bands
at 1390 and 2976 cm−1 relating to deformation vibrations of the C–H bonds in CH2
groups are observed.

Decrease of intensity of the absorption band at 2240 cm−1 of the ≡SiH groups
and appearance of an absorption band of silanol groups at 3750 cm−1 as a result of
reduction forming noble nanoparticles in surface layer of silica are observed.

It is possible to regulate the size of the metal particles by varying the concen-
tration of the metal salt used for the reduction. A blue shift of the surface plasmon
band (Fig. 11.6) is observed as a result of gradual decrease of the concentration
of AgNO3 from 11.25 to 1.25 mmol/l; the corresponding size of the nanoparticles
decreases from 20 to 15 nm (Fig. 11.6b).

Silver nanoparticles of smaller sizes can be synthesized by reducing the time
of interaction between the modified mesoporous silica and the AgNO3 solution.
Formation of the nanoparticles of larger sizes is accompanied by appearance of a
long-wave wing in the spectrum and a small blue shift of the surface plasmon band
in the region of 370–400 nm (Fig. 11.7a).

In accordance with XRD data, formation of silver nanoparticles in the range from
7 to 17 nm is observed (Fig. 11.7b).

TEM data (Fig. 11.8) of the prepared samples confirm formation of gold nanopar-
ticles with average diameter of 20–30 nm and silver nanoparticles with diameter of
7–20 nm.

By varying the initial concentration of HAuCl4, we were able to control the size
of reduced metal nanoparticles formed on the surface of modified silicas which
resulted in changes in the color of samples clearly seen visually. Indeed, a grad-
ual decrease in the concentration of the initial solution of HAuCl4 from 11.25
to 1.25 mmol/l was accompanied by a decrease in the size of gold nanoparticles
from 30 to 20 nm (LCS – laser correlation spectroscopy data) (Fig. 11.9b). As the

Fig. 11.6 (a) UV–visible spectra of colloid silver obtained after dissolution of the silica matrices
modified with triethoxysilane after interaction for 24 h with AgNO3 solutions with concentrations
11.25 mmol/l (1), 3.75 mmol/l (2), 1.25 mmol/l (3); (b) XRD measurements of the silver-containing
silicas before dissolution
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Fig. 11.7 (a) UV–visible spectra of colloid silver obtained after dissolution of silica matrices
modified with triethoxysilane after their interaction with AgNO3 solution (11.25 mmol/l) for 0.5,
1.5, 5.0, and 24.0 h (1–4, respectively); (b) XRD spectra of the silver-containing silicas before
dissolution

Fig. 11.8 TEM images of synthesized gold- (a) and silver-containing silicas (b)

concentration of the initial solution of HAuCl4 lowers, matrix color changes from
dark brick-red to dull brick-red which is likely caused by formation of smaller gold
particles.

Decrease in the contact time between modified silica and HAuCl4 caused for-
mation of smaller gold nanoparticles, and the color of the gold-containing silica
changed from brick-red to pink. This was accompanied by a bathochromic shift
of the surface plasmon absorption peak and the long-wave spectrum wing lowered
(Fig. 11.10a). At shorter reduction times, the size of gold nanoparticles decreased
from 37 to 25 nm.

In the high-angle region at 2θ=30–90◦, typical peaks of face-centered cubic
structure of metallic silver were observed, which belong to (111), (200), and (220)
diffractions. The crystallite sizes of nanoparticles were determined by the Scherrer
equation [22].

The gold-containing silicas with 2 wt% gold concentration exhibited high
catalytic activity in the oxidation of hydrogen with molecular oxygen [23].
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Fig. 11.9 (a) UV–visible spectra of colloid silver obtained after dissolution of the silica matrices
modified with triethoxysilane after interaction for 24 h with HAuCl4 solutions with concentrations
of 11.25, 3.75, and 1.25 mmol/l (1–3, respectively); (b) size distribution of gold nanoparticles
(LCS)

Fig. 11.10 (a) UV–visible spectra of colloid silver obtained after dissolution of silica matrices
modified with triethoxysilane after their interaction with HAuCl4 solution (11.25 mmol/l) for 0.5,
1.5, 5.0, and 24.0 h (1–4, respectively); (b) XRD spectra of the silver-containing silicas before
dissolution

11.4 Conclusions

Structure-directing role of polyionene of the 1,4-MePh type in template synthesis
of mesoporous silicas was investigated. Silicas with extremely high specific surface
area and bimodal pore distribution were synthesized with the use of polyionene as
structure-directing agent. Possibility of carrying out template synthesis of meso-
porous silicas with pore diameter of 2.5 nm inside of nanoreactors based on large
pores of silica gel was demonstrated. An approach of grafting of silicon hydride
groups on silica surface with following application of modified silica in synthesis
of gold and silver nanoparticles was elaborated. It is possible to regulate the sizes
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of the metal particles by varying the concentration of the metal salt taken for the
reduction and the time of reduction.
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Chapter 12
Synthesis and Properties of Magnetosensitive
Nanocomposites Based on Iron Oxide
Deposited on Fumed Silica

V.M. Bogatyrov, M.V. Borysenko, I.V. Dubrovin, M.V. Abramov,
M.V. Galaburda, and P.P. Gorbyk

Abstract A synthesis technique of magnetosensitive nanocomposites was pro-
posed on the basis of nanocrystalline magnetite (Fe3O4) or maghemite (γ-Fe2O3)
and highly disperse silica. Thermogravimetry, differential thermal analysis, XRD,
and a vibrating magnetometer were used to characterize prepared nanocomposites.
It was found that nanosilica prevents growth of Fe3O4 nanocrystallites stabilized at
average sizes of 5–8 nm.

12.1 Introduction

Medical applications of magnetic nanoparticles cause a number of requirements
of these materials dependent on the types of their use, e.g., as new contrasting
agents in magnetic-resonance diagnostics, preparations for magnetic hyperthermy
of cancerous diseases, and magnetic carriers for drug delivery to bad organs in
vivo [1–3]. Special attention was given to the morphology of magnetic particles
and their hydrophobic–hydrophilic properties. The creation of highly disperse mag-
netosensitive materials mainly deals with development of synthesis methods of the
magnetic forms of such iron oxides as magnetite (Fe3O4) and maghemite (γ-Fe2O3).
Magnetite as ferromagnet or uncompensated antiferromagnet is an inverted spinel
[Fe3+]A[Fe2+Fe3+]BO4. The coercive force (Hc) and the remanence of disperse
magnetite depend strongly on the particle sizes. Maximum Hc value of 375–440
Oe [4] is characteristic for particles being in single-domain state which exists in
a narrow range of particle sizes from 30 to 50 nm [5]. The Hc value sharply
drops to zero with decreasing particle size (because of enhanced effects of thermal
fluctuations), and the system transforms to superparamagnetic state. For monodis-
perse particles of magnetite at the size of approximately 12 nm, the anhysteretic
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curve shape is characteristic for magnetization reversal curves recorded at room
temperature [6]. On heating in air, maghemite irreversibly transforms into antifer-
romagnet state (α-Fe2O3) characterized by weak spontaneous magnetization. Curie
temperature of α-Fe2O3 and γ-Fe2O3 is equal to 677◦C [7], and on heating in non-
oxygenous atmosphere, γ-Fe2O3 reversibly crosses the Curie point. The coercive
force of γ-Fe2O3 reaches the limiting value of 340 Oe at the crystallite sizes of
40 nm [4].

Many methods have been developed to synthesize fine powders of iron oxides,
e.g., sol–gel, co-precipitation, impregnation, hydrolysis, flame and laser pyrolysis,
electrochemical and hydrothermal synthesis. The use of porous matrices, which can
affect the particle size distribution and the physical properties of grafted nanopar-
ticles, is of importance to the synthesis. Among similar systems silica/iron oxide
is the most widely investigated one [8–13]. The nanocomposite systems with
iron oxide deposited on the silica matrices were investigated by many researchers
[1, 8–15]. However, the data on the role of the silica matrices on the formation of
magnetic iron oxide deposits are contradictory, and the factors influencing the par-
ticle sizes of iron oxide require additional investigations for better control of the
important characteristics of nanocomposites.

12.2 Experimental

Fumed silica “Biosil” (Pilot plant of the Institute of Surface Chemistry, Kalush,
Ukraine; specific surface area SBET =340 m2/g) was used as the initial material. Iron
acetyl acetonate (Fe(acac)3), iron sulfate (FeSO4·7H2O), iron trichloride (FeCl3),
isopropyl alcohol, and 25% aqueous solution of ammonia – all reactants and sol-
vents – were of grade “chemically pure”. Commercial iron oxides α-Fe2O3 and
Fe3O4 (Nanostructured & Amorphous Materials Inc., USA, 98% purity) were used
as samples for comparative investigations.

Magnetite and maghemite were synthesized in the presence of fumed silica at
the final weight ratio of components SiO2:Fe3O4 or Fe2O3 = 1:1. Magnetite was
synthesized using a chemical condensation method [16, 17]

Fe2+ + 2Fe3+ + 8NH4OH → Fe3O4 + 4H2O + 8NH +
4 ,

based on fast precipitation of salts of divalent and trivalent iron by concentrated
aqueous solution of ammonia. The solutions of Fe(II) sulfate, Fe(III) chloride,
and ammonia were added to the aqueous suspension of silica on intensive stirring
at room temperature. Sediment with magnetite/silica was separated and washed
with distilled water five times using centrifugation, and the completing wash-
ing was carried out using acetone. Then samples were dried at 40◦C for 10 h.
During the synthesis, the order of mixing of components can affect the charac-
teristics of the products; therefore, it was varied. In the first case the mixture
of iron salts was added to the suspension of silica and then ammonia was
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Table 12.1 Characteristic of FexOy/SiO2 samples and fine powders of magnetite and hematite

Sample SBET

Crystallite size (nm) before and
after calcination

Label Composition m2/g 40◦C 1000◦C (α-Fe2O3)

MT1 SiO2/Fe3O4 248 5.3 44
MT2 SiO2/Fe3O4 228 5.5 73
MT3 SiO2/Fe3O4 297 7.7 62
MHT SiO2/γ-Fe2O3 203 30 154
MT Fe3O4 92 11 212
α-Fe2O3 α-Fe2O3 17 178 −
Fe3O4 Fe3O4 34 56 −

added (this sample was labeled as MT1). In the second case the sequence was
different: (Fe2++2Fe3+) + NH4OH + SiO2 (sample MT2). The third sample cor-
responds to (Fe2++2Fe3+) + (SiO2 + NH4OH) (sample MT3). A control sample
of magnetite (labeled as MT) was synthesized without silica. The characteristics of
samples of SiO2/FexOy nanocomposites and fine powders of magnetite and hematite
are shown in Table 12.1.

A silica/maghemite nanocomposite was also prepared. Isopropyl alcohol was
added to a mixture of fumed silica and iron acetyl acetonate; then it was homoge-
nized to uniform consistency. The dispersion was dried at 40◦C, then the dry residue
was heated in a muffler with gradually increasing temperature to 400◦C.

A thermogravimetric (TG) study with differential thermal analysis (DTA) was
carried out using a Derivatograph Q-1500 D (MOM, Hungary) at sample weight of
210–260 mg at a heating rate of 10 K/min.

To study the structure and phase composition of FexOy/SiO2 samples, X-ray
diffraction (XRD) patterns were recorded using a DRON-3M (Burevestnik, St.
Petersburg) with Cu Kα radiation and a Ni filter. The average size (d) of FexOy

crystallites was estimated according to the Scherrer equation [18].
The integral magnetic characteristics (magnetization curve and hysteresis loops)

were measured using a vibrating magnetometer [19]. The dry demagnetized pow-
ders were used for the measurements. Frequency and amplitude of vibrations were
controlled by an oscillator and a low-frequency amplifier. The measurements were
carried out at 260 Hz and room temperature.

12.3 Results and Discussion

Iron oxide nanoparticles being in free state tend to be aggregated but their depo-
sition onto a surface of carriers such as aggregates of primary particles of fumed
silica can increase their stability, as well as the stability of whole nanocomposites.
Iron oxide nanoparticles grafted onto the silica surface or incorporated in voids
between silica nanoparticles undergo certain steric hindrances to be aggregated



162 V.M. Bogatyrov et al.

themselves. However, they remain accessible for reagents (e.g., to be increased in
size on subsequent reaction cycles) or adsorbates (on the practical use of these com-
posites). Additionally, iron oxide deposits can not only preserve their fundamental
physicochemical characteristics but also acquire new properties.

The specific surface area (SBET) of synthesized control sample of magnetite is
equal to 92 m2/g. If the silica matrix did not affect the magnetite morphology then
the SBET values of Fe3O4/SiO2 nanocomposite should be equal to 216 m2/g (since
SBET = 340 m2/g for silica) at equal weight ratio of components. However, the SBET
values of MT1–MT3 samples are greater (228–297 m2/g) than that value. This result
can be caused by smaller sizes of iron oxide particles in composites than that in the
control sample synthesized without silica.

For samples MT1–MT3, the temperature dependences of TG, DTG, and DTA
curves are close; therefore, these curves are shown only for MT2 (Fig. 12.1a).
A major fraction of molecularly adsorbed water desorbs at T < 120◦ and the max-
imal desorption rate (DTG) is observed at 100◦C. Dissociatively adsorbed water
(hydroxyls) desorbs associatively over a broad temperature range (200–900◦C) but
without DTG extrema characteristic for intact water. For the control magnetite
(MT without silica), the shape of the TG and DTG curves (Fig. 12.1b) differs
from those for MT2 (Fig. 12.1a). There are three maximal values of the weight loss
rate for MT at 100, 170, and 250◦C. The first one is linked to desorption of intact
water. Subsequent two extrema at 170 and 250◦C can be attributed to associatively
desorbed water. The difference in the latter for MT2 and MT samples can be caused
by the differences in the morphology of samples, sizes (Table 12.1), and structure
of iron oxide particles, as well as by the effects of the amorphous silica matrix.
An exothermic peak is observed on the DTA curve of MT at 460–620◦C and
Tmax = 550◦C. A similar exothermic effect but of smaller intensity is character-
istic for MT2. This exothermic peak is located close to the Curie point of Fe3O4
(584◦C) and it can be caused by the disordering of domain structures of iron oxide
and the irreversible loss of its magnetic properties. The displacement of the peak
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Fig. 12.1 TG, differential (DTG), and DTA curves of (a) MT2 and (b) synthesized control sample
with magnetite
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toward higher temperatures for MT2 in comparison with MT indicates an increase
in the thermal resistance of nanoparticles of magnetite deposited onto the silica
matrix against the phase transformation. Similar inhibitory effects of silica matri-
ces were observed for other grafted oxides, e.g., on transformation of anatase to
rutile [20, 21].

Thermograms of fumed silica with adsorbed iron acetyl acetonate (Fig. 12.2)
as a precursor of iron oxide (sample MHT) differ from that for MT2 and MT.
The DTA curves demonstrate three stages of thermal transformations of Fe(acac)3.
The exothermic effect at 120–400◦C is linked to oxidation of organic ligands
of Fe(acac)3 and its value is proportional to a quantity of adsorbed Fe(acac)3
(and Fe(acac)2 chemically bonded to the silica surface). The second stage can be
attributed to the formation of γ-Fe2O3 at the silica surface after the oxidation of
residual acetyl acetonate fragments. The third stage (700–1000◦C) corresponds to
the formation of α-Fe2O3. The transformation of maghemite to hematite in iron
oxide/silica nanocomposites investigated in detail elsewhere [12–14] occurs over
the mentioned temperature range.

The XRD patterns (Fig. 12.3) show that magnetite is observed in MT1–MT3
samples and it transforms into α-Fe2O3 after heating of composites at 1000◦C in
air. It is known that solvents, time of gelation, and other parameters of sol–gel syn-
thesis of nanocomposites (at the same content of oxide components) can affect the
formation of the products and their characteristics [22].

However, the differences in the preparation techniques of MT1–MT3 samples
do not affect the formation of magnetite and its subsequent transformation on heat-
ing to 1000◦C. The formation of nonmagnetic α-Fe2O3 on calcination of magnetite
grafted on silica confirms the nature of the exothermic peak observed on the DTA
curves over the 460–620◦C range and linked to the irreversible structural transfor-
mations of iron oxide. Despite the fact that the formation of Fe2O3 from Fe3O4 (due
to oxidation by oxygen from air) should be accompanied by an increase in the sam-
ple weight, the corresponding changes in the TG curve are not observed (Fig. 12.1).
However, an insignificant decrease in the sample weight at these temperatures can
present only total balance of changes in the weight of samples caused by associa-
tive desorption of water and oxygen attachment to iron atoms on the mentioned
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Fig. 12.3 XRD patterns of nanocomposites MT1–MT3 before (a) and (b) after calcination at
1000◦C, and control sample of nanodimensional hematite

iron oxide transformation. Notice that Fe2O3/SiO2 prepared from iron acetyl acet-
onate and heated at the last stage of the synthesis at 400◦C in air represents mainly
magnetic γ-Fe2O3 (Fig. 12.4).

The sizes of iron oxide crystallites calculated from the XRD data recorded before
and after heating of samples at 1000◦C (Table 12.1) are smaller for MT1–MT3 than
that for MT by a factor of 1.4–2.1. These results are in agreement with changes in
the specific surface area of these samples.
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Fig. 12.5 SEM image of
silica aggregate and
nanoparticles of magnetite

The particle sizes and shapes of nanocomposite SiO2/Fe3O4 were also stud-
ied using scanning electron microscopy (Fig. 12.5). It is known that primary
particles of fumed silica A-300 of 5–15 nm in diameter form relatively stable aggre-
gates of 100–1000 nm in size [23]. SEM image of SiO2/Fe3O4 shows magnetite
particles (average diameter 6–15 nm) against the background of silica aggre-
gate of primary particles. Magnetite particles are randomly located around silica
aggregate.

Relatively small sizes of magnetite particles formed at the surface of highly dis-
perse silica can be determined by several factors. Silica nanoparticles which present
in the dispersion in large quantity are characterized by a great number of surface
sites (e.g., silanols) as centers of crystallization of magnetite nuclei that prevent
aggregation of these nuclei. Additionally, highly developed silica surface can pre-
vent the consolidation of primary nuclei of iron oxide because of reduction in their
mobility and inhibit the oxidation of magnetite by atmospheric oxygen because of a
significant adsorption potential of the silanol groups and the formation of magnetite
particles in the interparticle voids in silica aggregates.

All Fe3O4/SiO2 nanocomposites prepared here possess magnetic properties
(Fig. 12.6). Commercial magnetite sample at the average size of crystallites of
56 nm (XRD) demonstrates coercive force Hc ≈ 100 Oe, remanent magnetization
Mr ≈ 3, and saturation magnetization Ms ≈ 13 a.u. A sample of synthesized mag-
netite (MT) is characterized by Hc ≈ 25 Oe. This Hc value is lower than that for the
commercial sample due to smaller sizes of particles of the synthesized magnetite.

It should be noted that samples MT1 and MT2 possess coercive force of 31 and
38 Oe, respectively, i.e., they are characterized by average sizes of magnetic parti-
cles compared with the average size of Fe3O4 particles synthesized without silica.
The smallest particles of magnetite were, most probably, observed for sample MT3
since its Hc value was 22 Oe.

As was mentioned above, magnetite particles smaller than 12 nm in
size are characterized by the anhysteretic curve shape of remagnetization at
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Fig. 12.6 Hysteresis loops for magnetic nanocomposites MT1, MHT, and individual Fe3O4

room temperature [6]. Ex facte the results obtained using the oscillator contradict
the XRD data and changes in the SBET values because the average size (estimated
from the XRD data) of magnetite crystallites is smaller than 12 nm for MT and
MT1–MT3 samples. However, synthesized particles are characterized by certain
particle size distributions (Fig. 12.5); therefore, particles larger than 12 nm in size
can be present in the systems. This fraction of larger particles is responsible for
the appearance of the magnetic hysteresis. One can assume that MT3 (character-
ized by the smallest coercive force) has the most narrow particle size distribution
among synthesized samples. The nanocomposite with a fraction of maghemite has
the average size of magnetic particles of 30 nm and possesses coercive force of
70 Oe which is smaller than the limiting Hc = 340 Oe for γ-Fe2O3 at the average
size of crystallites of 40 nm [4].

12.4 Conclusions

A synthesis procedure of magnetosensitive nanocomposites Fe3O4/SiO2 was devel-
oped and tested using highly disperse silica as a matrix to create crystallization
centers for the precipitation reaction of salts of iron(II) and iron(III) by ammonia
solution. It was shown that the iron oxide nuclei formation at the silica surface
allows the production of magnetic material at average sizes of crystallites of 5–8 nm
and specific surface area larger by a factor of 2–3 than that of magnetite synthesized
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using the Elmore method. The high sorption capacity of these materials and their
significant magnetic characteristics suggest the possibility of their use as magneto-
controlled preparations for decontamination of donor blood and other applications
in medicine and industry.

It was shown that thermooxidation destruction of iron acetyl acetonate at the
nanosilica matrix at 400◦C is accompanied by the formation of SiO2/γ-Fe2O3
nanocomposite possessing magnetic properties.
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Chapter 13
Adsorption Modification of Nanosilica
with Non-volatile Organic Compounds
in Fluidized State

E.F. Voronin, L.V. Nosach, N.V. Guzenko, E.M. Pakhlov, and O.L. Gabchak

Abstract Adsorption modification of nanosilica allows effective regulation of its
physicochemical, structural–mechanical, pharmacological, and biological proper-
ties thus broadening its field of application. Liquid-phase methods used for this
purpose have several substantial drawbacks mainly of a technological and ecological
character. Therefore a new effective and ecologically safe method was developed for
adsorption modification of nanosilica with non-volatile organic compounds (bioac-
tive compounds, polymers). The process is carried out in fluidized state in gaseous
dispersion medium with the solvent atmosphere. The developed method allows one
to achieve a defined degree of surface coverage and to conserve initial dispersity of
silica required.

13.1 Introduction

Physicochemical properties of nanosilicas depend drastically on methods and con-
ditions of their production [1–3]. Various methods of modification make it possible
to confer new desired properties to nanosilicas. Nowadays silica modification is
considered as a purposeful alternative to the properties by altering the surface topog-
raphy, the morphology of particles, or the chemical nature of surface-active sites
using various physicochemical processes.

Adsorption modification corresponds to silica surface coating with a layer of
modificator strongly bound due to adsorption forces, mostly the hydrogen bonds.
Substances of a relatively high molecular weight such as olygomers, polymers, and
bioactive substances can be used as reagents for adsorption modification [4–6].

Methods of adsorption modification can be divided into liquid-phase and gas-
phase ones depending on dispersion medium state [7]. Each of them has certain
advantages and disadvantages.
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Liquid-phase method is universal and makes it possible to modify nanosilica
with practically any compound. Nevertheless it has several substantial disadvan-
tages mainly of a technological and ecological character, e.g., (i) the necessity of the
use of solvents which are often toxic or ecologically dangerous, (ii) solvent removal
that can be difficult due to filtration process, and (iii) utilization of spent solvents.
Filtrate drying and then milling is a heat- and energy-intensive process taking addi-
tional expenses. Moreover, nanosilica can change some properties on liquid-phase
modification and drying, for example, a strong increase in the bulk density, as well
as irreversible loss of the dusty properties that can be undesirable [8].

Gas-phase modification devoid of a number of serious disadvantages is more
appropriate, especially for high-disperse silica. This process can be carried out at
underpressure (in vacuum), atmospheric or high (in autoclave) pressures. The main
requirement to modificators limiting a wider usage of the gas-phase method is their
volatility which is low or absent in the case of bioactive compounds and polymers.

Adsorption modification of dispersed solids has been successfully used to solve
various scientific problems, such as production of adsorbents with different surface
chemistry used in chromatography, industry (to increase compatibility of fillers to
polymer systems, including lacquers and paints, and to increase stability of disperse
systems), pharmacy, and cosmetology (to create new combined preparations, as well
as diagnostic facilities for medical use) [5, 9].

It is worth noting that various properties of disperse systems depend in different
ways on modification degree of silica with a monotonic character of this dependence
in some cases and extremal in other ones. Therefore it is very important to have a
possibility to achieve a given degree of surface coverage with controlled structure
of the adsorption layer to synthesize modified silicas with a necessary set of the
properties.

To modify nanosilica completely it is sufficient to drift on its surface a one-
molecule-thick layer of a substance, i.e., unimolecular layer (monolayer). In general
one can achieve unimolecular layer of non-volatile compounds on a surface of solids
using (i) adsorption from solution, (ii) surface diffusion, and (iii) solvent evaporation
from solution, containing non-volatile component (impregnation). By definition the
first and the third methods of monolayer drifting are liquid-phase ones with all inher-
ent drawbacks; in other words they are non-technological in the case of nanosilica
modification.

Therefore the aim of the study consisted in development of a method of
nanonosilica modification with non-volatile organic compounds in the absence of
liquid dispersion medium.

13.2 Experimental

13.2.1 Modification of Nanosilica in Fluidized
State in Controlled Atmosphere

Dust-like substance can be transferred into fluidized state in two ways: by blowing-
over of pressurized gas or by mixing at high speed. In case of nanosilica the first
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way is associated with significant problems, caused by carry-over of high-disperse
fractions with airflow; therefore it has little promise for practical use.

Achievement of fluidized state by high-speed mixing of nanosilica in a reactor
supplied with a mixer of regulated rotation frequency ranging from 0 to 3000 rpm
appeared to be more effective. Such a reactor of intensive mixing (RIM) has an
oil thermostat, allowing heating of samples up to 200◦C, and an air or some other
gas blowing-over system. This makes possible to carry out an adsorption modifi-
cation of nanosilica with low volatile compounds in an atmosphere with controlled
composition.

Representatives of different classes of organic compounds were used as
modifiers, such as polymers – polyvinylpyrrolidone (PVP, M ≈ 12,000), poly
(ethyl-eneoxide) (PEO, M ≈ 40,000), petrolatum (M≈1000);carboxylic acids –2-
(4-isobutyl phenyl)propionic acid (ibuprofen); bis-quaternary ammonium comp-
ounds – 1,2-ethylene-bis-(N-dimethylcarbodecyloxymethyl)ammonium dihloride
(ethonium),1,10-decamethylene-bis-[N-dimethyl(carbomethoxymethyl)ammonium]
dichloride (decamethoxine); azoles – 1-(β-oxyethyl)-2-methyl-5-nitroimidazole
(metronidazole),4-amino-N-(2-thiazolyl)benzenesulfonamide sodium salt (sulfathi-
azole sodium), N-(5-nitro-2-thiazolyl)acetamide (aminitrozole); polyphenoles–
4-(dimethylamino)-1, 4, 4a, 5, 5a, 6, 11, 12a-octahydro-3, 6, 10, 12, 12a-penta-
hydroxy-1,11-dioxo-naphthacene-2-carboxamide (tetracycline); sugars and polyols
– glucose, mannitol, sorbitol, galactose, lactose, starch (M ≈ 200,000), glycerin.
All these compounds are widely used in medicine and pharmacy [10].

13.2.2 IR Spectroscopy Method

One of the most effective methods for investigation of physicochemical processes on
silica surface is IR spectroscopy [11, 12]. The main sorption sites of nanosilica, free
silanol groups, are located on the surface of primary particles statistically uniformly
and appear in the IR spectra as a narrow intensive band at 3750 cm−1 [11–13].
Therefore a degree of their disturbance (�) caused by interaction with adsorbed
molecules characterizes a degree of surface coverage. The � values for modified
samples were calculated from a ratio of absorbances at 3750 cm−1 before and after
adsorption (D0 and D, respectively) by the formula � = 1 – D/D0, where D = lg
Io/I; and Io is the intensity of transmitted IR radiation (“baseline”) and I is that of
radiation at the maximum of the band at 3750 cm−1.

The IR study was made using a ThermoNicolet FTIR spectrometer (Nicolet
Instrument Corporation, USA). Silica samples studied were pressed using special
press mold to tablets of 8×2́8 mm in size and 20±0.5 mg in mass.

Parameter p which characterizes a part of polymer units in adsorption layer on sil-
ica surface directly interacting with active sites was calculated by the equation [14]
p = (αOH·�)/(Apolymer/Mmonomer), where αOH is the concentration of free silanol
groups, 0.6 mmol/g, � is a disturbance degree of silanol groups, Apolymer is a value
of polymer adsorption, mg/g, Mmonomer is the molar weight of a monomer unit of
polymer macromolecule, mg.
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For the aim of comparison, nanosilica was also modified using liquid-phase
methods by adsorption under equilibrium conditions and by impregnation. For this
purpose the sorbent was mixed with adsorbate solution, equilibrated, and then sol-
vent with residual adsorbates was removed. The value of polymer adsorption on
silica surface was calculated by the remainder of their concentrations before and
after contact with the sorbent. The main difference for the impregnation method is
that modification was carried out in non-equilibrium solution and only solvent is
removed by evaporation.

13.3 Results and Discussion

13.3.1 Adsorption Modification of Nanosilica
with Polyvinylpyrrolidone in Liquid Phase

PVP adsorption on nanosilica surface occurs with high speed and is characterized
by complete polymer removal from solution at low temperatures [14]. Adsorption
isotherm is well described by Langmuir equation and takes a linear form in C/A–C
coordinates (Fig. 13.1a). Calculated value of maximum adsorption (A max) amounts
to 185 mg of PVP per gram of silica or 0.7–0.8 mg/m2, which corresponds to the
data given in the literature [5, 14, 15].

After the PVP adsorption on the silica surface from the aqueous solutions the IR
spectra show lowering of band intensity at 3750 cm−1 symbate to polymer content
and appearance of wide band of disturbed silanol groups with a maximum at about
3350 cm−1 (Fig. 13.1b). PVP interaction with high-disperse silica surface occurs
due to formation of hydrogen bonds between oxygen of carbonyl groups and hydro-
gen of free silanol groups [14] (Fig. 13.2). Full disturbance of absorption band at
3750 cm−1 at 200 mg/g PVP content which is equal to monolayer capacity means
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Fig. 13.1 (a) Isotherm of PVP adsorption from aqueous solution (1 adsorption, 2 desorption);
(b) IR spectra of initial nanosilica (1) and silica with adsorbed polyvinylpyrrolidone of 60 (2), 110
(3), and 200 mg/g (4)
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that all surface of nanosilica is available to the interaction with adsorbate molecules,
including large ones.

13.3.2 Modification in Fluidized State

Nanosilica (12.5 g) and the given polymer portion were consequently put into
0.5 dm3 reactor of intensive mixing and then the mixer was turned on. The IR
spectra show that in 1 h mixing under conditions of fluidization the homogeneous
mixture obtained contains the components as different phases (Fig. 13.3a, curve 2).
Then ethanol (5 g or 7.15 ml), which corresponds to 40 wt% of silica, was gradually
brought in the reactor with a speed of 1–2 drops per second. Herein nanosilica con-
serves its friable state, which is the fact of principal importance. This phenomenon
is caused by high oil absorption power of silica, in other words its ability to absorb
fluids without loss in friability.

As early as after an hour the degree of disturbance of free silanol groups
(�) came to ∼ 0.68, in 2 h 0.96, and then remained practically constant (0.98)
(Fig. 13.3a, b).
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Fig. 13.3 (a) IR spectra of initial silica (1) and silica after mixing with PVP (175 mg/g) in RIM
in air (2) and in air–ethanolic gaseous medium (40 wt% of silica) for 1 (3), 2 (4), and 5 h (5); (b)
dependence of disturbance degree of free silanol groups with polyvinylpyrrolidone (175 mg/g) on
time of modification in air–ethanol medium in RIM
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A 1.5-fold increase (from 40 to 60%) of ethanol content in the reaction volume
as well as prolongation of mixing time to 6 h made no effect on the final result. The
mentioned conditions of modification in RIM are supposed to be close to optimum.
It should be noted that the process is just as effective as that in case of air–aqueous
and air–aqueous–ethanol gaseous medium.

The parameter p characterizing a part of monomer units forming bonds with
silanol groups was calculated from the dependence of disturbance degree of free
silanol groups on PVP content (Fig. 13.4). For PVP monolayer coverage obtained
by adsorption under equilibrium and fluidization conditions, the parameter p was
determined to be about 0.4 indicating that the polymer loops and tails contain 1–2
units only. This testifies that conformation of PVP monolayers is characterized by
plane location of molecules in all mentioned cases and does not practically depend
on interaction conditions.

From the analysis of the IR spectra and the dependences of the disturbance degree
of free silanol groups and the parameter p on PVP content, the formation of a PVP
adsorption layer on nanosilica surface in the reactor of intensive mixing can be
schematically represented as in Fig. 13.5.

When the systems are mixed intensively in the reactor, a homogeneous mixture is
formed, in which polymer particles contact directly with aggregates and other sec-
ondary structures of nanosilica. Due to the presence of a solvent in the atmosphere,
PVP macromolecules swallow as a result of interaction with water or ethanol, its
segments becoming mobile. The volume occupied by PVP molecules in dry state
or solution is known to vary over one order of magnitude. Therefore a so-called
swelling pressure similar to osmotic pressure arises when swallowing substance
meets barriers. Swelling pressure can amount up to tens of millipascals.

Polymer molecules begin to spread onto silica surface due to increased mobil-
ity of segments. The driving force of surface diffusion of macromolecules is high
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Fig. 13.5 Scheme of formation of PVP adsorption layer on nanosilica surface during modification
under conditions of gaseous dispersion medium

energy of adsorbent–adsorbate interaction amounting to about 50 kJ/mol [14]. As far
as interaction energy between silica particles does not exceed 20–25 kJ/mol (what
one can find elsewhere [6]), PVP macromolecules can easily penetrate between
them. This results in complete polymer coverage of nanosilica particles if necessary
amount of modifier is available.

UV spectral study of iodine interaction with absorbed PVP showed plane location
of the chains of polymer macromolecules on nanosilica surface [16].

13.3.3 Effectiveness Comparison for Methods of Nanosilica
Modification

Similarly, the adsorption modification of nanosilica with another non-volatile
organic compounds was carried out by adsorption, by impregnation, and in fluidized
state. Since adsorption modification is the substitution of functional groups for other
ones, the degree of silica surface coverage at equal modifier content can be assumed
as criterion of effectiveness for modification methods when compared.

The literature data show that modification by adsorption is effective for polymers
only. The degree of surface coverage in case of low molecular compounds adsorbed
from solution amounts to one-third of monolayer at best (Table 13.1).

Table 13.2 shows data of maximum degree of silica surface coverage with studied
compounds obtained using impregnation and fluidization.

It follows from the analysis of the tables that the method of silica modification
under conditions of intensive mixing in gaseous dispersion medium is the most
effective one. In this case total or almost total surface monolayer coverage was
reached for all compounds studied.
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Table 13.1 The maximum adsorption values (α max) for compounds studied and the degree of
silica surface coverage (θ)

Adsorption value,
αmax

Compound mg/g mmol/g Coverage degree, θ= αmax/0.6 Reference

PVP 195 – 1 [14]
POE 200 – 1 [17]
Ethonium – 0.012a 0.02 [18]

0.246b 0.41
Decamethoxine – 0.21 0.34 [19]
Tetracycline – 0.017 0.03 [20]
Glucose – 0 0 [21]
Sorbitol – 0.0005 0.0008 [22]
Galactose – 0 0 [21]

aExperimental value.
bCalculated value for monolayer capacity.

Table 13.2 Dependence of the degree of silica surface coverage (θ) on modification method

Modificator content Degree of silica surface
coverage (θ)

Compound mg/g mmol/g Impregnation RIM

PVP 200 – 1 1
POE 200 – 1 1

– – 0.58a

Vaseline oil 200 – – 0.78b

– – 0.94c

Ibuprofen – 0.60 1 –
Ethonium – 0.30 1 1
Decamethoxine – 0.17 1 –

– 0.35 1 –
Tetracycline – 0.60 0.80 – 0.71

0.30 0.48
Metronidazole – 0.60 0.95 1
Sulfathiazole sodium – 0.60 0.80 0.98
Aminitrozole – 0.60 0.60 0.95
Glucose – 0.60 0.58 0.90
Mannitol – 0.60 0.29 0.90
Sorbitol – 0.60 0.34 0.85
Galactose – 0.60 0.37 0.90
Lactose – 0.60 0.33 0.90
Starch 300 – 0.95 0.75
Glycerin – 0.60 – 1d

aMixing at 20◦ C.
bMixing at 90◦ C.
cMixing at 20◦ C in air–hexane atmosphere.
dMixing at 90◦ C in air–ethanol atmosphere.
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13.4 Conclusions

A new effective and ecologically safe method was developed for adsorption modi-
fication of nanosilica with non-volatile organic compounds (bioactive compounds,
polymers) in fluidized state in conditions of gaseous dispersion medium in solvent
atmosphere. The developed method allows one to achieve a defined degree of
surface coverage and maintain practically full initial dispersity of silica.
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Chapter 14
Synthesis of Functionalized Mesoporous Silicas,
Structure of Their Surface Layer and Sorption
Properties

Yuriy L. Zub

Abstract The routes of synthesis of polysiloxane xerogels functionalized by
nitrogen-, oxygen-, phosphorus- and sulphur content ligand groups were inves-
tigated. Applying a number of physical methods (SEM, TEM, AFM, IR and
Raman spectroscopy, 1H, 13C, 29Si and 31P CP/MAS NMR spectroscopy, EPR
spectroscopy, ERS and thermal analysis) the structure of xerogels and their sur-
face was established. The influence of some factors on the structural-adsorption
characteristics of such xerogels and their sorption properties were analysed.

14.1 Introduction

Sol–gel method is most often applied for synthesis of polysiloxane mesoporous
materials that contain complexing groups in their surface layer [1]. Use is usually
made of its variant that is based on reaction of hydrolytic polycondensation of corre-
sponding silicon derivatives (Eq. 14.1). Introduction of water and catalyst (e.g. H+,
OH−, F−) in the initial system leads to hydrolysis of alkoxysilanes with formation
of silanol groups, ≡Si–OH. These groups interact with each other (or with alkoxysi-
lyl groups, RO–Si≡) immediately, which leads to a creation of siloxane bonds
(≡Si–O–Si≡), causing occurrence of oligomers. The results of further condensation
of these oligomers are the occurrence of polymers of various structures. The growth
of polymers results in occurrence of colloidal particles which consequently leads to
occurrence of sol. The further integration of these particles and creation of aggre-
gates causes transaction of sol into gel. The appropriate treatment of formed gel
(its ageing, washing, drying, etc.) results in a polysiloxane xerogel with functional
groups in its surface layer (FPX):

+H2O (Solv), catalyst
xSi (OR)4 + y (RO)3 SiR′ → (

SiO4/2
)

x · (O3/2SiR′)
y (14.1)

-ROH
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Preparation of FPX is often effected using two-component systems (Eq. 14.1).
This approach employs tetraalkoxysilane [usually tetraethoxysilane (TEOS),
Si(OC2H5)4] in the capacity of a structure-forming agent while the second compo-
nent (trifunctional silane) is used to introduce a necessary ligand group R′. However,
it is possible to use combinations of structure-forming agents and vary both compo-
sition and ratio of functionalizing agents. In this case the application of one-stage
process allows to prepare polysiloxane adsorbents which would contain simulta-
neously several functional groups (R′) with different nature [2]. The possibility of
making a wide choice of conditions that are acceptable for effecting the hydrolytic
polycondensation reaction allows one to exert a rather strict control over properties
of final products (FPX). The above-stated relates, in the first place, to parameters of
their porous structure, nature and content of ligand groups. Taking into account an
existence of huge number of alkoxysilane derivatives, it is possible to assert about
the presence of significant prospect in search of new materials with unique prop-
erties including sorbents [3]. The cycle of Slinyakova team’s papers, which were
devoted to research of organosilicon adsorbents (xerogels) with alkyl and aryl rad-
icals in their surface layer [4], was the base of this direction. In 1977 this team
together with Voronkov’s team also described a preparation of S-containing xero-
gel [5]. This short review was intended to consider the methods of synthesis and
structure of xerogels containing complexing groups and the influence of some fac-
tors on the structural-adsorption characteristics of such materials and their sorption
properties.

14.2 Synthesis of Functionalized Polysiloxane Xerogels

3-Aminopropyltriethoxysilane (C2H5O)3Si(CH2)2NH2 (APTES) was one of the
first used for producing an amino-containing xerogel (TEOS was a structure-
forming agent) [6]. Later it was shown that with decreasing TEOS/APTES ratio
Ssp of samples decreases (at a ratio of 1:1 the xerogel becomes practically non-
porous). As is known this characteristic has direct relation with functional groups’
accessibility [7–9]. The influence of other conditions (nature of the nonaqueous
solvent, gel ageing time, modes of washing, etc.) on structural-adsorption charac-
teristics of the final products was also established. Some syntheses were carried out
by the use of nonaqueous solvents. The procedure made it possible to prepare xero-
gels (in high alkaline medium) with reproducible main characteristics and a content
of [(SiO)2.6(O3/2Si(CH2)3NH2).H2O] [7–10]. Depending on the synthesis condi-
tions the content of amine groups varied in the interval from 3.0 to 4.2 mmol/g.
The obtained xerogels have high hydrolytic and thermal stability, for example, the
decomposition of their surface layer begins beyond 275◦C [10, 11].

The same approach involving application of ethanol, which often allowed
to avoid appearance of two phases during formation of gels, was employed
for producing xerogels with such functional groups as ≡Si(CH2)3NHCH3,
≡Si(CH2)3NH(CH2)2NH2, ≡Si(CH2)3NC3H5N (imidazolyl) and [≡Si(CH2)3]2
NH [12–14]. In the last case the formation of so-called “arched structures”
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≡Si(CH2)3–NH–(CH2)3Si≡ expected that obviously should have a high hydrolytic
stability. The authors [12–14] also described a synthesis of porous xerogels with a
bifunctional surface layer composed of ≡Si(CH2)3NH2/CH3 (or C6H5).

Amino-containing xerogels were obtained by (C2H5O)3Si(CH2)2Si(OC2H5)3
(BTESE), (C2H5O)3Si(CH)2Si(OC2H5)3 (BTEST) and (C2H5O)3SiC6H4
Si(OC2H5)3 (BTESB) as structure-forming agents [15, 16]. It was shown that
in order to avoid nonhomogeneous gelation it was necessary to use ethanol, to
effect a preliminary hydrolysis of structure-forming agents (with F− as a catalyst),
and to enlarge the time for gel ageing (up to 14–30 days) with the purpose
of increasing the polycondensation degree. The molar ratio “structure-forming
agent/functionalizing agent” was equal to 4:1 or 2:1. The content of ligand groups
in the xerogels prepared ranged from 1.0 to 2.6 mmol/g.

Voronkov and coworkers [5] described the synthesis of sulphur-containing sor-
bents using the hydrolytic polycondensation only of trifunctional silanes. One of
the drawbacks of the offered approach is absence of any possibility for varying
the contents of functional groups in the polymers. It should also be noted that the
hydrolytic polycondensation of alkoxysilanes under such conditions gives precipi-
tations but not gels. Hence, the set of factors that may be employed in the situation
with such systems to exert an effect on properties of final products becomes sub-
stantially smaller in number. Therefore, the systems with two and three components
were used for synthesis of xerogels with ≡Si(CH2)3NHC(S(O))NHR′′ functional
groups (R′′ = –C2H5, n-C3H7, –C6H5, etc.) (TEOS was a structure-forming agent;
ethanol was a solvent; F−/Si ∼ 1/100) [17, 18]. Also the precursors forming arched
structures are used [17, 19]. When the TEOS/trifunctional silane ratio is 2:1 the sur-
face of formed xerogels possessed hydrophobic properties, and the xerogels did not
have porosity, while at a ratio of 4:1 (or 8:1) they showed hydrophilic properties and
porous structure [17, 18]. The xerogel surface acquired hydrophilic properties also
in the case of introduction of additional amine groups [17]. The content of functional
groups was 0.9–3.3 mmol/g. The obtained xerogels have high thermal stability, for
example, the decomposition of xerogels with arched structure layer begins beyond
380–430◦C [19].

Synthesis of xerogels with groups ≡Si(CH2)3SH is usually performed by
applying such catalysts as (n-Bu)2Sn(CH3COO)2 or HCl. However, the surface
layer of such xerogels does not have high hydrolytic stability [20]. Besides that,
the polymeric matrix composition includes tin [21]. Moreover, systems with
3-mercaptopropyltrimethoxysilane, (CH3O)3Si(CH2)2SH (MPTMS), are noted
to have often two phases, and the formed xerogel is practically nonporous [22].
These drawbacks could be avoided by using F− as a catalyst [22]. The xerogel
obtained at TEOS/MPTMS = 2:1 possessed an extended porous structure and the
content of HS groups was equal to 4.5 mmol g−1. The varying of alkoxysilanes
ratio in the range of 5:1–1:1 allowed to obtain xerogels with thiol groups content
from 1.9 to 5.3 mmol/g [23]. In the last case the sample consists of partly sticking
together particles of spherical form (their size is 2.5–3.0 μm, Fig. 14.1a) that is
not typical for xerogels of this class (Fig. 14.1b). The xerogels which contain
3-mercaptopropyl groups were synthesized with the use of BTESE and BTESB as
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ba

Fig. 14.1 SEM micrographs of the xerogels with HS groups (TEOS/MPTMS = 1:1 (a) and 3:1
(b)) [23]

structure-forming agents [BTESE (or BTESB)/MPTMS = 2:1 or 4:1] [16, 24]. The
content of functional groups was 1.0–2.7 mmol/g.

The authors [12, 22, 25] also described preparation of xerogels which contained
a bifunctional surface layer of the SH/NH2 type (the structure-forming agents were
TEOS or bis(triethoxy)silanes). In the case of xerogels with ≡Si(CH2)3SH/≡SiCH3
(or ≡Si(CH2)2CH3) surface layer the variation of alkoxysilane ratio allowed to
obtain xerogels with thiol groups content from 1.2 to 4.4 mmol/g [26, 27]. By means
of AFM it is shown (Fig.14.2a) that these xerogels are composed of aggregated
spherical particles with mean sizes of 35–45 nm. These results correlate with the
data of SEM (Fig. 14.2b).

For the first time the xerogel with groups ≡Si(CH2)2COOH was synthesized in
1964 [28] by the acid hydrolysis of (C2H5O)3Si(CH2)3CN with following addition
of TEOS. The obtained white product sorbed well the NHEt2 and Py. Later using
this approach the authors [29–31] described preparation of xerogels which contained

ba

Fig. 14.2 AFM (a) and SEM (b) images of HS-containing xerogels (TEOS/MPTMS/MTES =
2:0.5:0.5) [26]
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groups ≡Si(CH2)2COOH and ≡Si(CH2)3COOH. One of the salient features of the
synthesized xerogels was that the content of carboxyl groups (according to the
potentiometric titration data) was always lower than the content calculated from
the element analysis data for carbon (1.8–3.7 mmol/g). By means of 13C CP/MAS
NMR spectroscopy it is shown that some part of these groups forms complex ethers.

The system with two components TEOS/(C2H5O)3Si(CH2)2P(O)(OC2H5)2
(DFTS) was used to obtain xerogels with P=O groups (the ratio of compo-
nents was 2:1–10:1; ethanol was used as a solvent; F−/Si = 1/100) [32]. The
samples which were synthesized at the ratios of 6:1–10:1 had porosity. The
content of functional groups in such xerogels was 1.2–1.4 mmol/g. The acidic
treatment of nonporous xerogels leads to formation of porous samples with
≡Si(CH2)2P(O)(OH)2 functional group [33]. Its content was 2.6–3.5 mmol/g.
Xerogels which contained amide derivatives of phosphonic and thiophospho-
nic acids, ≡Si(CH2)3NHP(O,S)(OC2H5)2, were obtained by application of two-
and three-component systems (TEOS was a structure-forming agent) [34, 35].
3-Mercaptopropyl and 3-aminopropyl groups were used in addition to P=O groups.
The general content of functional groups reached 3.6 mmol/g.

Ethoxysilyl derivatives of α- and β-cyclodextrines (CD) were used for prepar-
ing xerogels with these macrocyclic molecules (the structure-forming agent was
TEOS; DMF (or DMF/water) was used as solvent, F−/Si = 1/100) [36]. It was also
shown that the hydrolytic polycondensation of TEOS in the presence of 25,26,27,
28-tetrahydroxycalix[4]arene can yield porous polysiloxane xerogels (Ssp = 381–
643 m2/g) with incorporated macrocyclic ligands [37]. It was elucidated that an
increase in the concentration of macrocyclic ligands in the initial solution leads to
an increase in the times of gel formation and aging. Probably, this did not allow one
to prepare (under chosen conditions) samples with the macrocyclic ligand content
higher than 1.0 mmol/g [38, 39].

14.3 Structure of Functionalized Polysiloxane Xerogels

14.3.1 Application of Vibration Spectroscopy

The vibrational spectroscopy, especially IR spectroscopy, is known to be a tra-
ditional technique used for FPX investigation. Its application makes it possible
to ascertain that the obtained xerogels contain (a) siloxane bonds and introduced
functional groups (and/or products of their transformation during the course of syn-
thesis), (b) silanol groups (and/or alkoxysilane groups), (c) water and/or nonaqueous
solvents used during synthesis, (d) systems of hydrogen bonds.

Thus, the most intensive adsorption band with a high-frequency shoulder is
observed in the region 1000–1200 cm−1 of IR spectra of the xerogels with
≡Si(CH2)3SH/≡Si(CH2)3NH2 bifunctional surface layer [22] (Fig.14.3) consistent
with the presence of a three-dimensional siloxane framework (≡Si–O–Si≡) [40]. In
the IR spectrum of xerogel with thiol groups (Fig. 14.3, B) at 2565 cm–1 is legibly
fixed the adsorption band which refers to ν(SH). The reduction of part of MPTMS
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Fig. 14.3 IR reflection
spectra of xerogels containing
HS group (B); bifunctional
surface layer with the ratio of
–SH/–NH2 = 3.2 (C ), 1.1
(D) and 0.4 (E ); amino group
(F); the xerogels treated by
0.1 M HCl solution (DH+,
EH+ and FH+)

in a starting solution results in the decrease of its intensity and which becomes
invisible in the IR spectra of xerogels D and E (Fig. 14.3). However, Raman spec-
tra of these xerogels [11] have the line in 2570–2580 cm−1 region, assigned to
ν(SH) [41], irrespective of a ratio in surface layer of thiol and amino groups. In
the IR spectra of these samples there are two low intensive adsorption bands at
∼3300 and ∼3370 cm−1 which can be referred to as νs,as(NH) of amino groups
(Fig. 14.3). Besides in the IR spectra of samples C–F there are weak adsorption
bands at 1585–1595 and 1540–1555 cm−1. Occurrence of these bands is caused
by deformation vibrations of amino group δ(NH2). Such bands are absent in the
IR spectrum of xerogel B containing only HS groups (Fig. 14.3). Since −SH and
−NH2 groups exhibit different characteristics, it is not unreasonable to expect the
protonation of amino groups even when thiol groups are present in a surface layer.
In other words, the surface layer in such xerogels can possess a salt-like charac-
ter of the type [≡Si(CH2)3NH3]+[≡Si(CH2)3S]−. However, the line corresponding
to ν(SH) in Raman spectrum is conserved even at dominating quantity of amino
groups in the surface layer (sample E) [11]. Moreover, the adsorption bands which
correspond to stretching vibrations of νs,as(NH) and deformation vibrations δ(NH2)



14 Synthesis of Functionalized Mesoporous Silicas 185

of unprotonated amino groups are observed in the IR spectra of xerogels C and D
(Fig. 14.3), where the quantity of thiol groups in the surface layers was in excess
relative to that of the amino groups. If alkylammonium cations were formed in
samples C–E, they would have exhibited several characteristic absorption bands
in the 2500–2800 cm−1 region and a band of medium intensity at ca. 2000 cm−1

in their IR spectra [41]. However, such absorption bands are only observed in the
IR spectra of samples D, E and F when the latter are treated with a 0.1 M HCl
solution (Fig. 14.3), thereby providing additional evidence for protonation of the
amino groups. Moreover, two intense absorption bands at ca. 1500 cm−1 and ca.
1610 cm−1, referred to as δs(NH3

+) and δas(NH3
+), respectively, also appear in the

IR spectra of such samples (Fig. 14.3). Similar absorption bands were observed
in the IR spectra of the APTES/Zr(HPO4)2 intercalate which contains protonated
hydrolysates and condensation of APTES [42]. Thus, the amino groups in the sur-
face layer of the initial FPX are nonprotonated but are involved in the hydrogen bond
formation [43, 44]. It should be noted that a weak absorption band at 1600 cm−1

assigned to a hydrogen bond between amino groups [41] appears in the IR spec-
trum of APTES itself [10]. In the IR spectra of xerogels C–F there is low intensive
adsorption band in this region (see above) which often split into two components and
shifted in low-frequency area at 7–70 cm−1 (Fig. 14.3). This fact may indicate the
formation in xerogels of hydrogen bond of a different nature than in APTES. Similar
observations have been made for bifunctional xerogels which were synthesized
using BTESE as a structure-forming agent [25].

If in a surface layer of xerogels there appear functional groups that are
more complex in their composition (for instance, ≡Si(CH2)2NHC(O,S)NHR′′
[17–19] or ≡Si(CH2)2P(O)(OC2H5)2) [32]), the IR spectra of the xerogels also
become more complex. In the case of IR spectra of xerogels which contained
≡Si(CH2)2P(O)(OC2H5)2 groups, the most intense absorption band exhibits the
second shoulder at ∼1210 cm−1corresponding to ν(P=O). This band is observed
at 1241 cm−1 for individual DFTS. Hence, the shift of this band in a low-frequency
region testifies to the presence of phosphoryl groups in the hydrogen bond forma-
tion [32]. The same situation is observed in the case of xerogels with such groups
as ≡Si(CH2)2NHP(O)(OC2H5)2 [34, 35].

In the IR spectra for carboxyl-containing xerogels an intense band of absorption
appears in the region 1720–1730 cm−1. This is a typical feature of COOH groups
which are connected with OH groups by hydrogen bonds [41, p. 139]. Moreover,
another band appears at ∼1645 cm−1, which provides evidence to formation of
some carboxyl groups of ester bonds [45].

14.3.2 Application of Solid-State NMR Spectroscopy

Solid-state NMR spectroscopy can furnish a valuable additional information about
structure of xerogels and their surface layers. Here we considered solid-state NMR
spectra of some xerogels which are typical for FPX.
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Assignment of signals which are observed in 13C CP/MAS NMR spectra of some
xerogels with mono (−SH or −NH2) and bifunctional (−SH/−NH2) surface layer
(Fig. 14.4) are presented in Table14.1. It is known that the resonance arising from the
central propyl carbon atom of the ≡SiCH2[CH2]CH2NH2 group in the 13C CP/MAS
NMR spectrum is an indicator of the binding state of amino groups [46]. Thus,
individual APTES molecules exhibit a resonance at ca. 28 ppm in the 13C CP/MAS
NMR spectrum while, after protonation of the grafted 3-aminopropyl groups to an
SiO2 surface, this resonance moves to the stronger field region (21–22 ppm) of
the spectrum [46]. If it is assumed that the resonance in the 13C CP/MAS NMR
spectrum of sample D arises from the central carbon atom of the 3-aminopropyl
fragment (Fig. 14.4 and Table 14.1), it is possible to conclude that protonation of
the −NH2 groups in the surface layer of this sample arises either from a proton of
the thiol group or from a proton of the silanol group. However, this conclusion is not
in agreement with that made on the basis of the IR and Raman spectroscopic data.
Thus, if the 3-aminopropyl groups are not protonated in xerogel D, they may take
part in the formation of hydrogen bonds. In this case, it is necessary to assume that

a b  c

Fig. 14.4 13C CP/MAS NMR spectra of samples A (a), B (b) and D (c)

Table 14.1 Summary of 13C CP/MAS NMR data for A, B, D and F xerogels

Chemical shifts (ppm)

Signals assignment Sample A Sample B Sample D Sample F

≡SiCH2CH2CH2(SH or NH2) 10.9 10.8 10.0 10.4
≡SiOCH2CH3 17.7 17.7 – –
≡SiCH2CH2CH2NH2 – – 21.2 22.1;25.5 (sh)
≡SiCH2CH2CH2SH 27.2 27.1 27.0 –
≡SiCH2CH2CH2NH2 – – 41.9 42.9
≡SiOCH3 ∼52 51.4 – –
≡SiOCH2CH3 60.4 59.7 – –
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the resonance from the central carbon atom of the propyl chain in the 20–23 ppm
region of the 13C CP/MAS NMR spectra can correspond either to the protonated
amino group or to the formation of a hydrogen bond by this group. Analysis of the
thermograms for sample D [47] indicated that it had a small water content (ca. H2O
on two functional groups). Making allowance for this fact, one may conclude that
the 3-aminopropyl groups on the surface of sample D (and also on the surfaces
of samples C and E) form hydrogen bonds with silanol groups. It is also probable
that the water molecules associated with the surface layers of these xerogels form
hydrogen bonds, for example, of the type [≡Si(CH2)3H2N···H2O···HOSi≡]. It is
also possible to infer that the thiol groups exhibit partial “inertness” in comparison
to amino groups, in accord with the Raman spectroscopic data. A similar assumption
was made earlier [48] in considering the sorption of copper(II) ions by the same
xerogels.

The hypothesis suggested above regarding surface layer structures in bifunctional
xerogels agrees with the 13C CP/MAS NMR [49] and 1H MAS NMR spectral results
for sample F [50]. Thus, the signal from the central carbon atom of the propyl chains
for this sample also occurred in the same spectral range of 21–23 ppm (Table 14.1)
as that existing in the 13C CP/MAS NMR spectrum for the sample prior to treatment
with HCl solution. After heating the initial xerogel in an oven, this signal moved to
weaker fields in the 13C CP/MAS NMR spectrum, i.e. to the region where the signal
from the central carbon atom of APTES itself is located. In other words, the removal
of water from the surface layers by heating results in the removal of a molecule of
water forming a bridge between an amino group and a silanol group and to the
formation of new hydrogen bonds, viz. a bond between individual amino groups,
leading to re-organization of the surface layers in the xerogel. Hence, the state of
the surface layers in such xerogels depends on the drying conditions employed for
the samples.

On the basis of 1H MAS NMR spectra analysis recorded for the initial xerogel F,
its dried sample and a sample of the xerogel treated with an aqueous HCl solution
it is possible to arrive at the following major conclusions [49, 50]: (a) the initial
xerogel F contained a very small amount of ethanol (as shown by the area of the
1H signals which were less than 0.1%) and residual ethoxysilyl groups (less than
1.5%); there was also some water in the sample; (b) during drying of this sample,
all traces of ethanol and almost all the water were removed; the dried sample exhib-
ited no signals which could be assigned to the presence of protonated amino groups
(6.0–7.0 ppm); (c) upon treatment of the initial xerogel with 0.1 M HCl solution, the
appearance of an intense signal at 6.2 ppm caused by formation of the alkylammo-
nium cation ≡Si(CH2)3NH3

+ was observed (apparently overlapped by signals from
the water protons); (d) finally, in summary, it may be noted that signals associated
with the protons of silanol groups or amino groups were not observed in these spec-
tra (the same was also reported earlier by some other authors [51] who undertook
studies with similar systems).

The use of 31P CP/MAS NMR spectroscopy allowed to reveal transformation
of ≡Si(CH2)2P(O)(OC2H5)2 functional groups in the surface layer of xerogels
after they were treated by boiling conc. HCl [33, 52]. Thus, 31P CP/MAS NMR
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a b

Fig. 14.5 31P CP/MAS
NMR spectra of the
xerogels containing
≡Si(CH2)2P(O)(OC2H5)2
groups: before (a) and after
(b) the treatment of conc.
HCl [33]

spectrum of the initial xerogel contains a single intense symmetric signal within
the region from 20 to 35 ppm (Fig. 14.5a). The location of this signal is close
to the one of phosphorus atom signal of the initial DFTS (32.9 ppm [53] or
34.5 ppm [54]). The appearance of an additional signal at 23–24 ppm in the
31P CP/MAS NMR spectrum was observed after the treatment of the initial xerogel
by conc. HCl and its drying in vacuum (Fig. 14.5b). The appearance of an additional
signal in the 31P CP/MAS NMR spectra of bifunctional xerogels most likely is due
to formation of ≡Si(CH2)2P(O)(OH)–OSi≡ bridges during the drying in vacuum at
120◦C, by the part of P-containing groups.

The use of 13C CP/MAS NMR spectroscopy allowed to reveal existence of ester
groups ≡Si(CH2)2C(O)OC2H5 in carboxyl-containing xerogels [45].

Solid-state NMR spectroscopy was found very useful for studying xerogels with
complex functional groups, for instance, cyclodextrines [36]. Thus, in 13C CP/MAS
NMR spectrum of the xerogelwhich were functionalized by α-CD, ethoxysilyl
groups are presented by distinct signals in contrast to IR spectroscopy data.

29Si CP/MAS NMR spectra of functionalized polysiloxane xerogels contain, as
a rule, two sets of resonance signals in the spectrum interval from –110 to −50 ppm
relating to different structural units (Fig. 14.6a). In the first region there are three
signals at about −110, −100 and −90 ppm that are related to (≡SiO)4Si (Q4),

cba

Fig. 14.6 29Si CP/MAS NMR spectra of HS-containing xerogel: a TEOS/MPTMS/MTES ratio
was equal to 4:1:1 [27]; b BTESE/MPTMS=2:1, c BTESB/MPTMS=2:1 [16]
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(≡SiO)3Si(OR) (Q3) and (≡SiO)2Si(OR)2 (Q2), respectively (R = H, Me or Et)
[55]. The second region also contains one signal at −66 ppm with a shoulder at
−57 ppm that are related to the structural units (≡SiO)3SiCH3/(≡SiO)3Si(CH2)3SH
(T3) and (≡SiO)2(RO)SiCH3/(≡SiO)2(RO)Si(CH2)3SH (T2) in the case of xerogel
with methyl and 3-mercaptopropyl groups (Fig. 14.6a) [27]. The absence of signals
from structural units T0, T1 and Q0, Q1type in the considered spectra testifies about
a high degree of course of hydrolytic polycondensation reaction.

Thus, irrespective of the functionality of a surface layer, nature of functional
groups and structural-adsorption characteristics, the functionalized polysiloxane
xerogels always contain silicon atoms of three types, with their environment con-
sisting of only oxygen atoms. Besides, there are two more types of silicon atoms
that are bonded (through alkyl chains) with ligand groups.

However, this picture changes in the case of xerogels obtained by the use
of bis(triethoxy)silanes [16]. For the 29Si CP/MAS NMR spectra of these sys-
tems there are no signals in the region of structural units Qm. Therefore, their
≡Si–C bonds are stabile. However, the group of intensive resonance signals in
the range of (−48)–(−80) ppm indicates the existence of structure units of a T n

type (Fig.14.6b, c). In the case of xerogels with ethylene bridges these signals
begin to overlap with each other especially in the case of amine functional groups.
However, they can be identified distinctly in the spectra of xerogels with phenylene
spacers (Fig.14.6b, c). The authors [16] made an attempt to estimate percentage
of contribution of each structural unit T n with a view to evaluate the degree of
polycondensation of these xerogels. It was found that structure units of T2 type are
dominating in the framework of xerogels containing phenylene spacers, but struc-
ture units of T1 and T2 types are also present to a considerable degree for these
samples. At the same time the framework of xerogels with ethylene spacers contains
significantly lower amount of T1-type structure units and contributions of T2 and T3

structure units are dominating. Therefore extent of polycondensation in case of xero-
gels with ethylene spacer is higher than that of xerogels with phenylene bridges –
independently of a nature of functional group. This seems to be caused by a higher
conformational mobility of ethylene spacers in comparison to phenylene bridges.
Further, the analysis of these spectra allows one to infer that in the case of the sam-
ples with amine groups the contribution made by the structural units T3 is higher
in comparison to the samples with thiol groups. It is possible to assume that the
phenomenon observed is a distinct manifestation of the difference in the nature of
reaction media that are created during the course of the synthesis involving different
functional groups [16].

Therefore, solid-state NMR spectroscopy application allows to make identifica-
tion of the nature of functional groups in the surface layer of xerogels. It also reveals
the transformation of these groups during the course of xerogel synthesis and allows
to establish structural units’ type, which form both xerogels and their surface layer.
This spectroscopy application allows to fix the participation of functional groups in
hydrogen bond formation and other interactions.
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14.3.3 Application of Metal Microprobe Technique

The topography of FPX surface presents undoubtful interest. For its establishment
the authors [48, 56–58] employed the metal microprobe technique: composition
and structure of complexes coordination bundle, which forms during sorption of
copper(II) ions by amine-containing xerogels from acetonitrile solutions, were iden-
tified by electron reflection spectroscopy (ERS) and EPR spectroscopy. It was found
that irrespective of the degree of surface coverage by the metal on the surface there is
the proceeded formation of complexes of one and the same composition [CuO2N2]
only. This means that at the equatorial plane of a coordination polyhedron of cop-
per(II) there were two nitrogen atoms. A similar conclusion has also been made
during the study of copper(II) complexes with amine groups on the surface of xero-
gels obtained by the use of bis(triethoxy)silanes [59]. It gave grounds to conclude
about a specific and, probably, similar distribution of complexing groups in the sur-
face layer of those materials. One cannot exclude that this is due to exist in their
layer oligomers with the functional groups.

14.4 Adsorption Properties of Functionalized
Polysiloxane Xerogels

14.4.1 Some Factors Contributing to Structural-Adsorption
Characteristics

Early in [10] on the example of amine-containing xerogels, which were obtained
using TEOS/APTES system, it was shown that (1) all of the obtained samples are
classified as mesoporous adsorbents (for the majority of them their values of Ssp fall
within the interval 90–315 m2/g); (2) in all cases the introduction of a nonaqueous
solvent results in a decrease of Ssp and Vs and an increase of d; (3) with decrease
of TEOS/APTES ratio the porosity of samples decreases substantially; (4) a similar
effect is exerted by relative increase of geometric sizes of the functional groups and
a decrease in the amount of water taken for the hydrolysis; (5) drying of liogels at
atmospheric pressure leads to large-pored sorbents; (6) washing of xerogels with
water (before repeated vacuum drying) results in fine-pored adsorbents. As far as
the xerogels with a bifunctional surface layer (−NH2/−CH3 or −C6H5) are con-
cerned, it was found that the appearance of hydrophobic groups on the surface led
to formation of globules of larger sizes and loosely packed structures [8, 11, 14].
These factors cause a substantial decrease in the specific surface area of xerogels.

These conclusions were confirmed and expanded in future by studying xero-
gels with functional groups of other nature. Thus, the increase of TEOS’s loading
in an initial solution caused the increase in Ssp of the xerogels which contained
(thio)urea [17, 18], thiol [23], phosphoryl [32] and propionic acid [10, 45] groups.
However, it should be mentioned that formation of porous structures was observed
only for the systems with TEOS/trifunctional silane molar ratio which was higher
than 1:1 in case of the HS groups [23], 2:1 in case of −NHC(O,S)NHR′′ groups
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[17–19] or 4:1 in case of the −P(O)(OC2H5)2 groups [32]. Geometric sizes of
the mentioned functional groups increases in the same sequence. An influence of
the contained functional groups on structural-adsorption characteristics is clearly
seen from samples of xerogels with calixarene or cyclodextrine groups [35–38].
It is interesting that the boiling-concentrated-HCl treatment of nonporous xerogels
containing ≡Si(CH2)2P(O)(OC2H5)2 surface groups results in the hydrolysis of all
ethoxygroups and the formation of porous xerogels with high values of a specific
surface area (Ssp increases with the increasing TEOS/DFTS ratio) [33].

It was shown by the example of TEOS/(MPTMS + MTES) system that the
change in molar ratio of trifunctional silanes in the initial solution from 2:1
to 1:2 leads to the formation of xerogels with the developed porous structure.
Simultaneously, the tendency to the increase of other parameters, namely Vs and d,
was observed [27]. A similar effect was also defined in the case of relative increase
of TEOS’s loading in an initial solution.

In the case of bridged polysilsesquioxane xerogels, which were functionalized
by amine and thiol groups, their high values of Ssp attract attention, namely from
510 to 840 m2/g for xerogels with ethylene bridges and from 650 to 970 m2/g for
xerogels with phenylene bridges [15, 16, 24, 60]. The type of isotherms of these
xerogels depends, in the first place, on the nature of functional groups. In the case
of amine groups the isotherms for xerogels with ethylene bridges are S-shaped and
have a distinct hysteresis loop (in contrast to xerogels with phenylene bridges) while
isotherms in the second case are more likely to be Langmuir isotherms. This differ-
ence is brought about by the nature of a medium that is created by these groups
during the synthesis. It was shown [15, 16, 24, 60] that the parameters of the porous
structure of such xerogels were substantially affected by the nature of a spacer, rela-
tive size of the functional group, ratio of reacting alkoxysilanes and gel ageing time.
Finally it should be noted that these xerogels as a rule have narrow PSD curves.

Thus, taking into account the above-mentioned factors, it is possible to obtain
FPX with controlled porosity, surface layer composition and loading of functional
groups.

14.4.2 Adsorption Properties of FPX

Parish and coworkers [62] studyingin 1989 the adsorption of Ni(II), Co(II), Cu(II)
and Zn(II) by amino-containing xerogels showed that an equilibrium in such sys-
tems is reached at least in 15 h. It is interesting that an increase of solution
temperature (up to 50◦C) causes significant decreases in the time of attainment of
sorption equilibrium (up to 5 min) and at the same time increases the degree of gold
extraction by xerogels whose surface layers contain thiourea and thiourea/amine
groups [61]. However, even at optimal sorption conditions a part of xerogels’ func-
tional groups does not take part in complex formation [21, 62, 63, 64]. This is
confirmed by HCl acid adsorption by amino-containing xerogels [65]. However,
as was shown for the Cu(II) adsorption from acetonitrile solutions, almost all the
amino groups are accessible for metal ions (adsorption time was 48 h) [56, 58].
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It was shown that a separation of Ni(II) and Cu(II) is possible for xerogels with
bifunctional surface layer (ethylenediamine and vinyl groups) [63]. In [61] atten-
tion has been given to sorption of microquantities of Au(III) from acidic solutions
by xerogels whose surface layers contain thiourea and thiourea/amine groups. It has
been found that the maximum degree of extraction of Au(III) is typical for the sor-
bent with a bifunctional surface layer. The same xerogel also has a high efficiency
in sorbing mercury(II) from acidic solutions [47]. Hg(II) ions could be effectively
extracted from their acidic solutions by xerogels with monofunctional surface layer
containing thiol groups [66]. Good extraction of mentioned ions from their acidic
solutions (pH ∼ 2) was achieved also for the xerogels that contain 3-mercaptopropyl
and alkyl groups. The influence of surface layer’s composition and pore structures’
parameters of such xerogels on their complexing properties towards Hg(II) was
studied in detail [66]. It was also found that xerogels which were functionalized
by 3-mercaptopropyl groups have a high efficiency in sorbing Ag(I) ions [67, 68].
In [69] the sorption properties of silicas with mono- and bifunctional surface lay-
ers containing the complexing fragment ≡Si(CH2)3NHP(S)(OC2H5)2 were studied.
It was found that xerogels can extract Hg(II) ions from acidified solutions (up to
450 mg/g).

Xerogels containing the phosphonic acid residues ≡Si(CH2)2P(O)(OH)2 sorbed
uranyl and lanthanide ions from their nitrate solutions [69]. The resulting surface
complexes contained two (for the UO2

2+ ion) or three inner-sphere ligand groups
(for the Nd3+ and Dy3+ ions). Adsorptivity of such xerogels relative to n-hexane,
triethylamine and acetonitrile was also investigated [70].

It was shown [37, 71] that xerogels with calixarene groups could adsorb Cs(I)
ions from acidic aqueous solutions (1 M HNO3). The adsorption equilibrium in the
system is reached in less than 1 h. It was determined that the increase of functional
groups contained leads to the increase of Cs(I) sorption degree. However, no more
than 10–40% of functional groups takes part in Cs(I) extraction process [37].

14.5 Conclusion

Taking into account the presented results on sorption of metal ions as well as the
results obtained by other authors [72, 73] especially by Voronkov’s team [5, 74],
it was possible to assert the significant perspectives of the usage of functionalized
polysiloxane xerogels in sorptive technology and analytical chemistry.
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Chapter 15
Influence of Silica Surface Modification
on Fiber Formation in Filled
Polypropylene–Copolyamide Mixtures

M.V. Tsebrenko, A.A. Sapyanenko, L.S. Dzyubenko, P.P. Gorbyk,
N.M. Rezanova, and I.A. Tsebrenko

Abstract Influence of unmodified and dimethylsilylated nanosilicas on rheological
characteristics and structure formation on melt flow of polypropylene–copolyamide
blends was studied using differential thermal analysis, viscometry, and optical
microscopy with statistical treatment of the microstructure data. Nanosilica has an
influence on the parameters of melting and crystallization of polymer blend extru-
dates. Modified nanosilica with grafted dimethylsilyl groups is a more effective
additive on fiber formation than unmodified nanosilica because of a stronger affinity
to polypropylene. Optimal compositions of the polymer blends and optimal extru-
sion conditions of production of filled polypropylene microfibers were determined.
It was shown that addition of nanosilicas to the polypropylene–copolyamide blends
is an effective method to control the formation of microfibers.

15.1 Introduction

Materials based on ultrathin synthetic fibers (microfibers) are widely used in indus-
try for precise purification of gases and liquids, production of fabrics, synthetic
leather, etc. Production technology of microfibers is based on a specific fiber for-
mation upon processing of polymer mixture melts. Under rheological forces one
(fiber forming) of the polymers forms numerous microfibers in the second poly-
mer matrix which are strictly oriented in the extrusion direction. Microfibers are
extracted from the composite extrudates by dissolution of the matrix polymer using
an appropriate solvent [1]. Structure formation in polymer blend melts can be con-
trolled using different additives such as plasticizers, surfactants, and compatibilizers
[2–4]. One of the important methods to control the structure of polymers and their
mixtures and alloys is the use of highly disperse solid additives [5, 6]. It is known
that the polymer extrudate structure is determined by microrheological processes in
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the processing stage, the capability of polymeric dispersion phase and dispersion
medium to be crystallized, and crystallization conditions. To develop the produc-
tion technology of microfibers containing nanosized additives by the use of polymer
blend melts, it is necessary to know features of the effects of these nanoadditives on
the rheological properties of the melts, the structure and the phase transition of the
polymer composites. Therefore the aim of this work was to study the effects of
surface modification of nanosilica used as an additive in the fiber formation in the
polypropylene–copolyamide mixtures.

15.2 Materials and Methods

A polypropylene–copolyamide (PP/CPA) mixture was studied at the 30/70 w/w
ratio. Used isotactic PP is characterized by melting temperature Tm = 168◦C
and melt viscosity of 420 Pa s at shear stress τ = 5.69 ×104 Pa. Copolyamide
was a co-polymer of ε-caprolactam and salt –[NH-(CH2)5-CO-NH-(CH2)6-NH-
CO-(CH2)4-CO]n− at 1:1 ratio at Tm = 166◦C and melt viscosity of 630 Pa s
at τ = 5.69 ×104 Pa. The effects of unmodified and modified nanosilica addi-
tives on the rheological characteristics and structure formation of the PP/CPA blend
melts were studied. Nanosilicas A-300 and A-200 (pilot plant of the O.O. Chuiko
Institute of Surface Chemistry, Kalush Ukraine, specific surface area SBET = 300
and 240 m2/g, respectively) and modified nanosilica MA-200 (A-200 modified by
dimethyldichlorosilane hydrolyzed, SBET = 242 m2/g) were used as solid additives
in fiber-forming PP at concentration Ca = 0.5, 1, 3, and 5 wt% (in PP). Before the
use, unmodified nanosilicas A-300 and A-200 were heated in a muffler at 400◦C for
2 h, and modified silica MA-200 was dried in an oven at 150◦C for 2 h. The polymer
mixtures were prepared using a combined screw-disk extruder. The melt viscosity
was determined using a capillary viscometer of constant pressure. The melt elastic-
ity was evaluated using a swelling value (B) of the extrudate mixtures annealed at
170◦C for 5 min. The effects of additives on the spinnability of the PP/CPA mix-
ture melts were characterized by the maximum possible spinning jet value (�Max)
defined as the ratio of maximum velocity of the stream being winded onto the bob-
bin to velocity of melt outgoing from the die. The structure formation on flow of
the mixture melts was studied using optical microscopy with the statistical analysis
of structures in the residue (average diameter of long and short fibers, and sizes of
particles and films) after the extraction of CPA from the extrudates.

To identify the functionalities at the nanosilica surface the FTIR spectra were
recorded over the 1000–4000 cm−1 range using a ThermoNicolet Nexus FTIR
spectrophotometer.

To study regularities in the phase transitions in the polymer blends, thermograms
of melting and crystallization were recorded using a Q-1500D (Paulik, Paulik &
Erdey, MOM, Budapest) apparatus with TG-DTA (thermogravimetry with differ-
ential thermal analysis), platinum crucibles for ground polymer samples (190 mg
in weight) and Al2O3 powder as a standard. The thermograms of melting were
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recorded at a heating rate β = 5◦C/min at T = 20−200◦C and then the crystalliza-
tion curves of the melts were recorded on cooling at β = 1.5◦C/min. Temperatures
of the beginning of melting (T1), melting (Tm), the beginning of crystallization (T3),
crystallization (Tcr), the end of melting (T2), �Tm= T2 − T1, and crystallization
(T4), �Tcr= T3 − T4 were determined using the thermograms (relative mean errors
±2◦C).

The enthalpy of melting (�Hm) was calculated using calibration of the peak
area with respect to n-aminobenzoic acid characterized by �Hm = 152 J/g. The
crystallinity degree (α) was determined on the basis of the enthalpy of melting of
entirely crystalline polymer (�Hm,c):

α = �Hm

�Hm,c
100(%).

15.3 Results and Discussion

The FTIR spectrum of A-300 (Fig. 15.1a) shows intense absorption bands linked
to the OH-stretching vibrations of free surface silanols at 3750 cm−1 and adsorbed
water and disturbed silanols at 2500–3700 cm−1 [7].

Besides the mentioned bands the FTIR spectrum of modified silica MA-200
(Fig. 15.1b) includes the CH-stretching vibration bands at 2800–3000 cm−1 that
testify the presence of grafted dimethylsilyl functionalities.

The rheological investigations of ternary blends PP/CPA/A-300 showed that
the viscosity of the filled mixture melts changes weakly at great values of the
shear stress (τ ) (Fig. 15.2a). Apparently, at low τ values a role of the hydro-
gen bonds between the silanol groups of silica nanoparticles and electron-donor
O- and N-containing groups of CPA and dispersion interactions at the phase
boundary PP/CPA/A-300 affect the melt structurization. Therefore the viscosity

Fig. 15.1 FTIR spectra of (a) unmodified nanosilica A-300 and (b) modified nanosilica
MA-200
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of the mixture melts has a tendency to increase. On the processing of the mix-
ture melts at τ ≥ 5.69 ×104 Pa, an insignificant increase in the melt viscosity is
observed.

The substitution of polar OH groups (A-200) for nonpolar dimethylsilyl groups
at the silica surface (MA-200) enhances the affinity of nanosilica particles to PP
macromolecules. This could lead to a more uniform nanoparticle distribution of
silylated nanosilica in PP and, therefore, to improvement of the PP fiber formation
in the CPA matrix. The character of the η(Ca) dependence sharply changes for the
PP/CPA/MA-200 mixture melts (Fig. 15.2) in comparison with PP/CPA/A-300, and
the viscosity of PP/CPA/MA-200 decreases by a factor of 1.8–2 at Ca = 0.5 wt%
(in PP). Subsequently the melt viscosity slightly increases with increasing content
of MA-200 but it remains lower than that of unfilled PP/CPA blend, i.e., there is
the thickening effect of the nanosilica additive. Thus, the obtained results allow us
to conclude that the chemical nature of the silica additive surface noticeably influ-
ences the rheological properties of the PP/CPA mixture melts. Additionally, additive
concentration affects such characteristics as swelling values of extrudates (B(Ca))
(Fig. 15.3) and maximum possible spinning jet value (�Max(Ca)) (Fig. 15.4). The
B(Ca) dependence for the ternary systems with unmodified and modified silicas has
a maximum at Ca = 1 wt% (in PP) but for the mixtures with unmodified silica
the B values are lower than that for the blends with modified silica at Ca < 5 wt%
(in PP).

Previously [1] it was shown that the extrudate swelling value is an indirect char-
acteristic of the fiber formation, since the greater the microfiber quantity and the
thinner the fibers, the larger the swelling value. This is due to accumulation of high-
elastic deformations at the fiber formation. Consequently, one can conclude that the
MA-200 additive has certain advantages in comparison with unmodified nanosil-
ica and its optimum content in the mixtures is close to 1 wt%. The improvement
of the fiber formation with the presence of MA-200 is confirmed by results of the
microscopic study (Table 15.1).
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Fig. 15.3 Dependence of swelling value on content of silicas in blends PP/CPA/A−300 (1) and
PP/CPA/MA−200 (2)

The �Maxvalue characterizes the capability of a melt for longitudinal defor-
mation (i.e., spinnability). The �Max(Ca) dependences for the mixtures with
unmodified and modified silicas essentially differ (Fig. 15.4). The values of �Max
for streams with MA-200 are lower by two times in comparison with that for

Fig. 15.4 Dependence of maximum possible of spinning draft value on silica content in blends:
PP/CPA/A−300 (1) and PP/CPA/MA−200 (2)
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Table 15.1 Microstructure characteristics of polypropylene–copolyamide (30/70 w/w) blends
containing unmodified (A-200) or modified (MA-200) nanosilicas (1 wt% in PP)

Sample h(mm) Long fibers Short fibers Particles Films Fibrous cover

d (μm) W (%) d (μm) W (%) d (μm) W (%) W (%) W (%)
PP/CPA 4.8 4.0 57.6 3.2 2.8 4.1 0.1 30.0 19.5
PP/CPA/

A-200
4.8 3.6 60.8 3.2 7.2 4.7 2.8 21.4 7.6

PP/CPA/
MA-200

4.8 2.6 69.3 2.6 2.0 4.0 2.1 13.5 13.1

PP/CPA 6.0 3.9 69.4 3.1 14.0 4.05 0.7 15.9 –
PP/CPA/

A-200
6.0 2.6 74.1 2.3 2.9 3.1 0.8 14.5 7.7

PP/CPA/
MA-200

6.0 2.5 72.4 2.8 4.2 2.6 4.1 2.9 11.4

PP/CPA 9.0 The films are structures prevalent
PP/CPA/

MA-200
9.0 1.5 80.0 2.1 5.0 2.1 1.0 6.0 8.0

h is the clearance size, d is the fiber diameter, W is the weight fraction of different PP structures,
respectively.

streams containing silica A-300. This means that the streams containing A-300
are substantially strengthened in the longitudinal field stress due to strong interac-
tions of surface silanols with electron-donor O- and N-containing functionalities of
CPA. However, the durability of the stream containing MA-200 is lower because
of weaker van der Waals forces between the methyl groups of modified silica
and CPA macromolecules. Weakening of the stream (smaller �Max values) of
PP/CPA/MA-200 is also caused by its lower viscosity (Fig. 15.2).

Variation in the size of slit between mobile and stationary disks of an extruder
is one of the methods to control the structurization of polymer mixture melts. On
extrusion, tensile and shear stresses appear in the slit and their values increase with
decreasing slit size. The smaller the slit size, the higher the dispersion degree, and
achievement of a critical degree of the dispersion is more probable when the drops
of the dispersed phase polymer become resistant to the tensile and shear stresses.
Furthermore, as a result of heat generation in the disk zone the destructive processes
can be enhanced. The mentioned phenomena are weakened with increasing slit size.
The structure-formation data for the filled polymer mixtures (Table 15.1) reveal that
the optimal slit size (h) from three tested ones is 9 mm. However, on the use of
this slit size for the unfilled PP/CPA blend, the main structures in the extrudates
correspond to film-like ones. As a result of thermodynamic incompatibility of PP
and CPA, the interfacial layers between these polymers tend to be minimal because
of weak interactions between the components. Therefore the stress appearing in the
matrix on the polymer blend flow is non-passed entirely to drops of dispersed phase
polymer and cannot deform them into streams. In this case for the fiber formation
greater tensile and shear stresses are necessary that can be realized only at low slit
sizes.
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The effects of the chemical nature of the nanosilica surface and the slit size on the
structure formation at the polymer mixture melt flow were evaluated on the basis of
the quantitative data for the extrudate microstructures (Table 15.1). Obtained results
testify that there are considerable effects of both unmodified and modified silica
additives on the processes studied. The use of nanoadditives leads to an increase
in weight fraction of long PP microfibers, a decrease in the mean diameter of PP
microfibers and a quantity of films and particles, and appearing of external fine-
fibrous cover (jacket) due to the migration processes. Comparison of the extrudate
microstructure data for the systems containing A-200 and MA-200 confirms the
advantages of the latter with respect to the efficiency of the fiber formation. Thus
for the extrudates containing MA-200 and prepared at the slit size of 9 mm, the
mean diameter of PP microfibers is minimal (1.5 μm) (Table 15.1). The improve-
ment of the fiber formation for the blends containing MA-200 is explained by the
affinity of silylated silica to PP due to high compatibility of their functionalities and
much lower compatibility of polar CPA functionalities and nonpolar −−−− Si(CH3)2
groups at the MA-200 particle surface. This effect is an indirect confirmation of the
fact that a significant fraction of MA-200 particles is located at the interfacial layers
and provides diminution of the interfacial tension. The interfacial tension (σ ) was
estimated from the kinetic data for fracture of a liquid cylinder in the matrix poly-
mer using the Tomotika theory [8]. The σ value decreases from 2.4 mN/m for the
PP/CPA (30/70 w/w) to 0.7 mH/m for the PP/CPA/MA-200 mixture at Ca = 1 wt%.
This result reveals the surface activity of the additive (i.e., like to a surfactant) at
the interfaces. From the obtained data, the optimal slit size is smaller for unfilled
PP/CPA blend (h = 4.8 mm) than that for the filled blend (h = 9 mm), and the
optimal content of nanoadditive is 0.5–1.0 wt% in PP.

It is known that the polymeric extrudate structure is determined not only by
the microrheological processes at the processing stage but also by the capability
of polymers of the dispersed phase and the dispersion medium to be crystallized
and by conditions of their crystallization. Thermograms of melting and crystal-
lization of extrudates of the binary and ternary mixtures of polymers are shown in
Fig. 15.5. The melting peaks linked to melting of both polymers are weakly intensive
since the extrudates were obtained on fast cooling in water and the crystallization
under these conditions led to a low degree of crystallinity. It should be noted that
there are additional low-temperature peaks of PP crystallization for both binary and
ternary blends. This result is explained by disperse state of PP (microfibers of dif-
ferent diameters). Thinner PP streams are crystallized at lower temperatures than
the streams of a greater diameter. The third low-temperature peak of PP crystalliza-
tion (Fig. 15.5) can be linked to a PP fraction located at the interfaces and forming
superthin fibrils at a fiber surface.

Analysis of the DTA data revealed that a certain narrowing of the melting
temperature range (�Tm) for unfilled and filled PP/CPA mixtures in compari-
son with PP is due to an increase in temperature of the beginning of melting
(Table 15.2). The reason for the latter is changes in the PP crystallization with
the presence of a solid CPA fraction crystallized before PP on the preparation of
these composites by the extrusion method. The �Tm range depends weakly on
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Fig. 15.5 Thermograms of (a) melting and (b) crystallization of PP/CPA (30/70 w/w) mixtures
prepared at the slit size h = 4.8 (curves 1–3), 6.0 (4), 9.0 mm (5) for PP/CPA (1), PP/CPA/A-200
(2), and PP/CPA/MA-200 (3–5) at Ca = 1 wt% in PP

the slit size, and the smallest �Tm values are for the compositions with MA-200
(Table 15.2).

An increase in the T3 and T4 values for the mixtures in comparison with indi-
vidual PP observed on the thermograms of crystallization is regular since PP
crystallizes at a surface of earlier crystallized CPA.

Addition of nanosilica changes the phase transitions in the PP/CPA mixtures, and
on the addition of MA-200 an additional low-temperature peak of crystallization
appears at 106◦C that corresponds, apparently, to crystallization of PP in the inter-
facial layer. The temperature range of the PP crystallization in the ternary blends
is expanded in comparison with the binary blend. This effect can be explained by
finer dispersing of PP at the presence of nanosilica, i.e., the improvement in the PP
fiber formation in the CPA matrix. The PP crystallinity degree in the binary mixture
is lower than that for PP alone (Table 15.2) that is linked to disperse state of PP in
the mixture. The fiber formation is low at h = 9 mm, PP is not in maximum dis-
perse state, and the PP crystallinity degree (Table 15.2, α) increases to 60%. This
value is much higher than that for PP alone and for PP/CPA mixture at h = 4.8 mm.
These results can be explained by the fact that for the binary mixture obtained at
h = 9 mm orientational crystallization is enhanced due to aggravation of fiber forma-
tion. On addition of nanosilica to the binary mixture the fiber formation is improved
and a great portion of PP is located in the interfacial layers. These factors lead to
a decrease in the PP crystallinity. On the other hand, nanoparticles can be crystal-
lization centers causing an increase in the α value (Table 15.2). Additionally, the
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orientational processes on deformation of PP drops in the liquid streams play a
certain role.

15.4 Conclusion

Modified nanosilica MA-200 with grafted dimethylsilyl groups more effec-
tively influences on the fiber formation in the polypropylene–copolyamide mix-
ture melts in comparison with unmodified nanosilica. The processing of the
polypropylene/copolyamide/MA-200 mixture melts allows us to obtain polypropy-
lene microfibers of 1.5 μm in diameter. The improvement of the fiber formation is
explained by a better affinity of silylated silica to polypropylene than that of unmod-
ified silica that is also confirmed by reduction of the interfacial tension. Substitution
of surface silanols for dimethylsilyl groups affects on the microrheological pro-
cesses that lead to changes in the macrorheological characteristics (viscosity, elas-
ticity, capability for longitudinal deformation) of the polypropylene–copolyamide
mixture melts. However, unmodified silica additives do not substantially change
the melt viscosity of the blends. Addition of 0.5–1.0 wt% of silylated nanosilica to
polypropylene diminishes the viscosity of the polypropylene–copolyamide mixture
melts by a factor of 1.8–2.0 because of the improvement in the polypropylene fiber
formation in the copolyamide matrix. In this case an additional low-temperature
peak appears in the thermograms that corresponds to polypropylene crystallization
in the interfacial layers. Thus the use of nanosilica additives with the different nature
of surface functionalities is the effective method to control the fiber formation in the
polypropylene–copolyamide mixture melts.
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Chapter 16
Synthesis and Characterisation of Hollow
Spherical Nano- and Microparticles
with Silica and Magnetite

P.P. Gorbyk, I.V. Dubrovin, and Yu.A. Demchenko

Abstract The main principles and methods of synthesis of hollow structures with
inorganic nanomaterials are described. Synthesis of hollow spherical silica particles
was based on hydrolysis of Si(CH3)2Cl2 and SiCl4 in nonpolar solvents at a sur-
face of aerosol drops. To synthesise hollow magnetite nano- and microparticles with
magnetite, saturated solution of iron chlorides in acetone was used. Phase and ele-
ment composition, morphology and structure of samples were studied using XRD,
Auger electron spectroscopy, scanning electron and atom force microscopies.

16.1 Introduction

Hollow spherical particles with inorganic nanomaterials have prospective uses for
industrial and biomedical purposes. Artificial porous or nonporous inorganic struc-
tures composed of hollow nanoparticles or microparticles can be used as hosts
for encapsulated supramolecular compounds, therapeutic preparations based on
polypeptides, antibodies, enzymes, nucleic acids, nanoparticles of different ori-
gin, magnetic fluids, chemical reactants, etc. Simultaneous destruction of a mixture
of hollow particles containing different compounds can give intermediate or final
products of certain technological processes [1, 2]. Application of hollow spher-
ical particles possessing magnetic properties expands functional possibilities and
area of practical utilisation of such materials. For instance, magnetically controlled
movement of nanosized hollow particles used as highly efficient immunomagnetic
sorbent and drug delivery system can be directed to tumour cells or injured organs
and then particles can be magnetically fixed there.

Synthesis of hollow inorganic nanomaterials with the spherical geometry of par-
ticles and their characterisation were described in detail by many authors [3–11,
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13–25]. The formation of these ordered structures was controlled using special tem-
plates such as different organic compounds forming micelles and certain elements
of dispersions or emulsion tending to reduce the surface area of the interfaces with
hydrophilic and hydrophobic phases.

The aim of this work was to develop synthesis methodology of hollow spherical
particles containing silica and magnetite at the interfaces of liquid aerosol drops with
a certain vapour phase, to study regularities governing the formation of hollow par-
ticles, their phase and element compositions, morphology and structure depending
on reaction and treatment conditions.

16.2 Synthesis Methodology of Hollow Spherical Nano- and
Microparticles

The following points can be considered as a certain basis of worked-out synthesis
methodology applied to preparation of hollow spherical particles:

• formation of hollow spherical particles can be carried out using chemical interac-
tions of certain precursors at the interfaces of gas (vapour)–liquid phases which
have a spherical shape, e.g. liquid aerosol drops in a certain gaseous phase;

• these chemical reactions should lead to the formation of poorly dissolved or insol-
uble compound or its precursor as the basis of formed stable walls of hollow
particles.

For these purposes the use of chemical interactions at the fluid–gas (vapour) and
liquid–liquid interfaces is the frequently applied technological method [1–3]. The
formation of a separation layer due to sorption of inorganic compounds at a surface
of spherical polymeric globules is used more rarely [4]. Preparation of porous and
hollow ceramic particles can be based on sol–gel technology frequently used in
combination with the emulsion method [5–11, 13]. During the synthesis particular
attention should be focused on a choice of conditions appropriate to control changes
in the form, size and some other characteristics of hollow particles prepared from
different materials.

As a rule, removal of an organic template is carried out by thermal annealing of
particles. However, re-crystallisation at high temperatures can lead to a decrease in
the specific surface area of the materials, disappearance of narrow pores and changes
in the functional properties [14].

The utilisation of volatile solvents can allow the synthesis without burn-out of
organic components from the internal volume of spheres at high temperatures. This,
in turn, makes it possible to preserve the native properties and characteristics of the
synthesised materials.

The existing methodologies of hollow spherical particles formation do not allow
implementation of constant control for regulating the shell thickness and porosity
and are characterised by a low productivity. All these circumstances limit practical
utilisation of these materials.
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The synthesis of hollow spherical silica particles can be carried out using
interaction of water vapour with aerosol drops containing the solution of
dimethyldichlorosilane or silicon tetrachloride in a nonpolar organic solvent (hep-
tane or carbon tetrachloride). These chlorides widely used in the industry are
characterised by a low boiling temperature and can easily interact with water form-
ing the Si−OH and Si−O−Si bonds and corresponding oligomers at the surface of
aerosol drops. The intermediate products of the reaction transform at the surface of
the drops into ultrafine silica particles which aggregate in the surface layer of drops
to form a precursor of the walls of hollow particles.

For manufacturing of hollow spherical particles with magnetite, aerosol drops
were prepared from a mixture of acetone solution of salts of di- and trivalent iron,
and 25% aqueous solution of ammonia was used to form the vapour phase inter-
acting with the drops. Magnetite was formed due to chemical reactions of the
mentioned components in the surface layers of the aerosol drops transferred into the
vapour phase of the ammonia solution. After removal of solvents, residual reactants
and low molecular products, inorganic thin-walled spherical nano- or microparticles
remained hollow.

16.3 Experimental

16.3.1 Installation for Synthesis

To synthesise hollow spherical particles of silica and magnetite, a specific installa-
tion (Fig. 16.1) was worked out.

The installation includes an ultrasonic disperser and two columns. The active
component hydrolysis reaction proceeds in the first column. The reaction results
in formation of precursors of the compounds to be synthesised on the surface of

Fig. 16.1 Scheme of installation for synthesis of hollow oxide materials: (1) airflow; (2) mixture
for dispersion; (3) ultrasonic emitter; (4) aerosol; (5) ultrasonic emitter; (6) water or ammonia
solution; (7) heater; and (8) ethanol
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aerosol drops. During the initial stage these precursors form walls of nanosized
spheres. Formed particles are recovered, concentrated and dehydrated in the second
column. Aerosol drop transport is carried out by dry airflow (1) at T= 293 K. The
gas-carrier flow is controlled by rotameters. The stock solutions (2) are transformed
into the aerosol state (4) using the ultrasonic disperser (3, 5) operated at 2.64 MHz.
The aerosol liquid particle size is 0.1–5 μm. Partial pressure of water vapour (6) and
temperature (293–313 K) in the reactor is controlled using heaters (7).

16.3.2 Synthesis Methodology

Such reactants as dimethyldichlorosilane and silicon tetrachloride rapidly react with
water and form polydimethyl siloxane (PDMS) and silica by the reaction

n(CH3)2SiCl2 + nH2O → (− (CH3)2Si−O−)n ↓ +2nHCl, (16.1)

SiCl4 + 2H2O → SiO2 ↓ + 4HCl. (16.2)

These compounds are quite appropriate because they are in the liquid state at
300 K and well dissolved in nonpolar (hydrophobic) solvents that allow the for-
mation of aerosol at moderate pressure of saturate vapour. In our opinion, these
circumstances can exclude the possibility of considerable supersaturation of the
components in the vapour phase that could cause formation of silica nuclei out of
the aerosol drop surface [1].

Any organic liquid chemically inert with respect to chlorosilanes (and the prod-
ucts of their hydrolysis) and immiscible with water can be used as a solvent for
the active component to form the aerosol. Heptane or carbon tetrachloride was used
as such a solvent. Concentration of silanes was changed in the 0–50 vol% range
(at 5% step).

To synthesise hollow spherical magnetite nano- and microparticles, aerosol drops
formed from the solution of the mixture of di- and trivalent (2:1) iron chlorides
in acetone were transferred into the first column containing the vapour phase of
25% aqueous solution of ammonia at room temperature. Under these conditions the
reactions resulting in the condensation of iron oxide in the surface layers of aerosol
drops lead to the formation of magnetite:

2FeCl3 + FeCl2 + 4H2O = Fe3O4 ↓ +8HCl. (16.3)

The particles formed due to chemical reactions in the first column of the instal-
lation (Fig. 16.1) were transferred by the airflow to the second column with ethanol
where they were collected. Then the synthesised product was separated from the
residual solution by centrifuging and decantation after acetone washing to prevent
(restrict) particle agglomeration. Residual water and solvents were eliminated by
slow heating to 900 K at a heating rate of 0.003–0.01 K/s and at a low pressure of
1–10 Pa or in the oxygen flow over 620–920 K.
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16.3.3 Characterisation Methods

The phase composition of the nanospherical materials prepared by evaporation
of low-concentrated suspension of the particles on a polished surface of single-
crystalline silicon was analysed using a DRON-3M (Burevestnik, St. Petersburg)
diffractometer with Cu Kα (λ = 0.15418 nm) radiation and a Ni filter. Element com-
position of particles was studied using the Auger electron spectra recorded using
a JAMP-10S (JEOL) spectrometer. The morphology of samples was studied using
scanning electron microscopy (SEM) and atomic force microscopy (AFM). The spe-
cific surface area (S) of the synthesised materials was determined using adsorption
of argon. The material density was determined using a pycnometer. The magnetic
properties of spherical nano- and microparticles of magnetite were investigated
using a magnetoelectric method (vibration frequency of a vibrator was 50 Hz).

16.4 Results and Discussion

Upon the synthesis of hollow spherical silica particles with silica in the first column
(Fig. 16.1) the hydrolysis of one of the components in aerosol drops occurs in their
surface layers. The radial gradient of concentration appearing with bonding of one
of the components to the drop surface with subsequent growth of ultrafine particles
with insoluble compound (e.g. silica) is the driving force of the formation of hollow
spherical particles.

The water vapour excess at the boundary of the aerosol drops leads to the
hydrolysis of total quantity of silane (dissolved in the hydrophobic solvent) located
in restricted space of the surface layers and then its growth into the depth of
the drops ceases. This is due to two circumstances: (i) the amounts of silane
(dimethyldichlorosilane or silicon tetrachloride) did not exceed 40 wt%; therefore,
the amount of the formed insoluble inorganic compound was sufficient only for
building a relatively thin layer at the aerosol drop surface; and (ii) penetration
of water into deeper layers of the drops of a hydrophobic solvent is restricted.
Subsequent processes result in aggregation of the formed ultrafine particles into
the surface oxide layers (i.e. walls of hollow particles) and their dehydration.
Precipitation of aerosol particles occurs in the second column (Fig. 16.1). Primarily
formed hollow spherical particles of silica gel filled with the liquid solvent (heptane,
carbon tetrachloride) precipitate in ethanol (96%), and the processes of hydrolysis
and coagulation are completed.

Figure 16.2 shows AFM image of nanosized PMDS particles deposited onto a flat
single-crystalline silicon surface at the outlet from the first column and then dried at
300 K. It should be noted that these particles have an ellipsoidal shape because of
significant elasticity of the particle walls formed at this synthesis stage and strained
at the single-crystalline silicon surface. To prevent the strain of the hollow parti-
cles, their precipitation was carried out in anhydrous ethanol in the second column
(Fig. 16.1). This preserves the spherical shape of the hollow particles. Additionally,
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Fig. 16.2 AFM image of
aerosol hollow silica particles

occurred partial dehydration of the particles leads to an increase in the mechanical
strength of their walls.

The Auger electron spectra of hollow silica particles depict the presence of chlo-
rine characterised by the weak intensity line due to residual chlorides of unknown
compositions or adsorbed HCl. Complete removal of chlorine from silica particles
occurs only upon annealing of the samples in the oxygen atmosphere at 623–773 K
for 1 h. The XRD study of hollow spherical particles shows that silica is in the
amorphous state.

According to SEM images, synthesised silica consists of hollow spherical par-
ticles (Fig. 16.3a) of 20–400 nm in diameter (d) and their wall thickness is equal
to approximately d/10. Some spheres have partially destroyed walls revealing the

a b

Fig. 16.3 SEM images show (a) hollow spherical silica particles and (b) porous surface of hollow
spherical particles of magnetite
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empty internal space in particles. The specific surface area of the synthesised
silica is about 40 m2/g. According to the microscopic study, the volume of the
internal voids in the hollow silica particles corresponds to 40–70% of their total
volume and depends on the concentration of components upon synthesis. The bulk,
true and apparent densities of this silica are equal to 0.27, 2.25 and 2.2 g/cm3,
respectively.

Separation of particles into fractions according to their sizes was carried out via
sedimentation of the aerosol drops and the formed particles at the final stages of the
synthesis. A study of the particle size distribution (PSD) of silica carried out using
statistical treatment of electron-microscopic images showed that about 80% of the
particles are 100 nm in diameter.

An increase in concentration of silane as an active component (C) in the dispersed
mixture leads to an increase in the wall thickness of the hollow spherical particles
and a decrease in the porosity of the walls. It should be noted that a considerable
decrease in the fraction of correctly formed spheres was observed at C≥40 vol%.
The maximum of the PSD curve shifted almost by 100 nm towards larger size with
increasing velocity of the airflow from 5×10−5 to 5×10−4 m3/s. These changes in
the PSD can be caused by better transport of larger particles with increasing airflow
velocity.

Intensive formation of agglomerates of the hollow silica particles occurs upon
their storage in dispersion medium such as methyl isobutyl ketone or isopropyl alco-
hol. According to the electron-microscopic data, an isotropic type of agglomeration
is inherent for the spherical silica particles.

The utilisation of the described methodology for synthesis of hollow spheri-
cal particles of magnetite yielded spheres of approximately 100 nm in diameter.
Some large spheres had macropores in their walls through which smaller nanopar-
ticles could penetrate into the internal volume and remain there due to strong
intermolecular forces (mainly hydrogen bonding and dispersive interactions).

The thermogravimetric analysis of the materials shows that endothermic pro-
cesses occur on heating due to removal of intact (< 400 K) and dissociatively
adsorbed water (i.e. OH groups) and sublimation of NH4Cl crystallites (610 K).
The presence of NH4Cl crystallites in magnetite particles is also confirmed by the
XRD data. Annealing of spherical magnetite particles leads to formation of devel-
oped porous structure in the particle walls. Appearance of the pores (Fig. 16.3b) is
due to removal of dendritic NH4Cl crystallites formed on the synthesis of the mate-
rial since sublimation of these crystallites begins at 610 K. The specific surface area
of Fe3O4 samples was equal to approximately 80 m2/g. This value is larger than the
S value of the hollow silica particles because of the mentioned porosity of the walls
of the magnetite particles.

The walls of the hollow spherical particles are formed on aggregation of pri-
mary ultrafine particles of magnetite. Subsequent partial re-crystallisation of Fe3O4
occurs on the formation of larger particles possessing more ordered crystalline struc-
ture. On low-temperature (323–393 K) treatment certain oxidation of the surface
layer of magnetite occurs, and iron sesquioxide is formed. First of all this occurs



214 P.P. Gorbyk et al.

in amorphous surface layer that is confirmed by the Auger electron spectroscopy
data. The study of the spectra in the low-energy range testifies to the presence
of Fe2O3 at the particle surface. However, deeper layers in the walls of the hol-
low particles contain oxygen and iron at the stoichiometric ratio characteristic for
magnetite.

The XRD analysis of magnetite samples heated at 10−1 Pa showed the presence
of both amorphous and crystalline phases. The latter gives reflections at 2θ = 30.1◦,
35.48◦ and 43.08◦ characteristic for magnetite. However, low intensity of these lines
and the absence of other lines characteristic for the crystalline phases testify to the
presence of a considerable quantity of amorphous iron oxide probably located in
the surface layers of the particles. The lines characteristic for Fe2O3 (which can be
formed on the synthesis of magnetite, its oxidation by atmospheric oxygen during
washing, fractionation and drying) are absent; i.e. Fe2O3 is amorphous. This is in
agreement with the Auger electron spectroscopy data revealing the presence of a
thin surface layer of Fe2O3.

It is known [26, 27] that the dielectric–metal phase transition takes places for
Fe3O4 at T = 119−123 K. At T ≈ 300 K it is in the metallic state and has the
electrical conductivity σ = 103 �−1cm−1. In the case of the spherical magnetite
particles, the dc conductivity is low since σ = 10−6 �−1cm−1. These results as
well as the XRD and Auger electron spectroscopy data reveal that the synthesised
material represents aggregates of Fe3O4 particles coated by a dielectric layer of
Fe2O3 responsible for the low σ value.

Analysis of the magnetic characteristics of the synthesised magnetite spheres
shows that the coercive force (Hc) has a value of 0.1 kOe. Therefore, one can assume
that the prevailing quantity of Fe3O4 crystallites in hollow spherical particles corre-
sponds to sizes smaller than 30 nm and these particles are in the superparamagnetic
state [28, 29].

16.5 Conclusion

Physicochemical and technological conditions of the synthesis of hollow inorganic
spherical nanomaterials based on silica and magnetite were determined. Hollow
nanospheres of silica were synthesised using hydrolysis of dimethyldichlorosilane
and silicon tetrachloride at a spherical surface of aerosol drops of organic hydropho-
bic solvents. About 80% of the hollow spherical particles are 100–300 nm in
diameter. The hollow spheres of polycrystalline magnetite (from 40 nm to 10 μm in
diameter) were synthesised using the reaction of di- and trivalent iron salts dissolved
in acetone with the ammonia vapour at the spherical surface of aerosol drops. The
wall thickness of the hollow particles was 10–20% of their outer diameter depending
on the concentration of the active component (metal oxide precursor) dissolved in
an organic solvent. The formation of pores in the walls of the hollow magnetite par-
ticles is due to the presence of dendritic NH4Cl crystallites sublimating on heating
of the material.
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Chapter 17
Synthesis of Silicon and Zinc Oxide
Nanowhiskers and Studies of Their Properties

P.P. Gorbyk, I.V. Dubrovin, A.A. Dadykin, and Yu.A. Demchenko

Abstract The conditions and mechanisms for purposeful pattern formation on the
surface of single-crystal silicon wafers by building up silicon or zinc oxide by the
vapor–liquid–crystal (VLC) mechanism were studied. For the polished silicon sur-
face we developed a procedure for preparation of areas with randomly distributed
nanosized gold metal particles – whisker growth initiators. The arrays of randomly
distributed silicon and zinc oxide whiskers were grown. The emission cells with
a pointed surface pattern were fabricated. The morphology, structure, and field
electron emission properties of the fabricated structures were studied.

17.1 Introduction

Development of new nanostructured materials for fabrication of highly efficient,
economical, environment friendly, low-field cold electron emitters of large area is
of interest for applied or pure scientific purposes [1]. The emitters of this kind may
be used for production of flat displays, cathodoluminescent sources of light and
other devices. Also they may be applied for brightening the liquid–crystal display
images to ensure their intensity and contrast. Operating efficiency of the indicated
devices depends substantially on the material’s chemical composition and cathode’s
design features, in particular, on the surface pattern.

The required surface pattern may be prepared by ion or plasma treatment, ther-
mal etching, vacuum deposition, selective chemical etching, or building-up of the
specified surface structures [2]. For some time past, one of the intensively develop-
ing trends is concern for the growth of nanowhiskers, which are promising crystal
nanomaterials with a unique set of properties [3, 4].

The indicated goals may be achieved with the use of highly attractive silicon and
zinc oxide. These materials are widely used in phototechnique, optoelectronics, and
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semiconductor engineering [5–7]. However, until now the development of repro-
ducible and relatively inexpensive processes for synthesis of silicon and zinc oxide
nanowhiskers with a specified functionality remains very urgent.

In many respects a scope for practical use of whisker ensembles depends on per-
fection and reproducibility of growth technologies. Therefore the study of growth
process for one-dimensional materials – nanowhiskers and nanowires – is one of
priority trends in nanotechnology [8–10]. The unique properties of whiskers are due
to a high ratio of their length and cross-dimensions. In our previous work we have
established that the electron emission in the ZnO film structures with high ratio of
geometrical measurements has occurred in fields that are about 2 orders lower than
the theoretical values [11]. Therefore the synthesis of nanosized whiskers that are
characterized by the maximum allowable values of this ratio will offer a possibil-
ity to fabricate patterns with the maximum performance. The growth mechanism
of “vapor–liquid–crystal” type that was proposed by Wagner and Ellis [12] and
generalized by Givargizov in the experiments on growing crystals on the silicon
surface coated with a layer of activating gold [2] is generally accepted as a whisker
formation mechanism.

The aim of this work is an analysis of conditions and mechanisms of changes
in the silicon wafer surface patterns under chemical building-up of silicon and zinc
oxide by the VLC mechanism, development of procedures for silicon and zinc oxide
nanowhiskers, and analysis of their field emission properties versus their structure.

17.2 Experimental Procedures

Due to the complexity of fabrication of the identically oriented whisker systems
in particular for flat-panel displays there is great interest in fabrication of regu-
lar structures consisting of elements with specified surface pattern by relatively
simple methods (such as photolithography, thermal deposition with masks of var-
ious types). Also there is a certain interest in fabrication of cells with randomly
distributed functional elements such as whiskers or tips. When the density of
these elements is high it is more probable to achieve the optimal electrophysical
parameters.

The regular areas coated with a gold film of about 5 nm in thickness (Fig.17.1)
were produced on the (111) polished surface of silicon wafer by thermal deposition
of gold through masks with regularly placed holes (about 100 μm) under a base
pressure of about 10−5 Pa.

The wafer was heated in hydrogen atmosphere at a temperature of about 900◦C.
As a result the thin layer of liquid Au−Si alloy spontaneously coagulated to sepa-
rated droplets of 10 nm−1 μm in size that were distributed with a surface density
of about 107 cm−2. This process was driven by diffusion and surface migration and
resulted in a decrease in the cluster formation free energy.

The arrays of gold particles randomly distributed on the polished surface of Si
wafers were also produced by sedimentation of gold colloid particles from carbon
tetrachloride that well wets silicon surfaces. The colloid particles were synthesized
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Fig. 17.1 SEM images of a
gold film on the Si crystal
surface

by reducing gold from strongly diluted solutions of chloroauric acid. Here colloidal
solutions of different strong colors are produced. Upon addition of 0.0075% solution
of H[AuCl4] to 0.005% solution of muriatic hydrazine the blue sol of gold was
produced. When 0.005% solution of potassium carbonate was added to 0.0025%
solution of H[AuCl4] and then tannin solution was poured by drops upon heating,
the red sol was produced. According to AFM data the sol particles were 35–90 nm
in size. The solutions’ maximum optical absorption was shifted from 510 to 620 nm.

Synthesis of silicon and zinc oxide nanowhiskers was carried out in the pro-
cess installation. Its block diagram is shown in Fig. 17.2. Silicon whiskers were

Fig. 17.2 Block diagram of
the process installation for
fabrication of silicon and zinc
oxide nanowhiskers: 1 letting
to gaseous components
system, 2 gas nozzle, 3 joint,
4 alundum reactor, 5 electric
oven, 6 ceramic boat, 7 gas
withdrawal pipe,
8 water-lock, 9 substrate
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grown on polished Si wafers coated with growth initiators (gold nanoparticles) at
the temperature of about 900◦C in the flow of SiCl4, HCl, and hydrogen.

It should be noted that we also observed the growth of whiskers when the closed
system with limited quantity of SiCl4 had been used though the growth rate was
lesser by an order of magnitude. In this case the gas phase must be replenished by
silicon tetrachloride (and accordingly the solution-melt by silicon) due to interac-
tion between the hydrochloric acid and nearby sections of the silicon substrate and
formation of SiCl4. In this case the formation of whiskers upon crystallization may
be described by the following reactions:

12 HCl + 3 Sisubstrate = 3 SiCl1 + 6 H2, (17.1)

4 AuCl3 + 6 H2 = 4 Au + 12 HCl, (17.2)

3 SiCl4 + 4 Au = 3 Siwhisker + 4 AuCl3. (17.3)

The reaction equations (17.1–17.3) show that all components that participate in
the transfer of silicon from the substrate to a whisker come back into the reaction
zone.

Supersaturation of the produced solution-melt is removed by crystallization of
the surplus silicon on the substrate surface. At that, the solution-melt acts as an
off-beat whisker growth initiator and its zone ascends above the surface forming
whiskers.

For growing zinc oxide whiskers (Fig. 17.2) the alundum reactor (4) was con-
nected with a vacuum pump and a system for gases’ purification and feeding. As a
source material we used the pre-pressed tablets of zinc oxide. The tablets were laid
into the alundum boat (6) and placed at the oven’s central area. Before annealing the
tablets of 5 mm in diameter and 1–5 mm in height were fabricated by cold press-
ing the zinc oxide powder of special purity grade. The synthesis was carried out
in two stages. At the first stage the reactor was cleaned and growth initiators were
prepared. The reactor was continuously pumped down to 10−1 Pa and linear heating
was performed at the rate of 10 K/min up to 1623 K. Then the reactor was held for
5–10 min at 1632 K without a transporting agent (argon). At the second stage the
controlled growth of whiskers was carried out. With the use of the purification and
feed system argon was fed into the reactor at 1623 K. The rate of argon feed was
25 cm3/s. ZnO was deposited on the polished (111) surface of silicon wafer in the
areas where the Si−Au solution-melt was present.

17.3 Experimental Results and Discussion

The SEM studies of the silicon wafers’ morphology show the presence of silicon
whiskers with well-pronounced cuts (Fig. 17.3a) that indicate their crystalline struc-
ture. The surface density of whiskers is about 108 cm−2 and virtually is the same as
the density of the Si−Au solution-melt particles on the silicon wafer surface. This
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a b

Fig. 17.3 SEM images of nanosized whiskers: a Si at angle of 900◦ with respect to a direction of
growth; b ZnO

similarity is evidence of the fact that one gold particle is an initiator of a single
whisker crystal. The whiskers have a certain distribution of sizes due to distribution
of seed sizes.

The silicon nanotips were fabricated by etching the whiskers with the aqueous
solution of a mixture of hydrofluoric and nitric acids. Under etching the whisker
diameters decreased to less than 10 nm and the whisker upper parts with caps of
eutectic alloy fell away. Also the technique of thermochemical sharpening was used
[3]. At first, the specimen surface was oxidized by heating to a temperature of 900◦C
in the humid oxygen atmosphere. The tips had been covered with a layer of silicon
dioxide which then was removed by hydrofluoric acid etching. For regular growth
of whiskers the above-mentioned procedures ensure uniform field emission over
the whole specimen surface that is very important for fabrication of cold electron
sources.

The emission properties of the Si whisker array shown in Fig. 17.3a have been
studied; Fig. 17.4a shows the current–voltage characteristic (VAC) for the field
emission at 300 K from the whiskers with the caps of Si−Au solution-melt (curve
1) and after removal of the caps by etching in the mixture of nitric and hydrochloric
acids (curve 2). After etching the structures we observed a substantial increase in
the emission current and decrease in the operating voltages applied to the emission
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Fig. 17.4 Current–voltage characteristics for the field emission from the nanowhisker array: a
from silicon (1 with the caps of solution-melt; 2 after removal of the caps by etching); b from zinc
oxide

cells. Such behavior may come from thinning of the nanowhiskers and decrease in
the radius of curvature of the emitting surface that is due to dimensional effects. In
our judgment the presence of resonance current peaks on the VAC curve is due to
dimensional quantization of electron energy levels in the potential well [13] defined
by the dimensions of the semiconductor whisker:

En = π2 h2

2m∗λ2
n2, (17.4)

where m∗ is the effective electron mass, λ is the specimen size.
When the nanowhiskers are sufficiently thin there is only one quantizing level

in the potential well and it is quite possible that this level results in only one cur-
rent peak on the VAC curve. In the case of artificial atoms with size of less than
2 nm there are no energy quantizing levels in the potential well and the VAC curve
becomes smooth and without any resonance peaks [14].

Indeed, upon further thinning of nanowhiskers the VAC curves without peaks
have been obtained. It should be noted that the interest in the nanostructures of small
sizes (<2 nm) is caused by a sharp increase in their light absorption coefficient due
to quantum-dimensional effects. In the event of bulk specimens the transitions near
band edges are indirect and light absorption (due to electron–phonon interaction) is
rather small (about 1–10 cm−1). In the case of quantum-dimensional objects forbid-
ding on lateral transitions is removed [15] and the absorption coefficient increases
sharply (about 105 cm−1).

The presence of a number of peaks may be caused by the presence of whiskers of
various diameters and heights. The main problem for the synthesis of such structures
is fabrication of the arrays of whiskers that are uniform in size. This is particu-
larly important for production of IR optoelectronic non-cooled transducers and flat
cathodoluminescent displays.
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The process of zinc oxide whiskers’ growth consisted of three stages. At the
first stage a layer of growth initiator (Au) was deposited on the prepared surface
of Si (111) substrate. As stated above this layer was obtained by thermal deposi-
tion through the masks with regularly distributed holes and by sedimentation of
colloidal particles. At the second stage the surface was heated to the temperature
above the eutectic temperature for the binary system of substrate (Si) and growth
initiator (Au). In that way an ensemble of liquid droplets of Si−Au solution-melt
that were in the thermodynamic equilibrium with the substrate was formed on the
surface. At the third stage the growth of zinc oxide whiskers took place at the fixed
temperature.

The molecules of deposited material directly penetrate into a droplet from the
vaporous medium. It should be noted that the ZnO vapor dissociates at the synthesis
temperature (T=1623 K). Thus, the Zn+, Zn2+, and O2+ ions were detected in the
mass spectra. Relative intensities of their peaks were in the ratio of 100:0.18:50.8
accordingly [16]. Besides, there was a diffusion flux of particles that penetrated
into the droplet from the whisker’s side surface. Penetration of molecules into the
droplet had produced a state of supersaturation in the solution and crystallization of
ZnO began at the liquid–crystal interface. The driving force of the growth process
is a supersaturation of the gas phase. It is known [4] that the whisker growth rate
depends on a diameter of catalyst droplet. The smallest droplets do not “rise” above
a substrate at all. Furthermore, realization of the VLC mechanism requires the liquid
layer’s stability during growth. The indicated factors may critically restrict the num-
ber and sizes of generated whiskers. Therefore, for the synthesis of nanowhiskers
with the specified parameters it is necessary to produce such droplets of the growth
initiator that are similar in sizes. In our opinion the most promising method is a
nanolithography by which the droplets of growth initiator of the same sizes may be
deposited onto specified areas of various substrates.

The XRD analysis has shown the hexagonal wurtzite structure of the synthesized
nanowhiskers with lattice constants of a = 0.3240 nm and s= 0.5184 nm that are
in agreement with the data available in the literature (0.3249 nm and 0.5191 nm
accordingly). The XRD data (Fig. 17.3b) show that the synthesized whiskers have
a certain spread in sizes. The whisker sizes are strongly dependent on the synthesis
duration and the gas flux rate.

The field emission properties were studied for the array of whiskers shown in
Fig. 17.3b. The measurements were carried out in the standard diode cells with the
anode coated with electron-excited phosphor for emission imaging. To reduce the
local density of emission current and protect the screen against damages the cathode
and anode were separated by a distance of about 300 μm. The field electron emis-
sion was registered with the local current density of about 10 A/cm2 at the average
electric fields of about 105 V/cm. The emission was stable even at the pressure of
about 10−3 Pa.

Figure 17.4b shows a typical current–voltage characteristic (VAC) for the field
emission from the zinc oxide nanowhiskers at 300◦K. For quantum dots [17] the
resonance current peaks were observed. Their occurrence was ascribed to quan-
tization of electron energies in three-dimensional potential wells. In our case the
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grown ZnO whiskers may be considered as quantum wires (d/h∼1000) with two-
dimensional quantization and such an assumption is admissible for such dimensions
and electron-effective masses in ZnO. We can estimate the dimensions of whiskers
at which the quantum-dimensional effects will become apparent by equation (17.4).
For zinc oxide the effective electron masses are in the range of 0.06–0.35 m∗ depend-
ing on crystallographic directions. For separation of energy levels the whisker sizes
shall be in the range 2–40 nm.

We intend to extend the study of the emission properties of synthesized
nanowhiskers with allowance for zinc oxide piezoelectric properties. At that, the
first-priority task will be fabrication of nanowhisker systems with a space uni-
formity and small spread in heights, which can be used for development of
high-performance thermostable electron sources.

17.4 Conclusions

In summary, we developed the method for synthesis of silicon and zinc oxide
nanowhiskers which allowed us to create the regular patterns with controlled den-
sities of randomly distributed whiskers on the polished surfaces of single-crystal
silicon. The silicon whiskers were grown on the polished silicon wafers coated with
gold nanoparticles at the temperature of about 900◦C in the flow of SiCl4, HCl,
and hydrogen. The ZnO whiskers were synthesized at the temperature of 1623 K
in the flow of argon at the rate of 25 cm3/s. The silicon nanotips of <10 nm in
diameter were fabricated by etching the whiskers with aqueous solution of a mix-
ture of hydrofluoric and nitric acids. The synthesized structures of silicon or zinc
oxide nanowhiskers may be considered as quantum wires with the intrinsic low-field
electron emission properties at room temperatures.
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Chapter 18
Sol–Gel Synthesis of Silica Glasses,
Doped with Nanoparticles of Cerium Oxide

M.V. Borysenko, K.S. Kulyk, M.V. Ignatovych, E.N. Poddenezhny,
A.A. Boiko, and A.O. Dobrodey

Abstract A method is suggested for creating nanoparticles CeO2 incorporated into
silica matrix using chemical modification of fumed silica surface with cerium acety-
lacetonate. A variant of the sol–gel method for synthesizing of silica glasses and
optical composites containing nanoparticles of cerium oxide has been designed.
Monolithic gels are produced on the basis of SiO2/CeO2, Si(OC2H5)4, and gelation
catalyst (CH2)6N4. By the XRD, DTA, TG, photoluminescence, and measure-
ments of specific surface area a research has been made into structural and
physico-chemical properties of CeO2/SiO2 during the course of their thermal
transformations up to formation of glasses.

18.1 Introduction

The modern technologies employed for production of various materials for opto-
electronics and laser devices depend to a great extent on sol–gel processes. In
particular, the well-known technology for production of silica sol–gel glass involves
alkoxide processes with participation of ethers of silicic acid. It was shown that
a substantial improvement of the quality of such materials and devices could be
attained through filling of hydrolyzate with disperse silica [1, 2]. Under designed
conditions the procedure for manufacture of a monolithic glass-like preform con-
sists in several successive stages including preparation of a mixture of ingredients,
hydrolysis and polycondensation of the mixture, gel formation, removal of the liquid
to obtain xerogel, and sintering of the xerogel.

Variation of optical and luminescent properties of quartz silica materials can
be effected by doping the glass produced with ions of transition and rare-earth
metals [2, 3]. Doping additives are incorporated into xerogel using a liquid or
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gaseous medium. Unfortunately, various methods employed for impregnation of
metal compounds with solutions or adsorption of reagent vapors are not free from
some drawbacks related to an unhomogeneous distribution of a doping metal in the
formed xerogel structure.

The main idea of the new method suggested by us for production of silica sol–gel
glass [4, 5] consists in filling of hydrolyzate of tetraethoxysilane (TEOS) with a
composite of the MxOy/SiO2 type, with MxOy particles being nanoparticles of a
doping metal oxide synthesized on the surface of highly disperse silica. Formation
of nanodispersed composites of this type is based on the chemical modification of
the fumed silica surface with compounds of metals.

Our preliminary studies were made using nanocomposite Cr2O3/SiO2 obtained
in a gas phase from vapor of chromium oxochloride CrO2Cl2 [5]. The chromium-
containing silica was utilized to synthesize transparent glass that possessed a high
homogeneity along the preform. The present chapter is concerned with the possibil-
ity of application of cerium-containing silica (CeO2/SiO2) as a filler and source of
doping ions for optical sol-gel glasses.

18.2 Experimental

Nanocomposite CeO2/SiO2 was prepared using highly disperse fumed silica A-
300 (Kalush Experimental Plant of the Institute of Surface Chemistry of the
NAS of Ukraine) and acetylacetonate of cerium [CH3COCH=C(CH3)O]3Ce.H2O,
Ce(acac)3 (Aldrich). Modification of silica with cerium acetylacetonate was per-
formed by a liquid-phase method (with carbon tetrachloride as a solvent).

Modification of silica was executed in double-throat glass reactor equipped with
mechanical stirrer and refluxing tube. Ce(acac)3 solution in CCl4 was added to
fumed silica (2 g previously calcinated at 500◦C). Molar ratio Ce(acac)3/≡SiOH
was 1:1 (CSiOH = 0.5 mmol/g SiO2). The reaction mixture was stirred in the reactor
for 1 h at 76◦C. In order to remove excess of modifier and reaction product acety-
lacetone (Hacac) sample was filtered and washed with two 25 ml portions of CCl4.
Then product was dried and calcinated for 1 h at 550◦C. The content of grafted ceria
was controlled using a set of subsequent processes of chemisorption of Ce(acac)3
and its oxidation. The number of cycles was varied from 1 to 4 (SiCeM1−SiCeM4,
Table 18.1).

The samples synthesized due to single-stage impregnation of SiO2 by Ce(acac)3
solution in CCl4 were obtained for comparison. Impregnation of 0.2, 0.5,
1 mmol Ce(acac)3 per gram of SiO2 was performed (SiCeI0.2, SiCeI0.5, SiCeI1,
Table 18.1). Temperature of SiO2 advance pretreatment, drying and calcination
conditions was identical with previous experiments. The CeO2 content CCeO2 in
CeO2/SiO2 samples was determined analyzing Ce3+ arsenazol complexes with a
KFK-2MP spectrometer (LOMO, St. Petersburg) at 540 nm.

The procedure employed for synthesizing cerium-containing sol–gel glasses
involved the following subsequent stages: hydrolysis of TEOS in a triple-component
system Si(OC2H5)4–H2O–HCl of starting compounds with their molar ratio of
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Table 18. 1 Characteristic of CeO2/SiO2 samples

DCeO2(nm)

Sample
CCeO2
(wt%)

SBET
(m2/g) 550◦C 800◦C 1000◦C 1100◦C 1200◦C

SiCeM1 6.6 265 a a 4 8 16
SiCeM2 12.3 230 3 3 5 9 19
SiCeM3 18.3 212 3 3 6 12 21
SiCeM4 23.3 189 3 3 6 14 25
SiCeI0.2 2.4 319 a a 9 8 16
SiCeI0.5 6.9 264 a 11 5 9 17
SiCeI1.0 14.9 261 4 5 5 10 23

a amorphous.

1:16:0.01; addition of CeO2/SiO2; thorough dispersion in an ultrasonic bath; cen-
trifugation for separation of coarse impurities and agglomerates; neutralization of
the reaction mixture to pH = 5.5−6.5 using a solution of hexamethylenetetramine
(CH3)6N4; casting of the sol into plastic containers; gelation; drying of the gel;
sintering in a muffle furnace; and holding at a temperature of 1140–1200◦C for
1.5–2.0 h in air. A desired concentration of dopants was attained through introduc-
tion of an additional volume of pure silica.

Thermal destruction of the modified silica samples in air was studied using
derivatograph Q-1500D (Hungary). The heating rate was 10◦C per minute. The
oxide structure formed during the thermooxidative destruction of grafted cerium
acetylacetonate groups was investigated by X-ray powder diffractometry. The
diffractograms presented in the figures below were registered on automatic diffrac-
tometer DRON-3M (Russia) (with copper anode-induced radiation and nickel filter).
The spectra were recorded in the mode of reflected rays and the Bragg–Brentano
geometry of focusing. The average size of the crystallites DCeO2 formed was
determined according to the Scherrer equation. The specific surface area SBET
was measured by standard method using low-temperature adsorption of organ.
Photoluminescence spectra were recorded with Perkin-Elmer LS50B luminescence
spectrometer equipped with a pulsed zenon lamp. Optical absorption spectra were
measured using a JASCO V-550 UV-Vis spectrometer. For spectral study, transpar-
ent colorless glasses of 5x10x2 mm dimensions in special sample holder were used.
All spectra were taken at room temperature.

18.3 Results and Discussion

Interactions between metal acetylacetonates M(acac)x and silica surface can be
accompanied by adsorption or chemisorption [6–9]. In the literature [6], there
are reports about possibility of formation of adsorption complexes at the expense
of bonds among hydrogen atoms of surface silanols and oxygen atoms of car-
bonyl groups or π-electrons of pseudoaromatic rings of acetylacetonate ligands.
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Chemosorption of M(acac)x on the silica surface leads to the formation of
SiO-M bonds can Hacac removal. Grafted groups SiOM(acac)x−1(2) were iden-
tified for Cr(acac)3 [7], Ni(acac)2 [8], Ce(acac)4 [9] and Zr(acac)4 [10]. During
both chemisorption and physical adsorption, the IRS technique reveals a decrease
in the intensity of the absorption band at 3748 cm–1 which is attributed to valence
vibrations of bonds SiO–H. In Zr(acac)4 instance this absorption band disappears
completely [10].

The results of thermogravimetric and differential thermal analyses for precur-
sor of SiCeM1 sample prepared by the liquid-phase modifications are presented in
Fig. 18.1. The DTG curves make it possible to identify several stages of weight loss.
At the first stage, removal of the water adsorbed on the surface (with Tmax = 100◦C)
proceeds. The second stage observed in the interval of 210–300◦C is the destruction
of acetylacetonate ligands. The third stage of the destruction of intermediate car-
bonaceous structures proceeds in the temperature interval from 300 to 450◦C. Such
kind of sample behavior on heating is typical for all modificated and impregnated
samples (see Table 18.1) without exception.

The X-ray powder diffractometry of the silica with cerium oxide structures was
performed for the samples calcined at a temperature up to 1200◦C. The peaks char-
acteristic of the crystalline cerium oxide of the cubic structure (JCPDS # 75-76) are
exhibited by the diffractograms for CeO2/SiO2 with ceria content of >6.6–6.9 wt%.
With increasing content of cerium oxide up to 23.3 wt% the intensity of the peaks
increases regularly. It is of interest to compare the curves recorded for the modi-
fied silica samples SiCeM1−4 after calcination at 550 and 1000◦C (Fig. 18.2). The
average size of crystallites of the cerium oxide phase CeO2 is equal to 3–25 nm.

The newly synthesized nanocomposites for CeO2/SiO2 were used to produce
samples of doped silica glass by the sol–gel method.

Sol obtained by TEOS hydrolysis in aqueous media without organic solvents
was used for synthesis of glass-like materials. Formation of compositional sols
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Fig. 18.1 TG, DTG, and DTA curves of silica with grafted cerium acetylacetonate groups (a
precursor for SiCeM1 sample)
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Fig. 18.2 XRD patterns of nanocomposites SiCeM1−4 after calcination at 550 (a) and 1000◦C
(b): (∗)lines due to CeO2

was performed due to addition of fumed silica (A-300) to TEOS hydrolysates as
fillers and SiO2/CeO2 as dopants. Silicas were previously dispergated by ultrasonic
activation and additional mechanical stirring in aqueous media. In order to form
homogenous colloidal systems compositional sols were exposed to ultrasonic acti-
vation with intensive mechanical stirring too. Centrifugal separation was used for
the total exception of agglomerates of coalescent SiO2 particles, grit and dust-like
particles from compositional sols.

Then neutralization of compositional sols by solution of gelating agent (CH3)6N4
to pH = 5.5–6.5 was performed. Neutralized sols were introduced to plastic vessels
for gelation. Gel aging was performed in injection molds in syneresis liquid at room
temperature. Then gels were exposed in distilled water bath for 24 h.

Formed gels were dried at 30–40◦C in heat chamber in pasteboard boxes or
directly in injection molds. Dried xerogels in various forms and sizes were initial
intermediates for preparation of gel glasses and nanocomposites.

Thermal treatment of xerogels was performed in muffle furnace in air atmosphere
using a set of subsequent processes: temperature rise to 120◦C during 1 h, exposure
to this condition for 2 h in order to remove free water; temperature rise to 250◦C
during 1 h, exposure to this condition for 2 h in order to remove adsorbed water;
temperature rise to 600◦C during 2 h, exposure to this condition for 2 h in order to
burn out organic impurities; and temperature rise to 1150–1200◦C, exposure to this
condition for 1.5–2 h in order to obtain transparent monolithic nonporous glass.

Schematical model of nanocomposite formation on the basis of TEOS hydrolysis
and ceria-modificated silica could be described in the following manner (Fig. 18.3).
According to this model particles of modifier’s phase during ultrasonic dispersion
should remain associated with silica surface for the most part due to chemical bond-
ing but transition of these particles into sol is also possible. Bonding with silica
surface should prevent their free movement in porous liquid, “stamping” on the
surface of volumetric samples during pore shrinking, and thermal condensation of
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Fig. 18.3 Model of nanocomposite formation on the basis of TEOS hydrolysate and modificated
silica. A compositional sol, B microgel phase, C wet gel phase, D dry gel phase, E glass com-
posite phase. 1 fumed silica aggregates, 2 initial particles, 3 TEOS hydrolysate particles, 4 CeO2
nanoparticles

xerogel; also this chemical bonding should inhibit aggregation and formation of
crystalline phase islands; in consequence homogeneity of dopant distribution in
sample bulk should rise. Thus, fumed silicas modificated by ceria nanoparticles
could be used as dopants and fillers in the manufacturing of transparent sol–gel
glasses and glass composites on the TEOS basis.

Thus, transparent, yellow-colored, luminescent in ultraviolet spectrum (max.
470 nm), nanocomposites were obtained due to ceria-modificated silica (Fig. 18.4).

Direct introduction of dopant in the form of modificated silica precludes oper-
ations of dosing addition of dopant salts or xerogel matrix impregnation, which
present an advantage of developed method. For instance, traditional method of
preparation of cerium-containing gel glasses due to introduction of solutions of
cerium salts into colloidal system leads to formation of agglomerates of ceria parti-
cles distributed in silicate matrix and thermal treatment in air leads to formation of
amorphous clusters with predominant content of optically inactive ions Ce4+ in the
structure of composition Ce4+/Ce3+.
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Fig. 18.4 Luminescence
spectra of cerium-containing
gel glasses, obtained due to
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ceria nanoparticles
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18.4 Conclusions

Thus, if the fumed silica modified with such compounds as acetylacetonates of met-
als is subjected to heating in air at a temperature higher than that necessary for the
complete removal of carbonaceous constituents, this thermal treatment is accompa-
nied by formation of the metal oxides. The material synthesized by this method is
nanocomposite MxOy/SiO2 consisting of nanoparticles of fumed SiO2 and the oxide
MxOy formed in the course of this synthesis. The synthesis method exerts an effect
on the phase state of the deposited metal oxide. By appropriate thermal treatment of
the nanocomposite with an assigned metal content it is possible to vary the degree
of crystallinity and size of crystallites of the oxide MxOy.
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Chapter 19
Quantum Size Effects in Multilayer Si-Ge
Epitaxial Heterostructures

Yu.N. Kozyrev, M.Yu. Rubezhanska, V.K. Sklyar, A.G. Naumovets,
A.A. Dadykin, O.V. Vakulenko, S.V. Kondratenko, C. Teichert,
and C. Hofer

Abstract A technology of epitaxial growth was developed making it possible to
prepare monolayer and multilayer Ge nanocluster structures of different size and
distribution density over silicon or oxidized silicon substrates. A stable field electron
emission was obtained from Ge on Si quantum dot structures, showing current peaks
in the current–voltage characteristics, which may be attributed to the resonant elec-
tron tunneling via the energy levels of the nanocluster potential well, manifesting
in such a way the effects of energy quantization in the Ge quantum dots. Moreover,
the field emission current showed a considerable photosensitivity in the wavelength
range from 0.4 to 10 μm. Besides that, lateral photoconductivity spectra from the
same structures revealed anomalous red shifts of the photocurrent excitation spec-
tra to the boundary of about 0.3 eV, which shifted distinctly to lower energies as
the number of Ge quantum dot layers increased. A pronounced correlation between
these effects suggests a mechanism of the electron transport in Ge quantum dot
structures involving the localized energy levels that appear near the band verges due
to energy quantization effects.

19.1 Introduction

Ge−Si heterostructures with Ge quantum dots (QD) are widely investigated by both
scientists and technologists all over the world because of the possibility of creation
of objects that can manifest unique properties in view of the development of new
Si-based nanoelectronic devices [1]. The promising properties of such systems can
also essentially extend the abilities of infrared (IR) optoelectronic devices [2]. At
the same time, creation of structures with inversion levels opens a prospect of elab-
oration of lasers operating in IR range. The presence and character of quantum size
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effects occurring in such systems are defined first of all by morphological factors:
the distribution density and regularity of Ge quantum dots, their size, and Ge mole
fraction in them [3]. Investigations of low field emission [4, 5] and an anomalous
shift of the lateral photo-EMF up to 1.5 eV attract a special interest [6]. If one
clarifies the nature of these phenomena, the existing concepts of the character of
energy-band structure changes and quantum effects in such structures would be
possibly extended.

From this point of view, the formation process of Ge quantum dots, their distribu-
tion density over the surface, and size regularity are supposed to be very important
aspects [3]. The essential difficulties that one encounters dealing with such quantum
dot systems are connected with random distribution of self-assembled Ge nanoclus-
ters over the substrate surface. This problem becomes even more essential, when
one deals with epitaxial formation of multilayer Ge quantum dot heterostructures.
To overcome this problem, a technology of epitaxial growth was developed making
it possible to prepare monolayer and multilayer Ge nanocluster structures of differ-
ent size and distribution density over silicon or oxidized silicon substrates with a
predicted value of residual elastic strain in the nanoisland film. The latter defines
the degree of wavefunction overlapping in the heterostructures of the second type,
Ge quantum dots on Si in particular, in which the charge carriers are localized sep-
arately. Ge mole fraction in the quantum dots can vary from 40 to 90% during the
epitaxial growth process.

Taking into account all these aspects, we present here our experimental results
on lateral photoconductivity and photofield electron emission from multilayer Ge/Si
heterostructures with Ge quantum dots. They seem to reveal quantum size effects
which mirror the nature of electron transport in such structures. Thus one of the main
purposes of the present work was to search for a correlation between the quantum
regularities of the photofield electron emission and the lateral photoconductivity in
multilayer Ge/Si heterostructures with Ge quantum dots.

19.2 Preparation of the Experimental Samples
and Investigation Technique

The samples investigated were prepared using molecular-beam epitaxy (MBE) tech-
nique (“Katun’-B”) that allowed forming multilayer Ge−Si(100) systems using the
method of Si(1-x)Ge(x) intermediate layers [3].

Nanocluster arrays with different number of Ge quantum dot layers (up to 10) of
height ∼ 1.5–2.0 nm alternated by Si layers of thickness 2.0–2.5 nm were obtained
in such a way at temperature Ts = 500◦C. The growth process, in particular the
stage of the 2D→3D transition, was controlled via reflection high-energy electron
diffraction. Atomic force microscopy images of the last (surface) nanoisland layer
of the investigated samples showed that the nanoclusters were shaped as tetrahe-
dral pyramids with the base about 30 nm and height about 3 nm (Fig. 19.1). The
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a

b

Fig. 19.1 AFM image of the surface of Ge/Si heterostructure with Ge quantum dots on Si(100)
(a). Size distribution of the quantum dots in the investigated structure (b)

average nanoisland density was about 109 cm−2. We suppose these Ge quantum
dots to be vertically integrated, since we developed a technology of epitaxial growth
allowing preparation of Ge quantum dot ensembles with a fixed elastic deforma-
tion in the nanoisland film. As we had shown earlier, the average elastic strain in
the nanoisland film ε is proportional to the value

√
1/L, where L is the lateral size

of a Ge quantum dot [3]. Using this estimate of the elastic strain in the nanoisland
film, it was possible to prepare the ensembles of almost identical Ge nanoclusters in
each layer.

The measurements of the field and photofield electron emission were carried out
in two types of devices. On the one hand, we used flat diode cells, in which the
distance between the electrodes was 50–300 μm, with a ZnS cathodoluminescent
screen deposited onto a glass plate having a SnO2 conducting layer. On the other
hand, we tested Ge−Si emitters in diodes with a Mo anode shaped as a rod 1 mm in
diameter (Fig. 19.2a).

In parallel with the photofield emission, we investigated lateral photoconductiv-
ity in the same monolayer and multilayer heterostructures with Ge quantum dots,
according to the scheme given in Fig. 19.2b. To improve the sensitivity of the
measurements, multipass waveguide geometry of photocurrent excitation was used.
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a b

Fig. 19.2 Schemes of experimental device with light emitting diodes for investigation of field
and photofield emission from Ge−Si nanocluster emitters (a) and lateral photoconductivity
measurements (b)

19.3 Results and Discussion

A stable field electron emission was obtained from Ge quantum dot structures.
The field emission from such systems was observed by several research teams,
in particular by Tondare et al. [7–13]. The first works on this system recorded no
peculiarities in the current–voltage curves of the field emission. However, a more
careful study undertaken by us revealed reproducible peaks of current in the I−V
curves of the field emission from Ge nanocluster structures on Si(100). The num-
ber of peaks was found to depend on the cluster size (Fig. 19.3). These peaks
are approximately equidistant when the I−V curves are plotted in the semilog-
arithmic (Fowler–Nordheim) coordinates lg(I/V2) versus reciprocal voltage 1/V
(Fig. 19.4a). We suppose that the current peaks in the I–V curves may reflect the
resonant tunneling of electrons via the energy levels existing in the nanocluster
potential well.

Moreover, the field emission current showed a considerable photosensitivity in
the wavelength range from 0.4 to 10 μm. It was found that with the photodiodes that
were used, the field emission current increased for a multilayer Ge−Si nanocluster
structure at room temperature by a factor of 5 to 3 under irradiation by light with
wavelength of 2 and 10 μm, respectively (Fig. 19.4b).

We suppose that the current peak in the I–V curve of photofield emission
(Fig. 19.3, curve 1) may also be connected with energy quantization, in partic-
ular the presence of discrete energy levels in the valence band of the quantum
dots. In the absence of external electric field, Si/Ge heterojunction is referred to
the second-type heterostructure, in which a potential well is formed for one type of
carriers. Namely, the valence band of Ge nanoislands is a potential well for holes
causing a localization of states. Possible energy-band diagrams for Si/SiGe hetero-
junction in the absence and presence of electric field are suggested in Fig. 19.5a



19 Quantum Size Effects in Multilayer Si-Ge Epitaxial Heterostructures 239

Fig. 19.3 Field emission current–voltage curves for Ge−Si nanostructures with Ge quantum dots
with average lateral sizes about 100 nm (a) and 40 nm (b) measured at T = 300 K

and b, respectively. It should be stressed that the potential well near the surface is
in any event highly asymmetric. Besides, the shape and transparence of the barrier
Si/QD/vacuum depends drastically on the strength of applied electric field. That is
why the considered Si/QD/vacuum “heterostructure” can neither be unambiguously
classified as a first-type nor as a second-type heterojunction. We have thus to treat
it as a special type of heterojunction whose properties depend upon the value of the
applied electric field and require a separate approach.

In particular, the shape and width of the potential well for holes in the valence
band of SiGe nanoislands changes essentially when the electric field is applied to
the surface. As a consequence, the discrete energy values En change too.
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a b

Fig. 19.4 Field emission current−voltage curve for Ge−Si nanostructure with Ge quantum dots
plotted in the Fowler–Nordheim coordinates lg(I/V2) versus 1/V (a). Effect of IR irradiation on
field emission current–voltage characteristic for a multilayer Ge−Si nanocluster structure. (1) Dark
current; (2) λ≈2 μm; (3) λ≈10 μm. T = 300 K (b)

At some value of the applied electric field, the energy position of a quantization
level may coincide with the top of the Si valence band, so that resonance tunnel-
ing of electrons can become probable from this band into vacuum via the energy
quantization level in the SiGe quantum dot (Fig. 19.5b). As the electric field is
increased further, the potential well becomes shallower and resonance tunneling
can proceed via the next energy level. The observation of a current peak for the
structure with QDs about 2 nm high may indicate that at least one localized energy
state exists in the valence band of SiGe nanoisland in the absence of electric field.
Analyzing these effects, a question arises: where can these additional carriers origi-
nate that are responsible for such an essential current increase under irradiation. Let
us consider this point applying the formula which was proposed by A. Modinos [14]

Si SiGe    vacuum

a 

e–

Si 

   SiGe
–eFx

   vacuum 

b
Fig. 19.5 An energy-band diagram of Si/SiGe heterojunction without (a) and in the presence of
electric field F (b)
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and represents the tunneling current density J for a certain energy E as

J(E) = S(E)T(E),

where S(E) is the supply function depending on the density distribution of energy
states in the subsurface region relevant to emission and T(E) is a factor that describes
the transparency of the surface potential barrier.

We suppose that the photoinduced field emission current can mainly be caused
by electron excitation to additional energy levels in the quantum dots as well as
to surface and subsurface states. These energy levels can be populated by inter-
band and intraband optical transitions. Such transitions become possible, since the
restriction imposed on optical transitions polarized in the plane of the emitter is
lifted as a consequence of elastic deformation leading to a modification of the
energy-band structure of the strained Ge/Si heterojunction. It should be noted that
the elastic deformations not only induce the valley splitting and band offset lifting
the restrictions imposed on optical transitions, but may also essentially influence the
population of surface and subsurface states relevant to emission.

In parallel with the photofield emission, we investigated lateral photoconductiv-
ity in the same monolayer and multilayer heterostructures with Ge quantum dots.
The investigated structures showed considerable photosensitivity for quanta energy
in the range 0.48 ≤ hν≤ 1.11 eV that are smaller than the band-gap energies for
silicon (Eg = 1.1 eV), germanium (Eg = 0.67 eV), and the strained solid solu-
tion Si(1-x)Ge(x) [15]. In this solution, the valence band offset amounts to �Evb
∼0.54x≈0.16 eV for ε≈0.02 at room temperature, where ε is the elastic strain
(Fig. 19.6a). We suppose that the long-wave threshold of the lateral conductivity
photosensitivity may also be attributed to formation of discrete energy levels at
the band verges of the strained Ge/Si heterojunction, via which the electrons can
participate in interband and intraband transitions. The photocurrent in the range

a b

Fig. 19.6 Photoconductivity spectral dependence of Ge/Si heterostructure with eight layers of Ge
quantum dots (solid line) and Si without the quantum dots (dot line) at 290 K (a). Photoconductivity
spectral dependence of Ge/Si heterostructure with five layers of Ge quantum dots for lateral
excitation (waveguide geometry) at T = 77 K (b)
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a

b
Fig. 19.7 (continued)
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of 0.48–1.02 eV is possibly caused by generation of nonequilibrium carriers as a
result of interband transitions in the Ge dots [16]. The photocurrent at 0.32–1.2 eV
showing maxima at 0.32 and 0.34 eV observed at side excitation at 77 K may be pro-
duced by bound-to-continuum transitions of heavy holes of Ge nanoclusters from
2D delocalized states of the silicon wetting layer (Fig. 19.6b) [17].

To understand better the nature of the effects observed in photofield emission
and lateral photosensitivity, we investigated the samples with different number of
similar Ge quantum dot layers. These layers, which we supposed to be vertically
integrated, contained Ge nanoclusters having an optimal height of about 2 nm.

We revealed that the field emission current from the multilayer Ge quantum dot
structure increased several fold under irradiation by light with the wavelength of
λ ≈ 0.7 μm at T = 77 K (Fig. 19.7a). Then we investigated the lateral photo-
conductivity from similar multilayer Ge quantum dot heterostructures containing
three, five, and eight layers of vertically integrated Ge quantum dots. We found that
the red boundary of the lateral photoconductivity distinctly shifted to lower ener-
gies as the number of Ge quantum dot layers increased (Fig. 19.7b). At the same
time, the photocurrent for the sample without Ge nanoclusters was observed only at
hν >1.0 eV. Thus, the two effects in Ge−Si quantum dot structures – the field emis-
sion and lateral conductivity – show a pronounced correlation: they both reveal a
strong long-wave photosensitivity at an optimum size of the dots and are enhanced
as the number of Ge quantum dot layers is increased. Hence, we can infer that the
common features of these phenomena are connected with the energy quantization
in the quantum dots. We suppose that the photoinduced field emission current can
mainly be caused by electron excitation to additional energy levels in the quan-
tum dots as well as to surface and subsurface states. These energy levels can be
populated by interband and intraband optical transitions. Such transitions become
possible, since the restriction imposed on optical transitions polarized in the plane
of the emitter is lifted as a consequence of elastic deformation leading to a modi-
fication of the energy-band structure of the strained Ge/Si heterojunction. It should
be noted that the elastic deformations not only induce valley splitting and band off-
set lifting the restrictions imposed on optical transitions, but may also essentially
influence the population of surface and subsurface states relevant to emission.

19.4 Conclusions

Investigations of field and photofield emission and lateral photoconductivity in the
structures of vertically integrated Ge quantum dots on Si(100) suggest a mechanism
of electron transport in such structures involving the localized energy levels that
appear near the band verges due to energy quantization effects.

�

Fig. 19.7 Effect of IR irradiation on field emission current–voltage characteristic for multilayer
Ge−Si nanocluster structure. (1) Dark current; (2) λ ≈ 0.7 μm. T = 77 K (a). Photoconductivity
spectra of Ge/Si heterostructures with three, five, and eight layers of Ge quantum dots, correspond-
ingly, given in coordinates hν (b)
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Elastic strains in the Ge/Si heterojunction determine the size characteristics of the
grown Ge quantum dot structures. This opens a possibility to prepare more perfect
Ge/Si heterostructures with optimum sizes of Ge quantum dots that may be used for
elaboration of infrared devices and low-voltage electron emitters.
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Part IV
Supramolecular Nanostructures on

Surface of Silica

The surface of a solid state influences the processes of self-organization of
molecules and nanoparticles greatly. Besides, the surface may itself represent a
chemically active component which has a direct influence on forming of highly
organized supramolecular nanostructures. Usage of solid-state matrixes with vari-
ous structures, chemical nature of the surface, and given porosity provide control of
self-organization processes of supramolecules and their groups.

Recent reports confirm that amorphous highly dispersive silica is characterized
by nearly full physiological harmlessness and high adsorptive characteristics against
proteins, toxins, and pathogenic microorganisms. Such complex of properties
promises its usage for medical treatment of different diseases.

Purposive usage of supramolecular chemistry methodology, the effects of ener-
getic and geometrical influence of highly dispersive silica surface, reactionary and
adsorptive properties of its active centers allowed us to create new functional
nanocomposites for medico-biological and technical applications.

Such materials preserve essential characteristics of highly dispersive silica, while
substances immobilized on its surface may acquire new useful properties.

So, for instance, it was discovered that a nanocomposite containing immobilized
bioactive substances on its surface exhibits synergetic properties, prolonged effect,
higher bioaccessibility and bioactivity of the acting substances.

Specially constructed supramolecular structures on the silica surface may possess
the functions of recognition and specific binding of molecules and microbiological
objects according to the principle of complementarity: “key–lock,” “host–guest,”
etc. They can be used as highly selective adsorbents.

The studies described in this part were directed to creation of new fundamental
and application knowledge about regularities of synthetic processes and chemical
modeling of organic, inorganic, and hybrid supramolecular systems at the surface
of highly dispersed silica. Special attention was paid to determination of conditions
for supramolecular structures’ formation, their targeted stabilization in adsorbed,
chemisorbed, or encapsulated state, and usage of supramolecular templates for
synthesis of new nanomaterials with designed molecular architecture. A strong
emphasis was placed on understanding influence of highly dispersed silica in the
synthetic process, evidences of structure of supramolecular complexes, creation of
new prospective nanotechnologies and nanomaterials on this base, and determining
the ways for their practical use.



Chapter 20
Designing of the Nanosized Centers for
Adsorption of Mercury (II) on a Silica Surface

L.A. Belyakova, D.Yu. Lyashenko, and O.M. Shvets

Abstract The chemical design of nanosized centers for mercury (II)adsorption on a
silica surface has been carried out. Chemically bonded molecules of β-cyclodextrin
are the centers of adsorption. The kinetics of Hg (II) adsorption is analyzed within
the framework of Lagergren model for processes of pseudo-first and pseudo-second
orders. It was shown that the adsorption isotherm for β-cyclodextrin-containing
silica is well described by Langmuir equation. The formation of inclusion com-
plexes “β-cyclodextrin–nitrate-ion” with ratio 1:1 and supramolecules with compo-
sition C42H70O34·4Hg(NO3)2 on a surface of β-cyclodextrin-containing silica has
been proved using IR and 1H NMR spectroscopy, spectrophotometry, elemental
analysis, X-ray diffraction, and chemical analysis of surface compounds.

20.1 Introduction

It is known that functional organosilicas have high affinity to metal ions. They are
used for express analysis of metal ions, separation of multicomponent ion mixtures,
and synthesis of ion-exchange materials [1–7]. Silica is the most suitable support in
the synthesis of functional materials due to reactivity of surface silanol groups, high
chemical, thermal, radiation, antibacterial resistances, and no swelling [2, 3].

To solve complicated adsorption problems, for example, quantitative extraction
and express analysis of toxic metal ions in water or dilute aqueous solutions, highly
selective materials are necessary. One method for increase of functional silica selec-
tivity can be immobilization of macro cyclic organic compounds as nanosized
centers for adsorption of specified ions. Cyclodextrins are cyclic oligomers of
α-D-glucose. They belong to the compounds which form stable inclusion com-
plexes of the “host–guest” type due to steric correspondence of “guest” molecules

L.A. Belyakova (B)
O.O. Chuiko Institute of Surface Chemistry of the National Academy of Sciences of Ukraine,
General Naumov St. 17, Kyiv 03164, Ukraine
e-mail: isc412@ukr.net

247A.P. Shpak, P.P. Gorbyk (eds.), Nanomaterials and Supramolecular Structures,
DOI 10.1007/978-90-481-2309-4_20, C© Springer Science+Business Media B.V. 2009



248 L.A. Belyakova et al.

and free space in molecules of cyclodextrins [8–10]. Cyclodextrins are widely used
for enhancement of solubility and stability of medicines and bioactive compounds,
chromatographic separation and purification of organic compounds of similar struc-
ture and composition [11], extraction of impurities of toxic substances [12]; creation
of medicines with prolonged action; and decreasing toxicity of medicines [13,
14]. Cyclodextrins also are promising for creation of selective adsorbents and
sensors [15–17].

At present, there has been pronounced tendency to obtain cyclodextrin-
containing adsorbents by impregnation into organic polymer matrixes [18–21].
Immobilization of cyclodextrins on a surface of highly dispersed silicas has been
studied not sufficiently [22–24]. We proposed reproducible methods of adsorptive
and chemical immobilization of cyclodextrins on a surface of porous and nonporous
silicas [25–28]. Sorption activity of cyclodextrin-containing silicas toward some
metal ions was proved [27–29]. We suppose that the presence of inner hydropho-
bic cavity with strictly fixed size and hydrophilic lateral functional groups in the
molecules of cyclodextrins must have an impact, in particular, on sorption peculiar-
ities of these nanosized centers of adsorption and cyclodextrin-containing materials
as a whole.

In the present work an influence of chemical immobilization of mono-tosyl-β-
cyclodextrin on adsorption ability of highly dispersed silica to Hg (II) ions has been
studied.

20.2 Results and Discussion

Chemical immobilization of mono-tosyl-β-cyclodextrin (Ts-β-CD) onto the silica
surface has been realized in two stages. The first step is modification of hydroxy-
lated silica surface with aminopropyl groups. The second step is chemical reaction
between aminopropylsilica and mono-tosyl-β-cyclodextrin. The quantity of bonded
β-cyclodextrin (β-CD) is 0.035 mmol g−1. Chemically bonded β-cyclodextrin occu-
pies ∼50% of aminopropylsilica surface as the molecule area of β-CD equals
2.41 nm2. The chemical immobilization of Ts-β-CD on the aminopropylsilica has
been carried out on the lower rim of the torus, since tosyl group of Ts-β-CD is
located in position 6 [27] (Fig. 20.1 and Sch. 20.1).

Effect of contact time of silica adsorbents I–III with aqueous solutions of 0.01 M
mercury (II) nitrate on adsorption of Hg (II) ions was studied. Lagergren’s kinetic
models for processes of pseudo-first order and pseudo-second order were used for
analysis of kinetic curves of Hg (II) adsorption onto adsorbents I–III (Table 20.1).
The integral form of Lagergren kinetic model [30] for pseudo-first order processes
can be expressed as

ln
(
aeq − at

) = ln aeq − k1t, (20.1)

where at and aeq are the adsorption (mg g−1) at time t (min) and at equilibrium state,
respectively; k1 is the rate constant of adsorption of pseudo-first order (min−1).
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Sch. 20.1 Scheme of surface layer structure for adsorbents I (a), II (b), and III (c)

Table 20.1 Kinetic parameters of mercury (II) nitrate adsorption for processes of pseudo-first and
pseudo-second order in Lagergren model

Process of pseudo-first order Process of pseudo-second order

Adsorbenta k1(min−1) R2 k2(g mg−1 min−1) R2

I 3.4 ± 0.2 0.98 0.29 ± 0.01 0.99
II 3.6 ± 0.2 0.98 0.18 ± 0.01 0.35
III 5.9 ± 0.3 0.92 0.055±0.003 0.77

aNumbering of adsorbents corresponds to Scheme 20.1.

The equation for kinetic processes of pseudo-second order is given by

t/at = 1/
(

k2 · aeq
2
)

+ t/aeq, (20.2)

where k2 is the rate constant of adsorption of pseudo-second order (g mg−1 min−1).
The kinetic curves for adsorbents I–III are well fitted to linear form of the

pseudo-first order process (Fig. 20.1). The rate constant of adsorption k1 increases
(Table 20.1) for kinetic processes of pseudo-first order in the sequence:

I (starting silica)< II (aminopropylsilica)< III (β- cyclodextrin-containingsilica) .

It proves that the rate of mercury (II) adsorption depends only on the type of
functional groups onto silica surface.
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Fig. 20.1 Kinetic curves of mercury (II) adsorption (lines 1−3) in Lagergren pseudo-first order
equation for silicas I–III, respectively

The isotherms of mercury (II) adsorption from Hg(NO3)2 aqueous solutions
with pH = 1–3 and concentrations 10−4–10−3 M at 22◦C are shown in Fig. 20.2.
Predominant forms of mercury (II) in a weak acid range are Hg2+ and Hg(OH)+

[29]. The uptake of mercury (II) for adsorbents I and II is negligible. For adsorbent
III the isotherm of Hg (II) adsorption exhibits a sharp rise even at low equilibrium
concentrations.
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Fig. 20.2 Isotherms of mercury (II) adsorption (curves 1−3) from mercury (II) nitrate aqueous
solutions for adsorbents I–III, respectively
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Weak acid silanol groups are present on a surface of adsorbent I (pKa = 6.90,
concentration of silanol groups is 0.40 mmol g−1). Silanol groups are in the non-
ionized state at pH < 2. At pH 3 the part of ionized silanol groups which participate
in cation exchange is only 0.01%. As the adsorption of mercury (II) onto hydrox-
ylated silica is insignificant at pH = 1–3, the centers of its adsorption are only
ionized silanol groups. For adsorbent II two-thirds of silanols are replaced by amino-
propyl groups ([NH2] = 0.28 mmol g−1) with the basicity constant pKb = 4.10.
However, most part of aminopropyl group in weak acid solutions is in protonated
state and does not participate in complex formation with cation forms of mercury
(II). Considerable enhancement of adsorption of mercury (II) ions by adsorbent
III in comparison with adsorbents I and II is directly related to immobilization of
mono-tosyl-β-cyclodextrin ([β-CD] = 0.035 mmol g−1), as the total concentration
of active centers of adsorbents I–III is constant, but only chemical composition of
surface is varied. As Hg (II) uptake is four times higher than the quantity of immo-
bilized β-CD it is possible to assume the formation of supramolecular structures on
the surface of adsorbent III.

The results of adsorption measurements agree with the IR data. The IR spectrum
of silica I after adsorption of mercury (II) is practically unchanged. For adsorbent
II after contact with Hg(NO3)2 solution a little shift of the deformation vibrations
bands in the N−H bonds for the primary aminopropyl groups (1570 and 1540 cm−1)
[31] in low-frequency area (1525 cm−1) is observed as a result of interaction of
uncharged amino groups with cations of mercury (II) [32]. In the IR spectrum of
silica III after contact with mercury (II) nitrate solution the absorption bands of
the valence vibrations of the O−H bonds for the secondary alcohol groups (3375,
3290 cm−1) and the C−H bonds of β-cyclodextrin (2950, 2880 cm−1) are shown
less clearly. This confirms participation of chemically bonded β-cyclodextrin in the
formation of surface supramolecular structures only for adsorbent III.

Figure 20.3 shows the isotherm of mercury (II) adsorption for adsorbent III in
Freundlich and Langmuir equations. Freundlich model (Fig. 20.3a) for adsorption
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Fig. 20.3 Isotherm of mercury (II) adsorption in Freundlich (a) and Langmuir (b) equations for
adsorbent III
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Table 20.2 Parameters of mercury (II) adsorption at 22◦C for β-cyclodextrin-containing silica III
calculated by Freundlich and Langmuir equations

Freundlich equation Langmuir equation

R2 n KF (mg g−1) R2 KL(L mg−1) am(mg g−1) RL

0.96 0.003 1.58 ± 0.08 0.999 14,400 ± 700 34 ± 2 0.65 ± 0.03

on heterogeneous surface is described by

log aeq = log KF + (1/n) · log Ceq, (20.3)

where aeq is the equilibrium adsorption (mg g−1); KF is Freundlich constant
(adsorption capacity) (mg g−1); 1/n is Freundlich constant characteristic of adsorp-
tion intensity; Ceq is the equilibrium concentration of adsorptive substance in a
solution(mg L−1).

Langmuir model (Fig. 20.3b) for monolayer adsorption on localized sites of
energy uniform surface is described by

Ceq/aeq = 1/ (KL · am)+ (1/am) · Ceq, (20.4)

where Ceq is the equilibrium concentration of adsorptive substance in a solution
(mg L−1); aeq is the equilibrium adsorption (mg g−1); KL is Langmuir con-
stant, which characterizes the energy of adsorption (L mg−1); am is the adsorption
capacity of monolayer (mg g−1).

The parameters of adsorption are given in Table 20.2. The experimental data
are well fitted to linear form of Freundlich and Langmuir equations (Fig.20.3).
However, the correlation coefficient R2is of higher value for Langmuir equation. The
values of Langmuir equation (Table 20.3) were used for calculation of separation
factor RL [30]:

RL = 1/
(
1 + KL · C◦), (20.5)

where C
◦

is the initial concentration of adsorbtive (mg L−1).

Table 20.3 Chemical shifts in the 1H NMR spectra for β-cyclodextrin and its inclusion complex
with mercury (II) nitrate

Protons
Chemical shift δ
(ppm) β-CDa

Chemical shift δ
(ppm) β-CD

Chemical shift δ (ppm)
“β-CD–Hg(NO3)2

” �δ (ppm)

C(1)-H 4.820 4.821 4.819 −0.002
C(2)-H 3.290 3.200 3.270 0.070
C(3)-H 3.640 3.629 3.633 0.004
C(4)-H 3.340 3.317 3.318 0.001
C(5)-H 3.590 3.537 3.543 0.006
C(6)-H 3.640 3.629 3.633 0.004

aLiterature data [38] .
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The value RL = 0.65 is evidence of high affinity of adsorbent III to Hg (II).
Since the experimental adsorption isotherm is in a good agreement with equation
of Langmuir adsorption isotherm these conclusions can be made: (1) the surface of
chemically modified silica is sufficiently homogeneous; (2) the surface centers of
adsorption do not interact with each other; (3) adsorption of Hg (II) is monolayer.
These conclusions are not contradicted by our experimental result that the molecules
of immobilized β-cyclodextrin are the unique centers of mercury (II) adsorption.

In the electronic spectrum of 0.001 M aqueous solution of mercury (II) nitrate
symmetric absorption band with λmax = 302 nm and ε = 300 L mol−1 cm−1 is reg-
istered. It corresponds to n → π∗ transition of N=O chromophore in nitrate-ion
[33]. The absorption band at 302 nm becomes asymmetric and its intensity sharply
increases (ε= 4600 L mol−1 cm−1) as a result of addition of given quantities of
β-CD to an aqueous solution of Hg(NO3)2. β-Cyclodextrin does not have char-
acteristic absorption bands in UV region of spectrum. The content of nitrate-ions
in equilibrium solutions decreases. These facts together with the spectral changes
of the absorption band of N=O chromophore are evidence of NO3

− interaction
with β-CD, namely, the anion penetration to inner cavity of β-cyclodextrin and
the formation of inclusion complex “β-CD−NO3

−.” The composition of inclusion
compound was determined by the method of equimolar series. Experimental points
have linear correlation (Fig. 20.4) for complex “β-CD−NO3

−” with ratio 1:1 in
Benesi–Hildebrand equation [34]:

(
C◦

NO3− · l
)
/Dλ = 1/ελ + 1/

(
Ks · ελ · C◦

β-CD
)
, (20.6)
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Fig. 20.4 Dependence of spectral characteristics of nitrate-ion on β-cyclodextrin amounts in water
solutions in Benesi–Hildebrand equation
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where C
◦

is the initial concentration of the reagents (mol L−1); Dλ is the optical
density of equilibrium solutions (arbitrary units, a.u.); ελ is the molar extinction
coefficient of the equilibrium solutions (L mol−1 cm−1); Ks is the binding constant,
or the constant of complex stability (L mol−1); l is the thickness of the absorbing
layer of analyzed solution (cm).

The value of the binding constant Ks = 1290 ± 60 L mol−1 is evidence of the
high strength of the “β-CD−NO3

−” inclusion complex. Since the volume of inner
cavity of β-CD molecule is V cavity β-CD = 0.262 nm3, of its upper part is V1/2
cavity β-CD = 0.156 nm3, the volume and diameter of hydrated nitrate-anion are
VNO3 =̄ 0.153 nm3 and dNO3¯ = 0.67 nm [35], the penetration of the anion into
the cavity of β-cyclodextrin is feasible through the wider edge. Location of NO3

−
is possible only in the upper part of β-CD torus. The reason for the high strength of
the “β-CD−NO3

−” inclusion complex is the equality of volumes of the upper part
of β-CD inner cavity and hydrated anion.

Preparative quantity of product of interaction between β-cyclodextrin and mer-
cury (II) nitrate as white needle-like crystals was obtained by precipitation at 5◦C.
The solution with pH = 1 contained equimolar quantities of β-cyclodextrin and
mercury (II) nitrate. Hg2+ is the predominant form of mercury (II) at pH = 1. The
presence of Hg2+ in the precipitated inclusion complex has been proved by chemical
and elemental analysis, β-CD:Hg(NO3)2 = 1:4.

The study of the product by X-ray diffraction, IR and 1H NMR spectroscopy
confirms the formation of the “β-CD−NO3

−” inclusion complex.
Three of the most intensive peaks with 2θ = 12.57◦, 19.42◦, 22.84◦ and

I = 7660, 4140, 4570 a.u. are in the X-ray spectrum of crystalline β-cyclodextrin.
Three main peaks of Hg(NO3)2·H2O attribute to 2θ = 19.73, 19.17, and 17.81.
The X-ray spectrum of the product of β-cyclodextrin interaction with mercury (II)
nitrate does not have peaks which belong to Hg(NO3)2·H2O. The main peaks of
β-cyclodextrin after interaction with mercury (II) nitrate are shifted (2θ = 12.42,
19.57, 22.67), and their intensity essentially increases (I = 14,030, 10,740, 7400).
Hence, the “β-cyclodextrin–mercury (II) nitrate” inclusion compound is formed.

β-Cyclodextrin consists of seven glucopyranose units which are connected by
glycosidic α-(1→4)-bonds. The 7 primary (C-6) hydroxyl groups are located at the
lower edge, and 14 secondary (C-2) and (C-3) alcohol groups are at the upper edge
of β-CD molecule:
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In the IR spectrum of β-cyclodextrin the wide intensive absorption band in the
range of 3500−3000 cm−1 with maximum at 3380 cm−1 is observed. This band
belongs to the valence vibrations of the O−H bonds in the secondary hydroxyl
groups which are connected by the intramolecular hydrogen bonds [9]. The absorp-
tion band with maximum at 2930 cm−1 corresponds to the valence vibrations of the
C−H bonds. In the range of 1400−1000 cm−1 the absorption bands of the valence
vibrations of the C−O and C−C bonds and the deformation vibrations of the O−H
bonds in alcoholic groups of β-CD are registered.

The IR spectrum of the “β-cyclodextrin–mercury (II) nitrate” inclusion complex
has one absorption band with maximum at 3380 cm−1 which is ascribed to the
valence vibrations of the hydrogen-bonded hydroxyl groups of β-CD [9]. The inten-
sity of the absorption bands of the valence vibrations of the C−H, C−O, and C−C
bonds decreases. Besides, the weak absorption band at 1385 cm−1 points to the pres-
ence of nitrate-anion [36] in the inclusion complex. Thus, it is possible to assume
that nitrate-ion is placed in the inner cavity of the β-cyclodextrin molecule [37].

The shifts of all signals 1H of glucopyranose units are observed in the 1H NMR
spectrum of the “β-CD−Hg(NO3)2” inclusion complex in comparison with the
spectrum of β-cyclodextrin. It points to interaction of β-cyclodextrin with mercury
(II) nitrate (Table 20.3).

Slight variation of the chemical shift�δ value is determined by the parameters of
the studied system. It is known [39] that the values of chemical shifts for inclusion
complexes increases with growing thermochemical radii of the anion-“guest” and
with decreasing cavity size of cyclodextrins. For the system “β-cyclodextrin–nitrate-
ion” slight changes of the chemical shifts of protons (Table 20.3) agree with the size
of nitrate-ion (0.179 nm). The disappearance of the protons’ resonance signals of the
primary and the secondary hydroxyl groups of β-CD indicates that interior complex
is formed [40]. The signals of the inner protons C(3)-, C(5)-, and C(6)-N of β-
cyclodextrin are shifted into upfield region (+�δ) [39] after interaction with mercury
(II) nitrate. It points to the penetration of the hydrated anion into the cavity of β-CD.
The largest shift for C(5)-H allows us to conclude that the anion is kept near the
vicinal C(5)-atom. For the protons of C(1)-, C(2)-, and C(4)-atoms of glucopyranose
units which are located outside of the β-CDmolecule torus, �δ is usually smaller
than that for C(3)-, C(5)-, and C(6)-H [39, 41]. In our case it was observed for C(1)-
and C(4)-H signals. The downfield slight shift for C(1)-H indicates the absence
of conformation changes in the β-CDmolecule when nitrate-anion enters into the
inner cavity of the β-CD. The large shift for C(2)-H is evidence of anion penetration
into the cavity of β-CD through wider edge of the β-CD molecule, and it is kept
near C(5)-H in the upper part of β-CD. These results agree with our conclusion
about geometrical conformity of the hydrated nitrate-anion and upper part of the
β-cyclodextrin cavity.

From obtained results conclusions about the mechanism of mercury (II) adsorp-
tion on the surface of β-cyclodextrin-containing silica are made. The quantity of
adsorbed mercury (II) nitrate is four times more than the concentration of chem-
ically bonded β-cyclodextrin. The inclusion compound of the “host–guest” type
with ratio 1:1 between grafted molecules of β-cyclodextrin and nitrate-ions in a
solution is formed on the surface of adsorbent III. Then NO3

−ion incorporated into
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the cavity of β-CD attracts Hg2+, which, in turn, attaches yet another nitrate-anion.
The linear molecule of mercury (II) nitrate spaced perpendicular to the plane of
the macro cycle rim is formed. Three other molecules of mercury (II) nitrate are
kept due to interaction with hydroxyl groups of wider edge of the β-CD molecule.
Thus, the high affinity of β-cyclodextrin-containing silica to Hg2+ is a result of the
formation of neutral supramolecular structures (super molecules) with composition
C42H70O35·4Hg(NO3)2 on the surface of β-cyclodextrin-containing silica:

20.3 Conclusion

Chemical modification of the silica surface by β-cyclodextrin for increase of
its affinity to mercury (II) was proposed. Substantial growth of mercury (II)
ions uptake from dilute aqueous solutions by β-cyclodextrin-containing silica was
shown. The value of the binding constant equals 14,400 ± 700 L mg−1. The
hydroxylated silica and aminopropylsilica do not adsorb mercury (II) under these
conditions. Mechanism of β-cyclodextrin interaction with mercury (II) nitrate was
established by IR spectroscopy, 1H NMR spectroscopy, UV absorption, elemen-
tal analysis, X-ray diffraction, and chemical analysis of surface compounds. The
formation of “β-cyclodextrin–nitrate-ion” inclusion complexes, with composition
1:1 and binding constant 1290 ± 60 M−1, and super molecules with composi-
tion S42H70O35·4Hg(NO3)2 in a solution and on the surface of β-cyclodextrin-
containing silica was proved.
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Chapter 21
Supramolecular Structures of Chitosan
on the Surface of Fumed Silica

T.V. Kulyk, B.B. Palyanytsya, T.V. Borodavka, and M.V. Borysenko

Abstract The interaction of a chitosan biopolymer with the surface of fumed sil-
ica was investigated by temperature-programmed desorption mass spectrometry
(TPDMS), thermogravimetry (TG), UV–visible spectroscopy (UV/vis), and Fourier
transform infrared spectroscopy (FTIR). Mass spectra were used to estimate the
number of chitosan segments non-connected and directly connected to the silica
surface. The results indicate that as the amount of adsorbed chitosan increases the
number of non-connected segments increases. A method was suggested for calcu-
lating the p parameter for chitosan adsorbed on silica directly from TPDMS data
and without additional sample treatment. The experimental data indicate the forma-
tion of supramolecular iodine–chitosan surface complexes arranged in the form of
two-layer cylindrically structured units.

21.1 Introduction

Research on adsorption of biopolymers on solid surfaces is important for advanc-
ing the knowledge on the fundamentals of macromolecules adsorption and for the
development of applications in chemistry, biology, and medicine. On this venue,
we are reporting some data related to the adsorption of chitosan (poly[(1-4)-2-
amino-2-deoxy-D-glucose]) from water solutions onto the surface of fumed silica
[1, 2].

Silica with varying chitosan surface content was obtained by equilibrium adsorp-
tion from water solutions of increasing concentration. Varying the degree of
polysaccharide surface coverage allows modulating the final properties of the result-
ing composite and the properties of its single components. Chitosan is non-toxic and
can be biodegraded to environmental and biota harmless low-molecular compounds
[3]. It has a wide range of adsorption properties, can stimulate regeneration of
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damaged tissues [4], and also has remarkable antibacterial, antiviral, antiradiation,
and immuno-modulating properties [5–7]. This polymer is also used for drug deliv-
ery [8]. A vast number of studies are currently being carried out in order to obtain
new chitosan-based materials for applications in biology and medicine [9–12].

As a rule, not all segments of an adsorbed polymer are in direct contact with the
surface. The percentage of chain segments directly interacting with the surface, the
so-called p parameter, becomes of practical importance to elucidate the structure
of the adsorbed layer. The method for estimating the adsorbed polymer conforma-
tion from the knowledge of the p parameter is widely applied to describe polymer
conformations on various solid surfaces [13]. Most often, the p parameter of poly-
mers adsorbed on the surface of oxides is determined with the data from infrared
spectroscopy, electronic paramagnetic resonance, and microcalorimetry [14].

In this work, we study the structure of the adsorption layer of chitosan on the
surface of silica with the aid of thermogravimetry, Fourier transform infrared spec-
troscopy, UV–visible spectroscopy, and temperature-programmed desorption mass
spectrometry. Particularly, the report describes the results of the estimation of the p
parameter of silica-adsorbed chitosan from TPDMS data.

21.2 Experimental

21.2.1 Material

Samples of fumed silica (purity 99.87%, SBET=270 m2/g) were supplied by the Pilot
Plant of the O.O. Chuiko Institute of Surface Chemistry, Kalush, Ukraine). Chitosan
(low viscosity, obtained from crab shells) was supplied by Fluka (Switzerland).
Silica-adsorbed chitosan (SiO2/chitosan) samples were prepared by the equilibrium
adsorption method. Chitosan contents varied from 5 to 60 mg/g of silica. After the
adsorption step, the samples were dried at room temperature. Self-supported trans-
parent pellets (20 mg) to be tested by FTIR were obtained by pressing the silica
powder to 60 MPa. SiO2/chitosan samples with no further treatment were analyzed
by TPDMS (batches were 20.0 mg) and TG (batches were 240 and 170 mg of SiO2
and SiO2/chitosan, respectively). Silica–chitosan–iodine samples were prepared by
the equilibrium adsorption method. An aqueous solution of KI−I2 10 ml in volume
was mixed with 0.1 g of SiO2/chitosan (60 mg/g), and the mixture obtained was
let standing for 2 h. The suspensions prepared were centrifuged and dried at room
temperature.

21.2.2 Experimental Methods

Differential thermogravimetric analysis was performed in a MOM Q-1500 derivato-
graph and the 20–1000ºC temperature range was scanned. The heating rate was
0.167ºC/s.
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FTIR spectra were recorded in the frequency range 4000−500 cm−1 using
the Thermo Nicolet NEXUS FT-IR spectrophotometer. Samples were pressed into
pellets without additional treatment.

UV–vis spectra were recorded in a Specord M-40 (Carl Zeiss Jena, Germany)
spectrophotometer with an absorption mode for the solutions and a reflectance mode
for the powders. The pH value was changed by addition of HCl or NaOH solution
and controlled using a pH meter with a glass electrode.

TPDMS experiments were performed in an MKh-7304A monopole mass spec-
trometer (Electron, Sumy, Ukraine) with electron impact ionization, adapted for
thermodesorption measurements. A typical test comprised placing a 20 mg sam-
ple on the bottom of a molybdenum–quartz ampoule, evacuating to ∼5×10−5 Pa
at ∼20◦C and then heating at 0.15ºC/s from room temperature to ∼750◦C. The
volatile pyrolysis products passed through a high-vacuum valve (5.4 mm in diame-
ter) into the ionization chamber of the mass spectrometer where they were ionized
and fragmented by electron impact. After mass separation in the mass analyzer,
the ion current due to desorption and thermolysis was amplified with a VEU-6
secondary-electron multiplier. The mass spectra were recorded and analyzed using
a computer-based data acquisition and processing setup. The mass spectra were
recorded within 1–210 amu. During each TPDMS experiment, ∼240 mass spec-
tra were recorded. During a thermodesorption experiment, the sample was heated
slowly while the rate of evacuation of the volatile pyrolysis products was high.
Diffusion effects can thus be neglected and the intensity of the ion current can be
considered proportional to the desorption rate. This made it possible to calculate the
non-isothermal kinetic parameters such as the activation energy and the preexpo-
nential factor of desorption (thermal decomposition) and chemical reactions in the
condensed phase and on the surface of the silica. Non-isothermal parameters and
the p parameter were calculated using a computer program only for well-resolved
peaks for which form and position on the temperature scale were reproduced in
several experiments.

21.3 Results and Discussion

Figure 21.1 shows the FTIR spectra of silica samples with different amounts of
adsorbed chitosan. Chitosan containing samples had increased absorption bands at
1524 cm−1that are attributed to bending vibrations of N−H bonds in the protonated
amino group. Other chitosan characteristic absorption bands were overlapped with
absorption bands due to the silica and adsorbed water. It is known [14] that IR
spectroscopy allows to determine the involvement of silica surface silanol groups
in the interaction with modifier molecules. In this case no correlation was found
between the absorption intensity of the 3750 cm−1band due to stretching vibrations
of the O−H bonds of isolated silanol groups and the amount of chitosan adsorbed
on the silica surface.

Thermal analysis (Fig. 21.2) shows that chitosan-modified silica has an addi-
tional stage of weight loss corresponding to polymer destruction. According to the
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Fig. 21.1 FTIR spectra of samples. (1)−(8) Chitosan containing silica samples with 5, 10, 15, 20,
25, 35, 50, and 60 mg of chitosan per gram of silica, respectively. (9) The initial silica sample

Fig. 21.2 DTG results. (1) The initial silica sample. (2) Silica modified by chitosan (60 mg/g)

differential curves, most of the chitosan adsorbed on the surface of silica decom-
poses at 70–500ºC. This is the close temperature range for in vacuo decomposition
in the MS experiment.

Earlier TPDMS reports [15] have shown that most chitosan polymeric chains
decompose without pyranose ring disruption. They seem to undergo 1,4-β-
glycosidic bond cleavage, intramolecular β-elimination of two water molecules, and
release of molecular unsaturated amino sugar (AS), the latter with molecular weight
of 125 amu (see Scheme 21.1 and Fig. 21.3). Within the 220–400ºC range, mass
spectra are observed with the molecular ion at m/z 125 and their regrouping ions
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formed in the ion source under the influence of electrons. The curve of thermal
desorption corresponding to the ion with m/z 125 has one peak at Tmax = 290ºC
(Fig. 21.3).

The low-temperature stage of AS formation was found to appear during the
pyrolysis of adsorbed chitosan (Fig. 21.4). The kinetic parameters of the first-order
reaction of unsaturated AS (m/z 125) formation during pyrolysis of chitosan on the
silica surface were calculated. At the low-temperature stage, the activation energy
and the preexponential factor are E	= = 54 kJ/mol and k0 = 1.19×104 s−1, respec-
tively. The kinetic constant is significantly lower than that of the condensed state

Fig. 21.3 Thermal
decomposition of chitosan.
TPD traces of the unsaturated
amino sugar molecular ion
(m/z 125) and their
regrouping ions at m/z 99,
97, 84
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Fig. 21.4 Thermal
decomposition of chitosan.
TPD traces of the regrouping
ion at m/z 107. (1)–(9)
Chitosan-modified silica
samples with 5, 10, 15, 20,
25, 35, 40, 50, and 60 mg of
chitosan per gram of silica,
respectively

(E	==124 kJ/mol, k0 =2.43×109 s−1). This effect is likely due to the formation of
a −NH3

+· · · −OSi≡ adsorption complex on the silica surface. Complexation results
in the stabilization of a highly ordered transition state thus providing for a low acti-
vation energy for the elimination of two water molecules from the pyranose ring
that results in the formation of AS. It is known that reactions in highly ordered tran-
sition states are characterized by negative values of dS	= [16] as seen in this case.
The preexponential factor and the activation energy are also likely reduced by the
effects of surface heterogeneity and compensation.

Segment types of adsorbed polymers are usually referred to as trains, loops, or
tails. Trains are segments directly interacting with the surface. Loops are areas of
polymeric chains with two ends attached to the trains. Tails are so-called “lost ends”
of an adsorbed chain. The p parameter is a ratio of the number of all train segments
(Atr) to the sum of all segments (Atotal), i.e., p=Atr/Atotal.

Obviously, the two pyrolysis stages of the silica-adsorbed chitosan are caused by
two types of chitosan: those directly bound to the surface (trains) corresponding to
the formation of the −NH3

+· · · −OSi≡ adsorption complex and those non-silica-
bonded (loops and tails).

To study the adsorbed chitosan structure as a function of the degree of coverage
of the silica surface, a series of samples were analyzed by both TPDMS and FTIR.
The chitosan amount on the surface of these samples corresponded to the adsorption
equilibrium value. Samples with higher concentration of chitosan had the stage II
thermodesorption peaks of a higher intensity than the stage ones (Fig. 21.4). The
integrated intensity of the stage II bands is proportional to the number of chitosan
loops and tails while the integrated intensity of the stage I bands is proportional
to the number of polymer segments directly bound to the surface. Therefore these
values allow for the calculation of the p parameter.

The thermodesorption curves for the ion at m/z107 were mathematically pro-
cessed for a series of samples with different chitosan content. The integrated
intensity of the I and II peak types were thus obtained with R2=0.91−0.98 (see
Figs. 21.4 and 21.5). The ion at m/z 107 was particularly chosen because it is the
most intense of the chitosan mass spectra. The p parameter was calculated from the
integrated intensities (int) of the I and II peak types: p=intI/(intI + intII).
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Fig. 21.5 Mathematical
deconvolution of the TPD
trace of the ion at m/z 107

A correlation between the amount of the adsorbed polymer and the p parameter
was obtained (see Fig. 21.6). The higher is the polymer content, the lower is the
p parameter. At the same time, the amount of polymer segments directly bound to
the surface was reduced at growing values of the p parameter, i.e., the number of
polymer-free segments grows at higher surface coverage densities. For a value of
chitosan concentration of ∼ 60 mg/g corresponding to the saturation value of the
adsorption isotherm, only 10% of pyranose rings appear to be bound. This means
that at saturation, 90% of pyranose rings are in the form of loops and tails.

The above discussion sheds some light on the formation of chitosan–iodine
supramolecular complexes when chitosan is adsorbed on the silica surface. It is
known [17] that in certain conditions chitosan can form supramolecular com-
plexes with iodine that have characteristic absorption band at λmax=500 nm in the
UV–vis spectra. Combined physical and chemical research methods have been pre-
viously used [17] to elucidate the structure of these complexes. Chitosan–iodine
supramolecular complexes have been shown to consist of two-layer cylindrical

Fig. 21.6 p parameter as a
function of the amount of
chitosan on silica
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Fig. 21.7 Diffuse reflectance
UV–vis spectra of
iodine-treated samples.
(1) Chitosan-free silica
(0.1 mmol I2/g).
(2) Chitosan-modified silica
(0.9 mmol I2/g, 60 mg
chitosan/g)

structures of inner polyiodide (I−3 ) chains surrounded by an assembly of crystalline-
like extended chitosan chains involving intermolecular hydrogen bonds network.

Silica–chitosan sorbent samples become purple when in contact with KJ3 solu-
tions. Diffusive reflectance UV–vis spectra of silica–chitosan–iodine samples have
an absorption band with a maximum at λ=500 nm (see Fig. 21.7). This is a sign
of the formation of a chitosan–iodine supramolecular complex on the silica sur-
face. The obtained samples are also easily decolorized by heating above 40◦C, an
expected result from the lability of these complexes [17].

A lack of absorption bands at λ=500 nm in the UV–vis spectra of the acid solu-
tions (pH 2, Fig. 21.8a) and their presence in the spectra of the alkaline solutions
(pH 8.3, Fig. 21.8b) show that at low pH values no chitosan–iodine supramolecu-
lar complexes can be formed. However, the complexes were found to be formed
on silica–chitosan sorbent surfaces (Fig. 21.7) upon chitosan adsorption at low
pH. Thus the ordered supramolecular structures of chitosan on silica can even

Fig. 21.8 UV–vis spectra of acidified (a, pH 2) and alkalized (b, pH 8.3) liquid samples.
(1) Chitosan-free iodine solution (0.75 mmol I2/l). (2) Chitosan–iodine solution (0.75 mmol I2/l,
1 g chitosan/l)
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be formed under acid conditions. Iodine adsorption can be used for testing if the
chitosan polymeric chains form ordered or disordered patterns. In solution, the
ordered structures are formed only in alkaline media while silica-induced orderly
rearrangements can occur even at low pH. A possible explanation is that chitosan
polymeric chains bonded with the silica surface are stable conformers, i.e., dur-
ing adsorption from solution chitosan polymeric chains are formed on the silica
surface as extended cylindrical structures. This explains the low value of the p
parameter obtained. The existence of such conformers on the surface of the silica–
chitosan sorbent promotes the formation of surface chitosan–iodine supramolecular
complexes.

21.4 Conclusions

A method was suggested for calculating the p parameter for chitosan adsorbed
on silica directly from TPDMS data and without additional sample treatment. A
correlation between the p parameter and the amount of adsorbed chitosan was
obtained.

The absorption band at λ=500 nm in the UV–vis spectra of silica–chitosan–
iodine samples points out the formation of supramolecular chitosan–iodine surface
complexes arranged in the form of two-layer cylindrically structured units. They
would consist of inner polyiodide (I−3 ) chains surrounded by crystalline-like
extended chitosan chains involving intermolecular hydrogen bond network.

TPDMS data presented in terms of the p parameter value and UV–vis spectra
of silica–chitosan–iodine samples are the evidences of the structure-forming role of
silica nanoparticles during chitosan adsorption and the existence of ordered chitosan
structures on the silica surface.
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Chapter 22
Supramolecular Complex Antioxidant
Consisting of Vitamins C, E and
Hydrophilic–Hydrophobic Silica Nanoparticles

I.V. Laguta, P.O. Kuzema, O.N. Stavinskaya, and O.A. Kazakova

Abstract Samples with varied amount of surface trimethylsilyl groups were
obtained via gas-phase chemical modification of silica nanoparticles. The biocom-
patibility tests conducted in erythrocyte suspension have shown that hydropho-
bization of silica decreases its damaging effect to the cells. Being wettable in
aqueous media, partially silylated silicas have higher affinity to hydrophobic bioac-
tive molecules in comparison with the initial silica. Novel antioxidant consisting of
vitamins C and E and silica with 40% of surface trimethylsilyl groups was formu-
lated. It was found that supramolecular complexes are formed on the silica surface
due to the affinity of water- and fat-soluble antioxidants to hydrophilic silanol and
hydrophobic trimethylsilyl groups, respectively. Test reactions (total phenolic index
determination, DPPH test) and in vitro studies (spectral analysis of erythrocyte
suspensions undergoing UV irradiation) revealed the correlation between antioxi-
dant activity of the complex antioxidant and the vitamins’ content. The antioxidant
remained active during long-term storage under standard conditions.

22.1 Introduction

Highly disperse silica is widely used in medicine as enterosorbent, drug carrier, filler
for pills, toothpastes, and dental products [1]. Adsorption properties and workability
of silica are defined by the presence of a large amount of hydroxyl groups on its sur-
face. These groups specify the significant sorptivity of the particles with respect to
water, proteins, microorganisms, bioactive compounds, and drugs whose molecules
contain polar groups [1, 2]. However, hydroxylated silica is characterized by low
adsorption activity with respect to non-polar molecules, and being introduced in an
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organism it can demonstrate the biological activity [3–5]. The adsorbents with par-
tially hydrophobized surface are believed to be promising derivatives of hydrophilic
silica with potential application in medicine. Partial substitution of silanol groups
with methyl ones could diminish the damaging effect of silica upon a cell [3, 4]
while keeping the necessary wettability of the particles with water as well as widen
the variety of adsorbates owing to the appearance of new adsorption centers at the
surface. Hydrophilic–hydrophobic silicas are of particular interest in relation to the
idea of coadsorption of water- and fat-soluble bioactive compounds, e.g., vitamins C
and E. Vitamins C (ascorbic acid) and E (α-tocopherol) are antioxidants and syner-
gists [6]. One might expect that due to the presence of hydrophilic and hydrophobic
groups on the silica surface the adsorbents would retain both water- (vitamin C) and
fat-soluble (vitamin E) compounds, and the consecutive or simultaneous antioxi-
dants’ desorption would occur while nanocomposites are in contact with different
media.

The goal of this work was to compare the properties of initial and modified silica
adsorbents containing surface hydroxyl and trimethylsilyl groups, to formulate and
study a complex antioxidant comprising vitamins C and E supramolecularly dis-
persed on the surface of silica nanoparticles. Adsorbents containing both vitamins
on the surface might be of interest with regard to the possibility of their application,
for instance in cosmetology, gerontology, dermatology, and as bioactive additives.

22.2 Experimental

Fumed silica A-300 (Pilot plant at the Institute of Surface Chemistry, Kalush,
Ukraine; specific surface area SBET≈200 m2/g) was used as the initial adsor-
bent. Ascorbic acid (vitamin C, Merck) and all-rac-α-tocopheryl acetate (vitamin E
acetate, Merck) were used as adsorbates. Folin-Ciocalteu’s phenol reagent (Merck)
was used to measure the total phenolic index. 2,2-Diphenyl-1-picrylhydrazyl
(DPPH, Sigma) was used to measure the antioxidant activity.

Silica samples with different degrees of surface silylation were obtained using
gas-phase chemical modification of highly disperse silica (A-300) surface by
trimethylchlorosilane [7, 8]. Degree of substitution of the silanol groups by
trimethylsilyl (TMS) groups was regulated by varying the amount of the modifying
agent and monitored by IR spectroscopy. The extent of modification by −Si(CH3)3
groups is given by the TMS loading θ = 0.10–0.70. Kinetics of the samples’ wetting
with water was investigated by capillary absorption [9]; the specific surface area was
measured by the method of thermal desorption of nitrogen. Biocompatibility of the
initial and modified silica was in vitro examined in erythrocyte suspension by using
hemolysis test [10].

Antioxidant-containing composites were obtained via adsorption of the vitamins
C and E from concentrated ethanol solutions at 20 ◦C for 1 h; after centrifugation,
the sediment was dried under vacuum for several hours. Content of both vitamins
in the obtained composite was about 50 μmol/g. Desorption of the vitamins into
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distilled water, ethanol, and vaseline oil was studied at the adsorbent/solution ratio
of 1 g/300 ml.

Antioxidant activity of the composites was characterized by using Folin-
Ciocalteu method and DPPH assay [11, 12]. To measure total phenolic index, 9 ml
of distilled water, 4 ml sodium carbonate solution, 1 ml of Folin-Ciocalteu’s phenol
reagent, and 5 ml of distilled water were subsequently added to 1 ml of nanocom-
posite suspensions or to the reference vitamins solutions. Obtained suspensions and
solutions were then stored for 30 min, optical density D 750 of supernatant was mea-
sured at λ = 750 nm, and the total phenolic index was calculated as D750�4. To
test antiradical activity, 0.15 mM solution of DPPH in 70% ethanol was added
to the composite suspensions or to the vitamins solutions with the fixed com-
posite/vitamins content; then the mixture was stirred for 30 min and the deposit
was separated by centrifugation. Concentration of the DPPH radicals in the reac-
tion mixture and in control solution was calculated from the optical density of
supernatant/solution at λ = 517 nm.

Erythrocytes suspension in citrate buffer with red corpuscles content of about
104 per ml was used for in vitro investigation of antioxidant activity of the compos-
ites. Modified silica with adsorbed vitamins C and E and original antioxidants were
added to the erythrocytes as a suspension and a solution in glycerin, respectively.
The final mixtures contained 10% of glycerin and 0.1% of silica; concentration of
both antioxidants in the suspensions was about 2 μmol/l. The mixtures were irra-
diated with UV light of mercury quartz lamp for different periods of time, with the
aqueous filter being used to avoid overheat of the suspensions. To control the state
of erythrocytes, the UV−Vis spectra of the suspensions were recorded periodically.
According to the preliminary results, position of spectral bands has not been affected
by the addition of silica or glycerin to the suspensions.

The IR and UV spectra were recorded using Specord M-80 (IR) and “Lambda”
“PerkinElmer” UV/VIS spectrophotometers.

Structural and electronic characteristics of model clusters of silica (up to 36 tetra-
hedra), their complexes with vitamins, and free energies of adsorption (�Gads) have
been calculated using the solvation model SM5.42 with the 6-31G(d) basis set or
the semiempirical method PM3 (GAMESOL program package, Version 3.1) [13].
Model silica clusters contained 40% of trimethylsilyl groups and 60% of silanol
groups.

22.3 Results and Discussion

22.3.1 Physicochemical Properties and Biocompatibility
of Partially Hydrophobized Silica

Table 22.1 contains some physicochemical data for initial silica A-300 and modified
adsorbents TMS-0.10 to TMS-0.70 with different amounts of grafted trimethylsilyl
groups.
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Table 22.1 Degree of substitution of silanol groups with trimethylsilyl ones (θ), specific surface
area (Ssp), rate constant of wetting with water (kw), and maximum volume of absorbed liquid
(Vmax) per 50 mg for the initial and modified silicas

Sample θ (%) Ssp (m2/g) kw × 103 (1/s) Vmax (ml)

A-300 0 200 11.4 0.62
TMS-0.10 10 191 10.2 0.55
TMS-0.40 40 175 8.4 0.47
TMS-0.55 55 171 3.5 0.35
TMS-0.60 60 169 0 –
TMS-0.70 70 165 0 –

As one can see, specific surface area of the silica slightly decreases with an
increase of the degree of modification. The samples with θ up to 40% are relatively
well wetted with water. The samples with θ of 60% and higher are hydrophobic and
unsuitable for use in aqueous media [8, 9].

Figure 22.1 gives the results of biocompatibility study of the initial and modified
silica particles using hemolysis test.

The degree of erythrocytes hemolysis in the presence of modified silica is about
three times less than in the case of the initial adsorbent, i.e., modified silica causes
less damaging effect upon the cells. The conclusion drawn is in agreement with the
results of studies of interaction between the silica particles and blood corpuscles
by means of optical microscopy and EPR spectroscopy [14]. It is also supported
by data of previous studies [3–5, 15]. According to the latter, highly disperse silica
while in contact with cell acts as bioactive material [3–5, 15]. It may be related to,
for instance, interaction of the particles with cell membrane as a result of hydro-
gen bond formation between silanol groups of the silica surface and biomolecules
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[5, 15]; correspondingly, decrease in the amount of silanol groups on the adsorbent
surface should diminish the silica damaging action upon the cell [3, 5]. Thus, the
data obtained indicate that partial substitution (up to 40%) of surface hydroxyls
with trimethylsilyl groups does not lead to substantial decrease in specific surface
area and wettability of silica particles, with biocompatibility of the adsorbent being
improved considerably.

22.3.2 Hydrophilic–Hydrophobic Silica-Based Nanocomposites
Containing Ascorbic Acid and α-Tocopherol

We have shown [16] that presence of trimethylsilyl groups on the surface of sil-
ica nanoparticles results in the increase of the adsorbent affinity to α-tocopherol
molecules (Table 22.2) probably due to additional interaction between the vitamin
molecules and hydrophobic surface sites.

Also, the data obtained previously [16, 17] show the appreciable retardation
of oxidation of the dissolved ascorbic acid in the presence of the initial and
modified silicas; improved stability of ascorbic acid in the suspensions appears to
be caused by the peculiarities of the vitamin–silica interaction [17]. The ability of
modified silicas to adsorb and stabilize ascorbic acid and their enhanced affinity
to α-tocopherol molecules specify the possibility of formulation of complex
antioxidant containing both vitamins. Such samples were obtained on the basis of
TMS-0.4 adsorbent via its impregnation with ethanol solution containing mixture
of ascorbic acid and α-tocopherol and subsequent vacuum drying.

Using quantum chemical calculation of the model systems in ethanol solution it
was shown that vitamins C and E are adsorbed, respectively, on hydrophilic and
hydrophobic fragments of modified silica surface (Fig. 22.2). It was found that
the adsorption of vitamin E was thermodynamically unfavorable (�Gads > 0) on
the surface of initial silica while in the case of modified silica �Gads is equal to
−29 kJ/mol. Interaction of vitamin C molecule with the silica particle occurs via
hydrogen binding of OH groups of the adsorbate with silanol groups of silica sur-
face; this leads to decrease in proton-donor ability of vitamin C and its stabilization
[17]. Coadsorption of vitamins C and E on the surface of modified silica leads to a

Table 22.2 Physicochemical parameters of α-tocopherol adsorption from ethanol solutions on the
initial and modified silicas

Adsorbent A∞ (μmol/g) K (l/mol) R

A-300 13 ± 3 290 ± 44 0.87
TMS-0.10 15 ± 2 393 ± 31 0.95
TMS-0.40 17 ± 4 660 ± 190 0.89
TMS-0.70 9 ± 1 904 ± 200 0.97

A∞ limiting adsorption; Kadsorption equilibrium constant; R correla-
tion coefficient for the linearized form of Langmuir isotherm.
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Fig. 22.2 Vitamins C and E molecules on the surface of modified silica particle modeled by a
cluster with TMS and silanol groups (SM5.42/PM3)

small decrease in �Gads (−39 kJ/mol instead of −31 kJ/mol) for ascorbic acid and
small increase in�Gads (−26 kJ/mol instead of −29 kJ/mol) for α-tocopherol. Thus,
coadsorption of these antioxidants should not change the structure of adsorption
complexes since they are adsorbed on different surface sites.

The additional concentration of active substance on the adsorbent surface proba-
bly occurs at solvent removal during the process of vacuum drying. According to IR
spectroscopy data ∼10% of the total amount of surface OH groups (0.02 mmol/g) is
involved in interaction with ascorbic acid. At this stage, the surface contains about
0.05 mmol/g of ascorbic acid. From comparison of these values one may conclude
that self-association of ascorbic acid molecules with participation of surface silanols
has occurred, i.e., ascorbic acid is adsorbed in the form of clusters on the specific
sites of silica surface. The same situation is assumed to take place in the case of
vitamin E.

This conclusion about the adsorption of water- and fat-soluble vitamins on dif-
ferent sites of modified silica surface is not in contradiction with the results of mass
spectrometric study of the dried nanocomposite. No essential influence of one vita-
min on the kinetics of formation of the main volatile thermolysis products of the
other vitamin was observed. This could be an evidence that the interaction between
these antioxidants coimmobilized on the surface of the trimethylsilylated silica does
not take place [18].

Thus, the presence of hydrophilic and hydrophobic groups on the silica surface
makes it possible to adsorb and stabilize both water- and fat-soluble compounds,
with the active substances of different nature being situated on different sites of
the silica surface. In its turn, this arrangement of the vitamins should prevent their
interaction between each other and improve their stability during storage.
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Fig. 22.3 Desorption of ascorbic acid (a) and α-tocopherol (b) from the surface of modified silica
(TMS-0.40) into 1 water; 2, 4 ethanol; 3 vaseline oil

22.3.3 Antioxidant Properties of the Nanocomposites

Antioxidant-containing silica may be used in more complex compositions and for-
mulations, for instance in pills, creams, and ointments which should release the
active compound into hydrophilic or lipophilic medium during application.

Figure 22.3 illustrates the data on the desorption of antioxidants from the
nanocomposite into water, ethanol, and vaseline oil. Fast desorption of ascorbic acid
into water as well as α-tocopherol into vaseline oil is observed; desorption of both
antioxidants into ethanol is much slower. As expected, there was no desorption of
ascorbic acid into oil as well as α-tocopherol into water. After keeping the silica
with adsorbed vitamin C or E in oil or water, respectively, for 1–2 days the solvent
was changed to water or ethanol and the desorption of vitamins was observed.

Being desorbed from the silica surface, antioxidants retain their reducing prop-
erties, which is confirmed by the data on antioxidant activity of the appropriate
suspensions. The results of the study on antioxidant activity of the composites and
control solutions of vitamins in test reactions with Folin-Ciocalteu’s reagent and
stable radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) are given in Table 22.3.

Table 22.3 Total phenolic index and antioxidant activity in a reaction with DPPH for the
nanocomposites and solutions of vitamins

Sample

Type/amount
of AO in a probe
(μmol)

Storage
time

Total
phenolic
index

Quantity of DPPH
radicals
inactivated (%)

Vitamin C, solution vitamin C/∼ 0.5 Fresh 1.0 95
Vitamin C, solution vitamin C/∼ 0.5 30 min 0.3 –
Vitamin C on TMS-0.40 vitamin C/∼ 0.5 6 months 1.0 96
Vitamin E, solution vitamin E/∼ 0.5 Fresh – 25
Vitamin E on TMS-0.40 vitamin E/∼ 0.5 6 months – 13
Vitamins C and E on
TMS-0.40

vitamins C and
E/∼ 0.25 and 0.25

6 months 0.5 59

AO antioxidant.
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It can be noticed that at equal content of the vitamins in a probe, the antioxidant
properties of the composites and fresh solutions are identical. Long-term storage of
dried composite (for 6 months) does not lead to the loss of its antioxidant activ-
ity whereas, for instance, ascorbic acid in a solution rapidly loses its reducing
ability.

To test the antioxidant properties of the composites in vitro we used erythrocytes
suspension undergoing UV irradiation. It is known [19] that UV irradiation of ery-
throcytes may result in the damage of the cell membranes with hemoglobin release,
as well as in oxidation of oxyhemoglobin to methemoglobin. According to [20], the
oxidation of the heme iron to trivalent state may be mediated, for instance, by per-
oxide species, which, in turn, may be formed in the system as a result of irradiation
[21–24].

Figure 22.4, curves 1 and 2, gives the UV−Vis spectra of the antioxidants-free
erythrocytes suspensions before and after irradiation.

As can be seen from the figure, the spectrum of the initial erythrocytes suspen-
sion is composed of the bands at 576, 540, 415–430 (the Soret band), 345, and
288 nm, which are characteristic of oxygenated hemoglobin [19, 23]. Irradiation
of the suspension with UV light causes shift of the most intensive maximum into
the region of the shorter wavelengths, the decrease in the intensity of the bands at
λ = 345, 540, 576 nm, and the increase in the absorption at 360–370 and 500 nm.
According to [19, 23], the bands at 500, 407, and 360–370 nm are characteristic
of methemoglobin; thus, the changes in the spectra reveal transformation of oxy-
hemoglobin to methemoglobin. Position of the most intensive maximum in the
spectra appears to depend on the percentages of oxyhemoglobin (λmax ∼ 420 nm
[19]) and methemoglobin (λmax ∼ 407 nm [19]); then we used the value of the
shift of the band to characterize qualitatively the extent of the oxyhemoglobin
oxidation.

Figure 22.5 gives the data on UV-induced shift of the Soret band maximum
for the erythrocytes suspension with and without vitamins versus time of UV irra-
diation. As one can see from the figure, upon irradiation of the antioxidant-free
erythrocytes suspension the fast shift of the maximum from 419 to 409 nm is
observed (Figs. 22.4, 22.5). Addition of vitamins solution to the suspension leads
to inhibition of the hemoglobin oxidation during the first few minutes of irradiation,
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then the maximum of the band starts to shift into the region of shorter wavelengths
(Fig. 22.5, curve 2). Presence of the composites with adsorbed vitamins also has pro-
tective effect against hemoglobin oxidation (Fig. 22.5, curve 3). Thus, vitamins C
and E retard the oxidation of hemoglobin under UV irradiation, with the effect being
practically the same for the antioxidants, both in solution and in the composite.

22.4 Conclusions

1. Substitution of up to 40% of surface silanols with trimethylsilyl groups does
not lead to a substantial decrease in specific surface area and wettability of
silica particles in aqueous solutions; however, it improves considerably their
biocompatibility.

2. Presence of hydrophilic and hydrophobic groups on the silica surface allows
implementing of coadsorption and stabilization of water- and fat-soluble com-
pounds in a composite. In this case, active substances of different nature are
situated on different sites of silica. This situation should prevent their interaction
and improve the long-term stability during storage.

3. Adsorption of the antioxidants on the surface of silica nanoparticles allows intro-
ducing fat-soluble vitamin into hydrophilic medium as well as water-soluble
one – into lipophilic medium. Antioxidant properties of vitamins in a composite
remain intact: antioxidant activity of the composites containing vitamins C and
E in the reactions with stable and short-lived radicals is the same as the activity
of the equivalent amount of original vitamins.
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Chapter 23
Physico-chemical Properties of Supramolecular
Complexes of Natural Flavonoids
with Biomacromolecules

V.M. Barvinchenko, N.O. Lipkovska, T.V. Fedyanina, and V.K. Pogorelyi

Abstract Polyvinylpyrrolidone (a water-soluble biopolymer) and human serum
albumin (a globular protein) form supramolecular complexes with natural flavonoids
quercetin and rutin in aqueous medium. The interaction with these biomacro-
molecules (BMM) causes the alteration of flavonoid spectral, protolytic, and other
properties; in particular, it essentially increases their solubility. Absorption and sol-
ubility measurements revealed the supramolecular compounds of 1:1 stoichiometry
for all systems studied. First it was demonstrated experimentally that the inter-
action with BMM promotes the tautomeric transformation in quercetin molecule.
The mechanism of tautomerization via flavonoid molecular structure was discussed.
Adsorption of BMM and their supramolecular compounds with flavonoids onto
nanosilica was studied as a function of pH, and the properties of the biomacro-
molecules, flavonoids, and silica surface. It was found that BMM either complexed
with quercetin (rutin) or preliminary immobilized on nanosilica increases the
flavonoid adsorption.

23.1 Introduction

Flavonoids are bioactive polyphenolic compounds that occur ubiquitously in
plants [1]. Recent interest in flavonoids stems mainly from their high therapeu-
tic activity, acute-high potency, and low systemic toxicity. The most common
flavonoids present in nature, quercetin (3,5,7,3’,4’-pentahydroxyflavone, Qt) and
rutin (5,7,3’,4’-tetrahydroxyflavone-3-rutinoside, Rt), have potent antioxidant and
metal ion chelating capacity, possess various biological and biochemical effects
including anti-inflammatory, antisclerotic, antineoplastic, spasmolytic, diuretic, and
cardio-protective activities [1–5].
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However, the low solubility of the flavonoids and especially their aglycones in
aqueous media and body fluids often presents a problem for medical applications of
these substances. As the solubility is known to be one of the main biopharmaceu-
tical drug properties [6], the development of water-soluble flavonoid composition
is of great importance. Water-soluble natural and synthetic polymers [7], surfac-
tants [8], cyclodextrines [9, 10], and other compounds are used in pharmacy and
medicine as solubilizers. Earlier we have found [11] that β-cyclodextrin formed
inclusion complex with Qt that resulted in considerable increase of quercetin sol-
ubility and bathochromic shift of its absorption spectra. In this work flavonoid
interaction with polymer polyvinylpyrrolidone (PVP), known to be an effective and
innocuous solubilizer [12], is investigated.

In body, bioavailability and bioactivity of flavonoids, their distribution, and
their transformation in different tissues depend on the interaction with another
biomacromolecule – proteins. It has been demonstrated that a plasma protein,
human serum albumin (HSA), is a primary carrier of flavonoids in blood [13,
14]. Recently, a high affinity for quercetin toward HSA complexation was reported
[14–20]. Therefore, the interaction of flavonoids with HSA is of major biological
importance.

Nowadays, fumed nanosilica has become an important component of com-
plex remedies as efferent therapy medicinal preparation, excipient, viscosity and
dispersion stabilizer [21]. Recently, the authors conducted physico-chemical and
medico-biological studies aimed to develop new complex medicinal preparations
including herbal components and fumed nanosilica [22, 23]. Preliminary clinical
trials showed the higher anti-inflammatory and immune-modulative activity of such
combined pharmaceutical compositions [22].

Thus, the investigation of interactions in ternary system, flavonoid (Qt, Rt)–
biomacromolecule (PVP, HSA)–fumed nanosilica, presented in this chapter is of
fundamental and practical importance.

23.2 Experimental

23.2.1 Materials

Fumed nanosilica (Kalush OEZ, specific surface area S=300 m2 g−1), quercetin,
rutin (Sichuan Xieli Pharmaceutical Co. Ltd., Korea), HSA (molecular weight
67,000, Biofarma, Ukraine), PVP (molecular weight 8000, BASF, Germany), and
NaCl (Merck) were used. Stock quercetin and rutin solutions (2×10−4 M) were pre-
pared by dissolving their weighted amounts in 40% ethanol solution. HSA and PVP
solutions (1.5%) were obtained by dissolving their weighted amounts in distilled
water. The solution pH in the range of 2–8 was adjusted using 0.05 M universal
buffer solutions. In all experiments ethanol concentration was 4%, ionic strength
μ=0.2 (NaCl).



23 Physico-chemical Properties of Supramolecular Complexes of Natural Flavonoids 283

The concentrations of free and bound Fl and BMM were determined by their
molar absorption coefficients ε which were found earlier for the corresponding
model solutions and pH values.

23.2.2 Phase Solubility Studies

Excess amounts of quercetin or rutin were put into 10 ml tubes containing aqueous
solutions of increasing concentrations of BMM (0–5)×10−4 M and then shaken at
20◦C. At the equilibrium after 72 h, all probes were centrifuged (3000 rpm, 5 min);
an aliquot from each vial was put into a flask, then adequately diluted, and analyzed
spectrophotometrically as described above.

23.2.3 Adsorption Studies

Fl and BMM sorption was studied using the batch technique. For this purpose 0.1 g
of a sorbent was added to 5.0 ml of 6.72×10−5 M BMM and/or 2×10 M Fl aqueous
solutions at appropriate pH and was shaken thoroughly at 298 K until the equi-
librium was reached (120 min). The modified sorbent obtained was centrifuged
(8000 rpm, 15 min), and Fl and BMM residual concentration in the solution after
sorption ([C]) was controlled by spectrophotometry.

23.2.4 Apparatus

Absorption spectra of reagent solutions were registered with a UV/Vis spectropho-
tometer Specord M-40 (Carl Zeiss Jena, Germany). EV-74 potentiometer with a
glass electrode was used for pH measurements.

23.3 Results and Discussion

23.3.1 UV–Visible Spectrophotometry

First, quercetin and rutin absorbance in aqueous ethanolic solutions both with and
without the addition of BMM was investigated. It was reported [15, 16] that as a
result of specific binding of quercetin to HSA, its absorption spectrum exhibits a red
shift. The same was observedfor rutin. It was found that at pH 3–8 BMM addition
causes the alteration and bathochromic shift of Fl electron spectra (Fig. 23.1a, b).

To testify quercetin and rutin interaction with BMM their dissociation constants
without (pKa

Fl) and with the addition of BMM (pKa
Fl-BMM) were determined using

UV–vis spectroscopic method according to [24]. The decrease of pKa values of
quercetin and rutin in Fl:PVP and Fl:HSA compounds (see Table 23.1) in com-
parison with individual quercetin (pKa

Qt=7.12) and rutin (pKa
Rt=7.73) shows that

complexation with BMM results in the alteration of Fl acid–base properties, namely
in their acidity increase.
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Fig. 23.1 The effect of solution pH on the wavelengths of absorption maximum for quercetin
(a) and rutine (b) solutions without BMM (triangle) and with PVP (circle) and HSA (square)
addition (CQt, Rt= 2.0×10−5 M, CBMM =6.7×10−5 M)

Table 23.1 Alteration of flavonoid acid–base properties in the presence of BMM in aqueous
solutions

Flavonoid pKa
Fl pKa

Fl:HSA pKa
Fl:PVP

Quercetin 7.12+0.04 6.89+0.02 7.00+0.01
Rutin 7.73+0.04 7.54+0.03 7.63+0.02

23.3.2 Phase Solubility Studies

The influence of increasing amounts of PVP and HSA on the flavonoid dissolution
was studied (Fig. 23.2). For all the flavonoid/biomacromolecule systems type-AL
diagrams were obtained, meaning that the solubility of the flavonoids is apparently
increased in the presence of PVP or HSA, as a result of their complexation:

Fl+nBMM ↔ Fl·BMMn. (23.1)
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The stoichiometry and association constants KA of the Fl·BMM compounds

KA = [Fl·BMMn] / [Fl]n [BMM] (23.2)

were derived from the changes in the solubility of the substrates in the presence of
increasing amounts of BMM.

Equilibrium concentration of [Fl·BMMn] complex was found according to

[Fl·BPM] = CFl − [Fl], (23.3)

where CFl was the total flavonoid concentration after dissolving in the BMM solu-
tion, [Fl] the flavonoid equilibrium concentration in aqueous solution without BPM.
The equilibrium concentration of [BMM] was assumed to be CBPM.

The n-value was determined graphically as a tangent of line inclination in loga-
rithmic coordinates: −lg[Fl·BMMn]−lg[BMM]. The graphs obtained (Fig. 23.3)
were linear (R=0.998) and tgα∼1 indicated the formation of complexes with
component ratio Fl:BMM=1:1. This is in agreement with the data reported for
Rt−HSA [25], Qt−HSA [15,16], and triphenylmethane dye−PVP (molecular
weight <30,000) [26] molecular complexes. The association constants of Fl·BMM
compounds were calculated according to Eq. (23.2) and presented in Table 23.2.
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Table 23.2 Alteration of spectral and acid–base flavonoid properties on complexing with BMM
and association constants of Fl·BMM complexes

KA

BMM Flavonoid �λmax (nm) �pKa (104M−1)

PVP Qt 5 0.12 0.78
Rt 4 0.10 0.083

HSA Qt 17 0.23 11.0
Rt 10 0.19 0.28
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The variety of Qt–HSA constants reported in literature (26.7 [14], 19 [17], 5 [18],
91 [19], 52.6 [20], 1.4 [16], 1.46 [15]) is explained probably by different experi-
mental conditions and procedures used for calculations. Hence the comparison of
Fl·BMM complex stability is reliable if the association constants are obtained by
the same procedure. Thus, for quercetin and rutin complexes with another albumin,
BSA, the values of KA were 10.3×104 M−1 and 0.86×104M−1, respectively [27],
and their proportion is in agreement with our data for HSA. Comparison of Fl con-
stants, �λmax and �pKa values (Table 23.2), testifies that biomacromolecules form
less stable complexes with Rt than with its aglycon Qt.

23.3.3 Time-Dependent Absorbance Studies

Time-dependent changes in the absorption spectra of Qt·BMM solutions were
observed. To study kinetics of the complexation we examined changes in the absorp-
tion spectra of the reagents (Qt:BMM =1:3) in buffered solution at pH 7.4. It was
shown that just after reagent mixing Qt·PVP(1) complex with λmax1=335 nm and
λmax2=385 nm (Fig. 23.4a, solid curve) was formed. With time the band intensities
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Fig. 23.4 Time-dependent spectra of quercetin (a, b, d) and rutin (c) solutions in the presence of
PVP (a), HSA (b, c) and tryptophan (d) at Fl:BMM=1:3 and pH 7.4 after 10 min (Fl·BMM(I)
solid line) and 21 h (Fl·BMM(II) broken line)
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were redistributed apparently as a result of the transformation of Qt·PVP(I) complex
into Qt·PVP(II) (Fig. 23.4a, broken curve). Spectral changes were more evident for
Qt·HSA(I)→Qt·HSA(II) system (Fig. 23.4b) where considerable decrease of the
absorption band intensity at λmax2=399 nm took place together with the growth of
the band at λmax1=327 nm. Oxidation of Qt is hardly responsible for the changes
observed as it occurs in more basic solutions or in the presence of oxidants (e.g.,
periodate) and the absorption spectra of quinone formed shows an absorption max-
imum at lower wavenumber: λmax1=293 nm [27]. The observed spectral changes
may probably indicate the transformation of Qt·BMM(1) complex into the more
stable Qt·BMM(2) as a result of quercetin molecule tautomerization:

enolic form ketonic form

The observed hypsochromic shift of the peak of quercetin absorption spectrum
from λmax2 to λmax1 under the influence of BMM may be caused by the alter-
ation of π-conjugated bond system between γ-pyrone and phenol groups [28],
similar to keto–enol tautomerism. Taking into account the chemical structure of
the quercetin molecule the authors of [29] suppose more than 10 conformations of
Qt. Quantum-chemical research of quercetin molecule by means of semi-empirical
methods PM3 using the solvation model SM5.42 [30], MNDO/H (modified neglect
of diatomic overlap) [31], or AM1 (Austin Model 1) [28, 29] demonstrated that
the most probable tautomeric mechanism is the rotation of C3−OH group fol-
lowed by intramolecular proton migration along π-bonds and gradual dimensional
restructure. This process is promoted by the breaking of intramolecular hydro-
gen bonds between C5−OH, C4=O, and C3−OH fragments, which may occur
at chemical interactions via these functional groups particularly at Fl binding to
biomacromolecules.

To verify the suggested tautomeric transition of Qt molecule in the presence of
BMM we carried out similar investigations with rutin which in fact is quercetin
whose labile proton of C3−OH group is replaced by rutinosa that would prevent
such keto–enol tautomerism. No changes in rutin spectra were found in the presence
of BMM in time (72 h) (Fig. 23.4c). This proves that keto–enol tautomerism does
not occur in the absence of C3−OH group labile proton and, therefore, may confirm
our assumptions.

According to [1, 3, 4] the conformational variability was found to be one of
the main structural factors of quercetin biological activity that enables Qt molecule
to get “working” conformation at specific intermolecular interactions to form
supramolecular complexes. The induction of quercetin keto-form influenced by
BPM complexing is one of such examples.
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In spite of multiplicity of donor–acceptor reaction centers in the molecules of the
biopolymers studied they form 1:1 supramolecular complexes with flavonoids and
some other polyphenols [14, 15, 25, 26]. It could be assumed that quercetin and rutin
interact mainly with the end RCOO− or RNH3+ groups of albumin, as flavonoid
bonding with polypeptide fragments along the chain is limited by steric factors pre-
venting Fl molecule to penetrate inside the helix. Moreover, donor–acceptor centers
of BMM are occupied with intramolecular hydrogen bonds.

However, the chemistry of bioregulatory processes [32] proves that cyclic and
heterocyclic chemical compounds with asymmetrically located polar and hydropho-
bic groups, including flavonoids, are identified by special albumin receptors located
apparently at the most flexible sections of polypeptide chain near open sides of each
of three protein domains. The study of Qt−HSA complex structure using fluorescent
technique [27] has shown that inside the Qt·HSA complex the energy transfer from
tryptophan residue (Tr214) of protein in excited state to flavonoid chromophore
takes place. Only Tr214 in the said protein is a part of IIA domain able to bond var-
ious ligands including warfarin [33] (of coumarin class that is structurally related to
flavonoids) in its hydrophobic cavity. X-ray analysis data obtained from Qt−HSA
complexing research also verified that ligands interact with Tr214 group located in
IIA domain [27, 32].

We have investigated spectral characteristics of quercetin solutions with and
without tryptophan in time. It was found that time-dependent changes in the absorp-
tion spectrum of Qt·Tr solution (Fig. 23.4d) are similar to those of Qt·HSA. This fact
is an indirect evidence of quercetin localization namely in the hydrophobic cavity of
A domain. Similar experimental results obtained for PVP suggest the similar mech-
anism of supramolecular complex formation in the case of this biopolymer which
in dilute aqueous solutions has the random coil shape [34] in which hydrophobic
cavities may exist.

As follows from the data in Table 23.2, quercetin forms more stable Qt−BMM
complexes compared to those of rutin. According to [25] the presence of the sugar
moiety in rutin may reduce affinity of this ligand to HSA in two ways: (i) The
size of rutin approximately doubles that of quercetin. Moreover, rutin contains two
more cyclic fragments that are less flexible to undertake conformational changes
to accommodate within the protein or PVP binding sites. (ii) The sugar moiety of
rutin bears additionally several polar hydroxyl groups that may perturb the relatively
hydrophobic environment of the binding site.

23.3.4 Adsorption Studies

To ascertain the effect of flavonoid–BMM complexation on the adsorbability of
individual reagents, adsorption of Fl, BMM, and Fl−BMM(1) on silica surface was
studied according to the schemes:

Scheme 1 BPM + Fl ↔ (Fl·BPM)

SiO2 + (Fl·BPM) ↔ (SiO2−Fl·BPM)



23 Physico-chemical Properties of Supramolecular Complexes of Natural Flavonoids 289

Scheme 2 SiO2 + BPM ↔ (SiO2−BPM)

(SiO2−BPM)+ Fl ↔ (SiO2−Fl·BPM)

According to Scheme 1, a supramolecular Fl·BMM complex is formed in solu-
tion and then absorbed on SiO2 surface. On the contrary, accordingto Scheme 2,
BMM is initially adsorbed on silica surface, and such modified sorbent is used for
flavonoid adsorption.

Studies of Fl adsorption as a function of pH (Fig. 23.5) have shown that Qt
adsorption was maximum (8 μmol/g) in the pH region of its molecular form dom-
ination (Fig. 23.5a, b). Contrarily, the adsorption of Rt (Fig. 23.5c, d) as well as of
PVP is practically pH-independent. As a result of complexing with PVP flavonoids
adsorbed more effectively and their pH-dependence curves were similar to those
of respective Fl. Another type of pH-dependent adsorption curves were observed
for Fl−HSA systems. Such bell-shaped adsorption curves (Fig. 23.5a, c, empty
dots) with a peak at the pH range of protein isoelectric point (for HSA pHIP =
4.9 [21])] are known to be typical for proteins and indicate that hydrogen bonds
and electrostatic forces are responsible for BMM adsorption onto silica surface.
Flavonoid complexation with HSA results in the essential increases of Fl adsorption.
Corresponding pH-dependent adsorption curves are also bell-shaped (Fig. 23.5a, c,
squares, triangles) and their peak positions are similar to those of HSA.
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As seen from Fig. 23.5 the adsorption of Qt with and without the BMM is 2–4
times higher than that of Rt. This indicates that the presence of a sugar moiety in
Rt molecule markedly weakens both the rutin–BMM complexation and adsorption
interaction with a sorbent.

So we have revealed considerable impact of adsorbate chemical nature on the
adsorption of bioactive flavonoids of medicinal plants onto a surface of nanodis-
persed silica particles.

23.4 Conclusions

It was found that biomacromolecules (polyvinylpyrrolidone and human serum albu-
min) interact with natural flavonoids (quercetin and rutin) in aqueous solutions to
form supramolecular complexes. Such complexing causes the alteration of flavonoid
solubility, their spectral, adsorptive, and acid–base properties. Phase solubility stud-
ies pointed out the formation of 1:1 stoichiometric complexes between flavonoids
and biomacromolecules.

It was pioneered to find that complexing with BMM causes the tautomeriza-
tion of quercetin molecule. The regularities of adsorption interaction of medicinal
plant bioactive flavonoids with nanodisperse silica particles depending on biomacro-
molecule, adsorbate, and solution nature were established. The results of flavonoid
phase solubility studies and Fl−BMM interactions in aqueous solutions are impor-
tant to comprehend the mechanism of flavonoid bioavailability increase in the
presence of PVP as well as primary pharmaceutical reactions in the case of HSA.
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Chapter 24
Supramolecular Complexes Formed in Systems
Bile Salt–Bilirubin–Silica

N.N. Vlasova, O.V. Severinovskaya, and L.P. Golovkova

Abstract The formation of supramolecular complexes between bilirubin and pri-
mary micelles of bile salts has been studied. The association constants of bile salts
and binding of bilirubin with these associates have been determined. The adsorp-
tion of bilirubin and bile salts from individual and mixed aqueous solutions onto
hydrophobic silica surfaces has been investigated. The interaction of bilirubin with
primary bile salt micelles and the strong retention in mixed micelles, which are
supramolecular complexes, result in the adsorption of bilirubin in free state only.

24.1 Introduction

Supramolecular chemistry is the interdisciplinary branch of science including
chemical, physical and biological aspects of consideration of more-complex-than-
molecules chemical systems connected in a single whole by means of intermolecular
(noncovalent) interactions. The supramolecular chemistry covers and allows, con-
sidering from uniform positions, all kinds of molecular associates, from the least
(dimer) up to the largest (the organized phases). It is necessary to emphasize
once again that objects of supramolecular chemistry necessarily contain the parts
(subsystems) not connected covalently.

The supramolecular structures formed as a result of interaction of bile salts with
a bile pigment bilirubin and their adsorption on a surface of fumed hydrophobic
(AMS) and partially hydrophobized silica (TMS) have been studied.

Bile acids are a group of acidic compounds, which are present in biological fluids
in their ionized form [1]. They are produced from cholesterol in liver. One of the
major functions of bile acids in an organism is solubilization and transport of fairly
soluble substances in biological environments, such as cholesterol, lipids, fat acids
and bilirubin. Specific properties of bile acids are determined by their structure. As
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products of cholesterol metabolism they consist of a steroid skeleton, containing 1,
2 or 3 hydroxyl groups, that differentiate the single compounds by number, position
and orientation; they also bear short chain terminating with a carboxyl group. This
carboxyl group can be free (unconjugated bile acid) or conjugated with glycine or
taurine.

Ionized forms of bile acids are bile salts; they behave in aqueous solutions as
association colloids. They are atypical surface-active agents: in this class of com-
pounds the molecular polarity originated from dissimilarity between the two faces
of the steroid rings. The face containing the hydroxyl groups is defined as α-face,
while the other side formed by the hydrocarbon skeleton is the β-face.

R7HO

H2

H2

C

C

H3C

CH3
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H

H
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Bile acids 

The aggregation occurs via a “back-to-back” contact between β-faces of two
monomers to minimize the contact with water of these hydrophobic surfaces (pri-
mary micelles). Aggregation starts above a so-called critical micelle concentration
(CMC). The CMC values are affected by the number, position and orientation of
hydroxyls. The aggregation number is generally low and micelles can increase their
size and number as the bile salt concentration increases; as a consequence, the aggre-
gation is not really co-operative and critical. At a first approximation the following
pattern of aggregation can be considered: at concentrations below CMC bile salts
exist predominantly as monomers. Above this concentration value, formation of
small aggregates starts: dimers – for trihydroxycholanic acid and trimers – for dihy-
drocholanic acids. At concentration of about 10–50 mmol/l large aggregates are
formed, and these big species contain dimers or trimers as structural units.

Due to their special structure, bile salt micelles are able to solubilize many
compounds forming inclusion complexes with them. One of these substances is
bilirubin; its solubilization and transport is of great importance for organisms.

Bilirubin, the yellow-orange pigment associated with jaundice, is the catabolic
product of haeme degradation in liver [2]. In normal individuals, bilirubin is
first converted to more soluble mono- and diester derivatives prior to excretion
in the biliary tract. However, the free dicarboxylic acid, commonly referred to
as unconjugated bilirubin, is often involved in pathological conditions associ-
ated with this substance. Bilirubin is usually found as one of the component of
gallstones.
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Bilirubin is a nearly symmetrical tetrapyrrole, consisting of two rigid, planar
dipyrrole units (dipyrrinones), joined by a methylene bridge. The structure thus
resembles a two-bladed propeller, in which the blades could theoretically be joined
at different angles and each blade could rotate about its bond to the methylene
bridge. In the preferred “ridge-tile” conformation, the two dipyrrinones are syn-
periplanar, as in a partially opened book, and the angle between the two planes is
about 95◦. This minimum energy conformation is further stabilized by two trios
of internal hydrogen bonds formed between the carboxymethyl side chain of each
dipyrrinone and the −CO−NH− and −NH− groups of the other dipyrrinone. This
rigid structure, with its internal hydrogen bonds, was first demonstrated in the crys-
talline state [3], but it is also the preferred conformation in solution bilirubin in
water and alcohols [4–6].

The aqueous solubility of bilirubin is practically negligible due to the propen-
sity of the molecules to form intramolecularly hydrogen-bonded conformers. All
hydrophilic regions of bilirubin molecule are involved in this hydrogen bonding
with the result that polar groups are enclosed in a hydrophobic shell. In bile, biliru-
bin is solubilized by interaction with various amphiphilic lipid species, primarily
the bile salts.

The excretion of bilirubin, particularly of its excess, from an organism is the
important problem during treatment of gallstone disease and jaundices of different
aetiologies. It has been shown that treatment of liver diseases is substantially facil-
itated by application of fumed silica as enterosorbent [7]. It may be explained by
high adsorptive capacity of fumed silica with respect to many biologically active
compounds including bilirubin.

Recently the adsorption of bile acids [8] and bilirubin [9] on the fumed silica
surface from individual and mixed solutions [10, 11] has been studied, but the
adsorption values were not very high at physiological pH. It is possible to explain
this by mutual repulsion between negatively charged particles in solution and ion-
ized surface silanol groups. Such supramolecular systems which are mixed micelles
of bile salt with bilirubin possess strong hydrophobic properties. Therefore we have
assumed that their adsorption on the surface of hydrophobic silicas may be higher
than that on hydrophilic silica, and therapeutic action of hydrophobic silica sorbents
may be strengthened.

The aim of this work was to study bilirubin adsorption onto hydrophobic silica
surfaces from solutions containing bile salts.
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24.2 Results and Discussion

The interaction of bilirubin (B) and some bile salts (BS) has been spectrophotometri-
cally studied as comparison of absorption band of bilirubin in phosphate buffer (pH
7.4) and in bile salt solutions. Taurocholic, glycocholic, cholic (containing three
hydroxy groups), deoxycholic and chenodeoxycholic (two hydroxy groups) acids
were used in this investigation. They differ in some physicochemical properties
which are presented in Table 24.1.

The interaction of bilirubin with bile salts in solution was studied using a
specially prepared series of solutions with constant concentration of bilirubin
(10 mkmol/l) and varied concentrations of bile salts (from 1 to 20 mmol/l) at pH 7.4
(phosphate buffer) and 37 ◦C. This temperature was chosen to avoid possible gel for-
mation at higher bile salt concentrations and to approach physiological conditions.
In buffer bilirubin solution the slightly asymmetric band has maximum at 438 nm.

As shown in Figs. 24.1 and 24.2 in the presence of bile salt the position of biliru-
bin absorption band changes: at concentrations of bile salts below CMC it shifts to
shorter wavelength (about 420 nm); when bile salt concentrations increase (up to
20 mmol/l) this band shifts to longer wavelength (460–480 nm). The intensity of

Table 24.1 Chemical and physical properties of some bile acids [12]

Bile acid R R7 R12 Log PO/W CMC (mmol/l)

Cholic (C) OH OH OH 2.02 11
Taurocholic (TC) NHCH2CH2SO3H OH OH 1.63 6
Glycocholic (GC) NHCH2COOH OH OH 1.65 10
Deoxycholic (DC) OH H OH 3.50 3
Chenodeoxycholic

(CDC)
OH OH H 3.28 4
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Fig. 24.1 Absorption spectra
of individual bilirubin (1) and
mixed bilirubin–DC
solutions: bilirubin – 10
mkmol/l; DC concentrations
of 4 (2), 6 (3), 8 (4) and 14 (5)
mmol/l; and pathlength 1 cm
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Fig. 24.2 The position of
absorption band of bilirubin
in mixed solutions with
deoxycholate (1) and
taurocholate (2) as a function
of bile salt concentration

this absorption band strongly increases, and absorption band at shorter wavelength
practically disappears.

According to [13] such behaviour of bilirubin absorption band could be explained
as different types of interaction between bilirubin and bile salt which are dependent
on bile salt concentration. Monomeric bile salts appear to interact with bilirubin
hydrophilically. Hence hypsochromic shift of bilirubin absorption band is observed
in comparison with its position in individual buffer solution. But dimers or trimers
of bile salts form with bilirubin stronger complexes by hydrophobic interaction that
is the reason for bathochromic shift of bilirubin absorption band. This assumption
is proved by the positions of inflection points on the curves presented in Fig. 24.2,
which approximately correspond to CMC of studied bile salts: 3–4 mmol/l for DC
and 6–8 mmol/l for TC.

There are a number of data on interaction between bilirubin and different bile
salts in literature [13–19], but all these studies have qualitative character. For quanti-
tative description of interaction between bilirubin and bile salts we should consider
the composition of bile salt solution in dependence on their concentrations. The
composition and range of existence of aggregates formed by bile salts under investi-
gation in aqueous solution were studied [20–22]. It was shown that the composition
of aggregates is dependent on ionic strength, pH and concentration. We used the
data which correspond to our experimental conditions and calculated association
constants of bile salts assuming that TC, GC and C form only dimers, and DC and
CDC form trimers:

nBS ↔ (BS)n,
Kass = [(BS)n

]
/ [BS]n .
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Table 24.2 Association constants of bile salt and binding constants of bilirubin with bile salts

Bile salt (aggr. number) Log Kass Log KB

Taurocholic (n=2) 2.68 3.16
Glycocholic (n=2) 2.44 2.68
Cholic (n=2) 2.70 2.56
Deoxycholic (n=3) 6.25 3.50
Chenodeoxycholic (n=3) 6.00 3.40

The calculated constants are presented in Table 24.2. Primarily we ensured that
aggregates with higher aggregation number than 2 and 3 are practically absent at the
concentrations of bile salt up to 20 mmol/l.

Assuming that the intensity of long wavelength bands of bilirubin in presence of
bile salts is determined by the formation of bilirubin complex with dimers or trimers
of BS we analyzed the absorption data using the following equations:

Dλ = ελB[B] + ελB−(BS)n[B − (BS)n],

CBS = [BS] + n
[
(BS)n

]+ n
[
B − (BS)n

]
,

CB = [B] + [B − (BS)n],

where [B], [BS], [(BS)n] and [B − (BS)n] are equilibrium concentrations of
bilirubin, monomer and aggregates of bile salts and their complex with bilirubin,
respectively. Molar extinction coefficients (at wavelength λ) of bilirubin, ελB, and
its complex with bile salt, ελB−(BS)n, were determined for the individual solution of
bilirubin and from the plot of optical density versus bile salt concentrations in mixed
solutions. All these data allowed us to calculate the binding constants (Table 24.2)
of bilirubin to small aggregates of bile salts:

B + (BS)n ↔ B − (BS)n,

KB = [B − (BS)n
]
/
[
(BS)n

]
[B] .

The order of binding constants of B with BS aggregates is as follows: DC >
CDC > TC > GC > C. This order does not coincide with the row of hydrophobicity
of BS which is shown in Table 24.1 as partition coefficients (log PO/W). It means
that not only hydrophobic interactions of appropriate parts of bilirubin and bile salt
molecules are involved but also hydrophilic interactions make some contribution
to this complex formation [2]. The nonpolar parts of each dipyrrinone of B could
interact by hydrophobic stacking interactions with the hydrophobic β-face of the bile
salts. The polar side chains of B and BS could interact hydrophilically. In this case
taurocholate likely has more possibilities to form additional bonds with bilirubin.

Using the binding constants of bilirubin with BS we calculated concentrations
of free and bound bilirubin in bile salt solution with GRFIT program package [23].
These results are shown in Fig. 24.3. It is seen that at BS concentrations above their
CMC values, virtually all bilirubin is complexed with BS aggregates.
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Fig. 24.3 Concentrations of free bilirubin (1) and its complexes with bile salt aggregates
(2): taurocholate (a), glycocholate (b), cholate (c) and deoxycholate (d)

At the next stage of the work, we investigated the adsorption of bilirubin and
bile salts from their mixed aqueous solutions on the surface of two hydropho-
bic silica sorbents: commercial hydrophobic silica AMS and partially modified by
trimethylsilyl groups (appr. 50%) fumed silica, TMS. Both sorbents have specific
surface area of about 300 m2/g.

Primarily, the adsorption of bile salts from individual solutions was studied as a
function of their initial concentrations. Isotherms of bile pigment adsorption from
individual solutions are difficult to measure because of its low solubility even at pH
7.4 of a phosphate buffer. The data on bilirubin adsorption as dependent on initial
concentrations of bile salts are presented in Fig. 24.4, from which it is seen that, as
the concentration of the bile salts increases, the concentration of adsorbed bilirubin
on the surface of both sorbents decreases. The shape of bilirubin adsorption curves
resembles the curves of the variations in the concentration of free bilirubin in bile
salts containing solutions. The character of changes in bilirubin adsorption with bile
salts is sorbed on the surface of both sorbents.

This assumption is indirectly supported by the fact that bile salt adsorption from
mixed solutions remains virtually unchanged in comparison with adsorption from
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individual solutions. The data on bile salt adsorptions from solutions containing
bilirubin are shown in Fig. 24.5.

Nonelectrostatic surface complexation model [24] and GRFIT program were
used for quantitative estimation of the interaction of bilirubin and bile salts with the
surface of silica sorbents. This model, which does not take into account the influence
of surface charge on the equilibrium constants, was chosen because the structure
of electrical double layer is unknown for the hydrophobic sorbents. Moreover all
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respectively. (Experimental data of adsorption from individual solutions are not shown)
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Table 24.3 Equilibrium
complexation constants (log
K) of bile salts and bilirubin
on the surface of hydrophobic
silica sorbents

Adsorbate AMS TMS

Taurocholate 0.84 0.20
Glycocholate 0.88 –
Cholate 0.80 –
Deoxycholate 1.40 1.20
Chenodeoxycholate 1.34 1.10
Bilirubin 1.80 1.50

experiments were fulfilled at constant pH value. We assumed that in this case the
contribution of electrostatic term to the surface complexation constants would be a
permanent value. Therefore, we modelled the binding bilirubin and bile salts with
the sorbent surface as an interaction in solution.

We assumed that adsorption is determined by the formation of bilirubin and bile
salt complexes on the surface:

≡ S + B ↔ ≡ S − B,
≡ S + BS ↔ ≡ S − BS,

where ≡S refers to surface.
The GRFIT program enables us to select the equilibrium constants of a reaction

to achieve the best correspondence between experimental and calculated adsorption
curves. Equilibrium constants of the reaction corresponding to bile salts and biliru-
bin adsorption from individual and mixed solutions are listed in Table 24.3. These
constants obtained from the interaction of bilirubin and BS with the surface reflect
the observed regularities: the higher the hydrophobicity of sorbents (AMS is more
hydrophobic than TMS) the greater the corresponding constants either of bilirubin
or bile salts; the higher the hydrophobicity of bile salts the higher their affinity to
sorbents.

Bilirubin is adsorbed only in the free state; bilirubin complexes with aggregates
of bile salts are adsorbed on neither of the sorbents.

A lower affinity of bilirubin–bile salt complexes to the surface compared to
bilirubin may be explained by the decrease in their nonpolar part and increase in
the polar part, which is oriented towards water and negatively charged owing to
dissociation of carboxyl groups of bile salt and bilirubin.

24.3 Conclusion

The interaction of bilirubin with small aggregates of bile salts (dimers or trimers)
forming supramolecular complexes, and its strong retention in them, leads bilirubin
to be adsorbed only in free state. Thus, we may assume that the application of silicas
as enterosorbents must not disturb the vitally important processes involving bile
salts and bilirubin and will result only in the adsorption of excess bilirubin which
exhibits toxic action.
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Chapter 25
Supramolecular Structures with Blood Plasma
Proteins, Sugars and Nanosilica

V.V. Turov, V.M. Gun’ko, N.P. Galagan, A.A. Rugal,
V.M. Barvinchenko, and P.P. Gorbyk

Abstract Supramolecular structures with blood plasma proteins (albumin,
immunoglobulin and fibrinogen (HPF)), protein/water/silica and protein/water/
silica/sugar (glucose, fructose and saccharose) were studied by NMR, adsorption,
IR and UV spectroscopy methods. Hydration parameters, amounts of weakly and
strongly bound waters and interfacial energy (γ S) were determined over a wide
range of component concentrations. The γ S(Cprotein,Csilica) graphs were used to
estimate the energy of protein–protein, protein–surface and particle–particle inter-
actions. It was shown that interfacial energy of self-association (γ as) of protein
molecules depends on a type of proteins. A large fraction of water bound to
proteins can be displaced by sugars, and the effect of disaccharide (saccharose) was
greater than that of monosugars. Changes in the structural parameters of cavities in
HPF molecules and complexes with HPF/silica nanoparticles filled by bound water
were analysed using NMR-cryoporometry showing that interaction of proteins with
silica leads to a significant decrease in the amounts of water bound to both protein
and silica surfaces. Bionanocomposites with BSA/nanosilica/sugar can be used to
influence states of living cells and tissues after cryopreservation or other treatments.
It was shown that interaction of proteins with silica leads to strong decrease in the
volume of all types of internal cavities filled by water.

25.1 Introduction

Detailed investigations of molecular interactions with the participation of proteins
are stimulated by several problems whose solution is based on methods of control
of interactions at protein–solid interfaces and on development of new biocompatible
materials used in transplantation of organs and creation of artificial tissues [1, 2],
cryopreservation of cells and tissues [3, 4], adsorbents for medical purposes [5],
separation and purification of biomaterials [6, 7], etc. In this work we will analyse
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the behaviour of a variety of colloidal and biocolloidal systems studied by 1H NMR
spectroscopy with layer-by-layer freezing-out of bulk and interfacial liquid phases.
This method could be used to study supramolecular structures, hydrate shells of
biomacromolecules and their changes occurring on interactions with low-molecular
compounds or nanomaterials [8–10].

Diluted aqueous solutions of proteins obey the DLVO theory assuming that inter-
actions between the protein molecules occur due to van der Waals and electrostatic
forces [11]. Electrostatic repulsive forces are caused by charging of proteins as
polyelectrolytes in the aqueous medium far from their point of zero charge (PZC).
Dissociation of acidic groups in side functionalities of proteins or protonation of
basic sites occurs depending on pH value that results in their negative or positive
charges. Electrostatic components of surface forces at a flat surface covered by a
protein layer were intensively studied [12, 13]. It was shown that at relatively large
distances from the surface the experimental values of surface forces practically coin-
cide with that calculated using the DLVO theory; however, in certain cases a large
discrepancy between them was found [13–15]. The use of low-temperature NMR
spectroscopy to determine the characteristics of water interactions with proteins
and other biopolymers is effective due to the dependence of the mobility of the
molecules and the freezing point depression of confined water on energy of these
interactions. The mobility of molecules is directly linked to such spectral charac-
teristic as relaxation time of nuclear spins [16]. The NMR experiments showed that
the relaxation in a disturbed spin system can occur non-isotropically. A relaxation
rate in the XY plane can be higher than that along the Z axis. Therefore times of lon-
gitudinal and transverse relaxations (T1 and T2, respectively) can be independently
examined. The relaxation occurs because of energy exchange between disturbed
and surrounding nuclei or paramagnetic particles, and the stronger is the interac-
tion, the more rapidly is the equilibrium state achieved. The energy exchange most
effectively occurs with magnetic dipoles participating in the molecular motions
at a frequency coinciding with the resonance frequency of the disturbed nucleus.
The molecular motions at the resonance frequency cause the relaxation processes
both along the Z axis and in the XY plane. The difference in the T1 and T 2 val-
ues is also due to an additional channel of energy dissipation for the transverse
relaxation at very low frequencies. Therefore, temperature changes in the longitu-
dinal and transverse relaxations differ. The T1(1/T) dependence can correspond to a
curve with a minimum which answers the equality of a frequency of the molec-
ular motions and the resonance frequency, while a minimum of T 2(1/T) should
be at lower temperatures [16, 17]. Investigations showed that the T 2 values over
entire temperature range were considerably lower than T1, and the minimum on
the T1(1/T) dependence was washed out; therefore, it is difficult to determine the
characteristic parameters of the relaxation. A sufficiently accurate model could be
developed assuming that there is correlation time distribution function characteris-
ing all types of bound water in the system. Another factor which should also be
taken into account on the NMR measurements of heterogeneous systems is pro-
ton exchange at the interfaces. The mentioned features complicate interpretation of
the NMR spectroscopy results. This was a reason to search for new approaches to
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study the characteristics of confined water by the NMR spectroscopy, and layer-
by-layer freezing-out of bulk and bound phases is one of such techniques. On
freezing-out of bulk water at T < 273 K the 1H NMR spectra include a signal
of unfrozen water with decreased intensity with lowering temperature. This signal
could be attributed to bound water characterised by certain freezing point depression
due to the confining effects in pores of solid adsorbents or cavities (compartments)
in biomacromolecules. Comparing the signal intensities of water before and after
freezing-out, the amount of bound water as a function of temperature can be deter-
mined. However, the accuracy of these measurements depends on the presence of
dissolved compounds and ions, the effects of supercooling of water on freezing and
some other factors.

25.2 Materials and Methods

The 1H NMR spectra were recorded using Bruker WP-100 SY (Germany) or Varian
400 Mercury spectrometers of high resolution using the 90◦ probe pulses with a
duration of 4 or 2 μs, respectively. The temperature was controlled using a Bruker
VT-1000 device with relative mean errors of ±1 K. Changes in concentration of
unfrozen water were determined with the accuracy better than ±10%. To prevent
supercooling of the studied systems, the measurements of the amounts (Cuw) of
strongly (SBW) and weakly (WBW) bound unfrozen waters were carried out on
heating of samples preliminarily cooled to 210 K and equilibrated for 5–7 min for
each temperature. The 1H NMR spectra recorded here at T < 273 K include the sig-
nals only of nonfreezable mobile water molecules. The signals of water molecules
from ice, as well as protons from macromolecules and oxide materials, do not con-
tribute to the 1H NMR spectra because of features of the measurement technique and
the short duration (∼10−6 s) of transverse relaxation of protons in immobile struc-
tures which is shorter by several orders than that of mobile water. The characteristics
of bound water were computed as described previously [9, 18, 19].

The bonding of low molecular organics to proteins was investigated for human
(HSA) or bovine (BSA) serum albumins–water–sugar (glucose, fructose or sac-
charose) systems and on addition of nanosilica. BSA and HSA (Biopharma,
Kiev, Ukraine), fructose, glucose and saccharose (Merck, Germany) were used as
received. The solutions of the proteins and sugars were prepared using 0.9 wt%
NaCl solution in distilled water.

Immunoglobulin (Ig) solutions were prepared by dilution of 10% Ig solution
(Biopharma, Kiev, Ukraine, 97% purity with 92% of monomers and dimers, 3%
of fragments and 5% of oligomers) by water or buffer solutions. Concentration
of Ig was determined spectrophotometrically at λ = 278 and 550 nm using the
Biuret method [20]. The pH values of the solutions were measured using an EV-74
pH meter with a glass electrode. The pH value was adjusted using the buffer
solutions, HCl or KOH. Adsorption of proteins on nanosilica was determined spec-
trophotometrically. Desorption of proteins was measured for samples incubated at
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room temperature for 1.5 h and centrifuged at 8000 rpm for 15 min, and protein
concentration was determined in the supernatant liquid.

Highly disperse silicas (HDS, nanosilica or fumed silica) A-175 and A-300 (pilot
plant of the Institute of Surface Chemistry, Kalush, Ukraine, specific surface area
SBET = 186 and 320 m2/g, respectively) were heated at 700 K for several hours
before use to remove adsorbed organics and residual HCl.

Human plasma fibrinogen (HPF) was obtained from plasma of donor blood on
fractional salting out with sodium sulphate. Initial HPF concentration (CHPF) was
2.6 wt% in an aqueous solution at 0.15 mol NaCl. HPF was frozen and stored at
245 K. Before studies frozen HPF was thawed in a water bath at 308–310 K for
15–20 min and maintained at room temperature for 10 min. To obtain the HPF solu-
tions of given concentrations (0.6, 1.25 and 2.5 wt% at pH 5–8) a phosphate buffer
solution (PBS) was used for dilution of the initial solution directly before experi-
ments. Adsorption of HPF on nanosilica A-300 was studied at 293±1 K using 0.2 g
of the dry powder and 40 ml of the HPF solutions at different concentrations. The
HPF adsorption was studied at pH 7.4 because the pH value of blood is 7.35–7.45.
Concentration of HPF before and after absorption was spectrophotometrically con-
trolled using a Specord M-40 (Carl Zeiss, Germany) UV/vis spectrophotometer at
λ = 280 nm. To reach the adsorption equilibrium, the samples were incubated for
1.5 h and then centrifuged at 8000 rpm for 15 min.

25.3 Interaction of Plasma Proteins with Water,
Sugars and Nanosilica

Serum albumins (HSA, BSA) having native globular structure include a significant
quantity of bound water affecting their characteristics. Albumins fulfil a transport
function in the organisms; therefore they have labile and pH-dependent struc-
tures [21], and organic compounds present in a solution and competing with water
molecules for albumin adsorption sites can influence the protein characteristics. The
difference in the properties of albumins in unloaded and loaded states is used by the
receptor system for utilisation of transported compounds.

Figure 25.1 shows the 1H NMR spectra of unfrozen water bound to BSA and
HSA in frozen solution at T < 273 K. At a high resolution (400 MHz, Fig. 25.1a)
the spectra represent a broad asymmetrical signal whose width increases with low-
ering temperature because of a decrease in the mobility of water molecules [22].
The chemical shift of the proton resonance (δH) of this water is 4–5 ppm; i.e. it
is strongly associated [9]. At low temperatures the asymmetry decreases, and the
signal shifts towards the weak magnetic fields. This can be interpreted as the bond-
ing of the water molecules to most polar sites of BSA [9]. A more complex signal
is observed for the HSA solution with the presence of sugar (lower resolution at
100 MHz, Fig. 25.1b) as its components differ by ∼1 ppm. These features of the
1H NMR spectra of unfrozen water bound to protein/sugar reveal the existence of
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Fig. 25.1 1H NMR spectra of unfrozen water: (a) BSA/water at CBSA = 2 wt% recorded at differ-
ent temperatures and (b) HSA/saccharose/water at CHSA = 1 wt% and saccharose concentration
CSc = 0 (1), 0.1 (2) and 1 wt% (3) recorded at 250 K

several forms of water characterised by fast or slow (in NMR timescale) molecu-
lar exchange. The structural differentiation of water bound by proteins can occur
due to its interactions with hydrophobic and hydrophilic protein functionalities
[23, 24]. The water characteristics depend on the average number of the hydro-
gen bonds per molecule (nH) [9, 24]. A decrease in the nH value is accompanied
by the displacement of the 1H NMR signal towards the strong magnetic fields.
Consequently, the signals at smaller δH values correspond to more strongly clus-
tered (or more weakly associated) water characterised by a smaller number of the
hydrogen bonds per molecule.

There is a regularity of the albumin/sugar/water system corresponding to a sugar
concentration range giving a decrease in unfrozen water content. This is clearly
observed for the HSA solution with saccharose (Fig. 25.1b) since addition of 1 wt%
of saccharose leads to a decrease in the signal intensity of unfrozen water (at 250 K)
more than five times. The obtained results testify about effective interaction of sugar
with the protein molecules; i.e. the saccharose molecules can displace the major
portion of water bound to protein [25].

Addition of very small quantities of sugars leads to a decrease in the amounts
of unfrozen water. For fructose (Fig. 25.2a) this effect is in a narrow concentration
range. For glucose (Fig. 25.2b) a considerable decrease in the Cuw value is observed
only at CGl < 0.38 wt% and T near 273 K, and a section of an increase in Cuw
versus CGl is over a wide range of concentrations and temperatures. The greatest
changes in the amounts of unfrozen water are observed for the saccharose solu-
tion (Fig. 25.2c), and diminution in Cuw is greater at lower temperatures. At 250 K
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Fig. 25.2 Dependence of Cuw on concentration of sugars in aqueous solutions at different
temperatures: (a) fructose, (b) glucose and (c) saccharose

the signal of unfrozen water is not observed with increasing saccharose concentra-
tion CSac > 1 wt%. Thus, the aqueous solutions of glucose, fructose and saccharose
are characterised by different Cuw dependences on temperature and sugar content.
Therefore, one can assume that the effects of these sugars on the aqueous solutions
of proteins could be strongly different.

The interfacial energy γ S diminishes with increasing concentration of BSA in
the aqueous solution (Fig. 25.3a). Notice that similar dependences were observed
for other heterogeneous systems [9, 24]. Protein molecules are strongly hydrated;
therefore, to provide tight contacts between them (on self-association), a certain
quantity of bound water should be removed from intermolecular gaps to the bulk
that results in a decrease in the integral γ S value. Thus, the amounts of bound water
decrease as well as the γ S value with increasing protein content in the solution. The
difference in the γ S values determines the energy of self-association of the protein
molecules. Extrapolating γ S(CBSA) dependence to the zero concentration gives the
interfacial energy of non-associated BSA molecules at γ S ≈ 450 J/g. The mentioned
effects can change on addition of sugars to the aqueous solutions of proteins.
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The γ S(CSug) dependences (Fig. 25.3b) have the shapes similar to the
Cuw(CGl(Fr)) graphs (Fig. 25.2). Simple estimations show that in the 2 wt% BSA
solution 8.8 × 105 H2O are present per protein molecule and ∼104 H2O from them
are bound to macromolecules. Each sugar molecule can reduce a quantity of bound
water by ∼103 H2O or even more since significant changes in the γ S value are
observed at CSug < 0.1 wt% (Fig. 25.3b). It is not possible to explain the substan-
tial dehydration of BSA by only replacement of bound water by sugar molecules.
Therefore, one can assume that on the bonding of sugars to the protein molecules,
certain changes occur in the conformation of macromolecules that result in strong
diminution of the quantity of bound water. The effect of the significant dehydra-
tion of protein molecules in the presence of sugars (maximal at low temperatures)
can be one of the factors responsible for the cryoprotective properties of saccha-
rides. Relatively small molecules of sugars (Fig. 25.4) can penetrate through cell
membranes, cause certain dehydration of intracellular structures and reduce the

Fig. 25.4 Silica A-300 nanoparticle (8.5 nm) and HSA (8 × 9.2 nm) and sugar molecules
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Fig. 25.5 Relationships between changes in the Gibbs free energy and the amounts of unfrozen
water for (a) BSA differently hydrated at CH2O = 95.8 (curve 1), 90 (2), 52.8 (3), 26.4 (4) and
13.2 wt% (5) for protein alone and on addition of 1 wt% of silica A-175 at CH2O = 89 wt% (6)
and (b) interfacial energy as a function of Cuw

formation of intracellular ice crystallites. Additionally, sugars do not have a neg-
ative influence on living cells because they can be easily utilised in the cellular
metabolism processes.

The relationships between the amounts of unfrozen water and its energetic char-
acteristics for the solutions with BSA alone (Fig. 25.5a, curves 1–5) and on addition
of nanosilica (curve 6) suggest that practically entire amounts of unfrozen water cor-
respond to SBW. A section corresponding to WBW is observed only for the 0.25%
BSA solution (Table 25.1).

The γ S values for the hydrated powder and aqueous solution of BSA are charac-
terised by almost linear increase with increasing Cuw value (Fig. 25.5b) dependent
on protein hydration (total content of water CH2O) (Fig. 25.2). For wet BSA pow-
ders, the maximum changes in the γ S value caused by the water bonding are equal

Table 25.1 Characteristics of bound water in hydrated BSA

No
CBSA
(wt%)

γ S
(J/g)

Cs
uw

(mg/g)
Cw

uw
(mg/g)

–�Gs
(kJ/mol)

–�Gw
(kJ/mol)

1 0.25 193 1500 1700 3.4 1.6
2 10 76 620 – 2.8 –
3 47.2 52 528 – 2.8 –
4 73.6 29 264 – 2.8 –
5 86.8 11 132 – 3.0 –
6 10 (+1 wt% A-175) 65 700 – 2.8 –

Note. Types of water: strongly (Cs
uw, SBW frozen at T < 250 K and �Gs < −0.5 kJ/mol) and

weakly (Cw
uw, WBW frozen at T > 250 K and �Gw > −0.5 kJ/mol) bound waters.
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to 70 J/g (Fig. 25.5b). Addition of 1 wt% of nanosilica to the 10 wt% BSA solu-
tion leads to changes in the γ S value decreased by 11 J/g. This value characterises
the interaction of silica nanoparticles with BSA causing the displacement of inter-
facial water bound to both macromolecules and nanoparticles. Notice that silica
(A-300) nanoparticles and albumin molecules (BSA and HSA molecules have close
sizes) have close sizes (Fig. 25.4) and the Am value (∼500 mg/g [24]) corresponds
to the protein monolayer adsorption at protein:silica ≈ 1:1, since their densities
twice differ. Therefore on the adsorption of albumins, macromolecules and silica
nanoparticles form hybrid aggregates characterised by certain changes in the protein
conformation affecting the adsorption of sugars.

An important task in immunology is the development of new methods of immune
activation using artificial antigens or vaccines, control of concentration and activ-
ity of antigens (antibodies such as immunoglobulin, Ig) [26]. Ig like other proteins
can irreversibly adsorb on silica [27]. The characteristics of Ig were described in
detail elsewhere [26, 28]. The Ig molecules (∼160 kDa, length ∼23 nm and average
diameter ∼5 nm) have a complex shape with two larger and two smaller polypeptide
chains bonding by disulphide bridges. Ig adsorption (A) versus pH has a bell-shaped
form at a maximum close to the PZC (or isoelectric point, IEP) of Ig at pH 6.6
(Fig. 25.6a). A similar A(pH) shape is typical for proteins as ionogenic macro-
molecules [24, 27, 29] because an area occupied by a molecule is minimal at the
PZC when it has the most compact shape and the repulsive electrostatic interactions
between adsorbed macromolecules are minimal. The appearance of negative charges
on the molecules at pH > pHPZC leads to a decrease in the adsorption (in comparison
with the adsorption at pH < pHPZC) as a result of the electrostatic repulsion between
them and negatively charged silica surface. At pH < pHPZC adsorption decrease is
lesser because the electrostatic repulsion remains only between macromolecules but
not between the molecules and silica having pHPZC ≈ 3.5 and low negative surface
charge density at pHPZC < pH < 7 [24].

The Ig adsorption isotherms (Fig. 25.6b) have the Langmuir shape and the cor-
responding monolayer adsorption capacity is Am = 105 and 120 mg/g at pH 2.2
and 6.4, respectively. These Am values correspond to a minimal thickness of the
Ig adsorption layer due to its planar adsorption. Notice that for globular albumins
Am = 300–600 mg/g [24]. For proteins the adsorption and desorption isotherms do
not coincide because of difficulties of macromolecule desorption requiring simul-
taneous breakage of all intermolecular bonds between macromolecules and a solid
surface. Therefore, if desorption and adsorption (A ≤ Am) of Ig occurs at the same
pH then the adsorption is practically irreversible. Desorption of Ig increases with
increasing amount of adsorbed Ig but the quantity of desorbed protein is small
(Fig. 25.6c) even at significant changes in pH.

The dependence of interfacial energy as a function of concentrations of Ig and
silica (Fig. 25.7) includes three specific sectors. At CSiO2= 0, γ S(CIg) represents
the modulus of the total changes in the Gibbs free energy of bound water changing
due to self-association of macromolecules. At CIg = 0 the γ S(CSiO2 ) dependence
describes the corresponding changes caused by interparticle interactions. If con-
centrations of both Ig and silica are not zero then the γ S(CIg,CSiO2 ) dependence
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Fig. 25.6 Adsorption of Ig on silica A-300 as a function of (a) pH (CIg = 0.075 wt%), (b) CIg
(pH 2.2 (1) and 6.4 (2)) and (c) desorption of Ig as a function of adsorbed amounts

is determined by both adsorption and coagulation processes. Taking into account
the Langmuir shape of the Ig adsorption at A < Am, one can assume that strong
coagulation of macromolecules interacting with different silica particles does not
occur at used concentrations. The Ig molecules are surrounded by a thick layer
of bound water (Table 25.2) whose thickness increases in dilute solutions with
decreasing concentration of proteins because in the dilute buffered solutions the
probability of formation of protein oligomers is low and undistorted hydrate shells
of macromolecules have a large thickness.

Maximum diluted Ig solutions (Table 25.2) are characterised by minimal Gibbs
free energy of bound water (the γ S value is maximal ∼400 J/g and Cuw ≈ 10 g/g at
CIg → 0) (Fig. 25.7). A small change in the interfacial energy at CIg = 3−10 wt%
can be explained by increased interaction between macromolecules leading to a
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Table 25.2 Characteristics of water bound in hydrated Ig and suspensions of A-300 and Ig/A-300

CIg/ CSiO2

(wt%)
Csolid.
(wt%)

γ S
(J/g)

Cs
uw

(g/g)
Cw

uw
(g/g)

–�Gs
(kJ/mol)

–�Gw
(kJ/mol)

1/0 1 352 2.1 9.9 3 0.7
1.65/0 1.65 280 2.1 7.9 2.5 0.5
3.3/0 3.3 187 1.7 3.8 2.4 0.7
5/0 5 203 2.0 5.0 2.5 0.7
6.5/0 6.5 197 2.2 4.8 2.7 0.5
10/0 10 205 1.7 5.3 2.9 0.5
0/4.7 4.7 106 0.7 2.5 2.4 1
0/7 7 59 0.6 1.6 2.6 0.5
0/9 9 27 0.25 1.0 2.2 0.6
2.2/3.3 5.7 162 1.8 6.2 3 0.5
1/3.3 4.3 149 1.1 6.9 3 0.5
2.7/2.5 5.2 115 0.8 5.2 4 0.4
1.2/2.5 4.7 200 0.8 6.2 4.8 0.3
4.9/0.25 5.05 45 0.5 2.5 3 0.25
5.3/0.5 5.8 107 0.75 4.25 2.2 0.3

decrease in the amounts of bound water per macromolecule. Interactions between
macromolecules and silica nanoparticles are much stronger than between macro-
molecules; therefore, silica added to the Ig solution leads to diminution of the
amounts of water bound by protein. The reduction of the γ S value for the sys-
tem Ig/A-300/water is maximal at small CIg values because relative adsorption is



314 V.V. Turov et al.

maximal at minimal CIg values (e.g. with increasing CIg,eq from 0.1 to 1.0 mg/ml
the adsorption increases only twice (Fig. 25.6b)). At CIg > CSiO2 changes in the
γ S values are relatively small due to weak interaction of Ig monolayer coated
silica nanoparticles with dissolved protein molecules. This is confirmed by the
rheometry results showing an extremal dependence of the viscosity of the protein
(polymer)–nanosilica suspensions on concentration of proteins (polymers) [24].

For treatment of certain diseases (e.g. wound and purulent infections of inter-
nal cavities), preparations based on nanosilica are successfully used [5]. In some
of these cases silica nanoparticles can contact blood. Blood as a multicomponent
heterogeneous system contains many types of cells and macromolecules, and the
aqueous solution of low molecular organic and inorganic compounds plays a role of
the dispersion medium. Therefore investigations of hydrate shells of blood compo-
nents, intermolecular interactions between them alone and on contact with solid
nanoparticles are of importance for deeper understanding of the mechanisms of
actions of medicinal nanocomposites.

Fibrinogen is one of the main plasma proteins participating in blood clotting
[30, 31]. Its concentration in blood is 0.22–0.44 wt%. Native HPF molecules
(340 kDa, 46 × 6.5 nm) are strongly hydrated, and bound water can play an impor-
tant role in HPF interaction with other components of blood or solid nanoparticles.
HPF molecule is composed of two identical molecular halves consisting of three
non-identical Aα-, Bβ- and γ-chain subunits (compared in size with primary silica
nanoparticles) held together by multiple disulphide bonds; or according to another
model, a HPF molecule includes one central nodule (E domain) and two identical
outer nodules (D domains) linked by two coiled-coil regions. HPF molecules have
“loose ends” which are extremely mobile that can be functionally important, and
they can play a specific role on the adsorption of HPF especially onto non-planar sur-
faces as of nanosilica. AFM investigations of adsorption of HPF on a silica surface
showed that it is predominantly adsorbed through D and E domains [32].

The adsorption isotherm of HPF at pH 7.4 and Ceq < 0.3 mg/ml (Fig. 25.8a)
has the Langmuir isotherm shape and Am = 156 mg/g for planar-adsorbed long
molecules at Ceq ≈ 0.25 mg/ml, since for vertically adsorbed molecules Am ≈
500 mg/g at Ceq ≈ 0.5 mg/ml (Fig. 25.8a). A maximum of A(pH) is at pH 5.5–6.0
(Fig. 25.8b) close to the PZC of HPF. The adsorption decreases with increasing
pH like other plasma proteins [24, 33]. Desorption of HPF is low [34] as for Ig
shown above that suggests irreversible planar adsorption of HPF. The right term of
the Langmuir equation was used as the kernel of integral adsorption equation [24,
34] to calculate the distribution function of Gibbs free energy of adsorption f(�G)
(Fig. 25.8c). The position of the f(�G) maximum at –�G ≈ 2.2 kJ/mol corresponds
to the slow rise of the adsorption isotherm and is in agreement with the �Gs values
calculated from the 1H NMR data for SBW (Table 25.3). These not-large values
–�G < 5 kJ/mol (Fig. 25.8c) are due to a considerable diminution of the solvation
energy of HPF on adsorption to the silica surface.

The maximum concentration of water bound by HPF (or A-300 alone) and maxi-
mal γ S values are observed in more diluted solutions (Table 25.3 and Fig. 25.9) like
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Fig. 25.8 HPF adsorption as a function of (a) equilibrium CHPF (PBS, pH 7.4); (b) pH (CHPF =
0.0795 wt%); and (c) distribution of Gibbs free energy of HPF adsorption at A < 160 mg/g

Table 25.3 Characteristics of weakly (WBW) and strongly (SBW) bound waters in solution of
0.15 M NaCl, HPF in PBS, suspensions of A-300 and HPF/A-300

Sample
CHPF
(wt%)

CSiO2

(wt%)
Cuw

s

(g/g)
Cuw

w

(g/g)
–�Gs
(kJ/mol)

Smes
(m2/g)

Smac
(m2/g)

Vmes
(cm3/g)

Vmac
(cm3/g)

NaCl 0.5 1.25 2.2 315 24 1.15 0.59
A-300a 4.7 0.7 2.5 2.4 115 64 1.20 2.00
A-300b 7.0 0.6 1.6 2.6 160 26 1.54 0.66
A-300b 9.0 0.25 1.0 2.2 169 2 1.19 0.06
HPFc 1.25 6.0 8.0 2.2 819 506 2.22 11.78
HPFc 2.5 1.25 6.75 3.0 545 185 3.02 4.96
HPF/
A-300c

0.6 2.5 0.35 3.65 2.6 71 145 0.16 3.84

HPF/
A-300c

2.5 1.7 1.25 1.75 3.0 323 43 2.31 0.69

HPF/
A-300c

2.5 3.5 0.6 3.1 3.0 57 137 0.21 3.49

HPF/
A-300c

2.5 5.2 0.4 0.4 4.5 112 6 0.70 0.10

aAqueous suspension without addition of NaCl.
b0.15 mol NaCl.
cPBS.

Ig and BSA. For instance, at CHPF = 1.25 wt%, HPF hydration corresponds to Cuw
= 14 g of bound water per gram of protein, but Cuw = 8 g/g at CHPF = 2.5 wt%;
i.e. twice larger CHPF value gives twice smaller Cuw value. A similar effect was
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Fig. 25.9 Interfacial energy γ S as a function of concentrations of HPF and silica

explained above for BSA and Ig as enhanced protein–protein interaction leading to
the displacement of a fraction of bound water to the bulk. For HPF/A-300/water,
a sharp decrease in the interfacial energy (in comparison with HPF alone) is char-
acteristic similar to other proteins. In the HPF/A-300/water systems a decrease in
concentrations of both SBW and WBW is observed (Table 25.3), and interpretation
of this effect is the same as for Ig discussed above.

The surface forces (adhesive forces) at the interfaces of HPF/water can be esti-
mated if the specific surface area of protein molecules is known. From the shape
of HPF molecules [32] assuming a simplified geometry for them (two spheroids of
6.5 nm in diameter, a spheroid of 5 nm in diameter, cylindrical section of 1.5 nm in
diameter and 29.5 nm in length) it is possible to calculate the surface of a molecule
equal to 360 nm2. This gives the specific surface area of protein S = 750 m2/g (close
to Smes + Smac for the 2.5 wt% HPF solution, Table 25.3). �G as differential Gibbs
free energy is numerically equal to differential energy of adhesion:

�G = −Wa. (25.1)

The interfacial energy γ S is equal to the total energy of adhesion, and the
adhesive forces can be estimated as [35]

F = �G/x, (25.2)

where x is the thickness of a bound water layer (estimated from the geometry of HPF
molecule and the Cuw value). The range of adhesive forces increases up to 3 nm
with decreasing concentration of HPF (Fig. 25.10) that is caused by a decrease in
polymer–polymer interactions in the more diluted solution.
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Water or other liquids can be frozen in narrower pores at lower temperatures as
described by the Gibbs–Thomson relation for the freezing point depression

�Tm = Tm(R) − Tm,∞ = 2σslTm,∞
�HfρR

= − k

R
, (25.3)

where Tm(R) is the melting temperature of a frozen liquid in pores of radius R, Tm
the bulk melting temperature, ρ the density of the solid, σ sl the energy of solid–
liquid interaction, �Hf the bulk enthalpy of fusion and k a constant. This equation
(or related integral equation) was used to calculate the size distribution functions
of pores f(R) (cavities, voids) filled by unfrozen water in frozen aqueous solu-
tions of macromolecules, suspensions of nanosilica, etc. [9, 24, 36]. For the HPF
solutions, these distributions are broad (Fig. 25.11b) as well as for the nanosilica
suspension (Fig. 25.11a). For the HPF/A-300/water, a considerable rearrangement
of hybrid aggregates occurs with increasing component concentration that reflects in
f(R) changes (Fig. 25.11c). These results reveal a significant decrease in the cavity
volume filled by unfrozen water due to displacement of significant amounts of this
water to the bulk because of strong macromolecular–particle interactions in hybrid
aggregates becoming more compacted with increasing HPF and silica content.

HPF fulfils an important role in blood clotting. On contact with air HPF reacts
with thrombin detaching a HPF fragment transforming it to active fibrin-monomer
(Fm). Fibrin can easily polymerise to form supramolecular fibrin-polymer (Fb).

Transformation of HPF into fibrin-polymer through the stage of fibrin-monomer
is accompanied by a significant change in the characteristics of bound water
(Fig. 25.12), and a decrease in both SBW and WBW is observed. These changes
reflect in the γ S dependence on composition of the system since it decreases from
600 J/g for non-associated HPF molecules and 160 J/g for Fm to 10–20 J/g for Fb.
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different concentrations of components

Notice that the changes in the γ S value on self-association of Fb is much smaller
(γ S

as ≈ 50 J/g) than that for HPF (γ S
as ≈ 400 J/g).

Thus, the significant changes in the interfacial energy on the transformation
HPF → Fm → Fb reveal strong intermolecular interactions between Fb on clotting
accompanied by removal of the major fraction of bound water to the bulk volume.

25.4 Biocomposites with Nanosilica, BSA and Sugars

The supramolecular systems with nanosilica, proteins and monosugars or disaccha-
rides can possess a high bioactivity and be used in bionanocomposites perspective
for biotechnology and medicine [33, 37, 38]. It was shown that composites on the



25 Supramolecular Structures with Blood Plasma Proteins, Sugars and Nanosilica 319

Fig. 25.12 Interfacial energy as a function of composition of the HPF/Fm/Fb system on
transformation of fibrinogen into fibrin-monomer (Fm) and then fibrin-polymer (Fb)

basis of nanosilica [33], BSA, polyol (sorbitol, xylitol) or monosaccharides (fruc-
tose, glucose) in wide range of concentrations [39, 40] can stimulate activity [41]
and prolong lifetime of cells after their cryopreservation.

The motion characteristics of bovine reproductive cells (BRCs) – rotation fre-
quency, forward motion velocity and corresponding kinetic energy, E – were
determined using laser Doppler spectroscopy [42]. These characteristics (Fig. 25.13)
are linked to the capability of BRCs for their typical functioning.

The ratio E/E0 > 1 (E0 is for BRCs at 8 × 108 cells/ml in the 2.9 wt% TSC buffer
solution) answers the stimulating effects of nanocomposite on BRCs, and E/E0 < 1
corresponds to the suppressing effects. The activity was determined for ten concen-
trations of BRCs in the 2 × 10−6–0.6 wt% range. Obtained results (Fig. 25.13) show
that all studied composites (at certain concentrations) possess stimulating influence
on BRCs.

The dependences of E/E0 on lg C have a complex shape that indicates
the multifactor nature of the effects of bionanocomposites on the BRC
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Fig. 25.13 Dependence of
relative kinetic energy of
BRCs after cryopreservation
on concentration of
nanocomposite in
lactose/glycerol/vitelline
medium: A-300/saccharose
(curve 1, CSac = 0.8 mg/g),
A-300/BSA (2, CBSA =
570 mg/g) and
A-300/BSA/saccharose (3,
CBSA = 515 mg/g, CSac =
1.06 mg/g)
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characteristics. Probably, the sign of the effects depends not only on concentra-
tion of solid nanoparticles (and their aggregation with BSA/sugars) but also on the
BRC/bionanocomposite interfaces state determined by concentration and type of
compounds adsorbed and desorbed there as well as by their conformation, rear-
rangement of supramolecular structures and desorption capability of sugars from
BSA-coated nanoparticles on interaction with BRCs.

The experiments showed that bionanocomposites based on nanosilica, BSA and
saccharose (at composite concentration of 0.0025 wt%) have the greatest positive
effects on the BRCs. In the presence of the bionanocomposite, the BRC lifetime is
longer by 2.5 h than that of the controls.

Since molecules of mono- and disaccharides poorly adsorb on the nanosilica sur-
face one can assume that they adsorb to BSA molecules immobilised on silica. As
was shown above, sugars can displace large amounts of water bound to albumins due
to effective protein–sugar interactions. Especially great effects were observed on the
use of saccharose. One can assume that sugars bound in protein–silica nanocompos-
ites and desorbed on interaction with cells are responsible for significant changes in
the stimulating effects on the BRCs.

Immobilisation of BSA on silica leads to an increase in the adsorption of sac-
charose by approximately 20% (Fig. 25.14). This difference is lower than could be
expected from the data discussed above. However, it should be noted that confor-
mational changes in adsorbed protein molecules are more difficult than in dissolved
macromolecules alone. Additionally, BSA/nanosilica can form compacted hybrid
aggregates with reduced accessible surface area of both protein molecules and silica
surface for sugar molecules [24]. These effects can be responsible for the not-high
increase in the adsorption of saccharose on BSA/silica in comparison with silica
alone.

Two maxima on the E/E0(lg C ) graph (Fig. 25.13) are observed at concentrations
of the solid phase of ∼10−2 and ∼10−1 wt%. Consequently, the BRC activation can
occur at different concentrations of different nanocomposites that can correspond
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Fig. 25.14 Adsorption (1) and desorption (2) isotherms of saccharose on surface of (a) nanosilica
and (b) BSA/nanosilica at CBSA = 515 mg/g
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to different mechanisms of the activation of the BRCs by desorbed sugars, BSA
immobilised and dissolved and unmodified and modified silica nanoparticles, as
well as by the adsorption of the products of the cell metabolism, etc.

Tendency to a decrease in the motion activity of the BRCs with increasing con-
centration of the dispersion phase can be caused by an increase in the viscosity of the
dispersion medium and by undesirable interactions of integral proteins with silica
aggregates resulting in agglutination of the cells [24, 33, 43]. Nanocomposites based
on nanosilica, serum albumin and sugars demonstrated the stimulating influence on
the vital activity of some other cells, e.g. red blood cells (RBCs) [44].

The effects of nanocomposites were studied at their concentration of
10−4–1 wt% (aqueous suspensions of nanosilicas/BSA/sugar in 3.8 wt% trisodium
citrate) and CRBC = 6 × 107 cell/ml. It was found that the shape of RBCs changes
on interaction with unmodified and modified silicas from discocytes → echinocytes
→ spherocytes → deformed RBCs → shadow corpuscles depending on silica
concentration [44]. The interaction of RBCs with bionanocomposites (in contact
with nanosilica alone [44]) does not give shadow corpuscles (Fig. 25.15). The
transformation of discocytes to echinocytes begins from distortion to a convexo-
convex contour of normal RBCs. Rough spicules appear first on the edge of the disk
and then on the whole RBC surface. The echinocyte spicules gradually become

Fig. 25.15 Histograms of the RBC shape distributions: discocytes (1), echinocytes (2), sphero-
cytes (3) and deformed RBCs (4) on addition of A-300/BSA (585 mg/g) with (a) fructose (2 mg/g),
(b) glucose (2.25 mg/g) or (c) saccharose (1.25 mg/g) and (d) A-300/saccharose (0.8 mg/g) at total
concentration of composites between 0.0001 and 1 wt% (control is for RBCs at 6 × 107 cells/ml
in the 3.8 wt% TSC buffer solution)
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thinner and more uniformly distributed on a cellular surface. Then cells become a
spherical shape. On the final transformation, cells lose a part of the spicules and the
transformation into the spherocyte shape becomes irreversible. A strong distortion
of the membrane (e.g. on interaction with silica nanoparticles alone) leads to loss of
its flexibility and resiliency. RBCs swell and increase in size in comparison with the
spherocyte that leads to membrane break. Eliminated haemoglobin can be detected.
However, the perforated cellular membrane remains as unique whole and forms the
so-called shadow corpuscle. Notice that haemolytic activity of 1 wt% suspension of
nanosilica A-300 corresponds to 100% in 20 min since only the shadow corpuscles
are observed [44]. In the presence of fructose and glucose in nanocomposites, an
increase in the concentration of discocytes is observed in comparison with the
control (Fig. 25.15). However, interaction of RBCs with A-300/BSA/saccharose
(Fig. 25.15c) or A-300/saccharose (Fig. 25.15d) leads to more negative effects since
the number of normal discocytes decreases but the number of spherocytes increases.
Consequently, composites with nanosilica–protein–monosugar can better stabilise
the cell membrane or retard their destruction at the threshold concentrations of solid
phase in comparison with nanosilica–protein–saccharose. Probably, the differences
in the influence of di- and monosugars (as components of nanocomposites) on
RBC depend on their chemical structure, interaction with BSA, changes in the
free energy of solvation on adsorption/desorption and bonding to RBCs, as well
as on their complement-fixing ability with respect to terminal carbohydrates of
oligosaccharide functionalities of the receptor molecules of the supracellular matrix
of RBCs. For instance, the free energy of solvation is �Gsol = −541 (glucose),
−352 (fructose) and −344 (saccharose) J/g (calculated using IEFPCM/B3LYP/6-
31G(d,p)//HF/6-31G(d,p) method). Consequently, the adsorption of saccharose on
silica, albumin or albumin/silica from the aqueous solution could be better and the
effects on bound water should be stronger than that for monosugars.

25.5 Conclusion

The low-temperature 1H NMR spectroscopy used to determine the interfacial
energy of biomacromolecules and related bionanocomposites has some advantages
in comparison with other methods measuring similar characteristics. In contrast
to calorimetric method determining the adhesion energy it does not require long
time to reach equilibrium and it is more sensitive at low concentrations of solid
phase. Additionally, it allows the determination of the radial dependences of adhe-
sive forces in aqueous media, size distributions of cavities (pores, voids) filled by
unfrozen bound water in any materials and the thickness of bound water layers up
to 10 nm or larger that is impossible by using other methods. The concentration
dependences of interfacial energy can be used to determine the energy of intermolec-
ular interaction of protein molecules (energy of self-association) and the energy of
swelling or destroying of protein gels, gel-like structures formed in the suspensions
of nanoparticles or supramolecular systems. For aqueous solutions of biopolymers,
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solid nanoparticles and low molecular organics (sugars), the dependence of interfa-
cial energy on concentrations of dispersion components is quite informative since it
is possible to trace the processes of adsorption, gel formation, coagulation, etc. The
obtained results for supramolecular structures with nanosilica, proteins and mono-
and disugars allow us to explain certain features of the influence of the bionanocom-
posites on living cells, in particular the effects of saccharose on the activity of BRCs
and transformations of RBCs from normal discocytes to echinocytes, spherocytes to
shadow corpuscles on interaction with bionanocomposites.
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Part V
Nanotubes and Carbon Nanostructured

Materials

This part is devoted to studies of new types of functional materials made on the
base of silica and carbon nanotubes, diamond-like carbon films, highly dispersed
graphites and diamonds, and porous diamond compacts.

Nanotubes are one of the most prospective nanomaterials for various applica-
tions due to possession of unique electrical, mechanical, thermophysical, adsorptive
properties, etc., which depend on their chemical composition and structural features.
Special attention in literature is paid to obtaining filled nanotubes, in particular,
filled by metals. Studies of physical properties of such systems have a fundamen-
tal scientific importance. So, conductivity of electroconductive materials of few
nanometers in diameter becomes close to unidimensional, thus providing a possibil-
ity for arising quantum effects, specific magnetic and emitting properties. Therefore
development of design and assembly methods for nanotubes containing metal in
their inner cavity is of great importance for improvement of existing and intro-
duction of new scientific approaches for creation of the elemental base, nano- and
molecular electronic devices and equipment.

The use of carbon nanotubes for the modification of polymeric matrixes not only
provides increased electric, structural–mechanical, and thermophysical characteris-
tics, but also improves their biocompatibility. Thus, such composites are prospective
ones for producing chemical-resistant medical implants with improved strength and
weight properties.

Composite materials based on polymers and various forms of graphite, modified
by oxide clusters, are used for creation of gas-sensor elements. Their adsorption–
desorption rate, selectivity to influence of various molecules, threshold of perco-
lation, and the value of electric resistance can be controlled in a certain range via
changing the type of polymer, graphite, and modifier and chemical composition of a
composite. Gas-sensor elements are characterized by operation at room temperature,
stability of characteristics, acceptable time of adsorption response, and a possibility
of multiple use.

The features of diamond-like carbon films, highly dispersed diamonds, and
porous diamond compacts were analyzed and compared with properties of cer-
tain nitride, carbide, oxide, graphite-like, and some metallic structures from the
viewpoint of their usage as technical and biocompatible materials and coatings.
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Combining experimental methods of scientific investigations allows high relia-
bility forecasting of strength, tribology, adsorption characteristics, and corrosion
resistance of materials upon their contact with biological environment.



Chapter 26
Design and Assembly of High-Aspect-Ratio
Silica-Encapsulated Nanostructures
for Nanoelectronics Applications

N.I. Kovtyukhova

Abstract This chapter summarizes our progress in design and assembly of new
metal nanowire-based insulated interconnects and coaxially gated in-wire thin film
transistors with the electrical characteristics closely approaching those of estab-
lished large-scale planar thin film devices. Our approach relies on combining
templated synthesis of nanostructures with wet successive adsorption techniques
and electroplating. The strong advantages of this approach are (i) a possibility to
easily incorporate various electronic materials into a single nanostructure, (ii) con-
trol of the device geometric parameters with sub-nanometer precision, and (iii) using
low-energy-cost and environmentally friendly synthetic methods.

26.1 Introduction

A dramatic increase in research activity on nanoscale high-aspect-ratio inorganic
structures has been motivated by their unique electronic, optical, catalytic, and
mechanical properties determined by their shape, size, and, in many cases, single-
crystal morphology. Among those, nanowires and nanotubes have received major
attention as potential components of electronic circuits [1–5], photovoltaic cells
[6–8], chemical and biological sensors [9, 10], battery anodes [11] and, very
recently, nanomotors [12–14] and nanolocomotives [15, 16].

The chemical assembly of nanowires is now considered a potentially viable
alternative to the conventional lithographic fabrication of nanoscale circuits, which
is increasingly approaching physical and economic limits [1, 17, 18]. As high-
aspect-ratio structures, nanowires and nanotubes appear to be ideal building blocks
in chemically assembled electronic and optoelectronic nanotechnology. Their
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nanometer-size diameters and micron-size length allow for the fabrication of com-
pact arrays of well-aligned parallel devices. Deposition of such an array on a
lithographically pre-patterned substrate can be used to prepare planar ultradense
electronic circuits composed of individually addressable device elements [19, 20].
Impressively, ∼1011 cross-point junctions can be fabricated on an area of 1 cm2

[20]. Chemically grown arrays of vertically aligned parallel wires and tubes have
been explored as 3D electron-harvesting and transport structures in solar cells [8],
field emission displays [21], and multiple sensor arrays [9].

While most of this research has involved semiconductor nanowires and single-
walled carbon nanotubes (SWNTs), functionalized metal nanowires have also been
actively studied for this application [5, 20, 22–26]. Metal nanowires provide reli-
able control over physical dimensions, surface chemistry, and transport properties
and can be easily prepared [27] and functionalized by low-temperature techniques
[5, 22–26].

Our approach to electronically functional metal nanowires relies upon wet chem-
ical assembly of established ultrathin film devices [6, 28] and their shaping into
nanowire-based structures. This can be achieved by performing chemical and elec-
trochemical synthesis inside the cylindrical pores of a template membrane. By
exploiting surface chemistry of the metal wire and pore walls, the electroactive films
can be deposited between two metal wire segments and/or around the wire body.
The precise control over the film thickness is realized using successive adsorption
techniques, such as layer-by-layer [23] or surface sol–gel deposition (SSG) [24, 25,
29, 30].

An important advantage of this strategy is a possibility to easily combine com-
ponents with different electronic and chemical properties (such as metals, semicon-
ductors, polymers, short SWNTs, and insulating oxides) in a single-wire structure.
Multicomponent “all-in-wire” diodes [23, 26], transistors [25], photodetectors [31],
and sensors [32] can be prepared in this way.

Additionally, the approach described here fulfills the requirements of future
electronic applications particularly well because it (i) provides technologically sim-
ple preparation of a large number (∼109 per membrane) of relatively uniform
nanowire devices with precise control over their geometric parameters and (ii) uses
low-energy-cost and environmental friendly “green” synthetic methods.

Highly conductive metals offer some special advantages, particularly as
low-resistance interconnects in high-speed circuits. A further reduction in RC
(resistance–capacitance) and LC (inductance−capacitance) time constants for
nanoscale circuits can be expected if low dielectric constant (low-k) materials can
be introduced as insulating spacers between metallic nanowires [33]. For example,
copper/low-k interconnect is currently a growing choice for high-performance chips
[34]. Silicon dioxide is the relatively low-k dielectric material that is most widely
used in CMOS integrated-circuit technology. Incorporation of SiO2 into metal
wire-based device structures requires new techniques for making ultrathin silica
nanotubes of high quality with the thickness control at the sub-nanometer level.

This chapter summarizes our progress in design and assembly of ultrathin sil-
ica nanotubes, SiO2-insulated metal nanowire interconnects, and coaxially gated
in-wire thin film transistors with the electrical characteristics closely approaching
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those of established large-scale planar thin film devices. We combine templated SSG
synthesis of silica nanotubes on the pore walls of anodic aluminum oxide (AAO)
membranes with electroplating of metal or composite metal–semiconductor−metal
wire inside the tubes.

26.2 Template-Assisted Surface Sol–Gel Synthesis of SiO2
Nanotubes

Replication of cylindrical pores of AAO membranes using deposition techniques,
either vapor or liquid phase, developed for planar thin films has now widely been
used to prepare oxide nanotubes of different compositions (see for recent review
[8]). Conventional sol–gel methods, which involve immersing an AAO membrane
in a precursor sol followed by gelation inside the pores, allow to adjust internal
nanotube diameter by varying concentration and viscosity of the initial sol as well
as the immersion times [35, 36]. However, by the beginning of this research, precise
control over tube thickness and morphology, especially when the tube is only a few
nanometers thick, has not been demonstrated yet.

More reliable control over the quality of planar thin films has been realized
in layer-by-layer deposition methods, in which (i) preformed colloidal particles
[37, 38] or (ii) molecular precursors [29, 30, 39] are successively adsorbed as a
layer at a time onto the growing surface. Recently we demonstrated applicability
of the first layer-by-layer technique to membrane substrates by preparing uni-
form and smooth free-standing semiconductor/polymer nanotubes and coated metal
wires [23].

The second, SSG method, involves repeats of two-step deposition cycles, in
which the adsorption of a molecular precursor and the hydrolysis (in the case of
oxide film growth) steps are separated by a post-adsorption wash. The washing
step desorbs weakly bound molecules that form additional layers [29]. Ideally, the
SSG technique can limit each adsorption cycle to a single monolayer; however
in practice, thicker layers have been found for planar oxide SSG films [29, 30].
Nevertheless, SSG allows very fine control over film thickness because a nanometer-
or sub-nanometer-thick layer is grown in each two-step adsorption–hydrolysis cycle.

Here we describe growth of silica nanotubes on the pore walls of AAO mem-
branes using the SSG technique. To understand the dynamics of tube growth,
the process has been monitored by TEM and SiO2 mass uptake measurements.
The synthetic protocol is depicted schematically in Fig. 26.1, route 1 (for details
see [24]). In the first step, SiCl4 molecules are adsorbed on the hydrated surface of
the alumina membrane. Subsequent washing with CCl4 removes the unbound adsor-
bate molecules from the pores. In the second step, the adsorbed SiCl4 is hydrolyzed
to give SiO2. Free-standing nanotubes were obtained by etching the alumina mem-
branes in 50% H2SO4. Energy-dispersive X-ray (EDX) analysis of the product
showed Si and O, with no detectable (< 0.5%) Cl or Al. Hence the conversion of
SiCl4 to silica is complete, and no aluminosilicate phase is present. This allows us
to describe the chemical composition of the oxide as (SiO2)x(SiOH)y.
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Fig. 26.1 Scheme of the template SSG synthesis of (1) SiO2 nanotubes, (2) SiO2-tube-
encapsulated Au nanowires, and (3) coaxially gated in-wire thin film transistors. Commercial
(Whatman Anodisc 25) and home-made AAO membranes can be used. Currently, AAO mem-
branes with pore size in the range of 15–350 nm are available; however, scaling down to 15–50 nm
pores will require longer SSG steps

TEM images (Fig. 26.2a, b) show robust SiO2 nanotubes with smooth and uni-
form walls. Their shape clearly replicates the pore structure of AAO, including
branches. Tubes 20–30 μm long can be found in optical micrographs (not shown)
implying the growth of continuous tubules along the pore length. Figure 26.2a illus-
trates the remarkably high flexibility of these long silica nanotubes. A 100 nm
diameter tube grown in five deposition cycles does not break even when bent at
right angles. The external diameter of the tubes is determined by the pore diameter,
and their internal diameter is adjustable by varying the number of deposition cycles
and/or the concentration of SiCl4. Nanotubes with external diameters ranging from
40 to 300 nm, and with wall thicknesses from 2 to 30 nm, were prepared.

The dependence of the nanotube wall thickness (which was estimated from TEM
images of metal-filled nanotubes (Fig. 26.2c, d)) on the number of the deposition
cycles is shown in Fig. 26.3a, trace 1. The graph is not linear: the amount of SiO2
deposited per cycle increases gradually as the tubes are grown. For example, under
the conditions shown in Fig. 26.3a, trace 1, the thickness change per cycle increases
from 8.7 Å in the 4th–10th cycles to 15.3 Å in the 10th–20th cycles. Both values
exceed the film thickness increase (∼3 Å) expected if only one Si−O−H monolayer
is added per cycle. The shape of this film thickness graph closely resembles that of
the mass uptake of SiO2 (Fig. 26.3a, trace 2). This correlation allows one to follow
the process of nanotube growth by simply weighing the dry membrane after each
SSG cycle.
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Fig. 26.2 TEM images of (a, b) SiO2 nanotubes and (c, d) Au wires grown inside the SiO2
nanotubes. (a, c) Five deposition cycles in 90 ± 20 nm diameter pores; (b, d) 20 deposition cycles
in 280 ± 20 nm diameter pores. Reprinted with permission from [24]. Copyright 2003 Wiley-VCH
Verlag GmbH & Co

The film growth at different SiCl4 concentrations is shown in Fig. 26.3b. At any
SiCl4 concentration, a steep rise is observed in the first deposition cycle. After this,
the film growth slows down significantly but the amount of SiO2 deposited per cycle
gradually increases. Ferguson and coworkers [38] attributed upward curvature in
layer-by-layer growth of clay films to island nucleation and growth; however, this
model is not consistent with the smooth morphology of SSG silica films seen in the
TEM images.

Another possibility is that the upward curvature arises from occlusion of water in
the growing film. Water is always present as a surface layer on hydrophilic surfaces
under ambient conditions. The extent to which this surface-bound water will result
in multilayer deposition depends on the amount of water present, the extent to which
H2O and CCl4 molecules compete for interaction with SiCl4, and the permeability
of the deposited [SiOClx(OH)y]n film to water, SiCl4, and CCl4. The coexis-
tence of these three factors may cause the complex character of graphs shown in
Fig. 26.3b, c. The fact that multiple layers of SiO2 are grown in each cycle indicates
that at high concentration, a multilayer of SiCl4 molecules is present in the adsorp-
tion layer. In the subsequent washing step with CCl4, all unreacted (unbound) SiCl4
is removed. The following SSG step (immersion in water) completes hydrolysis of
any remaining Si−Cl bonds and restores the water surface layer.
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Fig. 26.3 (a) Plots of SiO2 wall thickness (1, 3) and amount of SiO2deposited (2) from a 67 mol%
solution of SiCl4 versus the number of deposition cycles: pore diameter (1, 2) 280 ± 20 nm and
(3) 90 ± 20 nm. (b) Amount of SiO2 deposited versus the number of deposition cycles for different
concentrations of SiCl4 in CCl4: (1) 5 mol%; (2) 100 mol%; (3) 67 mol%; (4) 100% SiCl4 was
used in the first 5 cycles and 67% SiCl4 was used in the next 15 cycles; arrow shows the point
where the concentration was changed. Pore diameter 280 ± 20 nm. (c) Amount of SiO2 deposited
per cycle on (1) alumina and (2) silica-covered membrane surface versus SiCl4 mole fraction. Pore
diameter 280 ± 20 nm, bare membrane weight 0.033 ± 2%, g. Reprinted with permission from
[24]. Copyright 2003 Wiley-VCH Verlag GmbH & Co

We suggest that the amount of SiO2 deposited in each SSG cycle is mainly
determined by the amount of SiCl4 adsorbed in the first step rather than by the
hydrolysis step. In this case, a plot of SiO2 amount deposited per cycle (�SiO2)
versus SiCl4 mole fraction can be considered as a qualitative analogue of a SiCl4
adsorption isotherm. Figure 26.3c, traces 1 and 2 shows two such plots taken (1)
for the first deposition cycle and (2) as an average for the range of 5th−10th
cycles, in which SiO2 deposition is linear for all concentrations. The first isotherm
(Fig. 26.3c, trace 1) characterizes SiCl4 adsorption on the alumina surface while
the second one (Fig. 26.3c, trace 2) is related to silica surface adsorption since,
according to the TEM data, the pore walls are completely covered with SSG film
after five cycles. The low concentration region of both plots is concave to the con-
centration axis, which is characteristic of strong interaction between surface and
adsorbate [40], and is consistent with the chemical reaction of SiCl4 with H2O-
covered alumina and silica surfaces. It is evident from the low concentration region
of the plots that the SiCl4 interaction with the alumina/H2O surface is stronger.
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Further flow of the adsorption isotherms for alumina and silica surfaces is different.
On the silica/H2O surface, the amount of SiO2 deposited, as expected, increases
gradually with the SiCl4 mole fraction. However, on the alumina surface, the plot
has a long plateau parallel to the concentration axis. We suggest that in the SiCl4
mole fraction range of 0.05−0.67, fast formation of the [SiOClx(OH)y]n layer at
the alumina/H2O//(SiCl4 + CCl4) interface occurs, and this layer is dense enough to
block further penetration of SiCl4 through the film. An increase in adsorption on
the alumina surface is observed when the SiCl4 mole fraction equals 1. Apparently,
in the absence of CCl4 the hydrolysis reaction can continue until all water in the
surface layer is consumed and replaced by the [SiOClx(OH)y]n layer. Hence the
amount of water available for hydrolysis of SiCl4 determines its adsorption value.
The fact that film growth is faster on the alumina pore walls (Fig. 26.3c, trace 1)
than it is on several layers of the SSG film (Fig. 26.3c, trace 2) is consistent with
the idea that the more polar alumina surface retains more water. Interestingly, in the
plot of film grown on the silica/H2O surface, a higher adsorption value is found at
the SiCl4 mole fraction of 0.67 than at that of 1 (Fig. 26.3c, trace 2).

Heat-treatment (100 ◦C, 3–13 h) of SiO2-containing membranes dried at ambi-
ent temperature in Ar results in a weight loss of ∼ 4%, which can be ascribed to
the removal of unbound water from the SiO2 film. This indicates that the SiO2 film
is relatively porous, and pore fraction is estimated at ∼0.09 taking SiO2 density at
2.17 g cm–3 [41]. This porosity is associated with relatively large pores and does
not include micropores (if any) with radii approaching the thickness of an adsorbed
water layer, because water in those pores can only be removed at higher tempera-
tures. The porous structure of the SiO2 film is consistent with the idea of occluded
water assisting in multilayer film growth and is likely to be responsible for the
gradual increase in the amount of SiO2 deposited per cycle (Fig. 26.3a, b) rather
than narrowing the pores during the SSG procedure. The tube growth inside the
90 nm wide pores is not found to be faster than that inside the 280 nm wide pores
(Fig. 26.3a, traces 1, 3).

The same percent weight loss is observed for initial SiCl4 concentrations of
5, 16, 33, and 100 mol%, while for 67 mol% SiCl4 solution, the weight loss is
5.6% after 10th and 10% after 20th deposition cycle. Accordingly, estimated poros-
ity is 0.126 for the SiO2 film deposited in 10 cycles and it increases to 0.225 during
the next 10 cycles. The porosity of the SiO2 film measured under different growth
conditions is consistent with the data shown in Fig. 26.3. In a 100% SiCl4 solution
the layer growth is actually slower than it is at 67 mol% SiCl4 (Fig. 26.3b, traces 2,
3). The 100 mol% solution gives lower film porosity (0.09 after 5 deposition cycles),
but upward curvature in film growth is found (Fig. 26.3b, trace 4) if the concentra-
tion is lowered to 67 mol%, which provides higher porosity (0.144 after 15 cycles).
These facts suggest that, at relatively low CCl4 concentration, thicker and poorer
ordered [SiOClx(OH)y]n layers, which may occlude both H2O and CCl4 molecules,
are formed at the adsorption step of SSG cycles. Thus by an appropriate selection of
synthesis conditions, one can control not only the thickness of nanotube walls, but
also their porosity.
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26.3 SiO2-Insulated Metal Interconnects

While still in the membrane, the SiO2-coated pores can be electrochemically filled
with metal followed by membrane etching to give free-standing insulated wires
(Fig. 26.1, route 2; for details on synthesis and electrical measurements see [24]).

Typical TEM images (Fig. 26.2c, d) show the gold wires inside uniformly thick
and smooth silica tubes. The tube walls remain defect-free and no metal penetration
of the walls is seen. The top ends of the wires are typically flat or convex, unlike
nanowires grown in unmodified alumina membranes, which have cup-shaped ends.
This cup-like shape has been explained as a consequence of the high surface tension
of the alumina pore walls [23b]. The interaction of gold with the less polar silica
pores is apparently weaker. The coulombic efficiency for plating Au and Ni wires is
about 1.2 times higher (judging from wire lengths) in silica-modified pores than it
is in unmodified anodic alumina.

Fig. 26.4 Top: I−V characteristics of SiO2-coated gold nanowires with different thickness of SiO2
(nm): (1) 25, (2) 14, (3) 8, (4) 4.5, (5) 3.5. A scheme of a test structure for measuring the electrical
properties is shown in the inset. Bottom: Optical micrograph of a test structure for measuring
the electrical properties of SiO2-coated gold nanowires (left). A plot of the breakdown voltage
versus thickness (right). Reprinted with permission from [24]. Copyright 2003 Wiley-VCH Verlag
GmbH & Co
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When the silica-coated nanowires are released from the membrane, both ends
are open, because the tube-shells break near the ends of the metal wire (Fig. 26.2d).
This allows one to make electrical contact by evaporating metal onto the wire ends.

The I−V characteristics of SSG SiO2 films of different thicknesses (measured in
Au@SiO2/Au configuration) are shown in Fig. 26.4 (top). The curves show typical
insulating behavior with breakdown voltages that increase linearly with film thick-
ness (Fig. 26.4, bottom). The hard breakdown field is estimated at 4.8 MV cm–1,
which is only slightly less than the breakdown fields (10–15 MV cm–1) of the SiO2
dielectric used in CMOS integrated-circuit technology.

Because the SiO2 tubes are porous, their dielectric constant is expected to be
lower than that of dense silica (ε = 3.8 [10]). Porous silica is a promising dielec-
tric material for nanoelectronics applications because of its relatively low dielectric
constant [42]. Theoretical calculations predict a dielectric constant of 1.8–2.8 for
a volume pore fraction of 0.4 and an almost linear decrease in ε with increas-
ing porosity. In our experiments, it was difficult to measure the dielectric constant
of the SiO2 films precisely because of the uncertainty in the contact area in the
Au@SiO2/Au configuration. Nevertheless it is interesting to note that the synthe-
sis offers some control over porosity, and that this will probably be reflected in the
dielectric constant of the films.

26.4 Coaxially Gated In-Wire Thin Film Transistors

On the way toward realization of nano- and molecular-scale electronics, the devel-
opment of strategies for promoting single devices to the level of integrated circuits
is the key issue [17, 43–46]. In particular, for the realization of transistor circuits,
each component transistor is required to give sufficient signal amplification and to
be controlled by its own gate contact [17, 44–46]. Departing from this point, sev-
eral approaches have been proposed to assembling logic circuits and nonvolatile
memory from carbon nanotube [44] and semiconductor nanowire [45–47] building
blocks. In the latter case, field-effect transistors (FETs) have been fabricated from
cross-point nanowire junctions [45] or core-multishell nanowire structures [46],
and the crossing nanowire or metal contact evaporated on the outer shell, respec-
tively, have been used as the local gate contacts. The important advantage of the
multishell-nanowire-based FETs lies in fact that they are by definition coaxially
gated transistors, and in this implement a strategy of “wrap-around gate” projected
for advancing conventional silicon transistors [1, 48, 49].

This chapter demonstrates the applicability of a “wrap-around gate” approach
to nanoscale thin film transistors (TFTs). We describe the synthesis and charac-
terization of coaxially gated in-wire TFTs. These devices consist of a cadmium
chalcogenide thin film sandwiched between metal wire segments within a SiO2 tube.
The synthesis involves the above-described SSG deposition of SiO2 tubes on the
pore walls of an AAO membrane [24] and electroplating the composite nanowires
within the tubes [31]. This approach is technologically simple and scalable with pre-
cise control over the diameter, segment lengths, and dielectric thickness. Two other
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important advantages of the coaxially gated in-wire TFT structure are full encapsu-
lation of the semiconductor segment, which prevents its oxidation, and possibility to
use metal gate electrodes, which are compatible with a variety of gate dielectrics [1].

In-wire TFTs were prepared as shown in Fig. 26.1, route 3. First, the Ag-backed
AAO membrane is subjected to deposition of SiO2 nanotubes on the pore walls
by repeating SiCl4 adsorption–hydrolysis cycles [24]. The membrane is then used
as the cathode in an electrochemical cell to electroplate 3–5 μm long Au seg-
ments inside the SiO2 tubes. Semiconductor thin film segments are grown on the
tip of the Au wire using electrochemically induced CdS film growth [50, 51] or
cyclic voltametric CdSe deposition [31]. Top Au segments 3–5 μm long are electro-
plated onto the cadmium chalcogenide films. Finally, the Au/CdS(Se)/Au@(SiO2)n

(where n is the number of SSG cycles used for SiO2–tube growth) nanowires
are released by dissolving the Ag backing and AAO membrane. Metal/CdS/metal
nanowires with different semiconductor segment lengths are prepared using 1 h
and 15 min deposition times. In the latter case Ag clusters were chemically
deposited prior to electrodeposition of the top metal segment in order to ensure
good electrical contact. These devices are referred to as Au/CdS/Au@(SiO2)10 and
Au/CdS/AgAu@(SiO2)14, respectively.

An optical micrograph and TEM images of the in-wire TFT structures are shown
in Fig. 26.5a−c. The Au/CdS/Au junctions are clearly seen, and their thickness

Fig. 26.5 Optical micrograph (a) and TEM images (b, c) of Au/CdS/Au@(SiO2)10 nanowires
prepared in AAO membranes with pore size 280±20 nm (a, b) and 70±10 nm (c). (d) Tapping
mode AFM image (585 × 585 nm, Z range 30.0o) of CdS film prepared on an Au-coated glass
substrate using electrochemically induced deposition technique. Reprinted with permission from
[25]. Copyright 2004 the American Chemical Society
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can be roughly estimated at 100–200 nm for the wires prepared by using 1 h CdS
deposition.

For the 15 min CdS deposition, TEM images show an approximate CdS film
thickness at 30–50 nm. An AFM image of a 31 nm thick CdS film prepared the
same way on a planar Au substrate shows densely packed 20–50 nm grains. An
XRD pattern of the planar CdS film (not shown) shows one CdS-related peak at

2� = 26.65o (d = 3.34Ǻ), the position of which corresponds to the (111) reflection

of the cubic zinc blend structure (d = 3.36 Ǻ) or the (002) reflection of the hexagonal

wurzite structure (d = 3.36Ǻ). However, the absence of other strong peaks from
(100) and (101) planes of the hexagonal phase indicates that CdS crystallizes mainly
in the cubic phase, in contrast to the hexagonal phase formed on ITO and SnO2
substrates [50]. The average crystal size estimated from the X-ray line widths is
39.6 nm, which is consistent with the AFM data.

The thickness of the SiO2 tubes that encapsulate the nanowires is uniform along
the wire length and ranges from 12 to 14 nm for 10 SSG cycles (Fig. 26.5b) and
from 16 to 18 nm for 14 SSG cycles. The flexibility of these shells allows them to
precisely follow the shape of Au/CdS/Au junctions (Fig. 26.5b) thus enabling good
adhesion of the gate dielectric to the semiconductor film.

The nanowires were aligned as shown in Fig. 26.6a for electrical measurements.
IDS−VDS characteristics of Au/CdS/Au@(SiO2)10 and Au/CdS/AgAu@(SiO2)14
devices are shown in Fig. 26.6b, c. At zero gate bias (VGS = 0), turn-on potentials
are −0.6 and −0.2 V, respectively, which is in reasonable agreement with the dif-
ferences between the electron affinity of CdS (∼4.5 eV) and the Au (∼5.2 eV) and
Ag (∼4.7 eV) work functions, respectively. The Au/CdS/AgAu@(SiO2)14 devices
show a zero gate bias DS resistivity 55 times lower than Au/CdS/Au@(SiO2)10,
which may be attributed to better CdS/Ag electrical contact due to the formation
of Ag−S bonds, and possibly to fewer grain boundaries in the thinner CdS film.
However, the metal/semiconductor contacts of the in-wire TFTs are still much more
resistive than those of planar TFTs [52, 53]. This implies a stronger effect of the
contact resistance on the nanowire device properties. Therefore, all characteristics
described below result from a field effect on both the CdS channel and Au(Ag)/CdS
contacts.

The IDS−VDS characteristics of both devices clearly show a field effect, which
is more pronounced at negative drain voltage (Fig. 26.6b, c). At VDS = −2 V, the
Au/CdS/Au@(SiO2)10 devices have an ON/OFF current ratio of 103, a threshold
voltage of 2.4 V, and a sub-threshold slope of 2.2 V per decade (Fig. 26.6d, gr. 1, 3).
The Au/CdS/AgAu@(SiO2)14 devices show similar parameters at VDS = −0.2 V
and a gate sweep from 0 to 10 V. While the in-wire TFTs can operate at rela-
tively low drain voltages, the above parameters are superior to those found with
planar CdS [52] and nanocrystal-derived CdSe [53a]. TFTs in the gate voltage
range from ±9 to10V. The lower VT and a threefold decrease in the sub-threshold
slope (S) relative to planar nanocrystal-derived CdSe TFTs (S 7−10 V per decade
[53a]) may result from the thinner dielectric layer and coaxial gating. A similar
tendency was predicted for planar double-gated versus conventional FETs [48].
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Fig. 26.6 (a) An optical micrograph and schematic presentation of the test structure and
Au/CdS/Au@(SiO2)10 nanowire aligned for measuring the electrical properties. Letters S, D, and
G indicate source, drain, and gate electrodes, respectively; (b, c) IDS−VDS characteristics of in-wire
TFTs for different values of gate voltage (VGS): (b) Au/CdS/Au@(SiO2)10//Au (CdS deposition
for 1 h); (c) Au/CdS/AgAu@(SiO2)14//Au (CdS deposition for 15 min). Gate leakage currents
were in the range of 10–14–10–12 A.; (d) IDS−VGS characteristics of in-wire TFTs: Log IDS (1, 1∗)
and

√
IDS (3) for Au/CdS/Au@(SiO2)10//Au at VDS = −2 V for a gate sweep from −9 to 9 V (1)

and vice versa (1∗); (2) Log IDS for Au/CdSe/Au@(SiO2)14//Au at VDS = 5 V for a gate sweep
from 0 to 8 V. All measurements were performed in air at ambient temperature with a HP 4156B
Precision Semiconductor Parameter Analyzer. Compliance current was set up at 1 nA. The TFTs
were prepared using commercial AAO membranes with pore size 280 ± 20 nm. Reprinted with
permission from [25]. Copyright 2004 the American Chemical Society

On the other hand, the channel mobility of the in-wire TFTs is approximately
5 ± 2 × 10−5 cm2 V−1s−1. This is 4–6 orders of magnitude lower than that
found for TFTs with several micron long channels of planar nanocrystal-derived
and vapor-deposited CdSe and CdS [13, 14]. To a certain extent, this decrease may
be caused by the significant reduction of the channel length in the in-wire TFTs. The
field-dependent mobility decrease is a predicted consequence of FET channel scal-
ing [48, 54]. However, high Schottky contact resistance is most likely responsible
for the low apparent mobility values. We believe that much higher mobility values
can be achieved by further improving the metal/semiconductor interfaces and grain
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structure of the semiconductor segment, as well as by using metal contacts with
lower work function. Au/CdSe/Au@(SiO2)14 TFTs show poorer performance with
an ON/OFF current ratio about 10 (Fig. 26.6d, gr. 2). This is consistent with obser-
vation by other groups [53] that planar CdSe TFTs fabricated without annealing
exhibit very weak, if any, field effect.

Log (IDS)−VGS graphs with a gate sweep from −9 to 9 V and vice versa
(Fig. 26.3d, gr. 1, 1∗) show CCW hysteresis contrary to the CW one observed with
planar CdSe TFTs [53]. The origin of the hysteresis is not currently understood but
may be tentatively ascribed to trap states at the semiconductor/SiO2 interface [53].
However, the chemical nature of the traps in our wet-assembled in-wire devices may
differ from that in the thermally evaporated or annealed planar TFTs. Also a field
effect on the Au/CdS contact properties may cause the CCW hysteresis. Oxidation
of the planar TFTs [53a] is a less likely source of trap states in this case because the
in-wire TFTs are encapsulated by SiO2.

26.5 Conclusions

The surface sol–gel method is a simple way to prepare robust and flexible silica
nanotubes. The thickness and porosity of the tubes can be precisely controlled by
varying the composition of the precursor solution and the number of adsorption–
hydrolysis cycles. The thickness of the SiO2 layer deposited in each cycle,
which always exceeds that of a monomolecular layer, can be explained assuming
occlusion of water present as a surface layer. Free-standing SiO2nanotubes with
2–30 nm walls, which are smooth and uniform along their length, were grown and
characterized.

The SSG thin film deposition technique is well developed for other classes of
materials, including metal oxides, chalcogenides, and phosphates. When performed
in porous templates, as we have demonstrated here for SiO2, the SSG method should
offer a route to concentric multicomponent structures with well-controlled layer
thickness and, presumably, tunable electrical and optical properties. The good con-
trol in film thickness that is obtained by SSG suggests that it should also be possible
to precisely adjust the internal diameter of the AAO pores, and hence the diameter
of nanowire replicas.

Electroplating metals inside the silica-coated pores of an AAO membrane is
an easy route to nanoscale insulated metal interconnects of high quality. The hard
breakdown field obtained for insulating SiO2-nanotube coating on gold nanowires
is only slightly lower than that of SiO2 dielectric used in CMOS integrated circuits,
and this is a surprising result given the fact that a wet chemical deposition method
was used.

Coaxially gated in-wire thin film transistors can be made by using a combina-
tion of the templated SSG technique and electrochemical deposition of composite
nanowires. The CdS-based TFTs can operate at drain voltages lower than 1 V
and show better ON/OFF current ratio, threshold voltage, and sub-threshold slope
than chemically similar planar TFTs. While the devices described here were not
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optimized for performance, one might expect significant improvements by using
strategies that have been developed or predicted for conventional FETs and TFTs
[48, 52, 54]. The control of dimensions afforded by the template synthesis should
make it possible to reduce the gate dielectric thickness, channel length, and diameter
of the semiconductor body (see, e.g., Fig. 26.5c). The latter would extend the gate
effect across the body region [48] and might also result in the formation of single-
crystal semiconductor segments [51]. The SSG technique can be easily extended to
other metal oxides that will allow substitution of higher k dielectrics, such as zirco-
nium, titanium, and tantalum oxides for SiO2 [29]. Finally, thermal annealing of the
semiconductor segment prior to top electrode deposition is expected to improve the
performance of the CdSe-based devices.
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Chapter 27
Physicochemical Properties and
Biocompatibility of Polymer/Carbon
Nanotubes Composites

Yu.I. Sementsov, G. P. Prikhod’ko, A.V. Melezhik,
T.A. Aleksyeyeva, and M.T. Kartel

Abstract Due to the unique structure and combination of extremely high durabil-
ity, electrical and calorific conductivities, carbon nanotubes (CNTs) are prospective
fillers for polymer materials. The reinforcement of polymer by developed set-like
form of CNT provides an increase in mechanical, electrical, and thermophysical
properties, chemical stability, and biocompatibility of nanocomposites. The manu-
facture of CNT and polymers (polypropylene, Teflon-4, and elastomers on the base
of butadiene–nitrile and fluorinated rubbers) filled with nanotubes and nanofibers
of various contents is described. The CNT and the nanocomposites are character-
ized in detail by structural and physicochemical methods. It is shown that not only
bulk characteristics but also surface properties of filled polymers are changed and
this explains better the biocompatibility of nanocomposites, which is observed in in
vivo experiments.

27.1 Introduction

Development of medicine, especially for rehabilitation, is connected with searching
for new materials to produce and substitute an organism’s parts damaged due to
illness. Presently there are vast possibilities to create artificial prosthetic appliances
of practically any organ.

So the problem is to develop (to create) new materials which would have
biomechanical characteristics similar to natural ones. Due to the unique struc-
ture and combination of high durability, electro- and thermoconductivity, carbon
nanotubes are prospective fillings for creation of new composite materials [1]. In this
work, structural features, physical and mechanical characteristics were studied of
nanocomposites on the base of polytetrafluoroethylene (PTFE), isotactic polypropy-
lene (PP), butadiene–nitrile, and fluorinated rubbers with CNT as filler. Also some
biocompatibility properties were studied in experiments in vivo.
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27.2 Experimental

The method of obtaining multiwalled CNTs and their characterization are described
in [2]. Typical TEM images of CNT are presented in Fig. 27.1. The average diam-
eter of CNT was 10–20 nm, specific surface area determined by argon desorption
was 200–400 m2/g, and bulk density was within 20–40 g/dm3. Ash residue of
unpurified MWNT was 6–20% mass, while in purified ones it was less than 1%
mass. According to X-ray analysis, the MWNT d002 parameter of graphite-like
crystal lattice is within 0.3431–0.3451 nm. The small size of coherent-scattering
region and strain lead to significant enlargement of the parameter as compared
with that of graphite. It should be noted that TEM images, X-ray diffraction,
Raman spectroscopy data, and temperature of the start of intensive oxidation in
air (580–610◦C) do not show the presence of noticeable amount of amorphous
carbon.

According to XPS data, the content of oxygen in initial MWNT and oxidized
ones (electrochemically or thermally in air) is 0.6, 1.1, 2.3 at.%, respectively. This
is considerably lower than that for carbon fibers [3].

The concentration of oxygen-containing centers determined from 1s C electron
bands is presented in Table 27.1 [4, 5].

Four types of nanocomposites based on polymeric matrices – polytetrafluoro-
ethylene (PTFE), polypropylene (PP), and two types of rubbers – were studied.

The composites based on PTFE were obtained by methods of mixing PTFE pow-
der (F4-PN20) with MWNT in the presence of liquids and following coagulation of
PTFE aqueous dispersion with MWNT. The dried powdered mixtures were molded
by hot-pressing.

The samples of composites with different MWNT contents (5, 10, 15, and 20%)
were tested for uniaxial compression by using 2167-P50 recording device with
automatic record of deformation diagrams. Thus conventional yield strength at
compression (σ0,2) and compression elasticity modulus (Ec) were determined. The
surface of initial PTFE and PTFE–15% MWNT nanocomposite was studied using a
NanoScope IIIa atomic-force microscope (Veeco corp). The data obtained were pro-
cessed with the help of GWIDDION software. Samples’ surfaces were also studied
by AFM tip loaded with antibodies, immunoglobulin type G (IgG) obtained from
the animal blood serum.

Nanocomposites on the base of polypropylene (PP) 21060 with content of
MWNT within 0.05–5.0% mass were obtained by stirring a mixture of molten PP
and nanotubes in an extruder at 50 rpm. Primary samples were got as granules and
processed further by hot-pressing.

The samples of rubber filled with MWNT were obtained by rolling the raw rubber
mass with MWNT powder. Two rubbers prepared were used:

(a) MBS 7V-14 oil- and petroleum-resistant systems based on butadiene–nitrile
rubber SKN-18;

(b) IRP-1225 acid-resistant system based on fluorine-containing rubber SKF-32.
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A B

C D
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Fig. 27.1 TEM images of multiwalled CNT



350 Yu.I. Sementsov et al.

Table 27. 1 Relative concentrations of oxygen-containing centers on MWNT and their classifica-
tion by energy of 1s O electrons

Relative concentration (%)

MWNT samples

Eb =
286.1–286.3 eV
Phenol, alcohol
(C−OH)

Eb =
287.3–287.6 eV
Carbonyl,
quinone (C=O)

Eb =
288.4–288.9 eV
Carboxyl, ether
(C−OOH)

Eb =
290.4–290.8 eV
Carbonate and/or
absorbed
CO, CO2

Initial 49.1 17.2 17.2 16.5
Anode

oxidation
53.8 19.8 13.6 12.8

Heat
treatment

51.1 23.4 15.3 10.2

Nanocomposites of PP−MWNT with MWNT content of 0.05, 1.0, 3.0, and
5.0% mass, PTFE−MWNT with MWNT content of 15% mass, and initial polymer
matrices were chosen for experiments in vivo.

27.2.1 Nanocomposite Physical and Mechanical Parameters

27.2.1.1 PTFE−MWNT

Rather large heterogeneity of MWNT distribution in the PTFE matrix is observed
(Fig. 27.2a, b). Nanotubes form conglomerates that poorly interact with polymer
matrix.

The influence of MWNT on properties of newly elaborated nanocomposites was
determined by changes in the means of yield stress and modulus of elasticity and
compared with the influence of other fillers, such as exfoliated graphite (EG) and
superfine crystalline graphite.

As seen from the Table 27.2, strength characteristics of nanocomposite
PTFE−MWNT are higher. Moreover, samples that were obtained by coagulation of
aqueous PTFE dispersion with MWNT (the stable MWNT suspension was obtained
by cavitation method) show the highest parameters.

Activation of MWNT with anode oxidation resulted in increasing conventional
yield strength of nanocomposites (1500 mesh, flake size near 17 μm) and carbon
soot (Table 27.2).

27.2.1.2 Polypropylene–MWNT

In the case of polypropylene, the strongest influence of MWNT on the structure of
polymer matrix was observed. Structural characteristics and crystallization behavior
of nanocomposites with different concentrations of CNT were studied by DTA-DTG
and X-ray diffraction methods. The results are presented in Table 27.3.
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ba

Fig. 27.2 Images of nanocomposite PTFE−15% MWNT: a TEM of nanocomposite slice, b AFM
image of nanocomposite surface

Table 27.2 Mechanical characteristics of PTFE and PTFE composites

Material/method σ 0.2 (MPa) EC (MPa)

Composite/mixing powders of PTFE (F4-PN20) and
MWNT

13–18 700–1500

Composite/coagulation PTFE aqueous dispersion with
MWNT

16–24 800–1300

Industrial composite material F4K20 10.6 570
Composite material F4KVP−H2O 11.5 685
F4-PN20+exfoliated graphite foil/powder mixing 15.4 –
F4-PN20+graphite/powder mixing 9.8 320
F4-PN20+exfoliated graphite/powder mixing 11.8 863
F4-PN20+initial WNT, ρ=2.09 g/cm3/powder mixing 9 616
F4-PN20+anode-oxidized MWNT, ρ=2.0 g/cm3/powder

mixing
13.4 940

F4-PN20+anode-oxidized and heat-treated MWNT,
ρ=1.84 g/cm3/powder mixing

16 560

According to the data presented, the characteristics of the melting temperature
were slightly sensitive to the presence of filler and its concentration. At the same
time, the beginning of crystallization temperature and other temperature characteris-
tics were significantly influenced by CNT and changed in non-monotone mode with
increasing CNT concentration in the polymer matrix. Thus, the lowest temperature
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for melting to begin in the system PP−CNT was observed at 0.05% mass CNT. This
concentration meets the maximum temperature process range, which decreases both
at increasing and decreasing CNT concentration. For the crystallization process,
there is monotonous, but non-linear temperature dependence of characteristic with
increasing concentration of CNT in the studied range.

The data obtained agree well with the results [6] for the system PP+0.8% single-
walled carbon nanotubes (SWNT) when compared with PP+1.0% MWNT: The
crystallization temperature of PP+SWNT is higher as compared with pure PP, but
the temperature interval (�T) for both melting and crystallization for nanocompos-
ites is lower than that for initial PP. This indicates the similar influence of single- and
multiwalled CNT on parameters of nanocomposites. In Fig. 27.3 XRD patterns of
PP−MWNT nanocomposite samples with different concentrations of MWNT (0.5,
1.0, 3.0, and 5.0%) are presented. As follows from Fig. 27.3, there are no noticeable
reflexes corresponding to a graphite-like structure.

The general view of XRD patterns agrees with DTA data on melting tempera-
tures [6]. We can conclude that nanocomposites as well as initial PP have typical
α-crystals habit; β-crystals are completely absent. Decomposition of XRD spectra
into components corresponding to crystalline and amorphous phases shows the non-
monotone changes of topological well-organized phase concentration with increase
of nanotube content (Table 27.2, Figs. 27.3 and 27.4). This correlates with the
change of melting process temperature.

If for initial PP degree of crystallinity is 71%, in case of nanocomposite contain-
ing 0.1% mass MWNT, the crystallinity falls to 61%. Further increasing of MWNT
concentration up to 3.0% results in growth of crystallinity degree with satiation at
64.6%. At 5 mass% MWNT, content mean average degree of crystallinity reaches
68.2% (Fig. 27.4).

These facts can be explained, presumably, as follows. Insertion of MWNT into
the polymeric matrix forms additional centers of crystallization, i.e., increases their
number compared with that for initial (pure) PP.

Commonly, during polymer crystallization, irregular areas, the so-called “tails,”
appear on the borders of crystalline clusters. So it means that increasing number of
crystallization centers results in formation of greater number of crystalline clusters
of less size and greater amount of “tails” with irregular molecular structure. Optical
microscopy study [6] shows that in pure PP spherulites have larger size compared to
nanocomposite PP−SWNT. These structural features are confirmed by dependence
of half-width of XRD peaks in the system PP−MWNT on MWNT concentration
(Fig. 27.4).

Moreover, recently it was shown by electron−positron annihilation method
(EPA) [7] that in spectra of annihilation radiation angular correlation the additional
narrow gauss component was observed for the system PP−CNT with CNT con-
centration up to 3 mass%. This indicates positrons’ capture and annihilation from
positronium state in nanopores. In the interval studied, nanopore radii diminished
from 0.45 to 0.35 nm with increasing CNT concentration, and at 5% content of
CNT nanopores were not revealed by EPA method.
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Fig. 27.3 XRD patterns of polypropylene−MWNT films with different concentrations of MWNT:
1 0.5, 2 1.0, 3 3.0, 4 5.0% mass. XRD of initial PP is inserted (λCo=0.179 nm)
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Fig. 27.4 Dependence of crystallinity level and half-width of diffraction peaks of PP−MWNT
nanocomposite on MWNT concentration

Thus, the EPA study of PP−CNT system shows the presence of nanopores (of
sizes mentioned above) just in area of low crystallinity. These facts, obviously,
confirm the proposed explanation of dependence of PP−CNT system crystallinity
on CNT concentration. Changes of CNT concentration in nanocomposites lead to
changes in position, intensity peak values, half-width of diffraction reflexes which
indicate the variation of grate’s parameters, texture, size of coherent dispersion
blocks, and microstress.

It follows from the data presented that carbon nanotubes influence the polymer
supramolecular structure, particularly, its crystal orientation. On the other hand,
alignment of nanotubes occurs in polymer matrix [8, 9].
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Fig. 27.5 Dependence of
Clausius–Masotti function on
CNT concentration in the
system PP−CNT

Taking into account the non-monotonous change of structural parameters, it was
interesting to find a percolation threshold for the PP−CNT system. Percolation
threshold was determined by measuring the dielectric permeability (ε). A depen-
dence of Clausius–Masotti function (F) on CNT concentration is shown in
Fig. 27.5. Percolation threshold calculated from dielectric permeability dependence
is observed within 2.5–5.0 mass% CNT volume concentration that approximately
corresponds to 1.25–2.5 mass%. One can note that structural features determined
by X-ray and DTA data were observed in the range below percolation transition,
where CNT continuous cluster was not yet formed.

The temperature dependences of linear expansion coefficient for initial PP and
PP+5% MWNT are presented in Fig. 27.6. One can conclude that after for-
mation of MWNT continuous cluster, the temperature coefficient of expansion
becomes negative, which is usually observed for graphite-like grates at rather low
temperature.

Fig. 27.6 Temperature
dependence of linear
expansion coefficient for PP
and PP+5% CNT
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27.2.1.3 Rubber−MWNT

In order to obtain nanocomposites based on the MBS 7V-14 rubber formulation
containing carbon black, the latter was partially or completely replaced for CNT.
The IRP-1225 rubber formulation was modified by incorporation of CNT at low
concentration into the standard system.

Two series of samples of filled rubber MBS 7V-14 were tested for physical and
mechanical parameters according to the standard GOST 270. The parameters mea-
sured at normal conditions (NC) and after aging for 24 h at 100◦C are presented in
Table 27.4, where

ε (%): ultimate tension strain;
F (kg/cm2): ultimate tension stress limit;
Q (%): remaining deformation at strain;
A (cm): hardness by Shore.

The data for two series of samples show that incorporation of CNT influences
all parameters of the nanocomposites studied: it reduces failure strain and increases
durability strain and hardness. It should be noted that dependences of these param-
eters on CNT concentration are not linear, and it is possible to find the optimum
value of CNT concentration for the industrial application.

In [10] similar CNT-containing system based on butadiene–styrene rubber with
sulfur cure was studied. It was shown that introduction of 0.66 mass% MWNT
followed by vulcanization at 150◦C resulted in increasing elasticity modulus and
tensile strength without deterioration of stretching strain. The authors explained
such a result by high CNT distribution homogeneity and good interfacial adhesion
between oxidized CNT and matrix.

In Table 27.5 the results of abradability tests are shown of samples based on
MBS 7V-14 formulation with carbon black replaced for CNT, according to the
standard GOST 426.

Table 27.4 Physical and mechanical characteristics of the elastomer MBS 7V-14 filled with CNT,
according to standard GOST 270

CNT content (% mass) ε (%) F (kg/cm2) Q (%) Shore hardness

Sample
In carbon
component

In the
sample NC Ageing NC Ageing NC Ageing NC Ageing

Ca 0 0 234 210 107 121 0 0 70 75
01 12.5 5.1 176 146 131 141 0 0 79 83
02 25.0 10.2 158 134 151 157 4 0 81 86
03 37.5 15.2 156 134 166 175 8 0 82 88
04 50.0 20.3 126 113 173 184 7 0 85 90
05 12.5 5.1 148 150 138 159 2 0 80 84
06 25.0 10.2 130 118 175 189 2 0 83 90
07 37.5 15.2 104 83 198 187 4 0 86 91
08 50.0 20.3 84 92 222 234 4 0 89 91
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Table 27.5 Dependence of MBS 7V-14 based rubber abradability on carbon filler (CNT)
concentration

CNT concentration
(% mass) Ca 0.68 1.35 2.01 2.66 3.31 6.41 9.32 12.05 14.62

Abradability cm3/kWh 244 137 117 81 87 116 145 217 260 251
m3/kJ 68 38 33 23 24 32 41 61 73 70

aRubber of standard composition.

The data obtained show that incorporation of MWNT leads to reduction of
abradability in CNT concentration from 0 to ∼2.5%. Further increasing of CNT
concentration leads to increasing abradability. The minimal value of abradability
(three times lower than for initial matrix) is observed at CNT concentration of 2.0–
2.5% mass. Obviously, increasing abradability at high CNT concentration is caused
by development of sample porosity.

27.2.2 Chemical Resistance of Rubber

Changes of nanocomposites’ samples weight after interaction with different media
according to standard GOST 9.030 at different conditions are represented in
Table 27.6:

Oil AMG-10, temperature 70◦C, duration 24 h;
Petrol-benzyl (p-b) 75:25 mass parts, normal condition, duration 24 h;
Oil SZR-3, temperature 100◦C, duration 24 h.

Dependence of nanocomposites’ parameters on CNT concentration after inter-
action with different media was not monotonous. The optimal CNT concentration
corresponding to maximum chemical resistance of these materials is within 6–12
mass%.

The system IRP-1225 based on fluorinated rubber SKF-32 of standard composi-
tion is known as acid-resistant rubber for special applications. Chemical resistance

Table 27.6 Changes of nanocomposites’ sample weight after interaction with different media
according to standard GOST 9.030

CNT
content
(wt%)

Sample’s
code

�m (%)
AMG-10

�m (%)
p-b

�V (%)
SZR

Sample’s
code

�m (%)
AMG-10

�m (%)
p-b

�V (%)
SZR

0 C −0.6 20.5 23.4 C −0.6 20.5 23.4
5.1 01 −0.48 19.4 19.3 05 −0.16 17.9 21.4

10.2 02 −0.14 17.2 20.7 06 −0.27 18.5 20.4
15.2 03 0.31 20.2 22.8 07 0.37 18.9 21.1
20.3 04 0.19 19.1 20.2 08 0.74 19.9 22.6
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Table 27.7 Weight changes of composites IRP-1225-CNT after exposure to sulfuric acid

Sample CNT content (% mass) Initial density (g/cm3) Weight changes (%)

C Initial IRP-1225 1.98±0.02 0.23±0.04
1 0.29 2.03±0.03 0.38±0.01
2 0.6 2.02±0.04 0.47±0.02
3 0.89 1.99±0.03 0.62±0.08
4 1.5 2.0±0.02 0.68±0.01

of IRP-1225 filled with CNT in different concentrations was studied for weight
changes of samples after interaction with 94% sulfuric acid at different tem-
peratures. In Table 27.7 the results are represented of tests after exposing the
rubber composites to 94% sulfuric acid during 2 h at 85◦C and then 60 h at room
temperature.

First, we can note that incorporation of CNT in amount of up to 1.5% does not
change the density of samples in limits of measuring error (Table 27.7). So it could
not lead to appearance of porosity in the samples.

Dependence of increase of sample weight on CNT concentration for different
times of exposure to 94% sulfuric acid at room temperature is presented in Fig. 27.7.
As can be seen, maximum relative increase of weight is observed at minimum
CNT concentration. In other words, incorporation of 0.3% CNT results in maximum

Fig. 27.7 Dependence of relative increase of system IRP-1225-CNT weight on CNT concen-
tration for different times of exposure to 94% sulfuric acid (h): 1 65, 2 113, 3 329, 4 425
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Fig. 27.8 Dependence of relative increase of system IRP-1225-CNT weight on time exposure
with 94% sulfuric acid for different CNT concentration: 1 initial, 2 0.29% mass, 3 0.6% mass,
4 0.89% mass, 5 1.5% mass

relative increase of weight. Further increase of CNT concentration in the range up
to 1.5% gives lesser relative increase of mass.

In Fig. 27.8 dependence is shown of increase of weight for the samples IRP-
1225-CNT with different CNT concentrations on the time of exposure at room
temperature. No saturation was observed for weight changes of the samples with
CNT even after exposure over 500 h, in contrast to initial IRP-1225 rubber. However,
the total change of weight for samples of nanocomposites after all exposure times
was relatively small and did not exceed 10%.

Obviously, this industrial rubber composition is optimized so that during the
structure formation all bonds are saturated. At first approximation, this is a ther-
modynamically stable system. The mode of CNT interaction with different matrices
can be various and can influence their parameters.

The carbon black (soot) is a component of initial MBS 7V-14 composition and
is used as reinforcing filler. It is known that reinforcement effect of soot or other
active fillers arises due to the formation of “net” penetrating the rubber matrix in
all directions because of the joining of active particles. In other words, the rubber
matrix and filler form two interpenetrative continuous clusters. Oxygen-containing
functional groups present at the soot surface (–OH, –OOH, >C=O, and so on) pro-
vide chemical coupling with sulfur and rubber during vulcanization. The number of
unsaturated bonds in rubber decreases during formation of chemical bonds between
soot and rubber. It is conventional that only bonds which are at distance no more than
0.3 nm from soot’s particles surface can participate in the formation of net (average
diameter of soot particles is near 3 nm). Approximately 1.5% of total amount of
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unsaturated rubber’s bonds is located at such distances. As a result of the interaction,
the rubber molecules become less mobile.

It is clear that CNT is a more effective filler, first of all due to form factor. For
CNT the ratio of maximum size (length) to minimum size (diameter) is 100–1000.
The specific surface area of CNT usually is ≥ 200 m2/g. For comparison, specific
surface area of carbon black usually is ≤ 100 m2/g. For instance, surface area of the
soot P-803 (PM-15, a component of MBS 7V-14) is ∼15 m2/g. Surface concentra-
tion of oxygen-containing centers for CNT and carbon black (soot) also is different:
for CNT ∼ 1 at.%, for carbon KAU ∼10 at.% [11].

So partial replacement of carbon black in the MBS 7V-14 system for a more
effective filler − CNT strongly influences the physical and chemical parameters.
First of all, mechanical characteristics are changed. Increase of CNT concen-
tration resulted in monotonous increase of breaking strength (Table 27.4) and
decrease of failure strain. More complex behavior of this system was observed on
heating. CNT concentration of 10–15 mass% provided minimal changes in break-
ing strength at “aging” process. At the same CNT concentration minimal changes
were observed in system parameters (weight, volume) after interaction with differ-
ent media (Table 27.6). Dependence of abradability on CNT concentration shows
an extremum at 2 mass% of CNT (Table 27.5).

Influence of CNT on the MBS 7V-14 system parameters, which obviously is
caused by interaction of CNT with rubber and vulcanizer (sulfur), can be divided
into two types. In the first one we see an extremum in dependence of parameters on
CNT concentration at 10–15 mass% CNT as a result of competition of two or several
processes. This is observed for chemical and thermal stability at partial replacement
of soot for CNT. The second type exhibits a monotonous change of parameters with
increasing CNT concentration in the studied range (breaking strength and failure
strain at partial replacement of soot for CNT).

In the IRP-1225 system, where, as a first approximation, all bonds can be con-
sidered to be saturated, incorporated CNTs do not affect the good-tempered matrix.
In this case the effect of increasing chemical stability was not observed. It should
be noted than for the initial matrix a saturation was observed in tests with sulfuric
acid (Fig. 27.8). On the contrary, for nanocomposites, containing different concen-
trations of CNT, no saturation on the weight–time plots was observed. This can be
a result of weak interaction of CNT with this matrix.

However, mechanical testing of initial system and nanocomposites containing
1.5 mass% CNT before and after interaction with sulfuric acid gave unpredictable
results (Fig. 27.9). CNT incorporation into IRP-1225 matrix smoothly decrease the
loop’s width in loading–deformation co-ordinates (Fig. 27.9a, b). Such behavior of
parameters means the change in mode of deformation of the system. The system
elasticity increases due to incorporation of the high elasticity modulus component
such as CNT. The decrease of loop’s area means that the energy losses are reduced.
The energy loss coefficient can be determined as

k = (S1−S2) /S1,

where S1 and S2 are areas under loading and unloading curves, respectively.
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Fig. 27.9 Compression diagram of samples IRP-1225 (a, b) and IRP-1225-1.5% CNT (c, d) in
co-ordinates “loading–deformation” before testing (a, c) and after exposure to 94% sulfuric acid
for 600 h at room temperature (b, d). Energy loss coefficient: a k = 0.70, b k = 0.36, c k = 0.33,
d k = 0.74

So CNT incorporation into IRP-1225 matrix leads to decreasing of the energy
loss coefficient k from 0.70 to 0.36.

Heat treatment and interaction with active chemical compounds that effected
on vulcanizates commonly lead to their gradual degradation. This should result in
change of mechanical parameters, for instance, in decrease of matrices elasticity and
increase in resiliency and hardness. The loop of deformation becomes narrower;
coefficient of energy losses also reduces. For the system studied the coefficient k
decreases from 0.70 to 0.33 (Fig. 27.9a, c). However, the system filled with CNT
exhibits reverse behavior. After interaction with sulfuric acid the system becomes
“softer” (Fig. 27.9b, d). The deformation loop becomes broader, and coefficient k
increases from 0.36 to 0.74. This indicates increasing of energy losses due to the sys-
tem structure rebuilding which is not connected with plastic deformation, because
the loading curve is very smooth and gets to origin of co-ordinates.

Thus, the data obtained demonstrate that incorporation of CNT into butadiene–
nitrile rubber SKN-18 and fluorinated rubber SKF-32 matrices dramatically changes
the complex of physical, chemical, and mechanical properties. This was observed in
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systems where carbon component was used as active reinforcing filler (MBS 7V-14),
as well as in systems where filler of other nature was used (IRP-1225).

27.2.3 Nanocomposites Biocompatibility

The concept “biocompatibility” has no certain determination for all types of implan-
tation of foreign material. It was suggested in [12, 13] to determine the compatibility
of artificial materials with living body by the thickness of fibrous-connective cap-
sule (pocket) that formed around foreign body. Thus, the rejection reaction can be
determined by

Measurement of the thickness of fibrous-connective capsule (pocket) formed
around implant 4 weeks after installation;

Determination of biochemical parameters of recipients’ blood plasma before
and at the end-point of the study; at that, not the absolute values of param-
eters but rather their rate before and after implantation should be taken into
account.

27.2.3.1 Histological Study of Surrounding Tissue

The suggested method of evaluation of implants’ biocompatibility is reasonable for
in vivo experiments. In the case of correlation between histological data, biochem-
ical parameters, and physical data this method could be the effective instrument for
lifetime diagnosis of implants’ biocompatibility with recipient’s body.

Evaluation of initial polymer matrices biocompatibility in comparison with
nanocomposites with different CNT concentration: Testing of materials was carried
out by implantation of the preformed samples into the muscle “pockets” on the back
of experimental animals. In order to decrease the number of animals in study and to
receive the unbiased results by comparison of the body reaction to different mate-
rial types the samples were implanted on one animal in different parts of the back.
For example, the preformed initial PTFE and PTFE+MWNT were implanted on one
animal.

The study was carried out with eight rabbits, breed “Grey Giant,” male, weight
2.5–3.0 kg. Samples of materials were implanted into the muscle pockets 0.8 ×
0.8 cm which were formed by incision of all skin layers on the back. The two types
of samples implanted per animal were (a) initial PTFE and (b) PTFE filled with
15% mass MWNT. In the case of PP−MWNT the samples with different contents
of MWNT (0.05, 0.1, 3, and 5% mass) were implanted along both sides of spinal
(vertebral) column. Four weeks after operation, the samples with surrounding tissue
were excised for further histological study and for investigation of the samples’ sur-
face. The level of experimental animal body reaction was determined by measuring
the thickness of fibrous-connective capsule which formed around the sample. As
we compared samples that were implanted on one animal there was no reason to
conduct biochemical study.
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PTFE PTFE+MWNT

Fig. 27.10 Thickness of fibrous-connective tissue around PTFE and PTFE+15% mass MWNT

According to the histological data the insertion of 15 mass% MWNT into PTFE
matrix essentially influences the fibrous-connective formation around the sample.

Histological slides (Fig. 27.10) have shown that the capsule thickness around
initial PTFE was appreciably larger.

Morphometry data are presented in Figs. 27.11 and 27.12, which demonstrate
the influence of MWNT on biocompatibility of the PTFE+MWNT and PP−MWNT
nanocomposites.

On the basis of histological study of PP−MWNT implantation we can conclude
that nanocomposite biocompatibility is connected with the presence of MWNT
in initial matrix. Introduction of even 1 mass% MWNT into PP resulted in lower
thickness of fibrous-connected capsule. Further morphometric data analysis shows
that biocompatibility is a non-linear function of MWNT concentration in polymer
matrix. It has the same mode as the crystallinity level for the nanocomposites.
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27.2.3.2 Experiment on Knee-Joint’s Replacement

Tree rabbits, breed “Grey Giant,” male, weight 2.5 kg, were operated for knee-joint
segment excision under total anesthesia with “ketanol” (2 ml/kg) and replacement
for artificial prosthesis made of PTFE and PTFE+MWNT (on the right and left
legs, respectively). Joints were fixed by equal methods. Fourteen days after oper-
ation, all animals at the site of PTFE prosthesis had strong edema, inflammation,
and limitation of extremity mobility. In the case of nanocomposite prosthesis the
joint’s mobility was satisfactory, and practically edema or inflammation was not
observed. The X-ray study on the 28th day after operation confirmed these results:
pure PTFE induced edema and inflammation of surrounding tissue that lead to knee-
joint immobilization in comparison with PTFE+MWNT ones that did not cause
tissue reaction – the joints were mobile according to surgical operation.

27.2.4 AFM Samples’ Study

It is known that implants’ surface is of critical significance for realizing the living
body’s rejection reaction. In particular, the surface triggers the mechanism of for-
eign body recognition by immunoglobulin type G adhesion [13]. So it is useful to
find a correlation between the results of histological studies and AFM data by mea-
suring the interaction forces between samples’ surface and AFM tip modified with
immunoglobulin G of certain animal.

The scheme of measuring is represented in Fig. 27.13. The force curves
(dependence of interaction force on tip-surface distance) were registered at room
temperature. The speed of scanning was equal to 0.3 Hz (0.45 μm/s). In all stud-
ies standard silicon nitride AFM tip was used (DNP-20, Veeco corp.) with nominal
cantilever flexibility of 0.06 N/m.
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Fig. 27.13 Scheme of pull-off forces evaluation Fc by ACS method. Bioadhesion force (retention)
was determined by evaluation of tip cantilever compliance �d as F=k�d, where k is cantilever
elastic constant

Experimental animals’ blood was collected twice during the study: just before
manipulation and at the end-point.

Immunoglobulin G was obtained from blood serum by sedimentation with
ammonium sulfate by routine method. The residue obtained was dissolved in 0.9%
sodium chloride and purified from sulfate by dialysis. Purified immunoglobulin G
was deposited on AFM tip from solution. The measurements were carried out in
contact mode. Results are given in Table 27.8.

The force of interaction of modified AFM tip with initial matrix surface was
higher than with nanocomposite. It means that the initial PTFE matrix is recognized

Table 27.8 Data of surfaces testing with AFM tip modified by IgG

Air Water

Sample Jump to Pull off Jump to Pull off

“Clear” Si3N4 tip/force interaction (nN)
PTFE 0.79±0.26 10.64±0.33 0.28±0.06 3.72±0.22
PTFE−MWNT 0.13±0.01 8.32±0.38 0.08±0.01 0.92±0.06
PTFE initial 0.22±0.02 10.32±0.28 Is not detected 2.43±0.07

Si3N4 +IgG tip/force interaction (nN)
PTFE 2.37±0.22 26.28±0.28 Is not detected 1.82±0.06
PTFE−MWNT 1.29±0.03 9.63±0.21 Is not detected 0.48±0.06
PTFE initial 3.86±0.11 23.83±0.70 Is not detected 4.72±0.15
PTFE−MWNT

initial
1.93±0.14 13.10±0.22 Is not detected Is not detected
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by living organism as foreign material which triggers bodies’ protective reaction.
The interaction of PTFE−MWNT system and modified AFM tip is lower and it
means that body’s protective reaction would be lower. The data obtained agree with
histological results which unambiguously show that PTFE−MWNT composites
cause the least fibrous-connective capsule formation around them. In other words,
presence of MWNT in matrix improves biocompatibility.

27.3 Conclusions

Carbon nanotubes (CNT) are prospective fillers for polymer materials due to their
unique structure and outstanding combination of strength, electrical and thermal
properties of CNT.

Reinforcement of polymers including elastomers with infinite CNT net results
in change of both three-dimensional material parameters and surface properties.
In the systems polytetrafluoroethylene−MWNT, polypropylene−MWNT, and rub-
ber elastomers−MWNT, increase of mechanical parameters was observed such
as yield strength, elasticity modulus, breaking strength, wearing resistance, as
well as chemical stability and electrical conductivity. Filling of polymers with
CNT changes their surface properties and improves biocompatibility. This was
demonstrated by experiments in vivo with polytetrafluoroethylene−MWNT and
polypropylene−MWNT systems. Filling of polymers with CNT leads to decreasing
of interaction forces between AFM tip modified with antibody and nanocompos-
ite surface. This effect can be used as a method for measuring artificial implants’
biocompatibility.

At low MWNT concentration (below percolation threshold) the structure pecu-
liarities were observed due to the presence of disordered phase. This phase probably
appears around nanopores, and its existence correlates with other characteristics of
the system.

Polymer−CNT composites are prospective materials for manufacturing endo-
prosthesis for medicine.
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Chapter 28
Gas-Sensing Composite Materials
Based on Graphite and Polymers

L.S. Semko, Ya.I. Kruchek, and P.P. Gorbyk

Abstract A series of composite materials (CMs) based on polymers (polyethylene,
polytetrafluorethylene, polyvinylchloride) and non-modified thermally expanded
graphite (EG) and SiO2-modified EG have been prepared. Graphite contents in the
CM vary from 0 to 100 wt% and modifier contents from 0 to 50%. The structural,
electrical, and gas-sensing properties of CM have been studied. An influence of
polymer nature, EG modifications by SiO2 on percolation processes, percolation
threshold values (�C), and resistivity of obtained systems have been investigated.
An influence of gaseous species (acetone, toluene, ethanol, ammonium, diethyl
ester, propane, ozone) on the electric resistance of such CM has been analyzed.
It is shown that by varying the type of polymer, the composition of the compos-
ites, and modification of the EG surface by SiO2, studying the effect of these on the
shape of adsorption curves, velocity of adsorption–desorption process, selectivity of
the CM to an influence of various substances, and other properties is possible. Uses
of obtained materials as sensitive elements of sensors for determination of some
gaseous compounds have been proposed.

28.1 Introduction

Creation of new prospective materials sensitive to the influence of gaseous com-
pounds and efficient sensors is needed for control of hazardous gases at facto-
ries, enterprises, and homes. At present, semiconductive metal oxides (tin, zinc,
zirconium, titanium), mixed oxides, alloyed oxides, electroconductive polymers
(polyaniline, polypyrroles, phthalocyanines), and metal- and polymer-based com-
posites are used for development of sensors [1–6]. Certain materials for sensitive
elements (SEs) comprise carbon components (soot, fullerenes, graphites, nanotubes)
[1, 2, 7–10]. Semiconductive sensors are the most widespread.
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However, in most cases, a number of metrological parameters of the sensitive
elements of the existing sensors do not fit the contemporary requirements (instability
of electrical parameters, high work temperature, low repetition factor, irreversibility
of adsorption–desorption processes) [4]. Therefore, we had an important task to
create gas sensor systems operating at ambient conditions with fast and reversible
adsorption–desorption of gaseous compounds, high repetition factor, and sensitivity
to certain gaseous compounds.

It is rational to use the concept developed by the authors for creation of con-
temporary prospective gas sensor systems [11]. The concept is based on a cluster
approach, use of the phenomena of percolation toward formation of polymer com-
posite systems (PCS), principles of similarity and self-similarity of the clusters, and
ideas about PCS fractal structures formation [12]. The concept provides a rela-
tion between composite material (CM) parameters at a certain filler content and
PCS macrostructural characteristics. Nevertheless, the developed concept requires
further development accounting for processes of gas molecules adsorption on the
surface of sensor CM.

CMs based on polymers, various graphite forms, and additives (e.g., silica)
are the prospective materials for SE of sensors operating at ambient conditions
[10–15]. We demonstrated in those works that CMs based on polymers and ther-
mally expanded graphite (TEG) operate at the ambient conditions providing stable
parameters and reversible adsorption–desorption processes. However, a number of
issues related to the relationship between composition, structure, electrophysical
properties, and gas sensor properties are not clear enough. Regularities of influence
of polymer nature, additives, and graphite modifications on CM gas sensor param-
eters are not determined. Moreover, there are no approaches at present as to how
the CM selectivity toward adsorption and desorption of gaseous compounds can be
tuned and how to change these processes.

The aim of this work comprises determination of regularities of composition and
structure influence on electrical and gas sensor properties of CM for the systems
polymer–TEG and polymer–TEG–SiO2.

28.2 Experimental Part

28.2.1 Preparation of CM

The following materials were used as a main electroconductive component for
preparation of CM sensitive toward influence of gaseous compounds:
– TEG of the type GAKV-2 (loose density 8 kg/m3, average particle size 0.475 mm,

specific surface area 30 m2/g)
– TEG modified with silica (average particle size 0.32 mm, specific surface area 25

m2/g, average SiO2 particle size 0.2 μm).

TEG surface modification with silica was carried out using tetraethoxysilane
(TEOS) as a modifying agent (precursor). The procedures for the modification are
described in [10]. The SiO2 content in TEG was varied from 1 to 50%.
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Electron microscopy studies of the modified TEG showed that its surface is
coated with clusters of ultradisperse SiO2 particles.

Polytetrafluoroethylene (PTFE), polyethylene (PE), and polyvinylchloride
(PVC) were used as binding components for creating gas sensor materials.

Preparation of the CM on the basis of PE and TEG, PTFE and graphites, PVC
and TEG is described in [10, 13, 14], respectively. Graphite content was varied from
0 to 100 wt% (0 to 1 volume part (�)). The thickness of the CM samples was 0.5 +
0.03 mm.

28.2.2 Methods of Analysis

We used optical and electron microscopies at magnifications 10–200 and 500–
10,000 times, respectively, for evaluation of the CM structure. Electron microscopy
studies were carried out with a scanning electron microscope JEOS JSM-35 (Japan).
The samples were fixed on a holder with silver paste. Additional electroconductive
coating was not applied.

Fourier transform infra-red (FTIR) spectroscopy was applied for identification
of SiO2 on the surface of modified TEG. The spectra were recorded with an FTIR
spectrometer NEXUS Thermo Nicolet (USA) in the region 600–4000 cm−1. The
powders of TEG and SiO2-modified TEG were placed between NaCl plates and
fixed in a holder.

The specific volume electric resistance (ρCM, �·m) of the electroconductive CM
(ρCM < 106 �·m) was determined by the standard four-probe potentiometric method
at permanent current according to GOST 6433.14-71. The contact electrodes were
fabricated in the form of hold-down screws. The chosen current strength passing
through a sample (0.01–15 mA) excluded heating of the sample. The ρCM value was
measured along the longitudinal axis of a sample (perpendicular to the compressing
axis). The ρCM value of high-resistance CM samples with low TEG content was
measured with a teraohmmeter E6-13A.

From analysis of various types of sensor equipment [1–10], we concluded that the
most suitable method of registration of the impact of gaseous compounds is measur-
ing material electroconductivity. This method is simple enough and does not require
sophisticated equipment. Sensitivity of CM toward vapors of gaseous compounds
was determined using specially developed models. A similar design of sensors was
described in [10, 13–15]. A gas-sensitive material was placed between electrodes,
fixed, and introduced into a chamber (gas-controlled volume) for identification of
a certain gaseous compound. The following characteristics were chosen as infor-
mative parameters: R0 initial electric resistance; RX electric resistance at a certain
moment of time; �RX change in electric resistance (RX − R0); Rmax electric resis-
tance corresponding to the maximal adsorption of a gaseous compound; �RX/R0
the relative change in electric resistance; t impact time of a gaseous compound. The
R0 parameter was measured and compensated prior to introduction of gaseous com-
pounds to the chamber. Then vapors of gaseous compounds were directed to the
chamber, and the function of electric conductivity change (�RX) on impact time of
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a gaseous compound (t) was recorded. After the adsorption maximum was achieved,
the chamber was vented with air in order to remove the compounds’ vapors, and the
desorption process was monitored (decrease �RX = f(t)). Samples of CM with var-
ied content of graphite were used for the determination of the impact of various
compounds (toluene, acetone, ethanol, ozone, propane, diethyl ether, and ammonia)
on the SE of the sensor. A series of adsorption response curves (�RX = f(t)) was
obtained as a result.

28.3 Results and Discussion

28.3.1 Structure and Electrophysical Properties of CM

We studied the electrophysical properties of CM in the systems PE−TEG,
polypropylene (PP)−TEG, and polyamide (PA)−TEG [10, 12, 13]. Processes of
cluster formation in the polymer–electroconductive component system can be mod-
ified via changing graphite type, chemical nature of the polymer, manufacturing
technology, composition, etc. It was found that the polymer−TEG system can have
one or two thresholds of percolation depending on cluster structure and preparation
conditions [12, 13]. Figure 28.1 shows a typical character of the function ρCM(�)
for the systems PE−TEG with two percolation thresholds (curve 1) and PVC−TEG
with one percolation threshold (curve 2). Figure 28.1 shows that there are two sud-
den changes in the concentration function curve IKM(�) for the PE−TEG system
which correspond to the first (�C =0.075 of TEG volume part) and the second
(�C’ = 0.41 of TEG volume fraction) percolation thresholds. The function ρKM(�)
for the PVC−TEG system has only one sudden change at the concentration � =
�C = 0.04 of TEG volume part which is typical for systems with one percolation
threshold.

Fig. 28.1 Function of
specific volume electric
resistance logarithm (lg ρCM)
on TEG content (�, volume
part) for the longitudinal axis
of CM samples of the systems
PE−TEG (1) and
PVC−TEG (2)
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For both systems being discussed, formation of an uninterrupted infinite cluster
(UIC) of TEG at�≥�C causes an abrupt decrease of ρCM values by several orders.
This phenomenon is similar to a second-order phase transition by its operation
effect; however, no phase changes occur in TEG, only its uninterrupted structure is
formed. Our previous studies [10, 11] showed that the polymer UIC in the PE−TEG
system with two percolation thresholds does not disappear in the region �C < � <
�C’ but co-exists with TEG UIC; the UIC of the polymer disappears upon a condi-
tion that � ≥ �C’ [10]. Only TEG UIC (similar to a matrix) and isolated polymer
clusters (inclusions) exist in the region �C’ < � < 1.

The CM structure of both systems PE−TEG and PVC−TEG upon the TEG con-
tent 0 < � < �C is a matrix of polymer clusters with TEG inclusions (Fig. 28.2a).
However, at �≥ = �C, formation of UIC from TEG for a system with one per-
colation threshold (on the contrary, to a system with two percolation thresholds) is
accompanied by disappearance of UIC of PVC, and only TEG UIC and isolated
polymer clusters exist upon the TEG content �C < � < 1 (Fig. 28.2b).

Study of the CM microstructure in the PTFE−TEG system showed that cluster
formation in this system occurs in accordance with the same principle as in the
PVC−TEG system, while the percolation threshold is equal to �C = 0.02 of the
TEG volume part [13].

From comparison of percolation thresholds in the PTFE–graphite system, it was
found for a number of graphites that the percolation threshold values decrease in
the following order: GAK-2 > GSM-1 > C-0 > TEG. This fact can be explained
by peculiarities of TEG particles and their surface structure. The TEG particles
are destroyed and shortened, and their shape is changed upon CM fabrication.
Nevertheless, the fracture places of the TEG particle, quinone and hydroquinone
groups, on its surface form active centres which promote active TEG structure
formation in a polymer binding component, formation of long electroconductive
fragments. The factors named above determine low values of percolation thresholds
and high CM electroconductivity upon use of TEG with respect to other carbon
fillers (not expanded graphite, soot, carbon fiber) [13, 16].

Analysis of voltage–current characteristics and functions of electric resistance
(R) on voltage (U) and temperature (T) revealed the following regularities. Linearity

a b

Fig. 28.2 Optical microphotographs of thin films of the CM samples on the PVC basis containing
the 0.015 (a) and 0.106 (b) TEG volume fraction
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of the function R(U) and a negative temperature coefficient of resistance (TCR)
are observed in the TEG concentration region � ��C similar to pure TEG. This
fact testifies for current streaming through direct contacts between TEG particles.
A non-linear function R(U) and a positive TCR are representative for both systems
being studied in the region of small TEG content near the percolation threshold
(� ≥ �C) which may indicate possible streaming of electric charge through both
the direct contacts between TEG particles and the gaps between them. We reported
more detailed analysis of similar phenomena in polymer−TEG system earlier in
[10, 15, 17].

We found from comparison of polymer nature influence on percolation thresh-
olds that the �C values in the polymer−TEG systems decrease toward PE > PVC >
PTFE from 0.07 to 0.02 volume part.

We addressed a question, how do SiO2 contents on the TEG surface influence
the percolation processes in the PVC−TEG−SiO2 system. It was found that this
system has the percolation threshold in the region of values � ∼ 0.07 volume part.

The results obtained from optical and electron microscopy studies of CM thin
films showed that the macrostructure of PVC- and modified TEG-based CM in the
region of the TEG contents 0 < � < �C (the CM sample is not conductive) consists
of a UIC of PVC (matrix) phase and isolated inclusions of the modified TEG. Upon
the TEG contents of �C < � < 1 (the concentration region in which the CM is
electroconductive), the CM sample consists of a UIC of the TEG particles on which
modifier clusters are located and polymer (PVC) inclusions in the TEG matrix. It
should be noted that increase in modifier contents on the TEG surface from 0 to
50% leads to increase of specific volume electric resistance in the PVC−modified
TEG system.

28.3.2 Sensor Properties of CM

Sensor properties of CM depend to a high extent on cluster macrostructure of the
components of the PCS being reviewed. The typical shapes of the curves corre-
sponding to adsorption of a gaseous compound (rise of the RX values) are presented
in Fig. 28.3a, while Fig. 28.3b shows descending curves corresponding to desorp-
tion from the CM surface (at the temperature 22+1◦C and air humidity 65+5%). The
curve shape reflects whether adsorption occurs only on the CM surface (a typical
Langmuir curve) or capillary condensation takes place (concave curvature).

The following regularities were found from analysis of the sensor properties of
the polymer−TEG systems upon varying TEG contents. The CM structure exhibits
sensitivity toward impact of gaseous compounds only in certain TEG concentration
intervals: for the systems PE−TEG at �C<�<�C’ (0.1–0.4 volume part), for sys-
tems PVC–TEG and PTFE–TEG in the region �C<��1 (0.07–0.2 volume part).
The highest CM sensitivity is exhibited near the percolation threshold (�C<��1).

Thus the system of the PE-based CM with varying TEG contents shows that the
highest rate of electric conductivity increase is observed for the sample containing
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a b

Fig. 28.3 Functions of relative electric resistance (�RX/R0) on time of toluene saturated vapors’
impact for the CM on the basis of PE and TEG upon adsorption (a) and desorption (b). TEG
contents in the CM (�, the volume part): 1 0.10; 2 0.15; 30.20; 4 0.25; 5 0.40

0.10 volume part of TEG. The SE of the sensor responds practically immediately to
toluene vapors; its adsorption occurs with high enough rate while the equilibrium
adsorption value at saturation �Rmax/R0 is equal to 276%. Increase in the TEG
contents to 0.41 volume part leads to decrease of the�RX and�RX/R0 growth rates
and a drop of the �Rmax/R0 values. Analysis of the �RX/R0 = f(�) function for
CM based on PVC and TEG and PTFE–TEG also testifies for a similar trend of
�Rmax/R0 decrease upon increase of �>�C.

We analyzed the functions �RX/R0 = f(t) (Figs. 28.3, 28.4, and 28.5) in order to
evaluate selectivity of the obtained CM toward adsorption of various compounds.
The figures show that the CM possesses individual selectivity toward various com-
pounds. Each curve of a function of electric resistance on time (�RX = f(t) or
�RX/R0 = f(t)) corresponding to processes of adsorption–desorption of gaseous
compounds is specific for a certain compound only and different from curves for
other compounds in the following parameters: time required for adsorption response
(t0), electric resistance growth rate, times of achievement of an equilibrium value
of RX = Rmax (saturation), Rmax (the value which is equivalent to adsorption at
saturation), time of desorption.

We found that the sensitive element made on the basis of PE and TEG is more
sensitive toward toluene vapors than to other compounds (Fig. 28.4a). The val-
ues �RX/R0 decrease in the following order for the solvent vapors at their equal
impact time: toluene → petroleum → acetone → xylene → ethanol → ammonia
→ hydrogen chloride.

In a difference from solvents which have a positive �RX value, hydrogen chlo-
ride gives decreasing resistance for CM based on PE and TEG. Behind this a
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Fig. 28.4 Function of relative electric resistance (�RX/R0) on time of impact of saturated vapors
of gaseous compounds for CM on the basis of PE and TEG (a), PVC and TEG (b), PTFE and
TEG (c). Contents of TEG in the CM � = 0.16 (a), � = 0.07 (b), � = 0.1 (c). Gaseous com-
pounds: for (a) 1 toluene; 2 petroleum; 3 acetone; 4 xylene; 5 hydrogen chloride; for (b) 1 acetone;
2 ammonia; 3 petroleum; 4 ethanol; 5 toluene. ↓ indicates the beginning of desorption, for (c) 1
ammonia; 2 acetone; 3 toluene; 4 ethanol

low desorption velocity of hydrogen chloride from the surface of the material is
observed.

In a difference from the above system a CM based on PVC and TEG is more
sensitive toward acetone. For this CM we observe a decreasing of �RX/R0 value in
such order (for different compounds): acetone → ammonia → ethanol → petroleum
→ toluene.

We found that the CM based on PTFE and TEG is more sensitive toward
ammonia than to other compounds. At equal time of vapors’ impact (e.g., 2 min),
the values �RX/R0 decrease in the following order for compounds: ammonia →
acetone → toluene → ethanol. For the CM on the basis of PTFE and 10% TEG, the
values �Rmax/R0 comprise 14% upon ammonia impact; the adsorption and desorp-
tion times upon achievement of �Rmax/R0 are equal to 200 and 300 s, respectively.
The characteristics for toluene vapors decrease to 3.5%, 120 s, and 80 s, respectively.

Figures 28.3 and 28.4 demonstrate that the sensor properties of the CM sub-
stantially depend on the macrostructure of the CM component clusters, polymer
chemical nature, and type of gaseous compound.
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Fig. 28.5 Function of relative electric resistance (�RX/R0) on impact time of saturated vapors
of various gaseous compounds for the CM on the basis of PVC and TEG, unmodified (a) and
modified with SiO2 (b−e). Contents of TEG (%): a 10 (� = 0.07 volume part), b, c 15 (� = 0.1
volume part), d−f 20 (� = 0.15 volume part). SiO2 contents of the TEG surface (%): b, d 10; c, e
20; f 50. Gaseous compounds: acetone 1 (a, d−f), 2 (c); toluene 2 (a, f), 3 (b, d, e), 1 (c); diethyl
ether 1 (b), 2 (d, e), 3 (c), 4 (a, f); ethanol 3 (a), 4 (b); ammonia 5 (a, e); propane 4 (c−e), 3 (f);
ozone 6 (a, e), 5 (b−d, f)
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We addressed also the question, how modification of TEG, type of the modify-
ing agent (SiO2), and its contents influence the selectivity of CM samples toward
impact of gaseous compounds (acetone, toluene, ethanol, ammonia, diethyl ether,
propane, ozone), processes of adsorption–desorption of these compounds, shape of
adsorption response curves, etc.

We found from analysis of Fig. 28.5 that modifying TEG surface with SiO2 leads
to a change of the adsorption response curve shape. Comparison of influence of
various gaseous compounds on SE based on PVC and unmodified TEG (Fig 28.5a)
showed a trend in selectivity of the CM that the value �RX/R0 decreases in the
following order for a number of solvent vapors: acetone → toluene → ethanol →
ozone → diethyl ether → ammonia.

The value �RX/R0 for ozone has the negative sign for all samples. Change
in selective ability of CM toward influence of gaseous compounds occurs and
the adsorption–desorption rates increase upon introduction of TEG modified with
silica into the CM. The composite material containing 15% TEG modified with
10% SiO2 (Fig. 28.5b) is the most sensitive toward diethyl ether and does not
respond to ammonia and propane, while �RX/R0 for this CM decreases for the
order of vapors: diethyl ether → acetone → ozone → toluene → ethanol. The
value �Rmax/R0 upon impact of diethyl ether and the time required for achieve-
ment of �Rmax/R0 are equal to 1.2% and 140 s, respectively. The following trend is
observed in decrease of selective ability of CM upon increase of SiO2 content on the
TEG surface to 20% (Fig. 28.5c): toluene → acetone → diethyl ether → propane.
Decrease of adsorption–desorption rates and increase of sensitivity toward influ-
ence of gaseous compounds are observed at TEG content 20% in CM and increase
of SiO2 concentration on the TEG surface from 10 to 50% (Fig. 28.5d−f). For the
sample containing TEG modified with 10% SiO2, decrease of the �RX/R0 values
is observed in the order: acetone → diethyl ether → ozone → toluene → propane.
Increase of sensitivity by three times toward the compounds listed above is observed
upon increase of SiO2 content on TEG surface to 20 and 50%, while the selectivity
does not significantly change.

Thus the data analysis testifies that even a minor change in CM composition leads
to a change in CM selectivity toward various compounds, the trend of changes in
selectivity, adsorption–desorption rate, the maximal �Rmax values, time of adsorp-
tion and desorption, and other sensor characteristics. The time (t1) required for
achievement of �Rmax upon adsorption of gaseous compounds for the CM being
studied lies within 20–120 s and the time of desorption within 40–600 s and depends
on the CM composition at a notable degree.

Multiple tests of CM at ambient temperature showed good reproducibility of
the adsorption response curves upon cycling of adsorption–desorption of vapors
of gaseous compounds. This testifies for equilibrium of adsorption–desorption of
gaseous compounds on the CM surface at ambient temperature. Such equilibrium
is related to physical adsorption of these compounds on the surface. We assume
that the gaseous compounds interact with all components of CM (TEG particles,
SiO2, polymer molecules) because shapes of adsorption response curves, the values
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�Rmax/R0, and other sensor characteristics change upon change of the TEG content
in the CM.

It should be noted that fractal structures of the CM components and their dimen-
sionality are of a substantial importance upon forming CM gas sensor properties.
It was shown earlier [10, 14, 15] that the skeleton of a UIC near the percolation
threshold (� ≥ �C) in the CM based on PVC and TEG contains bulbs linked by
thin bridges with maximal resistance. The thickness of the bridges can be regulated
via addition of other components to a CM (in particular, SiO2 and TiO2). Electric
resistance of a conductive sample of a CM in the region of TEG contents of �C ≤
� < 1 can be presented as

RCM = R1 + R2 + R3, (28.1)

where R1 is the total electric resistance of TEG particles, R2 is the resistance derived
from direct contacts of the TEG particles, and R3 is the resistance arising from
electric current in the gap between the particles.

In accord with our experimental data, electric resistance of the CM sample is
RCM ∼ R1 in the region of TEG concentrations ���. In this case, sensitivity of
CM to influence of gaseous compounds is determined mostly by their interaction
with parts of TEG located on the CM surface. The authors of [18] report that elec-
tric conductivity in TEG is performed by electrons and holes. Therefore, adsorptive
interaction causes change in the number of charge carriers on the surface of TEG
and their mobilities due to withdrawal of electrons from the surface or change in
electrons and holes concentration ratio. Consequently, concentration of charge car-
riers in TEG volume changes which leads to a change of electric resistance of a
CM sample. It is necessary to note that CM samples have low specific resistance
(ρCM = 10−3−10−5 �·m) at high TEG contents, while the change in resistance
resulting from interaction of gaseous compounds with TEG is small. Therefore,
sensitivity of CM in the TEG concentration region ���C upon interaction with
gaseous compounds is low. It was found for polymer−TEG systems that the val-
ues RCM�R1 in the range of concentrations �C ≤ � � 1 (near the percolation
threshold upon approaching it from the right), therefore RCM≈R2+R3. The value
of contact resistance R2 and size of the gap between TEG particles may vary upon
influence of gaseous compounds. The contact resistance and the gap between fractal
structures of TEG may change most significantly near the percolation threshold �C
upon formation of UIC from TEG which expands throughout the whole sample of
CM. This fact explains a substantial increase in rate of electric conductivity growth
near the percolation threshold (� ≥ �C) of CM samples upon influence of gaseous
compounds.

It is necessary to note that the selective ability of CM toward influence of gaseous
compounds depends to a high extent on affinity of these compounds to the poly-
mer, the electroconductive component, and the modifying additive [10, 15, 17]. It
is known [10] that toluene and acetone have high affinity to PE and PVC, respec-
tively. However, these polymers are stable against treatment with aqueous solutions
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of ammonia and ethanol. Since polymers and additives (SiO2) are insulators, adsorp-
tive interaction with polymer clusters located on CM surface cannot change electric
conductivity of a sample directly. However, one can assume that adsorption of
gaseous compounds on polymer surface leads to some extending of the polymer
surface layer and, consequently, to a change of linear sizes of other constituents
and the whole sample. Thus, papers [19, 20] report that linear size of samples can
vary as a result of adsorption of gaseous compounds on surfaces of porous bodies.
Usually, adsorption of gaseous compounds induces extension of a sample; however,
contraction is also possible (e.g., upon adsorption of ammonia on glass). In the case
of extension of a sample upon adsorption of gaseous compounds on CM surface,
the gap between fractal structures increases and the area of the contact spot between
particles of TEG decreases. These processes are accompanied by increase of resis-
tances R1 and R2 and the value of RCM. In the case of contraction of the gap between
the fractal structures and decrease of contact resistance and the RCM value upon
adsorption, the response of a sensor material becomes negative (�RX/R0 < 0). Thus
the overall response of a sensor depends on the influence of gaseous compounds on
all levels of CM structure.

It should be noted that most of the developed gas sensor materials work at
ambient conditions (temperature 10–30◦C) and have the initial response period less
than 1 s, small time of adsorption–desorption, complete reversibility of adsorption–
desorption processes, stability of performance parameters, and selectivity toward
certain gaseous compounds.

The obtained materials on the basis of TEG and polymers can be used as sensor
materials. The CM containing 84–87% PE and 13–16% TEG is recommended for
determination of toluene and petroleum; the CM on the basis of PVC and 10%
TEG, PVC and 15% TEG modified with 20% SiO2, PVC and 15% TEG modified
with 10% SiO2 are recommended for detecting acetone, ozone, and diethyl ether,
respectively.

28.4 Conclusions

A number of CMs based on polymers (PE, PTFE, PVC) and unmodified TEG and
TEG modified with SiO2 possessing a broad range of electrophysical (ρCM varies
from 1016 to 10−6 �·m) and sensor characteristics were studied.

Regularities of influence of composition, polymer nature, SiO2 contents on per-
colation processes, percolation thresholds in the systems polymer–graphite and
structure, electrophysical, and sensor properties of the obtained CM were found.
We showed that the PTFE−TEG system has the lowest value of percolation thresh-
old (�C = 0.02 of the TEG volume part) from comparison of percolation thresholds
in systems containing PE, PVC, PTFE as polymers.

We demonstrated that every obtained CM has an individual response of
adsorption–desorption processes (“sensor portrait”) and exhibits selective sensi-
tivity toward influence of certain gaseous compounds (toluene, acetone, ethanol,
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diethyl ether, ammonia, propane, ozone). The materials exhibit different times
required for achievement of �Rmax, desorption times, �Rmax and �Rmax/R0 val-
ues, adsorption and desorption rates. We showed that the highest sensitivity of CM
toward influence of gaseous compounds is observed near the percolation threshold
(�C<��1). Regulating sensor characteristics and selectivity of CM toward various
gaseous compounds is possible via tuning chemical nature of polymer, contents of
TEG and the SiO2 additive. Most of the obtained materials possess response time
less than 1 s; time of adsorption–desorption of gaseous compounds lies within the
range 20–200 s; the processes of adsorption–desorption are completely reversible
upon multiple use at ambient temperatures; the performance parameters are stable.
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Chapter 29
Films and Disperse Materials Based
on Diamond-Like and Related Structures

V. M. Gun’ko, S.V. Mikhalovsky, L.I. Mikhalovska, P. Tomlins, S. Field,
D.G. Teer, S. FitzGerald, F. Fucassi, V. M. Bogatyrev, T. V. Semikina,
S. P. Turanska, M.V. Borysenko, V. V. Turov, and P. P. Gorbyk

Abstract Structural, adsorption, mechanical and other properties of diamond-like
carbon (DLC) films, ultradisperse diamonds and porous diamond compacts were
studied in comparison with Ti, TiOX, TiNX, TiC, Zr, ZrOX, ZrNX, ZrC, SiO2,
graphite-like carbon film and graphitised carbon black. Control of the properties
of DLC materials by doping or surface modification, high mechanical characteris-
tics and tribological behaviour, chemical passivity, biocompatibility and nontoxicity
allow the use of these materials in industry and medicine.

29.1 Introduction

Development of biomaterials attracts considerable attention [1]. The organism
response on biomaterials depends on the structure of the material surface. Surface
composition optimisation allows decreasing negative effects: undesirable chemical
reactions, implant corrosion, surface wear and formation of wear particles, surface
accumulation of bacteria, and strengthening of thrombogenesis [1, 2]. Biomaterials
with optimal volume properties rarely have optimal surface properties; therefore sur-
face modification of them to develop hard-, wear- and corrosion-resistant coatings
with high biocompatibility is one of the main methods to improve the characteristics.
Diamond-like carbon films (DLCFs) possessing unique physicochemical properties
[3] are used to develop coatings with low friction coefficient, chemical inertness,
high electrical resistance, appropriate hardness, etc. [4, 5]. Experiments in vitro and
in vivo showed high biocompatibility of DLCF-coated CoCr and Ti [6], and com-
posites with diamond-like carbon (DLC) and Ti, Si and Zr or even toxic Ag, Cu and
V were developed [7, 8] that allow the creation of biomaterials with high biocompat-
ibility for cardiovascular [9] and ureteral stents [10] and bone implants [11]. Sulzer
CarboMedics and other companies reported the improvement in biocompatibility of
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Si-doped DLCF and coatings with Si and pyrolytic carbon alloy. CaO-doped DLCF
is characterised by decreased film hardness, wetting angle and sp3/sp2-C state ratio
[8]. Adhesion of blood particles to the DLC surface is lower than to Ti [12, 13].
In the experiments in vitro [14, 15] DLCF is characterised by considerably smaller
area covered by blood particles in comparison with Ti, TiN and TiC. A smaller
adsorption of blood plasma proteins with a high albumin/fibrinogen (HSA/Fg) ratio
on DLCF in comparison with Ti, TiN and TiC indicates the efficiency of DLCF
in the prevention of thrombogenesis [16]. A higher ratio of HSA/Fg concentra-
tions was observed for DLCF in comparison with silicone materials widely utilised
in implants [4]. The activation of antigens of thrombocytes CD62p and CD63 on
DLCF was analysed [17]. The experiments in vitro showed that DLCFs on cardio-
vascular stents with stainless steel 316L diminish activation of thrombocyte antigens
that decrease the thrombogenesis. A decrease in elimination of metal ions from
alloy 316L was observed for DLCF-coated stents. H-containing and H-free DLCFs
are characterised by good biocompatibility and a lower number of adsorbed throm-
bocytes in comparison with pyrolytic carbon, Ti, 316L and other biomaterials [18,
19]. The wear of coating with polyethylene was reduced 10–600 times by the use of
DLCF coating with a low roughness coefficient close to that in native knee joint
[2]. Appropriate haematocompatibility of DLCF allows the production of com-
mercial implants with DLCF coating, e.g. Cardio Carbon Company Ltd produces
DLCF-covered Ti implants, and Sorin Biomedica manufactures cardiac valves and
catheters covered by 0.5 μm Carbofilm.

Diamond materials such as powders, compacts and related composites can
be prepared by sintering of ultradisperse diamond (UDD) powders produced at
high pressure and temperature (HPHT) forming polycrystalline diamond compacts
(PDCs) [20–25] (e.g. commercial Compax, Stratapax and Syndite). Nanoparticles in
PDC have strains observed in some natural minerals [20]. One shortcoming of PDC
is caused by the presence of a metallic phase generated on synthesis that dimin-
ishes the thermostability and influences other properties of the materials. However,
composites including UDD phase-submerged in soft metal/graphite matrix are used
because of wide regulation of abrasive wear and other parameters by changing the
composition of the soft phase and the morphology of particles. Surface properties of
PDC play an essential role in the use of these materials. Porous PDCs are chemically
inert as porous graphitised carbon (PGC); however, their mechanical properties are
much better [20–25]. Additionally, many surface properties of diamond materials
differ significantly from that of PGC because of the difference in contributions of
sp3 and sp2-C states. The aim of this work was to study the properties of DLCF,
porous PDC and UDD as materials for technical and biomedical applications in
comparison with other materials.

29.2 Materials and Methods

Materials. Medical grade 316L stainless steel (St) discs (Goodfellow, Huntingdon,
UK, 10 and 15 mm in diameter) coated with Ti, TiOx, TiC, TiNx, Zr, ZrOx,
ZrC, isotropic DLCF and graphite-like (G) films were prepared by plasma vapour



29 Films and Disperse Materials Based on Diamond-Like and Related Structures 385

deposition (PVD) using the unbalanced magnetron sputtering technique (Teer
Coatings Ltd) [26–30]. The coating thickness was 1.5–4 μm: 2.3 μm (Ti), 2.7 μm
(TiOx), 3 μm (TiNx), 1.5 μm (G and DLC) and 4 μm (Zr and ZrNx). For quartz
crystal microbalance (QCM) investigations, quartz crystal blanks (8.6 mm diameter,
f0 = 10 MHz, Spartan Europe, Portsmouth, UK) were furnished on both faces with a
thin microcrystalline Au film (≈100 nm thickness, 5 mm diameter). Quartz crystals
with the Au films or St discs or stents were covered by DLC, Ti- or Zr-containing
films (Teer Coatings Ltd).

Commercial PDC (Institute of Superhard Materials, Kiev, 0.5–4 μm in size) was
used in a comparative study with Carbopack X (Supelco), silica gel Davisil 643
(Aldrich) initial or modified by octadecyldimethylsilyl groups (loading 0.6 mmol/g)
[28], and silica gel Si-60 (Merck) [29, 30]. Particle sizing of PDC was carried
out using photon correlation spectroscopy with a Malvern MasterSizer giving the
average particle size of 3.94 μm. The characteristics of UDD (“SINTA”, Belarus)
particles (4–6 nm in size) are similar to primary particles in PDC.

Nitrogen Adsorption. Nitrogen adsorption isotherms at 77.4 K were recorded
using Micromeritics Gemini II and ASAP 2010 adsorption analysers. The specific
surface area (SBET) was calculated according to the standard BET method [31]. The
pore volume (Vp) was estimated on nitrogen adsorption at relative pressure p/p0 ≈
0.98. The pore size distributions (PSD) were calculated using a method described
previously [32–34].

FTIR. The infrared spectra over the 4000–900 cm−1 range were recorded using
a ThermoNicolet FTIR spectrometer in a diffusive reflectance mode.

XRD. X-ray diffraction (XRD) patterns were recorded over 2θ = 10◦−70◦ range
using a DRON-3 M (Burevestnik, St. Petersburg) diffractometer with Cu Kα (λ =
0.15418 nm) radiation and a Ni filter. The average size of crystallites was estimated
according to the Scherrer equation.

High-Performance Liquid Chromatography (HLPC). PDD was packed in a stain-
less steel chromatographic column 10 cm × 4.6 mm i.d. (Phenomenex, UK) from
methanol slurry. The amount of diamond in the column was 1.65 g, packing pres-
sure 3500 psi. Chromatographic studies were carried out using a Shimadzu HPLC
system with UV detection at 254 nm with an injection volume of 20 μl, a flow rate
of 1.0 ml/min and ambient column temperature. Experiments with PDD were done
in comparison with commercial Hypersil R© C18-silica 3μ column or Spherisorb R©
5μ silica column (Waters) [25].

1H NMR. The 1H NMR spectra with layer-by-layer freezing-out of bulk and
bound liquids were recorded using a Bruker WP-100 SY spectrometer of high
resolution [35].

Scanning Electron Microscopy (SEM) and Energy Diffraction Analysis of X-rays
(EDX). The morphology of metal-, ceramic- and carbon-coated discs were analysed
by the SEM (model JSM-6310, Japan Electron Optics Ltd) method. The elemental
composition of the coatings at different depths was analysed using EDX at the accel-
erating voltage of 5 and 10 keV and a Philips XL20 scanning electron microscope
fitted with the EDX system.

Raman Spectroscopy. A LabRAM 300 microscope (Jobin Yvon, UK) with
300 mm focal length spectrometer (providing ∼ 1 cm−1/pixel spectral dispersion),
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532 nm (50 mW) and 633 nm (18 mW) laser excitation and −70◦C TE air-cooled
CCD detection was used to record the Raman spectra of the coatings. The used
apparatus incorporates a true confocal Raman microscope.

Hydrophilicity/Hydrophobicity. Discs (10 × 0.25 mm) with studied coatings
were washed in detergent (5% 7X-PF), rinsed in distilled water, followed by 2%
acetic acid, distilled water and acetone and left to air-dry before dynamic con-
tact angle (DCA) measurements using a CAHN Dynamic Contact Angle (DCA)
Analyser.

Micro-roughness. A UBM laser profilometer, which tracks across a surface to be
measured using a red laser beam, was applied to estimate surface micro-relief. The
device uses a PZT transducer to maintain focus of the beam and thereby monitors
changes in the height (≥ 0.1 μm) of the surface features.

Quartz Crystal Microbalance. The QCM sensors were mounted in PEEKTM car-
tridges using a viscosity elastomer (RS, Corby, UK). The cartridges were in turn
mounted within a peltier temperature-controlled block, held at 25±0.1◦C. Human
plasma fibrinogen (Fg, Chromogenic) and albumin (HSA, Sigma) were dissolved
in phosphate-buffered sodium saline (PBS) and dialysed overnight to get rid of any
other ions. The solutions were centrifuged at 1.3×104×g and concentration was
measured using an extinction coefficient E280nm

1% = 16 for Fg and E280nm1%
= 6.7 for HSA. The final concentration of Fg was 2.5 mg/ml and HSA 20 mg/ml
(because of their different amounts in blood). The QCM measurements were per-
formed for individual Fg and HSA solutions and after injection of the second
protein, HSA after Fg (first pair Fg–HSA) and Fg after HSA (second pair HSA–Fg).
The QCM method is described in detail elsewhere [24, 26, 36].

Lowering of frequency of quartz crystal oscillations in liquid media is [24, 36]

�f = −f 1.5
0

(
ηlρl

πμqρq

)0.5

, (29.1)

where �f is the measured frequency shift, f0 is the resonant frequency of the
unloaded quartz crystal, ρl and ηl are the density and the viscosity of a liquid,
respectively, ρq and μq are the specific density and the shear modulus of quartz,
respectively. On adsorption of mass ma as a film from a liquid, the f value decreases:

�f = −f 1.5
0

(
ηlρl

πμqρq

)0.5

− cma(1 − x), (29.2)

where c is a constant and x is the viscous correction factor dependent on mechanical
properties of an adsorbed film and an aqueous solution. If this film (with the thick-
ness hf and the specific density ρf) is relatively rigid and the liquid is Newtonian,
then the load from this layer and the liquid load are additive [24]:

�f = −f 1.5
0

(
ηlρl

πμqρq

)0.5

− 2f 2
0 ρfhf

(μqρq)0.5
. (29.3)



29 Films and Disperse Materials Based on Diamond-Like and Related Structures 387

Table 29.1 Content (%) of elements in coatings according to the EDX data

Coating Ti O C N Coating Zr O

Ti 99.7 Zr 99.8
Ti 99.7 Zr 99.8
Ti 99.7 Zr 99.8
TiOx 65 35 ZrO 70.6 29.4
TiOx 65 35 ZrO 72.2 27.8
TiOx 63.2 36.8 ZrO 72.8 27.2
TiC 76.1 23.9
TiC 76.7 23.3
TiC 75.8 24.2
TiNx 62.1 37.9
TiNx 61.4 38.4
TiNx 61.4 38.6
DLC+G 99.9

Note: St includes 63.5% Fe, 24.8% Cr and 7.1% Ni.

This equation was used for estimation of the hf values for adsorbed proteins
(Table 29.1). Time dependence of a �f(t) curve portion corresponding to a sharp
decrease in frequency because of the protein loading to the sensor surface is [24]

ln
�f

A
= −kt, (29.4)

where k is the adsorption rate constant, which decreases with time because of
increasing coverage � depending on adsorption and unfolding of macromolecules.
� = �a + �u, where �a and �u are the surface fractions covered by intact and
unfolding protein molecules. Equation (29.4) can be re-written as follows [24]:

�f = A

{
exp

[
− γ (t − α)ν

1 + β(t − α)

]
− 1

}
, (29.5)

where α is a constant corresponding to the time between the protein injection to the
liquid flow and the beginning of its adsorption on the sensor surface; β, γ and ν are
the equation parameters; exp[] < 1; ν > 1; and A ≈ −�fm is the maximal change.
To describe the protein adsorption over a large time interval, changes in frequency
can be given by

�f = A
{
(t − α)δ exp

[−γ (t − α)ν
]− b(t − α) + c(t − α)λ

}
, (29.6)

where A, b, c, α, δ, γ , λ and ν are the equation parameters. Equation (29.4) can
be re-written with consideration for diminution of the adsorption rate d�/dt with
increasing surface coverage � in the form of integral equation

�fexp(t) = A

kmax∫

0

exp
[
k(t − α)ν

]× [1 − (t − α)/χ
]
ϕ(k)dk, (29.7)
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where ν and χ are the equation parameters and ϕ(k) is the distribution function of
the adsorption rate k.

29.3 Characteristics of Biomaterials

Results of EDX elemental analysis (Table 29.1) suggest that the composition of
each coating was consistent with an expected composition with a low amount of
impurities. The SEM images show surface features of initial St discs (Fig. 29.1) and
after coating with metallic, ceramic and carbon films (Fig. 29.2). They confirm the
integrity of the coatings, although some batches of coated discs have surface cracks.
The TiOx and ZrOx surfaces look like microcrystalline (∼ 0.1–1 μm) in contrast
to other more homogeneous surfaces. However, the carbon surfaces showed various
micro-roughnesses compared to relatively smooth metal coatings. The TiNx coating
is akin to ZrNx and many of their properties such as the hardness and elastic recovery
(Fig. 29.3) are very similar. These two coatings demonstrate the best hardness and
elastic recovery properties. The lowest values of these parameters are observed for
related metallic coatings with Zr and Ti. In total, the order for hardness is ZrNx >
TiNx > ZrC > TiC > G > DLC > ZrOx > TiOx > Ti > Zr. For the elastic recovery
the order differs: DLC > ZrNx > G > TiNx > ZrC > TiC > ZrOx > TiOx > Zr > Ti
(Fig. 29.3).

The DCA analysis (Fig. 29.4) confirmed that TiOx is the most hydrophilic sur-
face. The Zr and Ti surfaces have a low DCA value because they are hydrophilic
due to a thin surface oxide layer [37, 38] but for St this value is higher. Both carbon
coatings and ZrC are the most hydrophobic; however, DCA < 80◦ because of the
presence of polar surface functionalities.

The DLC and G-like carbon (GLC) coatings (Fig. 29.5) are characterised by
broad Raman bands that reveal their amorphicity [20, 39]. Two D and G bands
in the spectra of DLCF (Fig. 29.5a) correspond to diamond- and graphite-like
structures, respectively. However, the G structures give certain contributions to the
D band because the difference between these bands in this range is only 20 cm−1

[20, 39]. The G band corresponds to ordered graphite and amorphous structures

Fig. 29.1 SEM image of
stainless steel surface
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Fig. 29.2 SEM images of coatings: a DLC, b G, c Ti, d TiNx, e TiOx, f Zr, g ZrNx and h ZrOx

characterised by the difference of 80–90 cm−1 [20, 39]. Typically, three types of
carbon structures are observed in the DLC and GLC films such as diamond (1328–
1332 cm−1), graphite (1347–1350 and 1573−1580 cm−1) and amorphous carbon
(1460–1500 cm−1). The spectra of the GLCF (Fig. 29.5) are broader than that of
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Fig. 29.4 DCA values for the tested coatings

the DLCF because of a larger structural disorder and a larger content of amorphous
carbon. The similarity of the Raman spectra (Fig. 29.5) of different carbon coatings
suggests the uniformity of these coatings as well as SEM images (Fig. 29.2).

The Raman spectra of St stents covered by DLC and GLC (Fig. 29.5) are
typical for similar materials with a low concentration of non-carbon elements
(e.g. N, O, H). A band at 1100 cm−1 and the difference in the sloping background
for GLC and DLC coatings indicate increased hydrogen content.

According to the Raman spectra of TiOx (Fig. 29.6), its surface is non-uniform
(in agreement with SEM images (Fig. 29.2)); anatase and rutile bands are observed.
Titania includes a major portion of anatase on the side B. The side A of the same
disc consists of rutile, anatase and amorphous phase (with non-stoichiometric ratio
Ti/O). Notice that the spectra recorded from different points (∼1×1 μm) of TiOx-
covered St stent and disc are close. The largest nanoparticles include mainly rutile
(Fig. 29.6b). In the case of TiOx-covered stent, anatase gives the main contribution.
ZrOx coatings include monoclinic and tetragonal phases (Fig. 29.7), and the first
one is the main contributor. The Raman spectra of ZrOx coatings of discs and stents
are close and are practically the same for different points of coatings.
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These results reveal that ZrOx coatings are uniform with respect to phase
composition. The spectra character suggests that the coatings have a significant
crystallinity with a low content of amorphous phase. This is in agreement with SEM
image (Fig. 29.2) demonstrating uniform ZrOx microcrystalline surface.

The kinetics of changes in the corrosion potential Ec (Fig. 29.8) reveals that Ti
and Zr surfaces can be quickly passivated to reach the positive (passive) values in
contrast to St and TiOx surfaces. The smallest changes of the potential with time
are observed for the DLC and G surfaces at Ec > 100 mV (DLC) and Ec > 50 mV
(G). The TiNx and ZrNx coatings starting at different initial values of the corro-
sion potential (50 and −100 mV, respectively) reach approximately +100 mV in
16 h. These data suggest that the most corrosion-resistant coatings correspond to
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DLC and G. Estimation of the ratio between the SEM area and the electrochemi-
cally active area gives values lower than 0.5 for the majority of the surfaces with
the exception of St and G coatings (Fig. 29.9). From the data it follows that DLC,
carbides and nitrides of zirconium and titanium are the most promising coatings of
biomaterials in contrast to TiOx and ZrOx coatings.

Comparative study of biomaterials is continued on adsorption of HSA and Fg
since their concurrent adsorption on biomaterials in blood determines the haemato-
compatibility. Despite a larger HSA concentration as CHSA/CFg = 8 (corresponding
to that in blood), the amount of adsorbed HSA (� ∼ −�f(t)) is always lower (on
the same surfaces) than that of fibrinogen �Fg/�HSA = 1.3–3.4 (Fig. 29.10a). This
ratio depends, however, on the type of the surface (Figs. 29.10 and 29.11).

Fig. 29.10 a Frequency shift on adsorption of Fg–HSA or HSA–Fg on Au, DLC, Ti and TiN; b
the layer thickness as a function of time of the adsorption of (I) fibrinogen then HSA and (II) HSA
then fibrinogen on Au, DLC, Ti/TiOx, TiN surfaces
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Fig. 29.11 SEM images (×20,000) of Au surface (a, b), DLC (c, d), Ti (e, f) and TiNX (g) initial
(a, c,e, g) and after adsorption of Fg and drying; (h) adsorption of Fg on Ti, TiNX and DLC
determined after fivefold washing off in PBS (1), 2% solution of sodium dodecyl sulfate (2) and
5% β-mercaptoethanol at 37◦C (3)

A maximal difference in their adsorption is observed on Ti surface (covered by
TiOx), and a minimal one is on TiNx. The ratio of the adsorption values is substan-
tially smaller than that of the molecular weights �Fg/�HSA < MWFg/MWHSA ≈ 5.1.
Consequently, relative packing density of adsorbed Fg molecules is lower than that
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Fig. 29.12 AFM (Nanoscope
IIIa, Digital Instruments)
image (5 × 5 × 0.5 μm)
microcrystalline Au film on
quartz substrate

of HSA. Additionally, smaller molecules of HSA can penetrate in narrower shallow
surface “pores” (Figs. 29.2, 29.11 and 29.12) in comparison with larger Fg. Since the
ratios of adsorption � and molecular weights of proteins differ, one may assume that
the structure of their adsorption layers (rather monolayer, Table 29.2, h) differs too.
This difference depends on the surface type. The studied surfaces are non-smooth on
the nano- and micro-scales (Figs. 29.11 and 29.12). The “hilly” topography of the
surfaces remains after protein adsorption and drying because the adsorption protein
layer is monolayer (Table 29.2, h) and its thickness is smaller than the roughness
scale of the surfaces. For Fg adsorbed on all the studied surfaces dmin < h < dmax
where dmin and dmax are the minimal and maximal sizes of protein molecules. This
relation is valid for HSA adsorbed on Au and Ti/TiOx but in the case of DLC and
TiN, h > dmax (Table 29.2). One may assume that the difference in the h values
depends on the surface roughness (Rx) affecting the amounts of adsorbed proteins.
The relative roughness (Rr) of DLC, Ti and TiNx can be estimated with respect to

Table 29.2 Additional relative coverage �2 of surfaces by Fg after pre-adsorption of HSA,
advancing dynamic contact angle (θ) and micro-roughness criterion Rmr

Parameter Au DLC Ti/TiOx TiN

�2 0.30 0.29 0.22 0.29
θ (deg.) 47.9 76.7 ± 1.6 43.7 ± 3.0 27.1 ± 9
hFg (nm) 12.3 34.8 35.6 28.9
hHSA(nm) 5.2 21.0 10.1 22.5
hHSA–Fg (nm) 8.9 31.0 17.8 30.9
hFg–HSA (nm) 13.5 35.3 37.8 30.0
Rmr 1.00005 1.06 1.094 1.094

�2 = (hHSA–Fg – hHSA)/hFg; for the Fg–HSA pair, the �2 values cannot be calculated because
of the absence of a clear effect of the HSA adsorption on the surfaces with pre-adsorbed Fg due
to the entire relaxation; hFg, hHSA, hFg−HSA and hHSA−Fg are the thicknesses of the film formed
on the QCM crystals calculated using Eq. (29.3); θ = −1 ±0 for TiO2.
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the roughness of Au (RAu) as Rr = Rx/RAu ∼ h(X)/h(Au). This estimation gives
Rr between 2.35 and 2.89 for individual Fg and between 1.94 and 4.33 for HSA.
The difference in the Rx values estimated from the Fg and HSA adsorption can be
explained by the smaller size of the HSA molecule. The h value for HSA adsorbed
on the Au surface is relatively close to the smaller size (dmin) of the molecule.
However, HSA can partially keep its globular structure in the adsorbed monolayer.
Therefore, the effective h value of the HSA monolayer on ideally flat surface should
be smaller than the molecular size.

Since h > dmin one can assume that RAu > 1. The ratio between larger and smaller
sizes of the Fg molecule is significantly greater than that of HSA, since the albu-
min molecule has a compact globular form in contrast to the long Fg molecule.
Consideration of the micro-roughness of the studied surfaces (Table 29.2, Rmr) and
the adsorbed layer thickness h reveals the influence of the hydrophobic effect, which
is maximal for DLC (Table 29.2, θ ) and causes the maximal average h value for
this material. Additionally, the average h value for TiN is greater than that for Ti;
however, they are characterised by the same Rmr value. A minimal adsorption of
individual proteins is observed for HSA on Au surface (HSA adsorption increases
in the order Au < Ti < DLC < TiNx), and a maximal one is for Fg adsorbed on
Ti/TiOx (Au < TiNx < DLC < Ti) (Figs. 29.10 and 29.11). This result can be con-
nected to the surface roughness, the molecular size of Fg and HSA and the chemical
nature of the surfaces and protein molecules. Ti deposited on Au/quartz crystal is
covered by a thin TiOx layer with surface hydroxyls. At pH 7.2 the surface charge
density on the titania surface is low, since its pI is close to 6. It is known that highly
disperse titania can effectively adsorb proteins [40], and this result is in agreement
with a marked adsorption of Fg on the microcrystalline Ti/TiOx surface (Fig. 29.10).
According to [41], proteins are not adsorbed on a hydrophilic surface but they are
associated with it through an interfacial water layer. The Fg desorption from the
sensor surfaces under the liquid flow is not observed (Fig. 29.10). Consequently, its
binding to the surfaces is strong enough to consider this interaction as adsorption.
The adsorption of HSA on Ti/TiOx is significantly lower than that of Fg. This pro-
vides a faster loading of Fg on Ti/TiOx non-densely covered by HSA (Fig. 29.10,
t < 1600 s) in comparison with other surfaces.

The DLC surface is less polar than other materials (Table 29.2). Therefore elec-
trostatic interaction with protein molecules is weaker (as DLC is less hydrophilic)
and dispersive forces provide a greater contribution to the adsorption of proteins
on DLC (as well as on TiN). The protein adsorption layer can be denser on more
hydrophobic surfaces because the amounts of the remaining interfacial water are
smaller than that on adsorption on hydrophilic surfaces [41]. The Fg adsorption on
DLC and TiNx is greater (Fig. 29.10) than that of HSA. Additionally, Fg adsorbs
on these surfaces covered by pre-adsorbed HSA in a significant amount in con-
trast to HSA adsorbed after Fg. Fibrinogen molecules, which are larger and possess
a greater affinity to the studied surfaces than HSA, can replace adsorbed HSA
molecules according to the Vroman effect [41] observed for the HSA–Fg pair
(Fig. 29.10 and Table 29.2). This effect corresponds to competitive adsorption of
different proteins with replacement of a smaller protein, which is adsorbed faster, by
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a larger one that is adsorbed slower. It is easily seen from comparison of the h values
(Table 29.2), estimated relative roughness Rr and changes in �f(t) after injection of
Fg as the second protein that the larger the roughness the greater the Vroman effect.
This result may be explained by the non-uniformity of distribution of adsorbed HSA
at “hilly” surfaces: peaks remain unoccupied and Fg molecules begin the adsorption
from interaction with these peaks. Then Fg molecules can displace HSA molecules
located in “valleys”. However, this effect is absent for Fg–HSA. Notice that the rate
of frequency diminution d(�f)/dt is greater on adsorption of Fg after HSA than that
in the opposite order of the protein adsorption (Fig. 29.10). This effect is connected
with changes in the second right term in Eqs. (29.2) and (29.3). It corresponds to
adsorption weakly affected by changes in the characteristics of the liquids (ηl and
ρl) since CHSA >> CFg (i.e. changes in the viscosity should give the opposite effect
to the observed one). Efficiency of the replacement of HSA by Fg depends on the
type of the surface (Table 29.2). For instance, the loading differs significantly on
the Au and DLC surfaces. Notice that changes in �f(t) after the adsorption of the
second protein are maximal for HSA–Fg/DLC and minimal for Fg–HSA adsorbed
on the same surface. Changes in the h value (between 21 and 35 nm) are minimal
for DLC among the studied systems (Table 29.2). In the case of Fg–HSA, changes
in �f(t) because of the presence of HSA at the Au, Ti and TiN surfaces covered
by Fg are close. Relative coverage of the surfaces with pre-adsorbed HSA by Fg
(�2 is calculated with respect to monolayer adsorption of individual Fg on the same
surface) is maximal for Au or TiN and minimal for Ti/TiOx (Table 29.2). This result
may be of importance for estimation of the haemocompatibility of the TiOx surfaces.
Calculations of the adsorption rate using two methods with Eqs. (29.5), (29.6) and
(29.7) give qualitatively closely related results. For instance, kFg(t) > kHSA(t) with
time (Fig. 29.13); however, initially the opposite relationship is observed.

This effect corresponds to the displacement of a peak of the distribution function
ϕ(k) for HSA towards larger k values in comparison with that for Fg (Fig. 29.14).
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Fig. 29.13 Adsorption rate constants calculated using Eqs. (29.4), (29.5) and (29.6), a Fg (curves
1, 3, 5, 7), HSA (2, 4, 6, 8) and b HSA after Fg (1, 3, 5, 7) and Fg after HSA (2, 4, 6, 8) (second
shift �f) on Au (1, 2), DLC (3, 4), Ti (5, 6) and TiNX (7, 8)
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At the same time for the second protein, kFg−HSA < kHSA−Fg (Fig. 29.13b) and
the corresponding ϕ(k) peak for Fg (as the second protein in the HSA–Fg pair)
shifts towards greater k values in comparison with that for HSA (as the second
protein in Fg–HSA). The ϕ(k) peaks on the Fg and HSA adsorption on Ti/TiOx shift
towards larger k values (Fig. 29.14b) in comparison with those on their adsorption
on the Au surfaces (Fig. 29.14a). This result is in agreement with the positions of the
corresponding k(t) curves (Fig. 29.13a). The Au surface covered by HSA looks more
uniform (smaller its roughness) for adsorbed Fg since the ϕ(k) peak is narrower than
that for Ti/TiOx (Fig. 29.14). A similar effect is also observed for Fg–HSA.

29.4 Highly Disperse and Porous Diamonds

Ultradisperse diamond (UDD) particles (4–6 nm in size estimated from XRD peak
broadening) form PDC (∼4 μm in size, Fig. 29.15). Primary UDD nanoparticles
are sufficiently tightly packed in the compacts, since the pore volume (Table 29.3,
Vp) is relatively small. Micropores (Smic) mainly contribute to the specific surface
area SBET although their volume (Vmic) is less than that of mesopores (Vmes) but
Smes < Smic. These structural features depend not only on the morphology of UDD
particles forming the skeleton of PDC but also on the parameters of graphite and
metal phases included in PDC as a result of the synthesis method.

A broad band at 3400 sm−1 is observed in the FTIR spectrum of UDD
(Fig. 29.16a, curve 1) which corresponds to O−H stretching vibrations of surface
OH groups (interacting with water) and adsorbed water. A band at 1640 sm−1 corre-
sponds to deformation vibrations of OH groups [42, 43]. Absorption at 1510-1530
sm−1 can be assigned to vibrations of NO2 groups formed on acidic clearing of
UDD. A band at 1730 sm−1 relates to the C=O stretching vibrations. Bands in the
1070–1140 sm−1 range can be caused by admixed nitrogen centres of the type A
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Fig. 29.15 SEM image of
PDD compacts (×1000)

Table 29.3 Structural characteristics of PDC, graphitised carbon black Carbopack X, silica gels
Si-60 and Davisil 643 unmodified and with ODS groups

Material
SBET
(m2/g)

Smic
(m2/g)

Smes
(m2/g)

Vp

(cm3/g)
Vmic
(cm3/g)

Vmes
(cm3/g)

Vmac
(cm3/g) �w DAJ

PDC 216 124 91 0.18 0.03 0.15 0.01 −0.08a 2.637
Carbopack X 223 72 150 0.48 0.04 0.42 0.02 0.32b 2.286
Davisil 643 344 124 218 1.14 0.04 1.03 0.07 −0.09c 2.220
Davisil
643/ODS

192 7 185 0.65 0.0 0.65 0.0 0.42c < 2

Si-60 369 0 369 0.74 0 0.73 0.01 0.05c 2.389

Vmic, Vmes, Vmac, Smic, Smes and Smac are the pore volume and the specific surface area of micro-,
meso- and macropores, respectively, calculated on integration of fV(R) and fS(R) at the radii
(half-width) of pores R = 0.2−1.0 nm, 1−25 nm and 25−100 nm, respectively.
Models of pores: avoids between spherical particles + cylindrical and slit-shaped pores; bslit-
shaped pores and ccylindrical pores.
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Fig. 29.16 FTIR spectra of a UDD initial (curve 1), after H−D exchange (2) and with adsorbed
diethylamine (3) and b PDC fractions with particles of 0.5–1.0 μm in size (curve 1) and 2–4 μm (2)
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(two N atoms in adjacent lattice points) [43]. A band at 2800–3000 sm−1 corre-
sponds to the C−H stretching vibrations. The presence of O−H and C−H surface
groups is confirmed by the FTIR spectra of UDD before and after the adsorp-
tion of D2O (H−D exchange was carried out in saturated D2O vapour at room
temperature for 24 h) and diethylamine which leads to an essential decrease in
the intensity of the bands related to O−H vibrations (Fig. 29.16a). Some prop-
erties of UDD were described previously [44, 45]. The chemical composition of
the PDD compacts is relatively complex as it includes several elements (C, O, P,
S, Cl, Pd, Na and Cu); however, the contribution of carbon is substantially preva-
lent (Fig. 29.17). The carbon phase in PDC consists of both the sp3-C (diamond)
and sp2-C (graphite) structures. Surface functionalities with carbon and non-carbon
atoms provide specific interaction (e.g. hydrogen bonding) of PDD microparticles
with their surroundings. Surface groups of C−O−H and C−H (Fig. 29.16b) pos-
sessing hydrophilic and hydrophobic properties, respectively, can cause effective
attachment of both polar and non-polar adsorbates.

The interfacial interactions depend also on the pore structure of PDC, since the
adsorption potential in narrow pores is substantially higher than that of a flat surface
of the same chemistry. To understand deeply the relationships of the “structure–
properties” type we will compare structural and adsorptive characteristics of PDC
with those of well-characterised materials such as (i) Carbopack X (since PDC
includes graphite-like fragments); (ii) Hypersil and Davisil 643 with ODS func-
tionalities (a role of C−H in adsorption phenomena); and (iii) unmodified silica
gels Davisil 643 and Si-60 (a role of O−H groups in the interaction with polar com-
pounds) [28]. The pore size distribution of PDC is broad and includes narrow pores
at the pore half-width x < 1 nm, broader pores at x > 1–70 nm (Fig. 29.18). However,
the main contribution to the specific surface area is linked with narrow pores at x <
8 nm. Carbopack X having a similar SBET value (Table 29.3) has a broader PSD.

The models of pores used give relatively small deviation (Table 29.3, �w) in
the pore shape from model one for PDC (mixture of three types of pores) and
unmodified silica gels (cylindrical pores). However, in the case of modified silica
gel Davisil 643/ODS [28] (model of cylindrical pores) and Carbopack X (model of

Fig. 29.17 EDX data for
PDC



29 Films and Disperse Materials Based on Diamond-Like and Related Structures 401

0.2 1 10 100

0.01

0.02

0.03

0.04

0.05

0.06

Pore Radius (nm)

IP
S

D
V

 (a
.u

.)
1 2

3

4

Fig. 29.18 Incremental PSD
of PDC (1), Carbopack X (2),
Si-60 (3) and Davisil
643/ODS (4)

slit-shaped pores), the �w values show that errors are larger than 30%. This result
can be explained by the deviation of the pore shape of broad pores of Carbopack X
from the slit-like one (that is typical for non-microporous carbon adsorbents [24])
and the influence of the modification of the silica surface on the pore shape for
Davisil 643/ODS. The pore wall surface of this silica with ODS functionalities has
larger surface area than that for smooth cylinders. Notice that the fractal dimension
DAJ [26] for PDC is relatively high in comparison with that of other adsorbents
because of a large contribution of narrow pores in the PSD. Additionally, estima-
tion of the fractal dimension [26] of a surface with a very low adsorption potential
A (Fig. 29.19, Davisil 643/ODS) can give an underestimated value (e.g. DAJ < 2
for modified silica gel) in comparison with values estimated using other methods.
Despite the mentioned structural features, Carbopack X possesses higher adsorption
potential and higher energy of the nitrogen adsorption (Fig. 29.19) in comparison
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Fig. 29.19 Distribution functions of nitrogen adsorption energy (a) and adsorption potential (b)
for PDD compacts (1), Carbopack X (2), Davisil 643 (3) and Davisil 643/ODS (4)
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with PDC because of stronger dispersion interactions of graphite sheets with non-
polar molecules. All the f(A) and f(E) peaks of Carbopack X shift towards higher
potential or energy values than those of the PDC. The f(A) distribution function
demonstrates lower adsorption potential at A > 3 kJ/mol corresponding to the nitro-
gen adsorption in narrow pores of PDC in comparison with both Carbopack X and
unmodified silica gel. However, Davisil 643/ODS demonstrates significantly lower
adsorption energy (Fig. 29.19b, curve 4 at E > 10 kJ/mol) than PDC (curve 1).
Additionally, the latter provides higher f(E) than that for unmodified silica gel (curve
3 at E > 12 kJ/mol) due to the effect of the sp2-C fragments of PDC.

The difference in the shape of the high-energy f(E) peak of PDC and Davisil 643
can be caused by a more ordered pore structure and pore walls of the silica gel. This
also corresponds to the lower DAJ value and narrow PSD of the silica gel. Therefore,
one can assume that PDC will interact more weakly with non-polar compounds than
the graphitised carbon Carbopack X or unmodified silica gel but more strongly than
silica with non-polar surface functionalities (akin to Hypersil or Davisil 643/ODS).
This aspect as well as interaction of the PDC with polar compounds can be inves-
tigated using the 1H NMR method with layer-by-layer freezing-out of bulk water
(Fig. 29.20) and the HPLC method applied to polar and non-polar analytes using
various polar or non-polar eluents (Tables 29.4, 29.5 and 29.6). Comparison of
changes in the Gibbs free energy of water disturbed by PDC and silica gel Si-60 sur-
faces (Fig. 29.20) reveals a weaker effect of the diamond compacts on the interfacial
water in comparison with unmodified silica gel, despite narrower pore characteristic
for PDC (Fig. 29.18). This effect is caused by a larger content of surface hydrox-
yls on the Si-60 surface than that on the PDC surface. These hydroxyls are the main
effective adsorption sites for such polar adsorbates as water. The volume of unfrozen
water in PDC (at CH2O = 122 wt%) is twice larger than the Vp value because of
the influence of the external surfaces of microparticles on a relatively thick layer
of the interfacial water. In the case of unmodified silica gel Si-60 the amount of
non-freezable water is also larger than the Vp value but this difference is smaller
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Table 29.4 Influence of eluent polarity on retention time of toluene and phenol in HPLC columns
with PDC and Hypersil R©

Retention time (min)

Eluent water/methanol (%/%) PDC Toluene Phenol Hypersil R© Toluene Phenol

100/0a 2.06 5.52 − −
90/10 1.86 4.58 − −
80/20 1.83 4.27 − −
50/50 1.40 2.77 − −
25/75 1.49 2.19 1.69 7.25
20/80 − − 1.32 2.23
10/90 − − 1.37 1.60
0/100 1.15 1.96 1.51 1.77

a0.05 ml of toluene was dissolved in 10 ml of a mixture of methanol and deionised water, then
10-fold dilution by water was carried out; phenol (20 mg) was dissolved in 10 ml of deionised
water.

Table 29.5 Influence of polarity (dielectric constant) of analyte on retention time (min)

Analyte ε PDCa Hypersilb

Benzene 2.28 1.99 5.54
Methyl benzoate 6.59 3.10 5.18
Aniline 6.89 3.27 2.95
Phenol 9.78 5.90 2.07

Eluent a100% deionised water and bwater:methanol = 1:1.

Table 29.6 Parameters of separation of ortho- and para-isomers of xylol

PDC Spherisorb

Parameter Ortho Para Ortho Para

Retention time tr (min) 2.63 2.29 1.75 1.79
Resolution Rs 0.895 0.895 − −

than that for PDC. A contribution to this effect is connected with an enlargement
of pores on water freezing there because of a larger volume of ice (Vice) than that
of liquid water (Vlw). Sometimes this effect is greater than the ratio Vice/Vlw for the
same water weights [28, 34]. Nitrogen can adsorb on the external surface of the
PDC compacts only weakly and it cannot entirely fill pores at x > 50 nm (but water
can fill them more effectively) which gives a small contribution to the Vp value.

The HPLC results showing the effect of increasing solvent polarity on the reten-
tion time of toluene and phenol are given in Table 29.4. As a whole the retention
time for the PDC columns increases for polar analytes and eluents (Tables 29.4,
29.5 and 29.6). The PDC column resolved better in highly polar eluents and the
best eluent for PDC is pure water (Table 29.4). The free energy of solvation cal-
culated using the IEFPCM/B3LYP/6-31G(d,p)//6-31G(d,p) method [28] for phenol
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and toluene is −24 and −2 kJ/mol in water and −31 and −12 kJ/mol in methanol,
respectively. These values and Tables 29.4, 29.5 and 29.6 reveal that an increase
in the polarity of an analyte leads to an increase in the retention time for the PDC
column sometimes in contrast to that for the Hypersil and Spherisorb columns. This
difference in the effects of the polarity of the analytes and the eluents for the HPLC
results with the PDC and other columns is linked to the nature of the surfaces of the
materials used as a stationary phase. Comparison of the f(E) distribution functions
for Davisil 643/ODS and PDC (Fig. 29.19) shows that the hydrophobic coverage
of the silica surface leads to disappearance of the high-energy peak. This fact cor-
responds to a decrease in the adsorption potential of Hypersil (with similar ODS
groups) for both polar and non-polar analytes, which leads to a decrease in the
retention time in comparison with that for the PDC column. However, the effect
of the polarity of analytes with the PDC columns depends also on the polarity of
eluents. Table 29.6 shows that the PDC column can separate the two positional
isomers of xylene, whereas the Spherisorb R© column produces worse result. These
preliminary results suggest that porous diamond is an interesting material for HPLC
separations and has a potential due to its combination of unconventional surface
properties.

29.5 Conclusion

Comparative investigations of physicochemical properties of biomaterials such as
DLC and GLC films, ZrNx, TiNx, ZrC, TiC, ZrOx, TiOx, metals (Ti, Zr, Au, stainless
steel) on Au or steel substrates showed high strength and anticorrosive properties of
the materials; and many of these properties are the best for DLC. ZrOx coatings
have a microcrystalline structure. TiOx films are least uniform and include anatase,
rutile, amorphous and non-stoichiometric phases.

The Vroman effect is observed for proteins HSA and Fg subsequently adsorbed
on Au, Ti/TiOx, DLC and TiNx surfaces. On the adsorption of Fg followed by HSA
this effect is absent because HSA is significantly smaller than Fg and its ability in
replacing adsorbed Fg molecules is negligibly low. A minimal adsorption of indi-
vidual proteins is observed for HSA on Au (Au < Ti < DLC < TiN) and a maximal
one is for Fg on Ti/TiOx (Au < TiN < DLC < Ti). The effective thickness of the
adsorbed protein layers is larger than the minimal size of the protein molecules but
smaller than the maximal one. Changes in this value can be explained by changes in
the surface roughness and hydrophobicity.

PDCs are characterised by relatively low adsorption potential for non-polar (in
comparison with activated carbons) and polar (in comparison with silica gel) com-
pounds. However, PDC interacts with polar compounds more strongly than modified
silica gels. Therefore PDC may be considered as a more biocompatible adsorbent
than activated carbons and similar to materials with aliphatic surface functional-
ities. PDC can be a more effective adsorbent than silica covered by hydrophobic
functionalities because of certain amount of hydroxyls present on the PDC surface.
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synthesis of
MDI grafting, 125
pyrolytic methods for, 119, 120

Carbon-coated sorbents, 119
Carbon nanotubes (CNTs)

chemical resistance of IRP-1225 filled
with, see IRP-1225-CNT, chemical
resistance of

concentration and nanocomposites, 355
as filler, 358
influence on MBS7V-14 system

parameters, 361
TEM images of, 348, 349

Carbon tetrachloride, 218, 228

Carbonyl oxygen, 128
Carbopack X, structural characteristics of, 399,

400
Cathode shift, 132
13C CP/MAS NMR spectroscopy, 183, 188
CD, see Cyclodextrines (CD)
β-CD, see Mono-tosyl-β-cyclodextrin

(Ts-β-CD)
CD 95 antibody, immobilization of, 72–73
β-CD–NO3- complex, 253, 254
Ce(acac)3 solution, 228
Cerium acetylacetonate, 228
Cerium-containing silica, 228
Cetyltrimethylammonium bromide (CTAB),

146
Chemical activity, 117
Chemical shift, 96

in 1H NMR spectra for β-cyclodextrin, 252
Δδ value, 255

Chemosorption, of M(acac)x on silica surface,
230

Chemotherapeutic agents, 51
Chitosan

characteristic absorption bands, 261
diffuse reflectance UV–vis spectra of, 266
saturation value of, 265
silica with varying, 259
thermal decomposition of, 263, 264

Chitosan–iodine supramolecular complexes,
265

Chloroform solvents, 91
Chlorosilanes, 210
C42H70O35·4Hg(NO3)2, on surface of

β-cyclodextrin-containing silica,
256

Chromatography, 170
Chromium oxochloride, 228
CH-stretching vibration bands, 199
Chymopsin, 57
Cisplatin (CP), 73

kinetic curves of adsorption of, 74
magnetosensitive nanocomposites carrying

adsorbed, 76
Cluster structures, 52
CM, see Composite material (CM)
CMC, see Critical micelle concentration

(CMC)
CNTs, see Carbon nanotubes (CNTs)
Coatings

adsorption of Fg–HSA/HSA–Fg on, 393
corrosion potential of, 392
DCA values for, 390
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Fisherscope microhardness tests
of, 390

SEM images of, 388–389
Coaxially gated in-wire TFTs

advantages of, 338
synthesis of

CdS deposition, 339
SSG deposition, 337

Coaxially gated in-wire thin film transistors,
template SSG synthesis of, 332, 341

Coercive force (Hc), 214
Composite material (CM)

based on polymers, 370
cluster formation in, 372
percolation thresholds, 373–374
polymer–TEG system

PE–TEG and PVC–TEG, 372–373
PTFE–TEG, 373

preparation of
binding components, 371
materials used for, 370
TEG surface modification, 370–371

sensitivity towards vapors of gaseous
compounds, 371–372

sensor properties of
adsorption of gaseous compounds, 380
electric resistance, 379
factors influencing, 378, 379
polymer–TEG systems, 374–378

Composites
with adsorbed vitamins, 277, 278
antioxidant-containing, 270
with nanosilica–protein–monosugar, 322
preparation of, 203
in vitro, 276
See also Nanocomposites

Conversion degree of carbon–carbon double
bonds, 66

Cosmetology, 170
CP, see Cisplatin (CP)
CPA macromolecules, 202
β-cristobalite crystal slabs, interaction potential

between, 26
charge densities and, 28
Coulomb interaction between charges,

26–27
distribution of potential in vacuum space,

28–30
Green’s function in vacuum space, 27–28

Critical micelle concentration (CMC), 294
Cross-polarisation magic angle spinning

(CP/MAS) NMR spectra, 95
Cryopreservation of cells, 303

Crystalline structure of TiO2/Ag, 134
Crystalline trypsin, 57
Crystallinity degree (α), 199
Crystal periodic structure, macroscopic

violation of, 1
C1s envelopes, 127
Cs(I) sorption degree, 192
CTAB, see Cetyltrimethylammonium bromide

(CTAB)
Current density, 241
Current-voltage characteristics, 238
Current–voltage characteristics

for field emission from nanowhisker array,
222

for photofield emission, 238
for SiO2-coated gold nanowires, 336

Cyclodextrines (CD), 282
applications of, 248
cyclic oligomers, 247
β-cyclodextrin, 254, 282

chemical modification of silica surface
by, 256

chemical shifts in 1H NMR spectra for,
252

containing silica, 249, 256
ethoxysilyl derivatives, 183
IR spectrum of, 255
and mercury (II) nitrate, interaction

between, 254–256
parameters of mercury (II) adsorption

in, 252
surface supramolecular structure

formation and, 251
Cyclooxygenase-2, 57
Cytostatic drug, 77
Cytraglucosolan, 56

D
Debye screening length, 97, 106, 107
Decamethoxine, 171
1,10-Decamethylene-

bis-[N -dimethyl
(carbomethoxymethyl)
ammonium] dichloride, 171

Desorption ionization on silicon mass
spectrometry (DIOS MS)

of low molecular organic compounds, 45
of MB dye, 48

Deterministic dichotomous processes, 38
α-D-glucose, 247
Diamond-like carbon films (DLCFs)

applications of, 383
on cardiovascular stents, 384
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characterisation of, 384
preparation of, 384–385
Raman spectra of, 388–390

Diamond materials, preparation of, 384
Diarrheal syndrome, 57
Dielectric loss, 112
Dielectric media, 26
Dielectrics

electric induction in, 4
spatial dispersion effects in, 30

Dielectric surfaces
β-cristobalite crystal slabs, see

β-cristobalite crystal slabs,
interaction potential between

potential barrier
formation, 25
homogeneous charge density, 26

Dielectric–vacuum–dielectric (DVD) system
image force potential for, 31
structural potential distribution for, 29–30

Differential scanning calorimetry (DSC), 67
Diffusion flux, 223
Digital nanoscope, 132
Dimethylamino azobenzene, 95
Dimethyldichlorosilane, 197, 209
Dimethylsulfoxide, 76
DIOS MS, see Desorption ionization on silicon

mass spectrometry (DIOS MS)
2,2-Diphenyl-1-picrylhydrazyl (DPPH), 275
Dipole photomotor, 43
Dipyrrinones, 295
DLC coatings

adsorption of Fg–HSA/HSA–Fg on,
393–394

Raman spectra of, 391
SEM images of, 388–389

DLCFs, see Diamond-like carbon films
(DLCFs)

DLS, see Dynamic light scattering (DLS)
DLVO theory, 304
DNA-adducts, 76
Doppler spectroscopy, 319
DPPH, see 2,2-Diphenyl-1-picrylhydrazyl

(DPPH)
DPPH assay, 271
Dried xerogels, 231
DRS, see Broadband dielectric relaxation

spectroscopy (DRS)
DSC, see Differential scanning calorimetry

(DSC)
DTA curves for Fe(acac)3/SiO2, 163
DTG curves, 230
Dust-like substance, 170

DVD system, see Dielectric–vacuum–dielectric
(DVD) system

Dynamic light scattering (DLS), 96

E
EDX elemental analysis, 388
Elastomer MBS 7V-14 filled with CNT

abradability tests of, 357–358
physical and mechanical characteristics of,

357
Electric induction in dielectrics, 4
Electrochemical oxygen, 132
Electron–phonon interaction, 222
Electrostatic boundary-value problem,

technique for solving, 4
Electrostatic potential, multipole expansion

for, 4
Energy-band of Si/SiGe heterojunction, 240
Enteral rehydrational preparation, 56
Erythrocytes

hemolysis, 271–272
suspension undergoing UV irradiation,

276, 277
Ethoxysilyl derivatives, 183
1,2-Ethylene-bis

(N -dimethylcarbodecyloxymethyl),
58

1,2-Ethylene-bis-
(N -dimethylcarbodecyloxymethyl)
ammonium dihloride, 171

Ethylenediamine (ED), 69, 192
Exicosis, 57
External electric field

homogeneous spheres, vector description,
6–7

metallic spherical particles in
frequencies of surface plasmons in,

15–17
polarizability tensor of, 15

F
γ -Fe2O3, see Maghemite
Fe3O4, see Magnetite
Fe3O4/PAA-APS, 75
Fermi level of Ag, 137
FETs, see Field-effect transistors (FETs)
Fiber formation, 202, 204
Fibrin-monomer (Fm), 317
Field-effect transistors (FETs), 337
Field emission current–voltage, curves for

Ge–Si nanostructures, 239
Fisherscope microhardness tests of coatings,

390
Flavonoid acid–base properties in BMM, 284
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Flavonoids, 281, 288
bioavailability and bioactivity of, 282
of medicinal plants, 290
onto silica surface, effect of pH on

adsorption of, 289
Fl·BMM complex stability, 286
Flotoxan based on Silics, 58
Fluidized state, modification in,

173–175
Folin-Ciocalteu method, 271
Fourier transform infrared spectra, 67
Freundlich constant, 252
Freundlich model for adsorption, 251
FTIR spectra, 95

chitosan containing silica samples with,
262

initial MCM-41 silica, 152
of MDI, 121, 122
of nanooxides, 96, 98
unmodified nanosilica A-300 and, 199

Full width at the half maximum height
(FWHM), 132

Fumed silica, 160
Functionalized polysiloxane xerogels

adsorption properties of, 190–192
synthesis of, 180–183

G
Gallstones, 294
Gas-phase modification, 170
Gastrolith, 56
Gauss–Newton method, 132
Ge nanoclusters, 237
Ge nanoislands, 238
Ge quantum dots (QD), 235, 236, 241
Ge–Si emitters, 237
Ge–Si heterostructures, 235
Gibbs free energy, 80, 105, 310
Gibbs–Thomson relation, 80

for freezing point depression, 317
Gingivitis, 57
Glass transition temperature, 110
G-like carbon (GLC) coatings, Raman spectra

of, 388, 391
Glycerin, 171
Glycine, 294
Gold-containing silicas, 154
Gold nanoparticles, synthesis of, 152–155
Gold wires, TEM images of, 333
Grafted silicon hydride groups, 152
Grafting–pyrolysis cycle, 120, 122, 123
Graphite-like (G) films, preparation of,

384–385

GRFIT program package, 298, 300, 301
GT equation, 80

H
Haemolytic activity, 322
HAP, see Hydroxyapatite (HAP)
HAP crystallites, 80, 88
HDS, see Highly disperse silicas (HDS)
Hematite, 161, 163
Hemoglobin oxidation, 276
Heptane, 210
Hexagonal ZnTiO3 phase, 134
Hexamethylenetetramine, 229
Hg(II) ions, 192
High albumin/fibrinogen (HSA/Fg)

adsorption Au, DLC, Ti and TiN, 393
adsorption on DLCF, 384
QCM sensors for, 386

High-aspect-ratio structures, 329
Highly conductive metals, 330
Highly disperse silicas (HDS), 269, 306
High-performance liquid chromatography

(HLPC)
of DLC and UDD, 385
with PDC columns, 403–404
solvent polarity on retention time of toluene

and phenol, 403
HLPC, see High-performance liquid

chromatography (HLPC)
Hollow spherical particles

with inorganic nanomaterials, 207
nano- and microparticles, synthesis of,

208–209
Homogeneous spheres, model system of

electric potential
and standard boundary conditions, 5–6

electrostatic boundary-value problem,
multipole expansion techniques for,
22

multipole coefficients calculation, 7–8
vector description, external field, 6–7

in semi-infinite homogeneous medium, 5
HSA, see Human serum albumin (HSA)
HSA/Fg, see High albumin/fibrinogen

(HSA/Fg)
Human immunoglobulin, surface

immobilization of, 67–72
Human serum albumin (HSA), 282, 309
Hydrochloric acid, 220
Hydrogen-bonded conformers, 295
Hydrolytic polycondensation, 67
Hydro-osmotic activity, 58
Hydrophilic–hydrophobic silica-based

nanocomposites, 273



Index 413

Hydrophilic–hydrophobic silicas, 270
Hydrophobic silicas, 295
Hydroxyapatite (HAP), 79
Hydroxylated silica, 269
Hyperthermia, 51, 57, 63, 64, 77
Hypsochromic shift

of bilirubin absorption band, 297
of peak of quercetin absorption spectrum,

287
Hysteresis loops, for magnetic nanocomposites,

161, 166

I
Ibuprofen, 171
Immune activation, 311
Immunoglobulin

adsorption isotherms, 311
Ig G, AFM tip modified with, 365–366

Immunotherapeutic drugs, 52
Implants’ biocompatibility evaluation,

363–365
Indirect electronic transitions, 133
Infrared (IR) optoelectronic devices, 235
Inkson interpolation model, 32
Insulating alumina, 127
Interaction potential dielectric β-cristobalite

crystal slabs, in vacuum space, 26
charge densities and, 28
Coulomb interaction between charges,

26–27
distribution of potential in vacuum space,

28–30
Green’s function in vacuum space, 27–28

Interfacial energy (γS)
dependence on BSA concentration,

308–309
as function of

composition of HPF/Fm/Fb system on,
319

concentrations of HPF and silica, 316
concentrations of Ig and silica A-300,

313
In-wire TFTs

channel mobility of, 340
IDS–VDS characteristics of, 339
metal/semiconductor contacts of, 338
optical micrograph of, 338–339
Schottky contact resistance of, 340
synthesis of, 338
TEM images of, 338–339

Iodine adsorption, 267
Ionenes, 146, 148
Ionic surfactants, 146

Iron acetyl acetonate, 160
Iron sesquioxide, 213
Iron sulfate, 160
IR optoelectronic non-cooled transducers, 222
IRP-1225-CNT, chemical resistance of

sample density, 358–359
time exposure to sulfuric acid

deformation loop, 362–363
weight changes, 359–360

IRP-1225 matrix
CNT incorporation into, 361
compression diagram of, 362

IR reflection spectra, of xerogels containing
HS group, 184

IR spectra
of β-cyclodextrin, 255
of initial silica, and silica after mixing with

PVP, 173
as a narrow intensive band at, 171
in reflectance mode, 120
of xerogels, 183, 184

IR spectroscopy method, 171–172
Isotherms

of bile pigment adsorption, 299, 300
Ig adsorption, 311, 312
immunoglobulin to nanocomposite

Fe3O4/γ -APS, 70
of mercury (II) adsorption from Hg(NO3)2,

250
of PVP adsorption from aqueous solution,

172
of saccharose on surface of, 320

K
Kaolin, 53
Keto–enol tautomerism, 287
KFK-2MP spectrometer, 228
Knee-joint’s replacement, experiment on, 365

L
Lagergren kinetic model, 248
Langmuir equation, 172, 252
Langmuir model for monolayer adsorption,

252
Lateral conductivity, 243
Layer-by-layer deposition methods, 331
Lecithin, 95
Liquid–crystal interface, 223
Liquid-phase method, 170
Lorentzian mixing ratio, 125
Luminescence spectra, of cerium-containing

gel glasses, 232
Lysetox, 57, 58
Lysosil, 57, 58
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M
Maghemite, 154
Magnetic carriers, 64
Magnetic oxides, 51
Magnetite, 51, 154, 209

carrying immobilized cisplatin, 77
coating with poly(acryl amide), 66
crystallites, 166
deposited onto silica, 163
develope porous structure in, 213
as ferromagnet, 159
formation of, 210
and hematite, 161
modification with γ -aminopropylsiloxane,

67
morphology, 162
nanoparticles, 75
particles are randomly located around, 165
synthesis and properties, 65–66
XRD analysis of, 214

Magnetite spheres, characteristics of, 214
Magnetization, 160
Magnetosensitive nanocomposites, 65
MAS NMR spectra, 96
Mass spectrometry (MS), 96
Matrix disperse systems (MDS), surface

electromagnetic modes analysis in,
3–4

Maximum adsorption values (α max),
176

MB+ desorption/ionization mechanisms, 46
MB dye, see Methylene blue (MB) dye
MBS 7V-14 system

carbon black, 360–361
influence of CNT on, 361

McBain–Bark quartz scale, 95
MCT detector, 95
Melt

flow, 203
structurization, 199
viscosity, 198, 200
See also Melting and crystallization

Melting and crystallization
of binary and ternary mixtures of polymers,

203
of polypropylene–copolyamide mixture,

205
of PP/CPA mixtures

characteristics, 205
with nanosilica, 204

thermograms of, 198, 203
Mercury (II) adsorption for β-cyclodextrin-

containing silica III, 252

Mesoporous silicas
ordered, 152
template synthesis in nanoreactors,

149–151
Mesoporous TiO2, synthesis of, 132–134
Mesoporous TiO2/ZnO/Ag films, 134
Metal acetylacetonates M(acac)x, 229
Metal ion adsorption, 96
Metallic spherical particles in external electric

field
frequencies of surface plasmons in, 15–17
polarizability tensor of, 15

Metal microprobe technique, 190
Metal nanoclusters, 152
Metal nanowires, 330
Methemoglobin, 276
4,4’-Methylenebis(phenylisocyanate), 120
Methylene blue (MB) dye

DIOS mass spectra of, 48
and modified porous silicon surface,

ion-change reaction between, 45–46
dye deposition, 47
laser-induced tunnel transition of

electron, 49
PS fabrication and oxidation, 46
PS-OXmono modified ionization

platforms, 49
reduction/protonation of MB cation,

48–49
Methylene bridge, 295
Methyl orange, 131
Microcalorimetry, 96
Microfibers, 197, 203
Microstructure characteristics, of

polypropylene–copolyamide,
202

Molar extinction coefficients, of bilirubin, 298
Monoclonal antibodies, 51, 64

CD 95, oxidation of, 75
Monolayer adsorption capacity Am, 311
Monomeric bile salts, 297
Mono-tosyl-β-cyclodextrin (Ts-β-CD), 248,

251
MS, see Mass spectrometry (MS)
MS detector, 96
MTT-colorimetric test, 75
Multilayer Ge nanocluster structures, 236
Multilayer Ge/Si heterostructures, 236
Multipole coefficient’s calculations, 4
Multipole interaction effect and radiation

spectrum of
golden particle, 18–19
silver particle, 19
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Multishell-nanowire-based FETs, 337
Multiwalled CNTs (MWNT)

content of oxygen in, 348
distribution in PTFE matrix, 350
influence on polypropylene structure, 350,

352–356
nanocomposite, 348
relative concentrations of

oxygen-containing centers on, 350
samples of rubber filled with, 348
TEM images of, 349

Muriatic hydrazine, 219
MWNT, see Multiwalled CNTs (MWNT)

N
Nanocluster arrays, 236
Nanocomposites

antioxidant properties of, 275–277
based on polymeric matrices, see

Nanocomposites based on
polymeric matrices

carrying anti-tumour drug, 72
carrying cytotoxic drug and, 65
for CeO2/SiO2, 230
Fe3O4/PAA, 75
formation, model of, 231, 232
with hierarchical architecture and, 51
magnetically controlled, 647
magnetite nanoparticles coated, 69
magnetosensitive cores in silica shells,

64
for medico-biological and, 245
on optical and photocatalytic properties,

132
sugars bound in protein–silica, 320
XRD patterns, 164

Nanocomposites based on polymeric matrices
polypropylene, 348
polypropylene–MWNT, see

Polypropylene–MWNT
PTFE, 348
PTFE–MWNT

strength characteristics of, 350, 351
TEM and AFM images of, 351
thickness of fibrous-connective tissue

around, 364
rubber–MWNT

abradability tests, 357–358
rubber MBS 7V-14, 357–358

Nanodispersed silicas (NDS), 54
biomedical properties of, 54–55
effects in vitro, 56
and microorganisms, 57

preparations based on, 55–56
quinidine immobilization on, 59

Nanolithography, 223
Nanonosilica modifications, 170
Nanooxides interaction, with polymers and

proteins, 109–113
Nanoparticles

directed motion of, 43
directed transport of, 2
interactions and surface effects, 1

Nanoporous silica, 2
Nanoreactors, based on large pores of silica

gel, 149–151
Nanorobots, 51
Nanosystems, directed motion in, see

Brownian particles
Nanotubes, 117

See also Carbon nanotubes (CNTs);
Multiwalled CNTs (MWNT)

Nanowhiskers, 217–219, 218, 222, 223
Nanowires, 117, 218

alignment of, 339
Au/CdS/Au@(SiO2)10, 340
chemical assembly of, 329
metal, see Metal nanowires
metal/CdS/metal, 338

NDS, see Nanodispersed silicas (NDS)
Nimesulide, 57
Nitrogen adsorption–desorption isotherms, 95

of Al2O3 support, 124
of MCM-41, 151
of silica gel, 150

Nitrogen adsorption isotherms
of DLC, PDC, and UDD, 385
of silicas, 147

NMR measurements of heterogeneous systems,
304

1H NMR spectroscopy
of β-CD–Hg(NO3)2, 255
β-CD–NO3- inclusion complex formation,

254
colloidal and biocolloidal systems studied

by, 304
SBW, 314
of unfrozen water, 307
of water bound in BB1, 86
of water bound in BB2, 89
water structure determination, 80

N -(5-nitro-2-thiazolyl)acetamide, 171
N=O chromophore, 253
Non-carbonyl oxygen, 128
Nonequilibrium fluctuations

in asymmetric media, 35
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potential energy, Brownian particles
dichotomous process, 38–39, 41
diffusion coefficient, 37–38
Fourier-transformation, 40
harmonic fluctuations, 41
Langevin equation for, 37

Nonpolar dimethylsilyl groups, 200
Non-volatile compounds, 170

O
Optical spectra of DMAAB, 101
Optoelectronics, 217
Orasan, 56
Organosilicas, 247
Oxidative pathway, 142
Oxyhemoglobin, 276

P
Paradontosis, 57
Partially hydrophobized silica, properties of,

271–273
Partial pressure of water vapour, 210
Partial re-crystallisation of Fe3O4, 213
Particle size distribution (PSD), 113, 160, 213
Particle sizes and shapes of SiO2/Fe3O4, 165
Passive immunotherapy, 64
Pauli–Fermi principle, 117
31P CP/MAS NMR spectroscopy, 187
PDC

EDX data for, 400
high-energy f(E) peak of, 402, 404
incremental PSD of, 401
nanoparticles in, 384
pore structure of, 400
retention time for, 403
structural characteristics of, 399

PDD compacts
adsorption potential for, 401
nitrogen adsorption energy for, 401
SEM image of, 399
vs. PDC, 402

PDMS, see Polydimethyldisiloxane (PDMS)
Peak synthesis

for Ag3d level, 139
for O1s level, 141
for Ti2p level, 137
for Zn2p level, 138

PEG, see Poly(ethylene glycol) (PEG)
3,5,7,3’,4’-Pentahydroxyflavone, 281
PEO, see Poly(ethylene oxide) (PEO)
Perturbation degree (Φ), 110
Petrolatum, 171
Pharmacotherapeutic systems, with silica

nanoparticles, 55

Phase composition, of nanospherical materials,
211

Phenol, solvent polarity effect on retention
time of, 403

Phosphate buffer solution (PBS), 306
Photocatalysts, 131, 142
Photocatalytic activity, 133, 142
Photocatalytic efficiency, 142
Photochemical deposition of Ag nanoparticles,

132
Photocurrent

excitation, 237
quantum yield, 132
range, 241, 243

Photoinduced charge, 132
Photoinduced electrons, 142
Photolithography, 218
Photoluminescence spectra, 229
Photooxidation of Rhodamine B, 143
Physical system

homogeneous spheres, model system of,
see Homogeneous spheres, model
system of

spheres above substrate
expression for polarizability tensor of,

9–10
induced dipole moments of, 10
line connecting centers of, 8–9

Physicochemical properties
and biocompatibility of partially

hydrophobized silica, 271–273
of carbon and alumina in carbon-coated

alumina, 119
of nanosilicas, 169

Phytosilard-N, 57
Pluronic P123, 132
Point of zero charge (PZC), 304
Polarizability tensor

components, expressions for, 17
of metallic spherical parts in external

electric field, 15–17
of single spheres above substrate, 10–12
of two spheres above substrate, 9–10

Polar OH groups, 200
Polar solvents, 91
Poly(acryl amide) (PAA), 67
Poly(1-4)-2-amino-2-deoxy-D-glucose, see

Chitosan
Polycations, 146
Polycondensation, 227
Polycrystalline diamond compacts

nanoparticles in, 384
porous, see Porous PDCs
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Polydimethyldisiloxane (PDMS), 95, 109, 210
Poly(ethylene glycol) (PEG), 95, 109, 110, 113
Poly(ethylene oxide) (PEO), 95, 109, 110, 171
Polyionene, 149
Polymer matrices biocompatibility,

evaluation of
PP–MWNT implantation, 363, 364–365
PTFE–MWNT implantation, 363, 364

Polymer molecules, 174
Polymer–polymer interactions, 110, 316
Polymer–TEG system

PE–TEG and PVC–TEG, 372–373
PTFE–TEG, 373

Polymethylsiloxane, 58, 59
Polyphenoles, 171
Polypropylene–copolyamide mixtures, 197
Polypropylene–MWNT

crystallization processes, 352–353, 355
EPA study, 355
melting processes, 352–353
temperature dependence of linear

expansion coefficient, 355–356
thickness of fibrous-connective tissue

around, 364
XRD patterns of, 353–354

Polysiloxane xerogel, 179
Polysilsesquioxane xerogels, 191
Polytetrafluoroethylene (PTFE), 348

nanocomposited based on, see PTFE–
MWNT

thickness of fibrous-connective tissue
around, 364

Polyurethane lacquer, 119
Polyvinylpyrrolidone (PVP)

adsorption
layer on nanosilica surface, 175
on nanosilica surface, 172

interaction, 172
macromolecules, 175

Porous PDCs
commercial, 385
properties of, 384

Porous silica gels, 53
Porous silicon (PS)

FTIR spectra of, 46–47
surface and methylene blue dye, ion-change

reaction between, 45
dye deposition, 47
fabrication and oxidation, 46

Potassium carbonate, 219
Potential barrier formation, 25, 30–31
Prostaglandins, 57
Protein–solid interfaces, 303

Protein–sugar interactions, 320
PS, see Porous silicon (PS)
PSD, see Particle size distribution (PSD)
PTFE, see Polytetrafluoroethylene (PTFE)
PTFE–MWNT

strength characteristics of, 350, 351
TEM and AFM images of, 351
thickness of fibrous-connective tissue

around, 364
PTFE–TEG system, CM microstructure in,

373
PVP, see Polyvinylpyrrolidone (PVP)
Pyoinflammatory complications, 57
Pyrogenic oxide systems, 52
Pyrolysis

of chitosan, 263
formation of uniform carbon coating, 125
of grafted MDI species, 121
laser, 160
of 4,4’-methylenebis, 120
of polymer layer, 119
stages of silica-adsorbed chitosan, 264
volatile products, 261

PZC, see Point of zero charge (PZC)

Q
Qt–BMM complex, 288
Qt–HSA complex, 288
Qt–HSA constants, 286
Quanta energy, 241
Quantum-sized effects, 117
Quartz crystal microbalance, 386
Quercetin, 281, 282, 284
Quercetin molecule, tautomerization, 287
Quinidine–albumin– NDS conjugate, 59

R
Radial dependence, of adhesive forces, 317
RB, see Rhodamine B (RB)
RBC shape distributions, histograms, 321
Reactor of intensive mixing (RIM), 171, 173,

174
Refractive index, 131, 133
Rehydron, 56
Rejection reaction

implants’ surface and, 365–366
methods to determine, 363

Rheological investigations of ternary blends
PP/CPA/A-300, 199

Rhodamine B (RB)
degradation, 142
mineralization of, 142
photodegradation, 132

Rotational mobility, 109
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Rubber–MWNT
abradability tests, 357–358
rubber MBS 7V-14, 357–358

Rutin, 281, 284
Rutin–BMM complexation, 290

S
SAW structures, 84
Scanning electron microscopy (SEM), 211,

385
of carbon-coated alumina, 125
of gold film on Si crystal, 219
of nanosized whiskers, 221
of silicas, 148

aggregate, 165
Scherrer equation, 134, 154, 229
S-Containing xerogel, 180
SEM, see Scanning electron microscopy

(SEM)
Semiconductive ceramics, 131
Semiconductor, 131

engineering, 218
whisker, dimensions of, 222

Sensitive elements (SEs), 369
Serum albumins, 306
SEs, see Sensitive elements (SEs)
Shirley method, 132
Si-containing minerals, 53
29Si CP/MAS NMR spectra, 104
Si-doped DLCF, 384
Si/Ge heterojunction, 238, 241, 243

photoconductivity spectral dependence of,
241–242

Silanols, 54
Silica-adsorbed chitosan, 260
Silica A-300 nanoparticle, 309
Silica-based nanocomposites, 273–275
Silica–chitosan–iodine samples, 260
Silica-coated nanowires, I–V characteristics of,

336–337
Silica gels, structural characteristics of, 399
Silica nanotubes

dielectric constant, 337
film thickness graph, 332, 334
growth on AAO membranes using SSG

technique
alumina pore walls, 335
porous structure, 335, 337
SiCl4 adsorption, 333–334
synthetic protocol, 331–332

TEM images of, 332, 333
Silica surface coverage (À), 176
Silicon compounds, 53

Silicon dioxide in metal wire-based device
structures, 330

Silicon nanowhiskers, 219
Silicon tetrachloride, 209, 220
Silics, 56
Siliks, 51
Siloglucan, 56, 57
Silver nanoparticles, 152
Silver oxide, 135
SiO2/Fe3O4 nanocomposite, 165
SiO2/Fex Oy nanocomposites, 161
SiO2-insulated metal interconnects, 336
SiO2 nanotubes, see Silica nanotubes
Si–O–Si bonds, 209
SiO2-tube encapsulated Au nanowires,

template SSG synthesis of, 332
SiO2(111)–vacuum–SiO2(100) system

interaction potential distribution in, 31
plot of total potential distribution for,

32
Si whisker array, emission properties, 221
Size distributions

of pores, 90
of quantum dots, 237
of voids, 318

Small particles (SP)
homogeneous spheres, see Homogeneous

spheres, model system of
sphere

above substrate, single, see Sphere
above substrate, single

above substrate, two, see Spheres above
substrate, two

surface electromagnetic modes analysis in,
3–4

Smoluchowski equation, 38–39, 42
Sol–gel method, 179, 227
Solid-state NMR spectroscopy, 185–189, 188
Soret band, 277
SP, see Small particles (SP)
Spatially confined systems

fluctuations of electromagnetic field in, 20
MDS spectrum for, 19–20
metallic spheroid, 21
spherical coordinates’ system, 20

Sphere above substrate, single
optically active modes, 14
polarizability of

Lorentzian dielectric functions, 10
resonant frequencies for, 11–12

resonances for
nonzero, 11–12
splitting in, 13–14
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Spheres above substrate, two
expression for polarizability tensor of, 9–10
induced dipole moments of, 10
line connecting centers of, 8–9

Spherisorb R© column, 404
Spinning draft value, 201
Spinning jet value (μMax), 197, 200, 201
SSG, see Surface sol–gel deposition (SSG)
Stainless steel stent and disc, Raman spectra

of, 392
Steroid skeleton, 294
Stochastic dichotomous processes, 38–39
Structural-adsorption characteristics of silicas,

151
Structural potential distribution

calculations in hyperfine vacuum
space, 33

for DVD system, 29–30
Sugar molecules, 309
Superhydrophilic coatings, 131
Supersaturation, 220
Supramolecular chemistry, 245, 293
Supramolecular structures, 293

and desorption capability of sugars, 320
on silica surface, 245

Surface analysis of TiO2/Ag, 135
Surface C/Al ratio, 129
Surface charge density, 97
Surface electromagnetic modes (SEM) in SP

and MDS, 3–4
Surface layer structure for adsorbents, 249
Surface modification of nanosilica, 197
Surface sol–gel deposition (SSG), 330

applications of, 341
deposition cycles, 331

Surfactants, 282
Swelling

pressure, 174
value, 201

Synthetic silicas, 53

T
Talc, 53
Taurine, 294
Temperature-programmed desorption (TPD),

95
Template synthesis of mesoporous silicas,

149–151
Templating agent, 132
TEOS, see Tetraethoxysilane (TEOS)
Tetraethoxysilane (TEOS), 146, 180, 228
Tetramethylsilane, 96
Textural properties, 124

TFTs, see Thin film transistors (TFTs)
Thermal analysis

of modified silica, 261
using TG/DTG-DTA technique, 121

Thermal decomposition
of chitosan, 263–265
oxide surfaces causes changes

during, 110
Thermal deposition, 218, 223
Thermally stimulated depolarisation current

(TSDC), 96, 98
Thermal treatment

of TiO2/ZnO/Ag films, 136, 139
of xerogels, 231

Thermostable electron sources, 224
Thin film transistors (TFTs), 337

coaxially gated in-wire, see Coaxially
gated in-wire TFTs

in-wire, see in-wire TFTs
Thiourea, 192
Time-dependent spectra

of quercetin, 286
of rutin, 286

TiNx coatings
Fg–HSA/HSA–Fg adsorption on,

395
Raman spectra of, 390–391
SEM images of, 388–389

Ti–O–Ag bonds formation, 141
TiO2-based semiconductors, 133
TiOx -covered stent, 390–391
TiO2/ZnO/Ag heterojunctions, 132
TiO2/ZnO/Ag nanocomposites, 134, 136
TiO2/ZnO films, synthesis of, 133–134
Ti2p3/2 line of TiO2/Ag samples, 137
Titania, see Titanium dioxide
Titania films, 134
Titanium dioxide, 104, 131
Titanium tetra-isopropoxide, 132
α-Tocopherol, 270, 275
Toluene, solvent polarity effect on retention

time of, 403
Total phenolic index, 275
TPD, see Temperature-programmed

desorption (TPD)
Triblock copolymer, 132
Trifunctional silane, 180
Trihydroxycholanic acid, 294
Ts-β-CD, see Mono-tosyl-β-cyclodextrin

(Ts-β-CD)
TSDC, see Thermally stimulated depolarisation

current (TSDC)
Type I isotherm, 148
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U
UBM laser profilometer, 386
UDD, see Ultradisperse diamond (UDD)
Ultradisperse diamond (UDD), 384

characteristics of, 385
FTIR spectra of, 398, 399–400
PDC formation by, 398

Ultrathin synthetic fibers, 197
UV illumination, 131
UV irradiation, 133, 276
UV–vis spectra, 132

of antioxidants-free erythrocytes
suspensions, 276

of colloid silver, 153, 154
plasmon resonance band and, 142
of silica–chitosan–iodine samples, 266

UV/vis spectrophotometry, 95

V
Valence vibrations

of O–H bonds, 251
of SiO–H bonds, 230

Vibration spectroscopy, 183–185
Vitamins C and E, 270
VLC mechanism, 218

W
Warfarin, 288
Water-soluble flavonoid composition, 282
Water-soluble natural, and synthetic polymers,

282
WAW structures, 84
Weak acid silanol groups, 251
Whisker formation, 220

X
Xantene dye, 133
Xerogels, 184, 190, 192, 227
XPS, see X-ray photoelectron spectroscopy

(XPS)
XPS analysis

of atomic level Ti2p, 137
of carbon-coated alumina supports, 128
of TiO2/1%ZnO films, 138, 139

XPS envelopes, 127
X-ray diffraction (XRD)

of carbon-coated alumina, 121
of DLC, PDC, and UDD, 385
of hollow spherical particles, 212
of magnetite, 214
of MT1–MT3 nanocomposite, 164–165
of nanowhiskers, 223
of polypropylene–MWNT films, 354
of SiCeM1–4 nanocomposites, 231
of silver-containing silicas before

dissolution, 153–155
of SiO2/γ -Fe2O3 (MHT), 164
of TiO2/Ag and /TiO2/ZnO/Ag films,

134–135
X-ray photoelectron spectroscopy (XPS), 67,

132
X-ray powder diffractometry, 230
XRD, see X-ray diffraction (XRD)
XRD analysis, see X-ray diffraction (XRD)

Z
Zinc acetate, 132
Zinc oxide nanowhiskers

current–voltage characteristic for field
emission from, 223

synthesis of, 219
Zinc–titanium oxide, 131
Zn ions-enriched surface, 134
Zn–O–Ti bonds, 137
ZnO vapor, 223
ZnS cathodoluminescent screen, 237
Zn2Ti3O8 phase

composition, 134
crystallization, 138

ZrOx coatings
Raman spectra of, 390
SEM images of, 388–389
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