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Preface

For the solid/liquid interfaces modified with polymers, the interfacial properties
would be significantly influenced by the polymer behavior. Understanding the
interfacial polymer behavior is a prerequisite to control the interfacial properties
and to prepare well-designed polymeric interfacial materials. Actually, the char-
acterization and analysis of polymer behavior at interfaces still remain a great
challenge, particularly for the dynamic behavior. In the past 10 years, quartz
crystal microbalance with dissipation (QCM-D) has been successfully applied to
study the polymer behavior at various solid/liquid interfaces. In comparison with
the conventional QCM which can merely provide the change in frequency,
QCM-D gives the information about not only the variations in mass, thickness and
rigidity of the polymer layer but also the viscoelastic properties of the polymer
layer. Therefore, it is anticipated that QCM-D would provide a clearer picture on
the molecular interactions of the macromolecular systems at the solid/liquid
interfaces.

This book is intended to give an overview of our recent studies on polymer
behavior at the solid/liquid interfaces by use of QCM-D. It starts with a brief
introduction of the basic principles of QCM-D to give readers a straightforward
impression on what is QCM-D and what can be obtained from QCM-D mea-
surements. In the following chapters, we will show that how QCM-D can be used
to investigate the conformational change of grafted polymer chains, the grafting
kinetics of polymer chains, the growth mechanism of polyelectrolyte multilayers,
and the interactions between polymers and phospholipid membranes. The physical
meaning of the shifts in frequency and dissipation and the advantages of QCM-D
technique will be presented. We hope this book will be helpful to the readers to
understand how to use QCM-D to study the polymer behavior at the solid/liquid
interfaces. We also hope it can serve as a reference material for academic and
industrial researchers working in the fields of polymers and interfaces.

Guangming Liu
Guangzhao Zhang
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Chapter 1
Basic Principles of QCM-D

Abstract The solution of wave equation relates the eigenfrequency to the
thickness of crystal when the acoustic wave propagates in a circular AT-cut quartz
crystal, which makes the resonator as a quantitatively ultrasensitive mass sensor
possible. When a RF voltage is applied across the electrodes near the resonant
frequency, the quartz crystal will be excited to oscillate in the thickness shear
mode at its fundamental resonant frequency. For a rigidly adsorbed layer which is
evenly distributed and much thinner than the crystal, the added mass on the res-
onator surface is proportional to the frequency shift (Af), i.e., they are related by
the Sauerbrey equation. On the other hand, the energy dissipation (D) during the
oscillation of resonator is an indication of the rigidity of the adsorbed layer. The
frequency and dissipation are measured by fitting the oscillation decay of the
freely oscillating resonator. In a Newtonian liquid, Af and AD are related not only
to the inherent properties of the resonator but also to the solvent viscosity and
density. The theoretical representations based on the Voigt model can be used for
the viscoelastic film in the liquid medium where the Sauerbrey equation may not
be valid. Therefore, QCM-D not only gives the changes in mass and rigidity of the
adsorbed layer, but also can provide the information on the viscoelastic properties
of the adsorbed layer such as hydrodynamic thickness and shear modulus.

Keywords AT-cut quartz crystal - Sauerbrey equation - Thickness shear mode -
Oscillation - Eigenfrequency - Dissipation factor - Viscoelasticity + Voigt model

In 1880, Pierre Curie and his elder brother Jacques Curie found that crystals of
Rochelle salt could generate electric potential between opposing surfaces when the
crystals were compressed in certain directions (i.e., piezoelectricity) [1]. Two
years later, they confirmed that the reverse effect could also occur when the
crystals were subjected to an electric field. However, the phenomenon of piezo-
electricity and its converse piezoelectric effect did not receive much attention until
the World War I when it was demonstrated that quartz crystals could be used as
transducers and receivers of ultrasound in water to detect the submarine. In 1921,
Cady made the first quartz crystal resonator based on the X-cut crystals [2]. But,
the X-cut crystals exhibited very high temperature sensitivity, so that they could

G. Liu and G. Zhang, QCM-D Studies on Polymer Behavior at Interfaces, 1
SpringerBriefs in Molecular Science, DOI: 10.1007/978-3-642-39790-5_1,
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2 1 Basic Principles of QCM-D

merely be applied in the fields where the variation of temperature is little
importance. The first AT-cut quartz crystal was introduced in 1934, which had
nearly zero frequency drift with temperature around room temperature [3]. The
advantage of the AT-cut quartz crystal renders this particular cut the most suitable
for the mass-detection sensor [4]. In 1959, the linear relationship between the
deposited mass and the frequency response was established by Sauerbrey, which
formed the fundamental basis of the quartz crystal microbalance (QCM) meth-
odology [5]. Nonetheless, QCM was just used as a mass detector in vacuum or air
until the beginning of 1980s when scientists realized that a quartz crystal can be
excited with a stable oscillation in a viscous liquid medium [6, 7]. Afterwards, the
applications of QCM were extended to many research areas including biology,
chemistry, physics, medicine, polymer science, and environmental science [8—10].

Generally, the cut angle of quartz crystal determines the mode of induced
mechanical vibration of resonator. Resonators based on the AT-cut quartz crystal
with an angle of 35.25° to the optical z-axis would operate in a thickness shear
mode (TSM) (Fig. 1.1) [4]. Clearly, the shear wave is a transverse wave, that is, it
oscillates in the horizontal direction (x-axis) but propagates in the vertical direc-
tion (y-axis). When acoustic waves propagate through a one-dimensional medium,
the wave function (1) can be described by [11]:

Yy 1%y
w2 yor 0 (1.1)

where v is the wave speed which depends on the elastic and inertial properties of
the medium, x is the position at which the wave function is being described, 7 is the
time. The eigenfrequency (f,) can be obtained by solving the above equation:

ny

- (1.2)

I
where n is the overtone number and L is the length of the one-dimensional
medium.

Likewise, the wave equation for the propagation of acoustic waves in a three-
dimensional medium (e.g., quartz crystal) can be described by [11]:

2 2 2 2
CIUZMCIUZNCI 7 B SO S (1.3)
ox2 0y 072 v 02

The corresponding eigenfrequency (f,mk) for the quartz crystal can be calcu-
lated by solving the wave equation with appropriate boundary conditions [4]:

n2 m? k2
+

1%
e (1.4)
2\ W

fnmk =

where hy, [,, and w, are the thickness, length, and width of the quartz crystal,

respectively, and n, m, k = 1, 3, 5, .... Obviously, the eigenfrequency of the quartz
crystal is determined by its size. Similarly, the eigenfrequency for the acoustic
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X

Fig. 1.1 Schematic illustration of the thickness-shear-mode resonator, where the shear wave
oscillates in the horizontal direction but propagates in the vertical direction

waves traveling in a circular AT-cut quartz crystal with a radius of r, can be
obtained by solving the wave equation using the cylindrical coordinates [4]:

R S

LA L 1.5
Jamk o hc2]+ (1.5)

7
wheren =1,3,5,...,.m=0,1,2,3, ...,k =1,2,3,..., and y is the kth root of
Bessel function of order m. If r, > h,, the propagation of the shear wave can be

treated one-dimensionally [4]:
n’n? oy noo iy
——=—=—|—==nf (1.6)
hg 2h;  2h4 \ p,

where f is the fundamental resonant frequency, p, is the shear modulus of quartz,
pq is the density of quartz, and v = (,uq/pq)l/ 21t can be seen from Eq. (1.6) that the
fundamental resonant frequency is mainly influenced by the thickness of the quartz
crystal since other parameters are constant in this equation, which makes the AT-
cut quartz crystal as a quantitatively ultrasensitive mass sensor possible. The QCM
sensor generally has a sandwich structure, namely, the quartz crystal is placed
between a pair of gold electrodes (Fig. 1.1). When a radio frequency (RF) voltage
is applied across the electrodes near the resonant frequency, the quartz crystal will
be excited to oscillate in the thickness shear mode at its fundamental resonant
frequency. Assuming that the addition of a thin layer to the electrodes will induce
a change in the crystal thickness from A, to h,/, then the frequency will change
from f, to f,,":
ny

! -
=5y (1.7)
q
Therefore, the frequency shift (Af) caused by the deposition of the additional
layer can be expressed as:

mt, ~hy) sk,

A =f—fo=— =
S =) 2h,h, 2h,h,

(1.8)
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By the combination of Egs. (1.6) and (1.8), we can get:
ﬂ _ Ah,
hh

If Ah, < hg, Eq. (1.9) can be written as:

Af  Ah, AhgpAg — AM, (1.10)
Jn hy hypeAq hapAq .

Equation (1.10) describes the relationship between the frequency shift and the
mass change of the quartz crystal (AM,). A, is the area of the electrode on the
crystal surface. For a rigidly adsorbed layer which is evenly distributed and much
thinner than the crystal, AM, is approximately equal to the mass change induced
by the adsorbed layer (AM)) [5, 6], so that Eq. (1.10) can be described as:

f;’l nf 0 hqquq hqp q .
where Amy is the mass change of the adsorbed layer per unit area (i.e., areal mass
density, Am, = AM/A,). Then, the so-called Sauerbrey equation can be derived
from Eq. (1.11) [5]:

_Pha SN (1.12)

A =
i fo n n

This equation relates the mass change of the adsorbed layer to the frequency
shift of the quartz crystal, which forms the fundamental basis of the highly sen-
sitive QCM mass detection technique. Here, C is the mass sensitivity constant
of ~17.7 ng cm > Hz™"' for a 5 MHz quartz resonator [12].

However, the Sauerbrey equation can be merely used to estimate the mass
change of a rigidly adsorbed layer on the resonator surface in air or vacuum. When
a viscoelastic film is deposited on the resonator surface in liquid medium, the
oscillation of resonator would be damped by the adsorbed layer. If the damping in
the deposited film becomes sufficiently large, the linear relationship between
Af and Amy is no longer valid [13]. Therefore, this requires defining another
parameter to characterize the viscoelastic properties of the adsorbed layer. The
energy dissipation during the oscillation of resonator can be described with the
dissipation factor (D) [14]:

1 E;

0 27E,

= (1.13)
where Q is the quality factor of the crystal, E, is the energy dissipated during one
oscillation, and E is the energy stored in the oscillating system. A larger value of
D reflects the formation of a softer and more swollen layer, whereas a smaller
D indicates a relatively rigid and dense layer adsorbed on the resonator surface [15].



1 Basic Principles of QCM-D 5

The change in D can be obtained by measuring the impedance spectroscopy [9]
or by fitting the oscillation decay [14]. In the former method, a broader resonance
peak is indicative of a larger dissipation factor. In the latter case, the measurement
of D is based on the fact that the amplitude of oscillation (A) or the output voltage
over the crystal decays as an exponentially damped sinusoid when the driving
power of the piezoelectric oscillator is switched off at + = 0 (Fig. 1.2) [16]:

A(t) = Age™/"sin(2nft + @) + C (1.14)

where 7 is the decay time constant, A(f) is the amplitude of oscillation at time of f,
Ay is the amplitude at # = 0, C is a constant. By fitting the oscillation decay of the
freely oscillating resonator, one can get the frequency (f). Note that the output fis
the difference between the resonant frequency (fy) of the crystal and the constant
reference frequency (f,), i.e., f = fo — f [13]. The value of D can be obtained by
the following relation [14]:

1

= (1.15)

In this book, all the studies on the polymer behavior at the solid/liquid inter-
faces are conducted on a quartz crystal microbalance with dissipation (QCM-D)
from Q-sense AB [14]. The measurements of the shifts in frequency (Af) and
dissipation (AD) are based on the second method. Thus, we can simultaneously
obtain a series of changes of Af and AD via fitting the oscillation decay by

Amplitude / (a.u.)

badsbbbia-nHuUBERRES

[

&

2 N 0 | W 10 0 B 180 D0 2 24 B0 20 M0 IO M0 = 380 400 0 0 80 40 S0 S0

Time / ps

Fig. 1.2 The exponential decay of the amplitude of oscillation of a 5 MHz, AT-cut quartz
crystal in water at 25 °C
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switching the driving voltage on and off periodically. When the quartz resonator is
immersed in a Newtonian liquid, the frequency response of the quartz resonator
can be quantitatively described by the Kanazawa-Gordon equation [17]:

Af = —r¥f(mpy/ Tptgp,)? (1.16)

where p; and 5, are the density and viscosity of the liquid medium, respectively.
On the other hand, the change in dissipation factor in a Newtonian liquid can be
expressed as [18]:

AD = 2(fo /n) (1) TP, (1.17)

Equations (1.16) and (1.17) show that Af and AD are related not only to the
inherent properties of the quartz crystal but also to the solvent viscosity and
density. Therefore, the shifts in Af and AD induced by the polymer behavior at the
resonator surface can be extracted by taking the background response of the blank
resonator as a Ref. [19].

Since the Sauerbrey equation is not valid for the viscoelastic layer, theoretical
representations based on the Voigt model can be applied in such situations [20].
Assuming that the adsorbed layer surrounded by a semi-infinite Newtonian fluid
under no-slip conditions is homogenous with a uniform thickness, the complex
shear modulus (G) of the adsorbed layer can be described by:

G =G +iG" = pp + 2nfny = pe(1 + i27f17) (1.18)

where G’ is the storage modulus, G” is the loss modulus, p is the elastic shear
modulus, 7, is the shear viscosity, t,is the characteristic relaxation time of the film
which equals to the ratio of #;to ux Then, Af and AD can be given by:

B
Af =1 1.1
f m<2npqlq (119)
and
_ B
AD = —Re (1.20)
T pyly
where
éannf — i,uf +1
B¢ 2nfny —ipy 1 — oexp(2¢,/y) “:fz 2nfn,
YU 2nf 14 aexp(2éihy)’ & 2nfny — iy

& 2nfy,

_ (27Tf)2,0f .2 py
L=\~ S =y[i—
Ky + 127, n
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and where p;and hy are density and thickness of the adsorbed layer, respectively.
Based on the theoretical representations mentioned above, the hydrodynamic
thickness (%), the shear viscosity (1), and the shear modulus (uy) can be obtained
by fitting the changes of Af and AD at different overtones using the Voigt model
with a Q-tools software from Q-sense AB [20].

For solid surfaces coated with a polymer layer immersed in liquid media, the
interfacial properties would be significantly influenced by the polymer behavior at
the interfaces. So far, the characterization and analysis of polymer behavior at the
solid/liquid interfaces still remain a great challenge, particularly for the dynamic
polymer behavior. From the brief introduction of QCM-D technique above, one
can recognize that QCM-D not only gives us the information about the changes in
mass, thickness, and rigidity of the adsorbed layer, but tells us how the viscoelastic
properties of the adsorbed layer vary on the resonator surface. In the following
chapters, we will intend to give an overview of our recent studies on the polymer
behavior at the solid/liquid interfaces by use of QCM-D. We will show that how
QCM-D can be used to investigate the conformational change of grafted polymers,
the grafting kinetics of polymer chains, the growth mechanism of polyelectrolyte
multilayers, and the interactions between polymers and lipid membranes. In all the
studies, the physical meaning of the changes in frequency and dissipation will be
clearly interpreted and the advantages of QCM-D technique will also be demon-
strated. We hope the readers can more profoundly understand the QCM-D tech-
nique after reading this book.
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Chapter 2
Conformational Change of Grafted
Polymer Chains

Abstract Based on the “grafting from” and “grafting to” methods, polymer
chains are grafted onto the resonator surfaces. QCM-D is used to investigate the
conformational change of grafted chains induced by the variation of external
conditions. For the grafted poly(N-isopropylacrylamide) (PNIPAM) chains, the
QCM-D studies show that the conformational change of grafted PNIPAM chains
induced by the variations of temperature and solvent composition is fundamentally
different from that for the free PNIPAM chains in solution and the grafting density
plays an important role in the conformational change. For the grafted polyelec-
trolytes, the chemical oscillation induced periodic collapse and swelling of poly
(acrylic acid) brushes and the pH-induced folding of DNA with different grafting
densities are discussed in detail with the QCM-D results. The influences of salt
concentration and salt type on the conformational change of grafted polyelectro-
lytes are also discussed in this chapter. The studies demonstrate that QCM-D can
provide not only the changes in mass and rigidity of the grafted polymer chains,
but also the changes in hydrodynamic thickness, shear viscosity, and shear mod-
ulus of the grafted polymer layer, which would give a clear picture on the con-
formational change of the grafted polymer chains.

Keywords Conformational change - Polymer brushes - Polyelectrolyte
Hydration - Electrostatic interaction - Folding - Counterion condensation - Charge
reversion

2.1 Introduction

It is well-known that the interfacial properties are significantly influenced by the
conformation of polymer chains grafted at interfaces [1-4]. However, the in situ
real-time characterization of the conformational change of grafted chains still
remains a challenge [5, 6]. Generally, polymer chains at the solid/liquid interface

G. Liu and G. Zhang, QCM-D Studies on Polymer Behavior at Interfaces, 9
SpringerBriefs in Molecular Science, DOI: 10.1007/978-3-642-39790-5_2,
© The Author(s) 2013
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would exhibit rich conformations depending on the polymer structure, grafting
density, solvent quality, and polymer segment—surface interaction [7-11]. At a low
grafting density where the distance between the grafted chains is larger than the
size of the chains, the grafted chains usually exhibit a pancake-like conformation
when polymer segments attractively interact with the surface [12]. In contrast, if
there are no obviously attractive segment—surface interactions, the chains would
have a mushroom structure [12]. At a high grafting density where the distance
between the grafted chains is less than the chain size, the chains will form brushes
[12]. For charged chains, the conformation is also influenced by the electrostatic
interactions between the grafted polyelectrolyte chains [13].

Due to the stimuli-responsive properties of polymers, the conformation of
grafted polymer chains will be strongly dependent on the external conditions such
as temperature, pH, salt concentration, and salt type [14]. Such stimuli-responsive
properties have important implications and applications in the field of smart
interfacial materials [15]. In comparison with free chains in solution, polymer
chains grafted on a solid surface are expected to exhibit distinct conformational
change upon the variation of external environments [16]. In this chapter, we will
show that how the QCM-D can be used to investigate the conformational change
of grafted neutral and charged polymer chains induced by varying temperature,
solvent composition, pH, salt concentration, and salt type [17-24].

2.2 Temperature-induced Conformational Change
of Grafted PNIPAM Chains with a Low Grafting
Density

Poly (N-isopropylacrylamide) (PNIPAM) is a well-known thermally sensitive
polymer and has a lower critical solution temperature (LCST) at ~32 °C in water
[25]. That is, individual PNIPAM chains adopt a random coil conformation at low
temperatures but collapse into a globule when the solution temperature is higher
than LCST. In contrast with a linear PNIPAM chain free in solution exhibiting a
discontinuous coil-to-globule transition [26], the grafted PNIPAM chains may
exhibit different conformational changes due to the constraint of the chains on
surface [27]. Some studies demonstrated that grafted PNIPAM chains has a sharp
transition near the LCST [28, 29], but other investigations indicated a gradual
collapse of the grafted PNIPAM chains over the LCST [30], which agreed with the
theoretical prediction [9, 27]. To clarify the question, PNIPAM chains are grafted
onto the QCM resonator surface to investigate the collapse and swelling of the
grafted chains induced by the variation of temperature.

Actually, PNIPAM chains can be anchored on the solid surface by either
“grafting to” or “grafting from” method [31]. The former generally would lead to
the grafted polymer chains with a low grafting density, whereas the latter usually
results in the grafted polymer chains with a high grafting density [17, 19].
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PNIPAM chains are first grafted onto the QCM resonator surface with a low
grafting density according to the ‘‘grafting to’” procedure [17]. Figure 2.1 shows a
real-time measurement of Af and AD for the addition of linear NH,-PNIPAM to
the QCM chamber where the resonator surface is immobilized with the groups of -
S(CH,);,OCH,COON(CO),(CH,),. The decrease of Af as well as the increase of
AD with time indicates the grafting of PNIPAM chains onto the resonator surface.
The physically adsorbed chains can be removed by rinsing with water.

Figure 2.2 shows the temperature dependence of —Af. The shift in Af is
indicative of the mass change of the grafted polymer layer [32]. —Af gradually
decreases with the increase of temperature during the heating process, indicating
that the mass of the polymer layer on the resonator surface decreases with tem-
perature. Here, the mass detected by QCM includes the mass of the grafted
PNIPAM chains and the coupled water molecules. Since PNIPAM chains are
grafted on the surface, the decrease in —Af implies the dehydration of the polymer
chains, that is, some bounded water molecules leave the grafted PNIPAM layer.
During the cooling process, —Af increases with the decreasing temperature,

Fig. 2.2 Temperature 300.0
dependence of frequency shift

(—=Af) of linear PNIPAM

chains grafted on the gold-

coated resonator surface, 200.0
where the overtone number
n = 3. Reprinted with the
permission from Ref. [17].
Copyright 2004 American 100.0
Chemical Society
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indicating that the PNIPAM chains rehydrate again as temperature decreases.
Eventually, —Afis back to the original point, suggesting that PNIPAM chains can
resume complete hydration at the low temperature.

The temperature dependence of AD is shown in Fig. 2.3. It is known that a
dense and rigid layer has a small dissipation, whereas a layer with a loose and
flexible structure exhibits a large dissipation [33]. It can be seen that AD decreases
with temperature during the heating process, indicating that PNIPAM chains
shrink and collapse into a denser structure. During the cooling process,
AD increases with the decreasing temperature, indicating the swelling of PNIPAM
layer. Additionally, a hysteresis can be observed in the heating-and-cooling cycle
in either Fig. 2.2 or 2.3. This is because PNIPAM segments form additional
hydrogen bonds at the collapsed state, which cannot be completely removed at the
temperature near LCST [34].

On the other hand, the relation of AD versus Af can describe the cooperativity
between the conformational change and the hydration of the grafted polymer
chains because Af mainly arises from the hydration/dehydration of polymer chains
while AD is due to the swelling/collapse of the polymer layer. The fact that
AD linearly increases with —Af in Fig. 2.4 indicates that the conformational
change involves only one kinetic process, which suggests that the dehydration and
collapse occur simultaneously in the heating process and the rehydration is con-
current with the swelling in the cooling process. In other words, they have a strong
cooperativity during the heating/cooling process.
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2.3 Temperature-induced Conformational Change
of Grafted PNIPAM Chains with a High Grafting
Density

To understand the influence of grafting density on the conformational change of
grafted polymer chains, PNIPAM chains are grafted onto a SiO,-coated resonator
surface via the “grafting from” procedure based on the surface-initiated poly-
merization method to prepare the PNIPAM brushes with a high grafting density
[19]. Figure 2.5 shows the temperature dependence of —Af of PNIPAM brushes in
one heating-and-cooling cycle. It can be seen that —Af gradually decreases with
the increasing temperature in the heating process over the range of 20-38 °C,
which is similar to the observation in Fig. 2.2. At low temperatures, water is a
good solvent for PNIPAM, so that PNIPAM chains strongly interact with water
molecules. As temperature increases, dehydration occurs and PNIPAM chains
gradually collapse, leading to the decrease of —Af. In contrast, the collapsed
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PNIPAM brushes become swollen and rehydrate again with the decreasing tem-
perature in the cooling process, as indicated by the increase of —Af. Obviously, the
continuous change of frequency in both heating and cooling processes is markedly
different from the discontinuous coil-to-globule transition of individual PNIPAM
chains free in water [26].

Figure 2.6 shows the temperature dependence of AD in one heating and cooling
cycle. AD decreases with the increasing temperature in the heating process,
indicating that PNIPAM brushes gradually collapse into a more compact structure.
In the cooling process, AD increases with the decreasing temperature, indicating
that the collapsed brushes become more swollen and flexible. Also, AD in the
cooling process is larger than that in the heating process at the same temperature,
whereas an opposite trend is observed for —Af in Fig. 2.5. This phenomenon
should arise from the formation of tails on the outer layer of the brushes, which
have significant effects on the dissipation. Specifically, the brushes begin to swell
from their outer layer to inner core in the cooling process, resulting in some
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random and flexible tails on the layer surface, thereby giving rise to a larger
AD than that in the heating process. The collapsed PNIPAM brushes cannot be
completely back to the initial swollen state during the experimental time scale, as
indicated by the fact that both AD and —Af are not back to their original values at
20 °C, which is different from that for the grafted PNIPAM chains with a low
grafting density (Figs. 2.2 and 2.3).

In the relation between AD and —Af (Fig. 2.7), three kinetic processes can be
observed in the heating process. When 7 < 28 °C (A to B), AD decreases with the
decrease of —Af, implying the concurrent shrinking and dehydration of grafted
PNIPAM chains. In the range 28 °C < T < 34 °C (B to C), AD slightly changes as
—Af decreases. Here, PNIPAM brushes are partially collapsed in this range of
temperature. The conformational change of the partially collapsed brushes is
limited due to the steric barrier, so that AD slightly changes. On the other hand, not
all the detached water molecules during shrinking at 7' < 28 °C can leave PNI-
PAM brushes immediately, some of them are trapped in the dense brushes. As
temperature increases, the trapped water molecules gradually diffuse out of the
brushes, leading to an obvious decrease of —Af. Obviously, the cooperativity
between the collapse and the dehydration is weak due to the retarded dehydration,
which is also responsible for the continuous collapse transition. Further heating
would overcome the steric barrier, leading to more collapse and dehydration, as
reflected by the decreases in AD and —Af at T > 34 °C (C to D). In the cooling
process, when the temperature is higher than 28 °C (D to E), AD rapidly increases
with the increasing —Af, suggesting that the flexible tails are formed on the outer
layer of PNIPAM brushes during the rehydration. When 7 < 28 °C (E to F),
AD slows down its increase because the hydrated chains in the outer layer tend to
stretch and pack more densely. For the same —Af, the value of AD in the cooling
process is always higher than that in the heating process, further indicating that the
flexible tails have a pronounced effect on the dissipation. The hysteresis observed
in the heating and cooling cycle is attributed to the additional hydrogen bonds
formed in the collapsed state. Besides, the nonuniformity and the stretching of the
brushes are thought to further enlarge the hysteresis. In fact, the poly (N-isopro-
pylacrylamide-co-sodium acrylate) copolymer brushes also exhibit a similar
conformational change when temperature is varied [20].

2.4 Solvency-induced Conformational Change of PNIPAM
Brushes

PNIPAM not only has the thermosensitive property, but also exhibits a reentrant
behavior or cononsolvency in response to the composition of a mixed solvent
consisting of water and a water-miscible organic solvent [35]. That is, PNIPAM is
soluble in either water or organic solvent but precipitant in their mixture with a
certain composition. Several models have been proposed to explain the reentrant
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behavior, including the perturbation of the water—methanol interaction parameter
(x) by PNIPAM chains [36], the formation of complexes between water and
methanol [37], and the formation of competitive hydrogen bonds between PNI-
PAM chains and solvent molecules [38]. To have a better understanding of the
reentrant behavior, QCM-D is employed to investigate the conformational change
of PNIPAM brushes on a SiO,-coated resonator surface induced by varying the
solvent composition of water—methanol mixtures [18].

Figure 2.8 shows the methanol molar fraction (x,,) dependence of frequency
shift (Af,) of PNIPAM brushes at different overtones. For the sake of comparison,
the frequency shift measured at each overtone is divided by n. The overtone
dependent Af;, indicates that PNIPAM brushes have a viscoelastic nature. The Af,
in response to the composition of the water—methanol mixtures at different over-
tones exhibits the same trend. At x,;, ~ 17 %, Af, sharply increases, indicating the
sharp decrease of the number of solvent molecules bound to PNIPAM chains. The
gradual increase of Af, in the range of x,, between 20 and 45 % reveals a con-
tinuous desolvation of the grafted PNIPAM chains. Further increase of the
methanol content leads to the resolvation of the grafted PNIPAM chains, as
indicated by the sharp decrease of Af, at x,, ~ 50 % and the following slow
decrease at x,,, > 60 %. Obviously, when the x,, is in the range of 17-50 %, the
water—methanol mixtures are poor solvents for PNIPAM. The solvation-to-
desolvation-to-resolvation transition reflects the swelling-to-collapse-to-swelling
of the grafted PNIPAM layer.

Figure 2.9 shows x,,, dependence of AD of the PNIPAM brushes. In contrast to Af,
there is a sharp decrease of AD at x,, ~ 17 %, indicating the collapse of the PNI-
PAM brushes. The gradual decrease of AD in the range of x,,, between 20 and 45 %
indicates a further collapse of the PNIPAM brushes. The sharp increase at
Xm ~ 50 % reflects that the collapsed PNIPAM brushes re-swell into a looser layer.

The cooperativity between the collapse/swelling and the desolvation/solvation
of the PNIPAM brushes can be viewed by the relation of AD versus Af. Fig-
ure 2.10 shows that AD linearly decreases as Af increases, suggesting that the
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reentrant transition involves only one kinetic process. This fact reveals that the
desolvation and collapse occur simultaneously and the solvation is concurrent with
the swelling. Namely, the cooperativity is strong in the present system. This fact
also indicates that no preferential solvation occurs here, which is quite different
from the case of polymer brushes in a mixture of good and poor solvents [39]. The
reentrant transition of the PNIPAM brushes in the mixture of water and methanol
is probably due to the formation of water/methanol complexes or clusters con-
sisting of a certain number of water and methanol molecules, which is very sen-
sitive to the solvent composition. Such a complexation leads the water—methanol
mixture to change suddenly from a good solvent to a poor one for PNIPAM at
Xm ~ 17 %, and develops into a good solvent again at x,, ~ 50 %. In such a
solvent mixture, either PNIPAM brushes or individual PNIPAM chains are
expected to undergo a sharp reentrant transition.

Fig. 2.10 The relation R0
between AD and Af for the
solvency induced
conformational change of the
PNIPAM brushes, where the
overtone number n = 3.
Reprinted with the
permission from Ref. [18].
Copyright 2005 American
Chemical Society
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2.5 pH-induced Conformational Change
of Grafted Polyelectrolytes

Polyelectrolytes are macromolecules carrying ionic groups, which can dissociate
in water or other polar solvents forming charged polymer backbones [40]. When
polyelectrolyte chains are grafted on a solid surface, the physical properties of the
grafted charged polymer chains are different from that of the grafted uncharged
polymer chains [13]. In addition to the intra- and intermolecular interactions
involved in the neutral polymer system, electrostatic interactions come into play in
the determination of the conformation of polyelectrolyte brushes. It is known that
the conformation of polyelectrolyte brushes is strongly influenced by salt con-
centration and salt type [41]. For the weak polyelectrolytes, the conformation is
also influenced by the solution pH [42]. Generally, the switch of conformation of
polyelectrolyte brushes is stimulated by manually varied external conditions, that
is, the stimuli-responsive properties of the charged polymer layer act in an equi-
librium state. However, many physiological behaviors such as heartbeat and
brainwaves exhibit rhythmical oscillations. Thus, it is also interesting to see how
the conformation of polyelectrolyte brushes is changed driven by a chemical
oscillation.

Poly (acrylic acid) (PAA) brushes are prepared on a gold-coated resonator
surface by using surface-initiated atom transfer radical polymerization method
[21]. The QCM-D measurements on the pH-induced oscillation of PAA brushes
under a continuous flow of bromate-sulfite-ferrocyanide (BSF) solution are shown
in Fig. 2.11 [21]. Figure 2.11a shows the time dependence of pH of BSF solution.
Typically, pH is varied between 3.2 and 6.6. Parts b and c of Fig. 2.11 show the
time dependence of shifts in Af and AD of PAA brushes under a continuous flow of
BSF solution. Clearly, both Af and AD exhibit obvious oscillations. As pH
increases from 3.2 to 6.6, Af rapidly decreases. Then, Af sharply increases as pH
varies from 6.6 to 3.2. In contrast, the response of dissipation oscillates with pH in
an opposite trend. PAA is a weak polyelectrolyte with pK, ~ 4.5 [43]. Therefore,
as pH increases from 3.2 to 6.6, more carboxyl groups are ionized, so more water
molecules are coupled with PAA chains, leading Af to decrease. In contrast, as pH
decreases from 6.6 to 3.2, Af increases due to the dehydration of PAA chains. In
addition, the slight overtone dependence at pH 3.2 implies PAA brushes are less
viscoelastic, whereas the stronger dependence at pH 6.6 indicates that the brushes
are more viscoelastic. This can be viewed more clearly from the change in AD. As
pH increases from 3.2 to 6.6, AD increases, indicating that more energy of reso-
nator oscillation is damped by PAA brushes, namely, the brushes become more
viscoelastic, whereas the decrease of AD with pH varied from 6.6 to 3.2 indicates
the collapse of PAA brushes.

Figure 2.12 shows the changes in hydrodynamic thickness (Aty), shear viscosity
(np), and elastic shear modulus (up) of PAA brushes estimated by using the Voigt
model. Due to the stretching and collapse of PAA brushes, Aty oscillates between
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pH 3.2 and 6.6 with amplitude of ~2 nm. At the same time, #yand pir also exhibit
oscillations with the change of pH. As pH increases from 3.2 to 6.6, 1, increases
from ~1.0 x 1072 to ~2.7 x 1072 Pa-s due to the hydration of PAA chains. On
the other hand, the increase of electrostatic repulsions between PAA chains with
pH varied from 3.2 to 6.6 leads PAA brushes to adopt a weakly compressible state,
so that g increases from ~1.0 x 10* to ~2.8 x 10> Pa. In contrast, 1y and uy
decrease with the decreasing pH.

In comparison with the synthetic polyelectrolytes, studies on the conforma-
tional change of biopolyelectrolytes (e.g., DNA) have more important implications



20 2 Conformational Change of Grafted Polymer Chains
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for the biological activity of cellular biomacromolecules [44]. DNA with cytidine-
enriched sequences can fold into an i-motif via intercalated C-C* base pairing in
an acidic environment, whereas it unfolds into a random coil in a basic environ-
ment [45]. Consequently, the folding and unfolding of DNA can be simply
modulated by tuning solution pH. The DNA chains are grafted onto a gold-coated
resonator surface at pH 4.5 and 8.5 based on the thiol-gold reaction, which,
respectively, gives rise to DNA chains with low and high grafting densities [22].
The grafted DNA chains are immersed in a solution at pH 8.5 first so that they are
able to completely unfold. Subsequently, a solution with pH of 4.5 is introduced to
the QCM chamber to replace the high pH solution, which will lead to the folding
of grafted DNA chains. Figure 2.13 shows Af quickly increases and then gradually
levels off when pH is changed from 8.5 to 4.5. This is an indication of dehydration
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during the folding of DNA chains. It is known that the protonated cytidine groups
at pH 4.5 would form intra-/interchain hydrogen bonds due to C-C™ pairing [46].
The interactions lead to the release of some coupled water molecules from DNA
chains, resulting in an increase in Af. On the other hand, the quick decrease in
AD indicates the collapse of DNA chains during the folding.

Figure 2.14 shows the shifts in Af and AD for the folding of DNA chains with a
high grafting density. Obviously, there are several stages during the folding of
grafted DNA chains. Af increases and AD decreases quickly in the initial stage
because the pH-induced folding leads to the dehydration and collapse of the DNA
chains. Then, Af and AD only slightly change, which might be due to the slight
rearrangement of grafted DNA chains. Afterwards, Af increases and AD decreases
gradually with time. As stated above, because of the high grafting density, the
DNA chains restrict each other to fold into the i-motif structure. The DNA chains
have to gradually fold as they need to rearrange and shape themselves. After a long
time, Af and AD level off, indicating the completion of the folding.

The folding of DNA chains can be viewed in terms of AD versus —Af relation
(Fig. 2.15). The folding of DNA chains with a low grafting density only involves
one kinetic process. This is because the space around DNA chains is enough for
their full folding. However, two kinetic processes are observed in the folding of
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DNA with a high grafting density. As discussed above, the DNA chains are
expected to partially fold in the first process. In the second process, the DNA
chains have to rearrange themselves to have more space for further folding.
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2.6 Salt Concentration and Type-induced Conformational
Change of Grafted Polyelectrolytes

One interesting and unclear question regarding polyelectrolytes is the reentrant
condensation of polyelectrolyte chains upon addition of multivalent salt [47].
Namely, polyelectrolyte chains form a precipitate as the concentration of multi-
valent salt increases, and the precipitate will redissolve into solution upon the
further addition of multivalent salt. The precipitation of polyelectrolyte chains in
the presence of multivalent salts limits the insight into the mechanism for the
reentrant behavior at the molecular level by using some techniques (e.g., laser light
scattering). However, the macroscopic phase separation in the presence of mul-
tivalent counterions which occurs for the free chains in solution can be avoided in
the QCM-D measurements for the grafted polyelectrolyte chains, so that we can
look insight the microscopical mechanism of the reentrant behavior [23].

Figure 2.16 shows the ionic strength (/) dependence of Af for the resonator
grafted with sodium poly(styrene sulfonate) (PSS) chains in different divalent salt
solutions. The data obtained in CaCl, solution are used as an example to discuss.
At < 1.5 M, Af decreases as [ increases from 3.0 x 1074t09.0 x 1072M (Ato
O), indicating the trapping of water molecules by an inhomogeneous layer formed
by the grafted PSS chains. From C to D, [ increases from 9.0 x 10210 1.5 M, the
charges on PSS chains are almost completely neutralized by the counterions. Thus,
the chains are dehydrated and collapsed to form a dense and homogenous layer and
the trapped water molecules are released out, as indicated by the increase of Af. At
I> 1.5 M, Af decreases again as [ increases (D to E), implying that the mass
associated with the PSS brushes increases. This is an indication of the rehydration
and reexpansion of the grafted PSS chains. For the divalent salts, when the PSS
chains collapse into the homogeneous layer, the adsorbed counterions are expected
to form a strongly correlated liquid layer at the polyelectrolyte surface due to the
strong counterion—counterion correlation [48]. Such a liquid layer has a larger

Fig. 2.16 The ionic strength
(1) dependence of frequency
shift (Af) for the resonator O
grafted with PSS chains in ‘
different divalent salt

solutions, where the overtone £ 30
number n = 3. Reproduced ~
from Ref. [23] by permission 5
of The Royal Society of -60 -
Chemistry

-90
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Fig. 2.17 The ionic strength
(I) dependence of dissipation
shift (AD) for the resonator
grafted with PSS chains in 3
different divalent salt

solutions, where the overtone 28
number n = 3. Reproduced — ot
from Ref. [23] by permission 5
of The Royal Society of <
Chemistry 3

dielectric constant (&;) than that of water (g,), therefore the counterions near the
polyelectrolyte surface cause polarization of the surface under the liquid layer and
produce ‘‘image’’ charges with opposite sign on the polyelectrolyte surface based
on the equation ¢’ = g(&; — &1)/(e2 + €1), wWhere g and g’are the original charge
and image charge, respectively [48]. At the same time, the repulsion between the
incoming counterions and the adsorbed counterions would create some correlation
holes [48]. As I increases (D to E), the attractions between the incoming coun-
terions and the image charges give rise to further counterion condensation onto the
PSS chains through the correlation holes, which causes the charge inversion of the
PSS chains. In other words, the PSS chains now become positively charged. Such a
recharging leads to the rehydration of the chains, and the electrostatic repulsion
between the PSS chains results in the reexpansion of PSS brushes. This is why
Af decreases from D to E. Additionally, from A to C, a larger change in Af is
observed for CaCl, than that for MgCl,. This can be explained by the formation of
relatively strong ion pairs between Ca”* and the weakly hydrated alkyl sulfonate
groups since the strength of hydration of Ca®* is weaker than Mg>* [49].

In Fig. 2.17, the change in AD further demonstrates the conformational change
of grafted PSS chains in CaCl, and MgCl, solutions. Specifically, AD increases
with the increasing I from 3.0 x 107410 9.0 x 107> M (A to B), indicating the
formation of a loose and inhomogeneous layer. As I increases from 9.0 x 107> to
90 x 1072 M (B to C), the decrease in AD indicates that the layer becomes
denser. Further increasing I from 9.0 x 1072 to 1.5 M (C to D) leads the grafted
PSS chains to form a even more homogeneous and denser layer, as indicated by
the further decrease of AD from C to D. At I > 1.5 M, the increase of I (D to E)
leads AD to increase again, indicating the reexpansion of the PSS layer due to the
charge inversion.

Figure 2.18 shows the —Af dependence of AD as a function of ionic strength for
the resonator grafted with PSS chains in CaCl, solution. AD increases with —Af (A
to B), implying that the highly extended PSS chains partly shrink into a loose and
inhomogeneous structure. From B to C, AD decreases but —Af increases, indicating
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Fig. 2.18 The frequency
shift (—Af) dependence of
dissipation shift (AD) as a
function of ionic strength

(1) for the resonator grafted
with PSS chains in the CaCl,
solutions, where the overtone
number n = 3. Reproduced
from Ref. [23] by permission
of The Royal Society of
Chemistry
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that the inhomogeneous layer forms a relatively dense structure but the water
molecules are still trapped in such a structure. Further increasing / (C to D) leads the
PSS chains to form a denser and more homogeneous structure, as reflected by the
fact that both —Af and AD decrease as [ increases. The increase in either —Af or
AD in the last regime (D to E) indicates the rehydration and reexpansion of the
grafted PSS chains due to the charge inversion. The conformational change of
grafted PSS chains in the presence of trivalent salts has similar results [23].

From discussion above, counterion condensation plays a crucial role in deter-
mining polyelectrolyte conformational change. Actually, the extent of counterion
condensation is influenced not only by the salt concentration, but also by the
charge density of polyelectrolyte chains [50]. For the charged chains, the coun-
terions condense around the oppositely charged groups on the polyelectrolyte
chains due to the electrostatic attraction, screening the electrostatic repulsion
between the identically charged groups, leading to the collapse of the chains.
When the charge density decreases to zero, the polyelectrolytes become uncharged
chains. The nonelectrostatic force such as van der Waals force between the ions
and nonpolar moiety of polyelectrolyte chains may have effects on the confor-
mational change [51]. In contrast with the electrostatic ion-polar group interaction
that gives rise to the “salting-in” effect by charging the group, nonelectrostatic
ion-nonpolar surface interaction can result in a “salting-out” effect by dehydrating
the nonpolar moiety or a “salting-in” effect by binding onto the nonpolar moiety
with respect to different ions [52]. Poly[(2-dimethylamino)ethyl methacrylate]
(PDEM) is a weak polyelectrolyte whose charge density can be tuned by pH, and
the chains are completely charged, partially charged, and uncharged at pH 4, 7,
and 10, respectively [53]. PDEM chains are grafted onto a gold-coated resonator
surface by the “grafting to” procedure, and then the conformational change of the
grafted PDEM chains can be investigated using QCM-D in salt solutions at dif-
ferent pH [24].

Figure 2.19 shows I dependence of Af and AD for the resonator grafted with
PDEM chains immersed in Na,SO, and NaClOj solutions at pH 4. The increase in
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Fig. 2.19 Ionic strength as F
(1) dependence of frequency pH 4
shift (Af) and dissipation shift
(AD) for the resonator grafted
with PDEM chains immersed 30 ¢
in Na,SO, and NaClO3
solutions at pH 4, where the
overtone number n = 3.
Reprinted with the 15
permission from Ref. [24].
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Af and decrease in AD with the increasing I indicate the dehydration of the grafted
chains and the release of water molecules trapped between the chains upon the
counterion condensation, which is accompanied by the chain collapse. In the range
of 1 < 0.1 M, the grafted chains exhibit a more rapid collapse than that in the
higher ionic strength regime, as reflected by the relatively rapid decrease in AD in
the lower ionic strength regime. On the other hand, for the same ionic strength,
SO4*~ can more effectively induce the chain collapse than ClO;~ does. This is
understandable because the divalent counterion can bind with two charged groups
at most. As a result, the grafted chains can be cross-linked by SO,>~, leading to
more effective dehydration and chain collapse. Obviously, the conformational
change of grafted PDEM chains at pH 4 is dominated by the counterion
condensation.

Figure 2.20 shows I dependence of Af and AD for the resonator grafted with
PDEM chains immersed in Na,SO,4 and NaClOj; solutions at pH 7. When pH is
increased from 4 to 7, PDEM chains become partially charged and the electrostatic
repulsion is weakened, so that the chains adopt partially collapsed conformation.
For both salts, Af gradually increases as I increases, indicating the dehydration of
the chains and the release of water molecules from the PDEM layer. This leads the
polyelectrolyte chains to further collapse, as indicated by the decrease of
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Fig. 2.20 Ionic strength
(I) dependence of frequency pH 7
shift (Af) and dissipation shift 30 b
(AD) for the resonator grafted
with PDEM chains immersed
in Na,SO, and NaClO; 20
solutions at pH 7, where the
overtone number n = 3.
Reprinted with the
permission from Ref. [24].
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AD. Again, SO427 causes larger shifts in Af and AD than ClO3~ does. However,
the difference is smaller than that at pH 4. This is because PDEM chains at pH 7
are already partially collapsed and the addition of salts can only induce limited
conformational change of the chains. Clearly, the conformational change of
grafted PDEM chains at pH 7 is also dominated by the counterion condensation.

Figure 2.21 shows I dependence of Af and AD for the resonator grafted with
PDEM chains immersed in Na,SO, and NaClOj; solutions at pH 10. It can be seen
that Af exhibits a slight increase with / in the range of I < ~ 0.05 M, followed by
a gradual decrease with the further increase of I for both SO42_ and CIO5™.
Likewise, as I increases, AD first decreases and then gradually increases. Con-
sidering that the nonpolar hydrophobic moiety of polymer chains is hydrated by
the surrounding water molecules in aqueous solution, the approach of SO4*~ or
CIO;5™ to the nonpolar moiety may dehydrate the surface (salting-out effect) as the
adsorption of such two anions would increase the surface tension of the hydro-
phobic surface [52]. This is why we observe an increase in Af with the increasing
I in the low ionic strength regime. The chain dehydration would strengthen the
hydrophobic force between the chain segments, causing a further chain collapse, as
indicated by the fact that AD decreases with [ in the low ionic strength regime.
When the ionic strength is above ~0.05 M, Af gradually decreases with I,
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Fig. 2.21 Ionic strength
(1) dependence of frequency pH 10
shift (Af) and dissipation shift 20
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suggesting the rehydration of the chains due to the binding of anions onto the
dimethylamino groups of PDEM (salting-in effect) [54]. The gradual increase of
AD with I implies that the bound anions lead to some swelling of the PDEM layer.
Besides, Af decreases and AD increases linearly as [ increases in the range of
I > 0.05 M. This is because the strength of the salting-in interaction between ions
and polar groups depends on ionic strength [55]. Clearly, the conformational
change of the grafted PDEM chains at pH 10 is dominated by the anion—-nonpolar
moiety interaction and the anion—polar group interaction in the low and high ionic
strength regimes, respectively.

2.7 Conclusion

In this chapter, QCM-D is used to investigate the conformational change of the
grafted polymer chains. Generally, QCM-D can provide not only the information
about the mass change of the grafted chains, but also those about the structural
change of the grafted layer. More specifically, Af is related to the solvation/
desolvation of the grafted chains and AD is correlated with the stretching/collapse
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Fig. 2.22 Schematic illustration of the relation between the frequency shift (Af) and the
solvation/desolvation of the grafted polymer chains and the relation between the dissipation shift
(AD) and the stretching/collapse of the grafted polymer chains

of the grafted chains (Fig. 2.22). The combination of Af and AD can provide more
useful information, e.g., the kinetic processes of the conformational change. Based
on the Voigt model, QCM-D can also tell how the hydrodynamic thickness, the
shear viscosity, and the shear modulus change during the conformational change.
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Chapter 3
Grafting Kinetics of Polymer Chains

Abstract The chemical grafting of thiol-terminated poly(N-isopropylacrylamide)
(HS-PNIPAM) chains to a gold-coated resonator surface from an aqueous solution
is investigated by using QCM-D in real time. The frequency and dissipation
responses reveal that the HS-PNIPAM chains exhibit three-regime kinetics of the
grafting. In regimes I and II, the PNIPAM chains form pancake and mushroom
structures, respectively. In regime III, the chains form brushes. The grafting of
thiol-terminated poly[(2-dimethylamino)ethyl methacrylate] (HS-PDEM) chains
to the gold-coated resonator surface is also investigated by using QCM-D in real
time. The frequency and dissipation responses demonstrate that the three-regime
kinetics can also be observed during the grafting of PDEM chains. The chains are
quickly grafted in regime I forming a random mushroom. In regime II, the grafted
chains undergo a rearrangement and form an ordered mushroom structure. Further
increasing the grafting density leads the chains to form brushes in regime III. For
either HS-PNIPAM or HS-PDEM, the mushroom-to-brush transition occurs from
regime II to III.

Keywords Pancake - Mushroom - Brush - Electrostatic interaction - Confor-
mational change - Grafting density - Chain elasticity + Adsorption

3.1 Introduction

Polymer chains grafted on a surface will exhibit rich conformations depending on
the grafting density and the polymer segment-surface interactions [1]. At a low
grafting density, because the distance between grafting sites is larger than the size
of the chains, the grafted polymer chains do not overlap. If the polymer segments
have an attractive interaction with the surface, the polymer chains will exhibit a
“pancake-like” conformation. In contrast, if the segment-surface interaction is
nonattractive, a “mushroom” structure can be observed. At a high grafting density,
where the distance between grafting sites is smaller than the size of the chains, as
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the result of the balance between segment—segment repulsion and elasticity of the
chains, the grafted chains are stretched away from the surface to form brushes.

Most of the studies have been focused on the properties of the grafted chains in
the static equilibrium [2]. Only a few studies have been conducted on the kinetics
of grafting [3—-8]. Using scaling arguments, Alexander predicted that the polymer
chains are adsorbed on the surface, forming a two-dimensional pancake structure
at a low grafting density [9]. As the grafting density increases, some of the trains,
tails, and loops desorb from the surface, but they do not overlap each other, and the
chains form an unstretched three-dimensional mushroom structure. When the
grafting density is high enough, a first-order pancake-to-brush transition occurs,
where the chains repel each other and stretch out [9]. Ligoure also predicted a first-
order phase transition, but it was expected to occur at a higher surface coverage
than that predicted by Alexander [10]. On the other hand, Penn et al. experi-
mentally investigated the kinetics of the mushroom-to-brush transition and three-
regime kinetics was observed in their experiments [6—8]. However, the results are
inconsistent with the theoretical predictions where only two distinct regimes are
expected, namely, the chains form mushroom and brush structures in the first and
second regimes, respectively [4].

3.2 Pancake-to-Brush Transition

The narrowly distributed thiol-terminated PNIPAM (HS-PNIPAM) is prepared by
using reversible addition-fragmentation chain transfer (RAFT) polymerization and
the subsequent hydrolysis [11, 12], so that the chains can be chemically grafted on
the gold-coated resonator surface because of the strong chemical coupling between
the SH groups and the gold surface [13]. The PNIPAM segment-surface interac-
tion is examined by measuring the adsorption of dithiobenzoate group terminated
PNIPAM (DTB-PNIPAM) because such an interaction has significant effects on
the kinetics of grafting. The only difference between DTB-PNIPAM and HS-
PNIPAM is in the terminated group. Figure 3.1 shows the addition of DTB-
PNIPAM induces large changes in Af (~ —180 Hz) and AD (~4.8 x 107°) after
rinsing. This fact indicates that PNIPAM segments can be absorbed on the gold
surface because of the strong segment-surface interactions. Therefore, it is
expected that a pancake-to-brush transition can be realized in this system with the
increasing grafting density [12].

Figure 3.2 shows the frequency shift of the resonator immersed in an aqueous
HS-PNIPAM solution as a function of logarithmic time. The grafting stopped
when the gold surface was saturated at ~6300 min. Obviously, the grafting
exhibits a three-regime-kinetics character. In the initial stage, Af significantly
decreases (regime I), indicating that the chains are quickly grafted on the bare gold
surface. The slow decrease of Afin regime II suggests that the chains are gradually
grafted on the surface because the already grafted chains hinder the further
grafting. An accelerated grafting occurs in regime III, as reflected by the relatively
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Fig. 3.1 Time dependence
of shifts in frequency (Af) and
dissipation (AD) of the gold- 0F~ 16
coated resonator immersed in
a DTB-PNIPAM solution,
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n = 3. Reprinted with the
permission from Ref. [12].
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sharp decrease in Af, which implies that the conformation of the already grafted
chains is changed to accommodate the incoming chains.

Figure 3.3 shows the dissipation shift of the resonator immersed in the
HS-PNIPAM solution as a function of logarithmic time. The dissipation shift can
provide information on the structural change of the polymer layer on the surface.
The dissipation of the resonator should increase with the thickness and looseness
of the grafted polymer layer. That is, a dense and rigid structure has a small
dissipation, while a loose and thick structure leads to a large dissipation. The sharp
increase in AD in regime I further indicates the quick grafting of the chains. In
regime II, the small increase in dissipation indicates a slow grafting due to the
steric barrier created by the already grafted chains. The large increase in AD in
regime III is indicative of the acceleration of the grafting and the increase of
thickness of the polymer layer.

As discussed above, the interaction between PNIPAM segments and the gold
surface is strong, thus, PNIPAM chains are not only grafted with their end groups
but also adsorbed with their segments on the gold surface. At a low grafting
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Fig. 3.3 Dissipation shift
(AD) of the resonator
immersed in the HS-PNIPAM
solution as a function of
logarithmic time, where the
overtone number n = 3.
Reprinted with the
permission from Ref. [12].
Copyright 2005 American
Chemical Society | A
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density, the chains form a pancake-like structure. In regime II, as the grafting
density increases, the uncovered area among the already grafted chains becomes
narrow, the segments of the incoming chains are expected to be partially adsorbed
on the surface, and other segments would turn up and overlap with the already
existing chains. Because the uncovered area is still enough for accommodating an
end group, the grafting would go along, but it becomes much slower. Meanwhile,
the local segment—segment repulsion due to the local overlapping of the crowded
chains has accumulated. Because the chemical bonding between the -HS groups
and the gold surface is much stronger than the physical bonding of the segment-
surface, as the result of the balance between the local segment—segment repulsion
and the rubberlike elasticity of the chains, the absorbed segments begin to desorb
and protrude from the gold surface, forming more loops and tails. The confor-
mation of the grafted chains transits from a “pancake” to a “mushroom”. After the
rearrangement, the space among neighboring chains is large enough to accom-
modate the incoming chains, which makes further grafting possible. As the
grafting density increases, the grafted chains form brushes from regime II to
regime III. The grafting density will increase until the saturation is reached.

The conformation of the HS-PNIPAM chains can be clearly viewed in terms of
the AD versus —Af relation shown in Fig. 3.4. The grafting involves two kinetic
processes. The same AD versus —Af relation in regimes I and II indicates that there
is not much difference between the conformations of the grafted chains in these
two regimes. It is reasonable to ascribe the conformations in regimes I and II to a
pancake and a mushroom, respectively, because the chains in both conformations
are random coils. The slow increase in AD with —Af further indicates that the
grafted chains have pancake and mushroom conformations. This is because the
thickness of the layer formed by the grafted chains in such conformations only
slightly increases with the grafting density. A much larger slope can be observed in
regime III, indicating that the thickness increases with the grafting density more
obviously than that in regimes I and II. Therefore, the grafted chains in regime III
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Fig. 3.4 AD versus —
Afrelation during the grafting 45 :
of HS-PNIPAM chains,
where the overtone number
n = 3. Reprinted with the
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permission from Ref. [12]. — .
Copyright 2005 American ~
Chemical Society %
15 F

0 150 300 450

Fig. 3.5 Time dependence
of characteristic relaxation 21
time () for the grafted
PNIPAM chains fitted by
using the Voigt model. 18 b
Reprinted with the o
permission from Ref. [12].
Copyright 2005 American
Chemical Society
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have a more stretched conformation, i.e., the chains form brushes. Accordingly,
from regime II to III, the