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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 (Df), 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, Df and DD 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,
SpringerBriefs in Molecular Science, DOI: 10.1007/978-3-642-39790-5_1,
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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 35.258 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 (w) can be described by [11]:

o2w
ox2
� 1

v

o2w
ot2
¼ 0 ð1:1Þ

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, t is the
time. The eigenfrequency (fn) can be obtained by solving the above equation:

fn ¼
nv

2L
ð1:2Þ

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]:

o2w
ox2
þ o2w

oy2
þ o2w

oz2

� �
� 1

v

o2w
ot2
¼ 0 ð1:3Þ

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

fnmk ¼
v

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

h2
q

þ m2

l2q
þ k2

w2
q

s
ð1:4Þ

where hq, lq, and wq 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

2 1 Basic Principles of QCM-D



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

fnmk ¼
v

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2p2

h2
q

þ v2
mk

r2
q

s
ð1:5Þ

where n = 1, 3, 5, …, m = 0, 1, 2, 3, …, k = 1, 2, 3,…, and vmk is the kth root of
Bessel function of order m. If rq � hq, the propagation of the shear wave can be
treated one-dimensionally [4]:

fn �
v

2p

ffiffiffiffiffiffiffiffiffi
n2p2

h2
q

s
¼ nv

2hq
¼ n

2hq

ffiffiffiffiffi
lq

qq

s
¼ nf0 ð1:6Þ

where f0 is the fundamental resonant frequency, lq is the shear modulus of quartz,
qq is the density of quartz, and v = (lq/qq)1/2. It 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 hq to hq

0, then the frequency will change
from fn to fn0:

f 0n ¼
nv

2h0q
ð1:7Þ

Therefore, the frequency shift (Df) caused by the deposition of the additional
layer can be expressed as:

Df ¼ f 0n � fn ¼ �
nvðh0q � hqÞ

2hqh0q
¼ � nvDhq

2hqh0q
ð1:8Þ

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

1 Basic Principles of QCM-D 3



By the combination of Eqs. (1.6) and (1.8), we can get:

Df

fn
¼ �Dhq

h0q
ð1:9Þ

If Dhq � hq, Eq. (1.9) can be written as:

Df

fn
� �Dhq

hq
¼ �

DhqqqAq

hqqqAq
¼ � DMq

hqqqAq
ð1:10Þ

Equation (1.10) describes the relationship between the frequency shift and the
mass change of the quartz crystal (DMq). Aq 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, DMq is approximately equal to the mass change induced
by the adsorbed layer (DMf) [5, 6], so that Eq. (1.10) can be described as:

Df

fn
¼ Df

nf0
¼ � DMf

hqqqAq
¼ � Dmf

hqqq
ð1:11Þ

where Dmf is the mass change of the adsorbed layer per unit area (i.e., areal mass
density, Dmf = DMf/Aq). Then, the so-called Sauerbrey equation can be derived
from Eq. (1.11) [5]:

Dmf ¼ �
qqhq

f0

Df

n
¼ �C

Df

n
ð1:12Þ

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-2 Hz-1 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
Df and Dmf 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]:

D ¼ 1
Q
¼ Ed

2pEs
ð1:13Þ

where Q is the quality factor of the crystal, Ed is the energy dissipated during one
oscillation, and Es 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].

4 1 Basic Principles of QCM-D



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 t = 0 (Fig. 1.2) [16]:

AðtÞ ¼ A0e�t=s sinð2pft þ uÞ þ C ð1:14Þ

where s is the decay time constant, A(t) is the amplitude of oscillation at time of t,
A0 is the amplitude at t = 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 f is
the difference between the resonant frequency (f0) of the crystal and the constant
reference frequency (fr), i.e., f = f0 – fr [13]. The value of D can be obtained by
the following relation [14]:

D ¼ 1
pf s

ð1:15Þ

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 (Df) and
dissipation (DD) are based on the second method. Thus, we can simultaneously
obtain a series of changes of Df and DD via fitting the oscillation decay by

Fig. 1.2 The exponential decay of the amplitude of oscillation of a 5 MHz, AT-cut quartz
crystal in water at 25 �C

1 Basic Principles of QCM-D 5



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]:

Df ¼ �n
1
2f

3
2
0ðglql=plqqqÞ

1
2 ð1:16Þ

where ql and gl 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]:

DD ¼ 2ðf0=nÞ
1
2ðglql=plqqqÞ

1
2 ð1:17Þ

Equations (1.16) and (1.17) show that Df and DD are related not only to the
inherent properties of the quartz crystal but also to the solvent viscosity and
density. Therefore, the shifts in Df and DD 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 ¼ G0 þ iG00 ¼ lf þ i2pf gf ¼ lf ð1þ i2pf sf Þ ð1:18Þ

where G0 is the storage modulus, G00 is the loss modulus, lf is the elastic shear
modulus, gf is the shear viscosity, sf is the characteristic relaxation time of the film
which equals to the ratio of gf to lf. Then, Df and DD can be given by:

Df ¼ Im
b

2pqqlq

 !
ð1:19Þ

and

DD ¼ �Re
b

pf qqlq

 !
ð1:20Þ

where

b ¼ n1
2pf gf � ilf

2pf

1� a expð2n1hf Þ
1þ a expð2n1hf Þ

; a ¼

n1

n2

2pf gf � ilf

2pf gl
þ 1

n1

n2

2pf gf � ilf

2pf gl
� 1

;

n1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�
ð2pf Þ2qf

lf þ i2pgf

s
; n2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i
2pf qf

gl

s
;
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and where qf and hf are density and thickness of the adsorbed layer, respectively.
Based on the theoretical representations mentioned above, the hydrodynamic
thickness (hf), the shear viscosity (gf), and the shear modulus (lf) can be obtained
by fitting the changes of Df and DD 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,
SpringerBriefs in Molecular Science, DOI: 10.1007/978-3-642-39790-5_2,
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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 Df and DD for the addition of linear NH2-PNIPAM to
the QCM chamber where the resonator surface is immobilized with the groups of -
S(CH2)12OCH2COON(CO)2(CH2)2. The decrease of Df as well as the increase of
DD 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 -Df. The shift in Df is
indicative of the mass change of the grafted polymer layer [32]. -Df 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 -Df implies the dehydration of the polymer
chains, that is, some bounded water molecules leave the grafted PNIPAM layer.
During the cooling process, -Df increases with the decreasing temperature,

Fig. 2.1 Time dependence
of changes in frequency (Df)
and dissipation (DD) during
the grafting of PNIPAM
chains onto the gold-coated
resonator surface at T of
20 �C, where the overtone
number n = 3. Reprinted
with the permission from Ref.
[17]. Copyright 2004
American Chemical Society

Fig. 2.2 Temperature
dependence of frequency shift
(-Df) of linear PNIPAM
chains grafted on the gold-
coated resonator surface,
where the overtone number
n = 3. Reprinted with the
permission from Ref. [17].
Copyright 2004 American
Chemical Society
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indicating that the PNIPAM chains rehydrate again as temperature decreases.
Eventually, -Df is back to the original point, suggesting that PNIPAM chains can
resume complete hydration at the low temperature.

The temperature dependence of DD 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 DD decreases
with temperature during the heating process, indicating that PNIPAM chains
shrink and collapse into a denser structure. During the cooling process,
DD 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 DD versus Df can describe the cooperativity
between the conformational change and the hydration of the grafted polymer
chains because Df mainly arises from the hydration/dehydration of polymer chains
while DD is due to the swelling/collapse of the polymer layer. The fact that
DD linearly increases with -Df 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.

Fig. 2.3 Temperature
dependence of dissipation
shift (-DD) of linear
PNIPAM chains grafted on
the gold-coated resonator
surface, where the overtone
number n = 3. Reprinted
with the permission from Ref.
[17]. Copyright 2004
American Chemical Society
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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 SiO2-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 -Df of PNIPAM brushes in
one heating-and-cooling cycle. It can be seen that -Df 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 -Df. In contrast, the collapsed

Fig. 2.4 The relation
between DD and -Df for the
temperature-induced
conformational change of the
PNIPAM chains grafted on
the gold-coated resonator
surface, where the overtone
number n = 3. Reproduced
from Ref. [6] by permission
of John Wiley & Sons Ltd

Fig. 2.5 Temperature
dependence of frequency shift
(-Df) of PNIPAM brushes
grafted on the SiO2-coated
resonator surface, where the
overtone number n = 3.
Reprinted with the
permission from Ref. [19].
Copyright 2005 American
Chemical Society
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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 -Df. 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 DD in one heating and cooling
cycle. DD decreases with the increasing temperature in the heating process,
indicating that PNIPAM brushes gradually collapse into a more compact structure.
In the cooling process, DD increases with the decreasing temperature, indicating
that the collapsed brushes become more swollen and flexible. Also, DD in the
cooling process is larger than that in the heating process at the same temperature,
whereas an opposite trend is observed for -Df 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

Fig. 2.6 Temperature
dependence of dissipation
shift (DD) of PNIPAM
brushes grafted on the SiO2-
coated resonator surface,
where the overtone number
n = 3. Reprinted with the
permission from Ref. [19].
Copyright 2005 American
Chemical Society

Fig. 2.7 The relation
between DD and -Df for the
PNIPAM brushes grafted on
the SiO2-coated resonator
surface during the
temperature induced
conformational change,
where the overtone number
n = 3. Reprinted with the
permission from Ref. [19].
Copyright 2005 American
Chemical Society
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random and flexible tails on the layer surface, thereby giving rise to a larger
DD 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 DD and -Df 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 DD and -Df (Fig. 2.7), three kinetic processes can be
observed in the heating process. When T \ 28 �C (A to B), DD decreases with the
decrease of -Df, implying the concurrent shrinking and dehydration of grafted
PNIPAM chains. In the range 28 �C \ T \ 34 �C (B to C), DD slightly changes as
-Df 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 DD slightly changes. On the other hand, not
all the detached water molecules during shrinking at T \ 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 -Df. 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 DD and -Df at T [ 34 �C (C to D). In the cooling
process, when the temperature is higher than 28 �C (D to E), DD rapidly increases
with the increasing -Df, suggesting that the flexible tails are formed on the outer
layer of PNIPAM brushes during the rehydration. When T \ 28 �C (E to F),
DD slows down its increase because the hydrated chains in the outer layer tend to
stretch and pack more densely. For the same -Df, the value of DD 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
(v) 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 SiO2-coated resonator surface induced by varying the
solvent composition of water–methanol mixtures [18].

Figure 2.8 shows the methanol molar fraction (xm) dependence of frequency
shift (Dfn) 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 Dfn indicates that PNIPAM brushes have a viscoelastic nature. The Dfn
in response to the composition of the water–methanol mixtures at different over-
tones exhibits the same trend. At xm * 17 %, Dfn sharply increases, indicating the
sharp decrease of the number of solvent molecules bound to PNIPAM chains. The
gradual increase of Dfn in the range of xm 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 Dfn at xm * 50 % and the following slow
decrease at xm [ 60 %. Obviously, when the xm 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 xm dependence of DD of the PNIPAM brushes. In contrast to Df,
there is a sharp decrease of DD at xm * 17 %, indicating the collapse of the PNI-
PAM brushes. The gradual decrease of DD in the range of xm 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 DD versus Df. Fig-
ure 2.10 shows that DD linearly decreases as Df increases, suggesting that the

Fig. 2.8 Methanol molar
fraction (xm) dependence of
frequency shift (Dfn) of the
PNIPAM brushes at different
overtones (n = 3, 5, 7).
Reprinted with the
permission from Ref. [18].
Copyright 2005 American
Chemical Society
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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 xm * 50 %. In such a
solvent mixture, either PNIPAM brushes or individual PNIPAM chains are
expected to undergo a sharp reentrant transition.

Fig. 2.9 Methanol molar
fraction (xm) dependence of
dissipation shift (DD) of the
PNIPAM brushes, where the
overtone number n = 3.
Reprinted with the
permission from Ref. [18].
Copyright 2005 American
Chemical Society

Fig. 2.10 The relation
between DD and Df 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 Df and DD of PAA brushes under a continuous flow of
BSF solution. Clearly, both Df and DD exhibit obvious oscillations. As pH
increases from 3.2 to 6.6, Df rapidly decreases. Then, Df 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 pKa * 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 Df to decrease. In contrast, as pH
decreases from 6.6 to 3.2, Df 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 DD. As
pH increases from 3.2 to 6.6, DD increases, indicating that more energy of reso-
nator oscillation is damped by PAA brushes, namely, the brushes become more
viscoelastic, whereas the decrease of DD with pH varied from 6.6 to 3.2 indicates
the collapse of PAA brushes.

Figure 2.12 shows the changes in hydrodynamic thickness (Dtf), shear viscosity
(gf), and elastic shear modulus (lf) of PAA brushes estimated by using the Voigt
model. Due to the stretching and collapse of PAA brushes, Dtf oscillates between
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pH 3.2 and 6.6 with amplitude of *2 nm. At the same time, gf and lf also exhibit
oscillations with the change of pH. As pH increases from 3.2 to 6.6, gf increases
from *1.0 9 10-3 to *2.7 9 10-3 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 lf increases from *1.0 9 104 to *2.8 9 105 Pa. In contrast, gf and lf

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

Fig. 2.11 a Oscillation of
pH of the BSF solution,
where [KBrO3] = 0.065 M,
[Na2SO3] = 0.075 M,
K4[Fe(CN)6] = 0.02 M,
[H2SO4] = 0.01 M. b Time
dependence of shift in
frequency (Dfn) of PAA
brushes under a continuous
flow of BSF solution, where
the overtone number n = 3,
5, 7. c Time dependence of
shift in dissipation (DD) of
PAA brushes under a
continuous flow of BSF
solution, where the overtone
number n = 3, 5, 7.
Reprinted with the
permission from Ref. [21].
Copyright 2008 American
Chemical Society
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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 Df quickly increases and then gradually
levels off when pH is changed from 8.5 to 4.5. This is an indication of dehydration

Fig. 2.12 Changes in
hydrodynamic thickness
(Dtf), shear viscosity (gf), and
elastic shear modulus (lf) of
PAA brushes under the
oscillation of pH. Reprinted
with the permission from
Ref. [21]. Copyright 2008
American Chemical Society
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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 Df. On the other hand, the quick decrease in
DD indicates the collapse of DNA chains during the folding.

Figure 2.14 shows the shifts in Df and DD for the folding of DNA chains with a
high grafting density. Obviously, there are several stages during the folding of
grafted DNA chains. Df increases and DD decreases quickly in the initial stage
because the pH-induced folding leads to the dehydration and collapse of the DNA
chains. Then, Df and DD only slightly change, which might be due to the slight
rearrangement of grafted DNA chains. Afterwards, Df increases and DD 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, Df and DD level off, indicating the completion of the folding.

The folding of DNA chains can be viewed in terms of DD versus -Df 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

Fig. 2.13 Shifts in frequency
(Df) and dissipation (DD) for
the folding of grafted DNA
chains with a low grafting
density induced by changing
pH, where the overtone
number n = 3. Reprinted
with the permission from
Ref. [22]. Copyright 2010
American Chemical Society
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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.

Fig. 2.15 The relation
between DD and -Df for the
folding of DNA chains at
different grafting densities,
where the overtone number
n = 3. Reprinted with the
permission from Ref. [22].
Copyright 2010 American
Chemical Society

Fig. 2.14 Shifts in frequency
(Df) and dissipation (DD) for
the folding of grafted DNA
chains with a high grafting
density induced by changing
solution pH, where the
overtone number n = 3.
Reprinted with the
permission from Ref. [22].
Copyright 2010 American
Chemical Society
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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 (I) dependence of Df for the resonator
grafted with sodium poly(styrene sulfonate) (PSS) chains in different divalent salt
solutions. The data obtained in CaCl2 solution are used as an example to discuss.
At I \ 1.5 M, Df decreases as I increases from 3.0 9 10-4 to 9.0 9 10-2 M (A to
C), indicating the trapping of water molecules by an inhomogeneous layer formed
by the grafted PSS chains. From C to D, I increases from 9.0 9 10-2 to 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 Df. At
I [ 1.5 M, Df decreases again as I 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
(I) dependence of frequency
shift (Df) for the resonator
grafted with PSS chains in
different divalent salt
solutions, where the overtone
number n = 3. Reproduced
from Ref. [23] by permission
of The Royal Society of
Chemistry
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dielectric constant (e1) than that of water (e2), 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 q0 ¼ q e2 � e1ð Þ= e2 þ e1ð Þ; where q and q0are 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
Df decreases from D to E. Additionally, from A to C, a larger change in Df is
observed for CaCl2 than that for MgCl2. This can be explained by the formation of
relatively strong ion pairs between Ca2+ and the weakly hydrated alkyl sulfonate
groups since the strength of hydration of Ca2+ is weaker than Mg2+ [49].

In Fig. 2.17, the change in DD further demonstrates the conformational change
of grafted PSS chains in CaCl2 and MgCl2 solutions. Specifically, DD increases
with the increasing I from 3.0 9 10-4 to 9.0 9 10-3 M (A to B), indicating the
formation of a loose and inhomogeneous layer. As I increases from 9.0 9 10-3 to
9.0 9 10-2 M (B to C), the decrease in DD indicates that the layer becomes
denser. Further increasing I from 9.0 9 10-2 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 DD from C to D. At I [ 1.5 M, the increase of I (D to E)
leads DD to increase again, indicating the reexpansion of the PSS layer due to the
charge inversion.

Figure 2.18 shows the -Df dependence of DD as a function of ionic strength for
the resonator grafted with PSS chains in CaCl2 solution. DD increases with -Df (A
to B), implying that the highly extended PSS chains partly shrink into a loose and
inhomogeneous structure. From B to C, DD decreases but -Df increases, indicating

Fig. 2.17 The ionic strength
(I) dependence of dissipation
shift (DD) for the resonator
grafted with PSS chains in
different divalent salt
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 I (C to D) leads the
PSS chains to form a denser and more homogeneous structure, as reflected by the
fact that both -Df and DD decrease as I increases. The increase in either -Df or
DD 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 Df and DD for the resonator grafted with
PDEM chains immersed in Na2SO4 and NaClO3 solutions at pH 4. The increase in

Fig. 2.18 The frequency
shift (-Df) dependence of
dissipation shift (DD) as a
function of ionic strength
(I) for the resonator grafted
with PSS chains in the CaCl2
solutions, where the overtone
number n = 3. Reproduced
from Ref. [23] by permission
of The Royal Society of
Chemistry
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Df and decrease in DD 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 I \ 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 DD in
the lower ionic strength regime. On the other hand, for the same ionic strength,
SO4

2- can more effectively induce the chain collapse than ClO3
- 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 SO4

2-, 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 Df and DD for the resonator grafted with
PDEM chains immersed in Na2SO4 and NaClO3 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, Df 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

Fig. 2.19 Ionic strength
(I) dependence of frequency
shift (Df) and dissipation shift
(DD) for the resonator grafted
with PDEM chains immersed
in Na2SO4 and NaClO3

solutions at pH 4, where the
overtone number n = 3.
Reprinted with the
permission from Ref. [24].
Copyright 2011 American
Chemical Society
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DD. Again, SO4
2- causes larger shifts in Df and DD 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 Df and DD for the resonator grafted with
PDEM chains immersed in Na2SO4 and NaClO3 solutions at pH 10. It can be seen
that Df exhibits a slight increase with I in the range of I \* 0.05 M, followed by
a gradual decrease with the further increase of I for both SO4

2- and ClO3
-.

Likewise, as I increases, DD 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

2- or
ClO3

- 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 Df 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 DD decreases with I in the low ionic strength regime.
When the ionic strength is above *0.05 M, Df gradually decreases with I,

Fig. 2.20 Ionic strength
(I) dependence of frequency
shift (Df) and dissipation shift
(DD) for the resonator grafted
with PDEM chains immersed
in Na2SO4 and NaClO3

solutions at pH 7, where the
overtone number n = 3.
Reprinted with the
permission from Ref. [24].
Copyright 2011 American
Chemical Society
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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
DD with I implies that the bound anions lead to some swelling of the PDEM layer.
Besides, Df decreases and DD increases linearly as I 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, Df is related to the solvation/
desolvation of the grafted chains and DD is correlated with the stretching/collapse

Fig. 2.21 Ionic strength
(I) dependence of frequency
shift (Df) and dissipation shift
(DD) for the resonator grafted
with PDEM chains immersed
in Na2SO4 and NaClO3

solutions at pH 10, where the
overtone number n = 3.
Reprinted with the
permission from Ref. [24].
Copyright 2011 American
Chemical Society
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of the grafted chains (Fig. 2.22). The combination of Df and DD 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

G. Liu and G. Zhang, QCM-D Studies on Polymer Behavior at Interfaces,
SpringerBriefs in Molecular Science, DOI: 10.1007/978-3-642-39790-5_3,
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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 Df (*-180 Hz) and DD (*4.8 9 10-6) 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, Df significantly
decreases (regime I), indicating that the chains are quickly grafted on the bare gold
surface. The slow decrease of Df in 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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sharp decrease in Df, 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 DD 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 DD 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

Fig. 3.1 Time dependence
of shifts in frequency (Df) and
dissipation (DD) of the gold-
coated resonator immersed in
a DTB-PNIPAM solution,
where the overtone number
n = 3. Reprinted with the
permission from Ref. [12].
Copyright 2005 American
Chemical Society

Fig. 3.2 Frequency shift (Df)
of the resonator immersed in
a 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
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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 DD versus -Df relation shown in Fig. 3.4. The grafting involves two kinetic
processes. The same DD versus -Df 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 DD with -Df 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

Fig. 3.3 Dissipation shift
(DD) 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
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have a more stretched conformation, i.e., the chains form brushes. Accordingly,
from regime II to III, the mushroom-to-brush transition occurs.

Figure 3.5 shows the time dependence of characteristic relaxation time (sf) for
the grafted HS-PNIPAM chains fitted by using the Voigt model. sf gradually
decreases with time in regime II, but it increases in regime III until the grafting
reaches a saturated state. It is known that the grafted chains form a pancake
structure in the initial stage of regime II. PNIPAM segments are strongly bound to
the gold surface, so that the motion of polymer chains is limited, leading to a large
relaxation time. As the grafting density increases, some segments gradually desorb
from the surface. The grafted chains become more mobile, so that the relaxation
time gradually decreases. In regime III, though the segmental adsorption is very
limited, further increasing the grafting density causes the degree of interpenetra-
tion between PNIPAM chains to increase, so that the relaxation time becomes
longer again. Obviously, the mushroom-to-brush transition occurs at the minimum

Fig. 3.4 DD versus -

Df relation during the grafting
of HS-PNIPAM chains,
where the overtone number
n = 3. Reprinted with the
permission from Ref. [12].
Copyright 2005 American
Chemical Society

Fig. 3.5 Time dependence
of characteristic relaxation
time (sf) for the grafted
PNIPAM chains fitted by
using the Voigt model.
Reprinted with the
permission from Ref. [12].
Copyright 2005 American
Chemical Society
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relaxation time between regimes II and III. The schematic illustration of the
pancake-to-brush transition is shown in Fig. 3.6.

3.3 Mushroom-to-Brush Transition

Actually, the three-regime-kinetics character can also be observed in the mush-
room-to-brush transition [14]. A weak polyelectrolyte, poly[(2-dimethyl-
amino)ethyl methacrylate] (PDEM), is employed to study the mushroom-to-brush
transition. PDEM has a pKa at *7 [15]. Thus, PDEM chains will be completely
charged, partially charged, and uncharged at pH 2, 6, and 10, respectively. Since
the chain segment-surface interaction has significant effects on the kinetics and
mechanism of the grafting of polymer chains, the interaction between PDEM
segments and gold surface is examined by measuring the adsorption of dithioester-
terminated PDEM (DTE-PDEM) on the gold-coated resonator surface. The only
difference between DTE-PDEM and HS-PDEM is in the terminated group. Fig-
ure 3.7 shows the frequency shift of the resonator as a function of time after DTE-
PDMEM was introduced at three different pH values. It can be seen that Df * 0 at
pH 2 and 6 after rinsing, indicating no segmental adsorption of DTE-PDEM on the
gold surface. The fact also indicates that dithioester groups do not couple with gold
surface. The frequency shift before rinsing arises from the changes of viscosity and
density of the contacting medium. At pH 10, a small amount of DTE-PDEM
chains are adsorbed on the gold surface, as reflected by a decrease of Df * 43 Hz
after rinsing, which indicates that some interaction exists between the uncharged
segments and the gold surface, but the interaction is not strong. Thus, the grafted

Fig. 3.6 Schematic illustration of the pancake-to-brush transition during the grafting of
PNIPAM chains
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PDEM chains on the gold surface are expected to form a mushroom structure
instead of a pancake structure at pH 2, 6, and 10 in the low grafting density regime.

Figure 3.8 shows the changes in Df and DD of the resonator immersed in an
aqueous solution at pH 10 as a function of logarithmic time after HS-PDEM was
introduced. Obviously, the changes in Df and DD show that the grafting of PDEM

Fig. 3.7 Time dependence
of frequency shift (Df) of the
resonator immersed in the
DTE-PDEM solution, where
the overtone number n = 3.
Reprinted from Ref. [14],
Copyright 2006, with
permission from Elsevier

Fig. 3.8 The shifts in
frequency (Df) and
dissipation (DD) of the
resonator immersed in the
HS-PDEM solution at pH 10
as a function of logarithmic
time, where the overtone
number n = 3. Reprinted from
Ref. [14], Copyright 2006,
with permission from
Elsevier
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chains has a three-regime-kinetics character. At the initial stage, the significant
decrease in Df (regime I) indicates that the chains quickly graft onto the bare gold
surface. Subsequently, the grafting slows down (regime II) because the grafting is
hindered by the already grafted chains on the surface. Finally, the grafting speeds
up again, as reflected by the relatively sharp decrease in Df (regime III), implying
that the conformation of the already grafted chains has changed, so that the
incoming chains can be grafted onto the surface. In parallel, the change in DD also
gives the information on the structural change of the layer formed by the grafted
chains. The quick increase in DD in regime I further indicates the grafting of the
chains, whereas the slight increase in DD in regime II suggests that almost no
grafting occurs. The large change in DD in regime III indicates the occurrence of
the grafting again.

The changes in Df and DD of the resonator immersed in the HS-PDEM solution
at pH 6 and 2 are shown in Fig. 3.9. Like the case of the uncharged chains at pH
10, the grafting of either partially or completely charged chains also has a three-
regime-kinetics character. Nonetheless, the span for regime II is strongly depen-
dent on the degree of charging of the grafted chains. It covers *130 min at pH 10
(Fig. 3.8), but it drops to *90 min when the chains are partially charged at pH 6.
The complete charging at pH 2 leads regime II to be only *30 min. As discussed
above, the grafting is very slow in regime II. What happens in regime II is the
rearrangement of the grafted chains. Figures 3.8 and 3.9 clearly show that the time

Fig. 3.9 The shifts in frequency (Df) and dissipation (DD) of the resonator immersed in the HS-
PDEM solution at pH 6 and 2 as a function of logarithmic time, where the overtone number n = 3.
a pH 6, and b pH 2. Reprinted from Ref. [14], Copyright 2006, with permission from Elsevier
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required for the rearrangement decreases with the increasing degree of charging. In
other words, more strongly charged chains can more easily rearrange themselves.
However, why does such a rearrangement occur in regime II? The chains are
quickly grafted in regime I, which is controlled by the centre-of-mass diffusion of
the chains, causing the chains to be randomly tethered on the gold surface, and
some local overlapping of the chains is resulted. Obviously, the locally overlapped
chains are in a nonequilibrium state. Driven by the balance between the local
segment–segment repulsion and the elasticity of the chains, the grafted chains tend
to eliminate the local overlapping, and thus make a rearrangement by themselves.
As the degree of charging increases, the electrostatic repulsion between the chains
becomes stronger, and the chains tend to be more stretched with a smaller tube
diameter [16] (Fig. 3.10), which leads the local overlapping to be more difficult.
That is why the time required for the rearrangement decreases with the degree of
charging. In short, the conformation of the grafted chains in regime II might be
slightly different from that in regime I, i.e., the chains form a random mushroom in
regime I but an ordered mushroom in regime II. The latter without local over-
lapping of the grafted chains makes further grafting possible. In other words, the
space between two neighbor chains is enough to accommodate the incoming
chains after the rearrangement.

The marked changes in Df and DD from regime II to III suggest that the grafted
chains may form brushes structure in regime III, which is much different from the
mushroom structure in regimes I and II. The decrease in Df and increase in
DD with time in regime III are indicative of the increase of grafting density and the
stretching of the grafted chains. Additionally, the absolute values for both Df and
DD at saturation decrease with the degree of charging. This is understandable. Due
to the electrostatic repulsion, the incoming chain must keep its distance from the

Fig. 3.10 Schematic illustration of the mushroom-to-brush transition during the grafting of
PDEM chains. Reprinted from Ref. [14], Copyright 2006, with permission from Elsevier
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already grafted chains so that it can be grafted. A stronger repulsion would lead to
a larger distance and a smaller grafting density. Thus, Df and DD at saturation,
respectively, decreases and increases with the increase of pH.

The grafting kinetics can be better viewed in terms of DD versus -Df relation in
Fig. 3.11. Clearly, the grafting for uncharged, partially charged, and completely
charged chains involves two kinetic processes. Regimes I and II have the same
DD versus -Df relation, indicating only a minor difference between the confor-
mations of the grafted chains in these two regimes; namely, the grafted chains

Fig. 3.11 Plot of DD versus
-Df relation for the grafting
of HS-PDEM chains at pH 2,
6, and 10, where the overtone
number n = 3. Reprinted from
Ref. [14], Copyright 2006,
with permission from
Elsevier
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form a mushroom structure in both regimes I and II. In regime III, a quite different
kinetic process can be observed, suggesting that the grafted chains in this regime
have a conformation different from that in regimes I and II, i.e., the grafted chains
form brushes. Accordingly, from regime II to III, the mushroom-to-brush transi-
tion occurs.

3.4 Conclusion

The QCM-D results reveal that the competition between the segment–segment
repulsion and the segment-surface attraction plays a crucial role in the formation
of polymer brushes. For the HS-PNIPAM chains whose chain segments strongly
interact with the gold surface, the grafted chains undergo a pancake-to-mushroom-
to-brush transition with a three-regime-kinetics character during the grafting. For
the HS-PDEM chains, a three-regime-kinetics character is also observed during the
grafting. Due to the weak segment-surface interaction, HS-PDEM chains form a
random mushroom structure in regime I. In regime II, the chains rearrange
themselves to eliminate the local overlapping and form an ordered mushroom
conformation. In regime III, the chains form brushes. For either HS-PNIPAM or
HS-PDEM, the mushroom-to-brush transition occurs in the region from regime II
to III.
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Chapter 4
Growth Mechanism of Polyelectrolyte
Multilayers

Abstract In this chapter, QCM-D is employed to systematically study the influ-
ences of temperature, pH, salt concentration, salt type, chain flexibility, and chain
architecture on the growth of polyelectrolyte multilayers. In the case of sodium
poly(styrene sulfonate)/poly[2-(dimethylamino)ethyl methacrylate] multilayer, the
multilayer growth is dominated by the chain interpenetration which can be mod-
ulated by varying temperature, pH, and salt concentration. In the case of sodium
poly(styrene sulfonate)/poly(diallyldimethylammonium chloride) multilayer, the
multilayer growth is dominated by chain conformation and chain interpenetration
at CNaCl \ 1.0 M and CNaCl C 1.0 M, respectively. The specific ion effect on the
growth of polyelectrolyte multilayers can be observed in water, methanol, as well
as their mixtures, and the ion specificity is determined by the specific interactions
between the charged groups and the counterions. When the multilayer is con-
structed by two semiflexible polyelectrolytes, the multilayer growth is controlled
by the delicate balance between the weakening of electrostatic repulsion between
the identically charged groups on the same chain and the decrease of electrostatic
attraction between the neighboring layers with the increase of salt concentration.
The influence of arm number on the chain interpenetration during the multilayer
growth is dominated by the steric effect created by the arm chains.

Keywords Chain interpenetration � Chain conformation � Layer-by-layer �
Electrostatic interaction � Specific ion effect � Ion pair � Chain rigidity � Chain
architecture

4.1 Introduction

The sequential layer-by-layer (LbL) deposition of oppositely charged polyelec-
trolytes on a solid substrate can generate a polyelectrolyte multilayer (PEM) [1–3].
Because of the potential applications of PEMs in various fields, the growth of
PEMs has been investigated extensively [4–7]. In general, the formation of PEMs

G. Liu and G. Zhang, QCM-D Studies on Polymer Behavior at Interfaces,
SpringerBriefs in Molecular Science, DOI: 10.1007/978-3-642-39790-5_4,
� The Author(s) 2013

45



is influenced by temperature [8–10], pH [11–13], ionic strength [14–16], ion type
[17–20], solvent quality [21–23], molecular weight [24, 25], chain rigidity [26–
28], and chain architecture [29–31]. However, the exact mechanism of how the
growth of PEMs is influenced by the external conditions and the intrinsic prop-
erties of polyelectrolyte chains still remains elusive. For example, it is reported
that the thickness of PEM increases with temperature. One explanation is that
more chains are deposited due to the fact that the hydrophobic interaction
increases as the temperature increases [9]. Alternatively, Tan et al. [10] suggest
that PEM is more swollen at an elevated temperature, which causes more poly-
electrolyte chains to be trapped in the deposited layers, leading to an increase of
the thickness. With regard to the pH effect, some studies show that the deposition
of weak polyelectrolytes is dominated by chain charge density [11, 12], while
other studies reveal that the matching of charge densities between two polyelec-
trolytes plays a critical role in the multilayer growth [13]. For the specific ion
effect on the growth of PEMs, Salomaki et al. [17] show that the specific anion
effect on the thickness, the storage shear modulus, and the swelling extent of PEM
is related to the hydration entropy of anions. Dubas and Schlenoff [20] suggest that
the ion-specific growth of PEM is correlated with hydrophobicity and affinity of
counterions.

On the other hand, the multilayer growth usually exhibits two different modes,
i.e., linear and exponential growth modes [14, 32]. In the former case, the mass
and thickness linearly increase with the layer number [14]. In contrast, the mass
and thickness exponentially increase with the layer number in the latter case [32].
By varying salt concentration [33], temperature [34], solvent quality [21], and
molar ratio of polyelectrolytes [35], the mode of multilayer growth can be changed
from linear to exponential. Understanding the mechanism of such a transition is
important for controlling the construction of PEMs. The LbL buildup has been
predicted to be inherently exponential by a theoretical model, but the film will
grow linearly when the polyelectrolyte chains do not diffuse fast enough within the
multilayer during the deposition [34]. It is thought that the chain interpenetration
of polyelectrolytes is vital in multilayer growth for both linear and nonlinear
growth modes [32, 36]. More specifically, the former occurs when no polyelec-
trolyte chains diffuse within the multilayer, but the latter happens with the chain
diffusion throughout the multilayer [32, 36].

The chain conformation is also thought to have significant influences on the
multilayer growth because the extent of surface charge overcompensation is
governed by the chain conformation on the surface [37]. Moreover, the chain
interpenetration is also related to the chain conformation; for instance, a more
coiled chain conformation can lead to a higher extent of chain interpenetration
[8, 16]. Generally, the chain conformation of polyelectrolyte is determined not
only by the chain intrinsic properties, but also by the external conditions. In this
chapter, QCM-D is used to systematically study the growth of PEMs as functions
of external conditions and intrinsic properties of polyelectrolyte chains. We will
find that QCM-D can provide not only the information on the changes in mass,
thickness, and structure of the PEMs but also the information on the changes in
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conformation and interpenetration of polyelectrolyte chains within the PEMs,
which will be useful to clarify the growth mechanism of PEMs.

4.2 Roles of Chain Interpenetration and Conformation
in the Growth of PEMs

The typical shifts in Df and DD for the LbL deposition of sodium poly(styrene
sulfonate)/poly[2-(dimethylamino)ethyl methacrylate] (PSS/PDEM) are shown in
Fig. 4.1, where pH is fixed at 4, ionic strength is fixed at 0.2 M, and T is of 20 �C.
A measurement of LbL deposition is initiated by switching the liquid exposed to
the resonator from water to a poly(ethylene imine) (PEI) solution with a polymer
concentration of 1.0 mg/mL. PEI is allowed to adsorb onto the resonator surface
for *20 min before the surface is rinsed with water to ensure a uniform coating
with positive charges, so that the effects of substrate on the growth of multilayer
are minimized [21]. After water is replaced with phosphate buffer, 0.1 mg/mL PSS
and PDEM are alternately introduced for *20 min with buffer rinsing in between
in case the polyelectrolytes form complexes in the solution. The decrease in Df and
the increase in DD clearly indicate that the polyelectrolyte chains gradually deposit
onto the resonator surface driven by the electrostatic interaction.

Figure 4.2 shows the shifts in -Df and DD as a function of layer number for the
growth of PSS/PDEM multilayer at pH 4, where T is of 20, 25, and 30 �C. PSS is a
strong polyelectrolyte whose charge degree is independent of pH. In contrast, PDEM
is a weak polyelectrolyte with pKa� 7 [38]. Thus, PDEM is completely charged at
pH 4. Accordingly, the LbL deposition of PSS/PDEM at pH 4 deals with two
completely charged polyelectrolytes. In Fig. 4.2, both -Df and DD linearly increase
with layer number, that is, the PEM exhibits a linear growth manner. The increase of
-Df indicates that the two oppositely charged polyelectrolytes alternatively deposit
on the resonator surface. The increase of DD further indicates the sequential
deposition of polyelectrolytes. For the same layer number, -Df increases with

Fig. 4.1 Shifts in frequency
(Df) and dissipation (DD) for
the LbL deposition of PSS/
PDEM at pH 4 and T of
20 �C, where the overtone
number n = 3. Reprinted
with permission from Ref.
[8]. Copyright 2008
American Chemical Society
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temperature, suggesting that the elevated temperature facilitates the deposition of
polyelectrolytes.

The most important event is that -Df exhibits an oscillation character, namely,
-Df oscillatedly increases with the layer number. So does DD. However,
DD exhibits a more remarkable oscillation. Because the dissipation factor of a film
relates to its structure, the increase of DD from odd to even layer number implies
that the layer changes from dense to loose due to the deposition of a swollen
PDEM layer. Then, the complexation between PSS and PDEM occurs after PSS is
added. Such a complexation could extend a certain depth in the layer, that is, the
chain interpenetration between PSS and PDEM layers occurs. As a result, the layer
becomes denser, and DD drops. At the same time, the surface charge is changed
from positive to negative, which makes the subsequent adsorption of PDEM chains
possible. Consequently, the alternative swelling-and-shrinking of the outermost
layer leads to the oscillations of DD. On the other hand, -Df first increases after
PDEM is introduced due to the increase in thickness of the layer. Then, the layer
shrinks after PSS is introduced due to the complexation. This gives rise to a
decrease in thickness, so -Df decreases. Clearly, the oscillation in -Df also results
from the alternative swelling-and-shrinking of the outermost layer.

Because the interpenetration increases with the degree of complexation
between polyelectrolytes, the extent of interpenetration can be viewed in terms of

Fig. 4.2 Shifts in frequency
(-Df) and dissipation (DD) as
a function of layer number for
the growth of PSS/PDEM
multilayer at pH 4 and T of
20, 25, and 30 �C, where the
overtone number n = 3. The
odd and even layer numbers
correspond to the deposition
of PSS and PDEM,
respectively. Reprinted with
permission from Ref. [8].
Copyright 2008 American
Chemical Society
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the amplitude of oscillation in -Df and DD. In other words, larger amplitudes in -

Df and DD imply more interpenetration. It has been suggested that a linearly
growing multilayer exhibits a somewhat fuzzy but layered structure due to the
chain interpenetration between neighboring layers [39]. In Fig. 4.2, the oscillation
amplitude of either -Df or DD increases with temperature, indicating that the
interpenetration is strongly dependent on temperature. This is because the poly-
electrolyte chains are more fluid and the multilayer is more swollen at an elevated
temperature [10], which enhances the polyelectrolyte complexation and inter-
penetration. Thus, the elevated temperature facilitates the deposition of poly-
electrolytes. In addition, DD has almost the same amplitude at the same
temperature for different layer numbers, indicating that the interpenetration
between any neighboring layers is equal. This might be the reason that
-Df increases linearly with the layer number.

The electrostatic interaction and chain conformation of a weak polyelectrolyte
are affected by its charge density which can be tuned by pH. Thus, the growth of
PSS/PDEM multilayer is also expected to be influenced by pH. Figure 4.3 shows
the changes in -Df and DD as a function of layer number for the growth of PSS/
PDEM multilayer at 25 �C, where pH is of 4, 7, and 10. At pH 10, -Df keeps
almost constant with layer number, indicating that no multilayer is formed. This is
because PDEM is uncharged at pH 10 and no electrostatic interaction exists

Fig. 4.3 Shifts in frequency
(-Df) and dissipation (DD) as
a function of layer number for
the growth of PSS/PDEM
multilayer at T of 25 �C and
pH of 4, 7, and 10, where the
overtone number n = 3. The
odd and even layer numbers
correspond to the deposition
of PSS and PDEM,
respectively. Reprinted with
permission from Ref. [8].
Copyright 2008 American
Chemical Society
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between PSS and PDEM at this pH. For the same layer number, -Df increases
with pH from 4 to 7. It is known that the charge density of PDEM chain decreases
with the increasing pH [38]. As the charge density decreases, more polyelectrolyte
chains are adsorbed to overcompensate and invert the surface charge so that the
adsorption of next layer occurs. As a result, -Df increases with the decreasing
charge density for the same layer number. Also, the amplitude of oscillation in –
Df or DD increases as pH increases from 4 to 7. Similar to the case of temperature
effect, this fact is indicative of the increase of extent of interpenetration. The
decrease of charge density with pH causes the polyelectrolyte chains to adopt a
more coiled conformation, and the multilayer becomes more swollen, which
makes more interpenetration possible. At pH 10, -Df and DD do not exhibit
obvious oscillation, indicating that no interpenetration occurs in the deposition due
to the lack of electrostatic interaction.

As discussed above, the effects of temperature and pH can be attributed to the
variation of interpenetration between the neighboring layers. To further extract its
role, the salt effect on the LbL deposition of PSS/PDEM has also been examined
(Fig. 4.4). For the same layer number, the increases of -Df and DD with the NaCl
concentration CNaClð Þ, indicating that the thickness of PEM increases with the salt
concentration. Meanwhile, the extent of interpenetration also increases with CNaCl,
as indicated by the fact that the amplitude of oscillation in DD increases with

Fig. 4.4 Shifts in frequency
(-Df) and dissipation (DD) as
a function of layer number for
the growth of PSS/PDEM
multilayer at T of 20 �C and
pH 4 with different NaCl
concentrations, where the
overtone number n = 3. The
odd and even layer numbers
correspond to the deposition
of PSS and PDEM,
respectively. Reprinted with
permission from Ref. [8].
Copyright 2008 American
Chemical Society
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CNaCl. Dubas and Schlenoff [20] suggested that the thickness increment with the
salt concentration is mainly determined by the charge penetration length. Since the
multilayer at a higher salt concentration becomes more swollen, the oppositely
charged polyelectrolyte chains would diffuse into the interior of the multilayer.
Consequently, more polyelectrolytes are trapped in the multilayer, the charge
penetration length increases, and the layer thickness increases. This is why -

Df increases with salt concentration for the same layer number in Fig. 4.4. On the
other hand, the amplitude of oscillation in DD increases with salt concentration,
further indicating an increase of the extent of interpenetration. In short, the growth
of PSS/PDEM multilayer is dominated by the interpenetration between neigh-
boring layers.

In the case of PSS/PDEM multilayer, the growth of PEM always exhibits a
linear manner regardless of temperature, pH, and salt concentration, which might
be determined by the intrinsic properties of the polyelectrolytes. However, the
growth of PEM may exhibit an exponential manner at high salt concentrations for
other systems, e.g., the sodium poly(styrene sulfonate)/poly(diallyldimethylam-
monium chloride) (PSS/PDDA) multilayer [16]. In Fig. 4.5, -Df increases with
CNaCl for the same layer number. Meanwhile, -Df exhibits a more obvious
exponential character at a higher CNaCl. In contrast, DD only slightly increases
with layer number and does not have dependence on salt concentration at
CNaCl\1:0 M. DD gradually increases with layer number at CNaCl of 2.0 M and
remarkably increases at CNaCl of 3.0 M. The facts indicate that the mechanism for
the growth of PSS/PDDA multilayer in the range of CNaCl\1:0 M might be dif-
ferent from that at CNaCl [1:0 M. Also, DD shows oscillation at CNaCl of 2.0 and
3.0 M and the amplitude gradually increases with layer number. The oscillation
reflects the interpenetration and complexation of the polyelectrolytes. For a certain
PSS outer layer, when PDDA is introduced, a swollen PDDA layer is formed on
the PSS surface. Thus, DD increases. However, the subsequently introduced PSS
chains would penetrate into the PDDA layer, leading to the complexation between
PSS and PDDA chains. As a result, the layer becomes denser, as reflected by the
drop in DD. At the same time, the surface charge changes from positive to neg-
ative, making the subsequent adsorption of PDDA chains on the surface possible.
The layer number dependence of amplitude at CNaCl of 2.0 and 3.0 M indicates the
enhancement of interpenetration with the layer number.

A better view of the layer number dependence of DD in the range of
CNaCl� 1:0 M is shown in the inset of Fig. 4.5. When CNaCl� 0:05 M, no inter-
penetration occurs since DD does not have an oscillation. Nevertheless, for the
same layer number, DD at CNaCl of 0.05 M is larger than that in a salt-free
solution. This is because a more swollen film is resulted in the presence of NaCl.
In the range of 0:05 M\CNaCl\1:0 M, an obvious oscillation in DD can be
observed, which is indicative of the occurrence of the interpenetration. The
amplitude of oscillation is independent of layer number, suggesting that the
interpenetration in each layer has the same degree. Moreover, the amplitude is also
independent on CNaCl, implying that the addition of salt does not influence the
interpenetration. Obviously, the multilayer growth is not dominated by the
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interpenetration in this range of CNaCl. Otherwise, -Df should exhibit a linear
growth regardless of the salt concentration. In addition, the amplitude at CNaCl of
1.0 M shows a gradual increase with layer number, indicating that 1.0 M is close
to a critical salt concentration for the multilayer growth from one regime to
another.

Atomic force microscopy investigations have shown that the buildup regime
from linear to exponential is due to the continuous increase of active surface area
available for adsorption. This is because the polyelectrolyte chains change from an
extended to a more compact conformation as the salt concentration increases [40].
In parallel, the exponential growth is suggested to be attributed to the ‘‘in’’ and
‘‘out’’ diffusion of polyelectrolyte chains through the multilayer during the buildup
[32, 36]. To further examine the effect of NaCl concentration on the growth of
PSS/PDDA multilayer, the values of Df with layer number at different NaCl
concentrations in Fig. 4.5 are fit based on the following equation [33]:

Df ¼ A expðaNÞ þ B ð4:1Þ

where A and B are two constants, and a and N are the characteristic growth
parameter and layer number, respectively.

Figure 4.6 shows a gradually increases from 0 to *0.4 as CNaCl increases from
0 to 3.0 M. Thus, the exponential growth mode gradually becomes dominant as

Fig. 4.5 Layer number
dependence of shifts in
frequency (-Df) and
dissipation (DD) as a function
of NaCl concentration
CNaClð Þ for the growth of

PSS/PDDA multilayer, where
the overtone number n = 3.
The inset shows the change in
DD for the multilayer growth
as a function of layer number
in the range of
CNaCl� 1:0 M. The odd and
even layer numbers
correspond to the deposition
of PSS and PDDA,
respectively. Reprinted with
permission from Ref. [16].
Copyright 2008 American
Chemical Society
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CNaCl increases. Generally, the conformation of polyelectrolytes is determined by
the electrostatic interaction, which can be described in terms of Debye length lDð Þ.
The decrease of lD with CNaCl would screen the electrostatic interaction so that the
polyelectrolyte chains would adopt a more coiled conformation. Thus, if the LbL
deposition is dominated by the chain conformation, the characteristic growth
parameter should relate to lD. Interestingly, the fitting curve and the experimental
data are superposed well in the range of CNaCl\1:0 M, implying that the multi-
layer growth is dominated by the chain conformation. In the range of
CNaCl� 1:0 M, the fitting curve gradually deviates from the experimental data,
indicating that the LbL deposition is no longer dominated by the chain
conformation.

The combination of the results in Figs. 4.5 and 4.6 indicates that the multilayer
growth in the range of CNaCl\1:0 M is dominated by the chain conformation
instead of the chain interpenetration. In the range of CNaCl� 0:05 M, a higher salt
concentration leads to a more swollen film without interpenetration. In the range of
0:05 M\CNaCl\1:0 M, more loops and tails are formed at the polymer/solution
interface as CNaCl increases, so that the multilayer has a higher charge overcom-
pensation level. This is why -Df increases with salt concentration for the same
layer number. Moreover, such coils and loops would lead the active surface area
available for adsorption to increase continuously. Consequently, -Df exhibits an
exponential increase with layer number, particularly at the high salt
concentrations.

At CNaCl� 1:0 M, the fitting curve gradually deviates from the experimental
data, indicating that the multilayer growth is no longer governed by the chain
conformation. This is because the charge overcompensation attains a critical level
at a certain salt concentration due to the electrostatic repulsion between the like
charges. Further addition of the salt causes the oppositely charged polyelectrolyte
chains to diffuse into the interior of the multilayer as the mobility of the adsorbed
polyelectrolyte chains increases with the salt concentration [34]. Therefore, a
higher salt concentration gives rise to a thicker film and a larger value of -Df. On

Fig. 4.6 NaCl concentration
CNaClð Þ dependence of

characteristic growth
parameter (a), where the
fitting is based on a ¼
b=lD; lD is the Debye length
and b is fixed at 0.1.
Reprinted with permission
from Ref. [16]. Copyright
2008 American Chemical
Society
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the other hand, the amplitude of oscillation in DD increases with layer number,
indicating an increase of the extent of interpenetration, which would lead the
multilayer to grow acceleratedly in the early stage of growth because the inter-
penetration is limited by the impenetrable interface [41]. Actually, this mechanism
also involves the mode of ‘‘in’’ and ‘‘out’’ diffusion of polyelectrolytes during the
LbL deposition [32, 36].

4.3 Specific Ion Effect on the Growth of PEMs

In fact, the growth of PEMs is influenced not only by temperature, pH, and ionic
strength, but also by ion type. In general, ions can be categorized as kosmotropes and
chaotropes in light of the strength of ionic hydration [42]. The strongly hydrated ions
are usually defined as kosmotropes, whereas the weakly hydrated ions are called
chaotropes [43]. Collins has proposed a concept that only oppositely charged ions
with similar water affinities can form strong ion pairs, which dominates the ion-
specific interactions in aqueous solutions [44]. Parsons and Ninham [45] have
suggested that specific ion effect is due to the polarizability of ions and is manifested
through the ionic dispersion forces. Figure 4.7 shows the layer number dependence
of -Df and DD for the growth of PSS/PDDA multilayer as a function of salt type. -

Df increases with layer number, indicating the sequential deposition of polyelec-
trolytes. For the same layer number, -Df increases following the order
SO2�

4 \ H2PO�4 \ CH3COO�\ F�\ HCO�3 \ Cl�\ ClO�3 \ Br�, which is
roughly consistent with the classical Hofmeister series [42]. Hence, the deposition of
polyelectrolytes is affected by the nature of anions. Furthermore, the anions can be
divided into two groups with HCO�3 as the borderline. For the cases of
SO2�

4 ; H2PO�4 ; CH3COO�; F� and HCO�3 , -Df linearly increases with layer
number. In contrast, Cl�; ClO�3 , and Br- cause the multilayer to grow nonlinearly.
On the other hand, DD gradually increases with the layer number, further indicating
the sequential deposition of polyelectrolytes. However, DD only has slight depen-
dence on anion species except in the cases of Br-, HCO�3 , and SO2�

4 . The relatively
low DD observed in Na2SO4 solution indicates that SO4

2- leads to a thin and rigid
multilayer, whereas the larger DD observed in NaBr solution reflects a thicker and
more swollen multilayer resulted. The multilayer deposited in NaHCO3 solution
also exhibits a remarkable increase in DD as layer number increases. To clarify the
anion-specificity, the specific anion effect on the multilayer growth in linear and
nonlinear modes is discussed separately.

Figure 4.8 shows the average value of -Df caused by the deposition of PDDA
for the 14 and 16th layers gradually increases along the series
HCO�3 \ Cl�\ ClO�3 \Br�, whereas the average value of -Df induced by the
deposition of PSS for the 13 and 15th layers gradually decreases following the
series HCO�3 [ Cl�[ ClO�3 [ Br�. For the case of HCO3

-, -Df values caused
by the deposition of PSS and PDDA are almost equal to each other. For a certain
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PSS outer layer, when PDDA is introduced, it forms a layer on PSS surface via the
electrostatic attraction. Thus, the mass or layer thickness increases, leading to an
increase of -Df. However, the subsequently introduced PSS chains would pene-
trate into PDDA layer, and they form complexes. Some associated water mole-
cules are released from the multilayer during the complexation, giving rise to a
decrease in -Df. Accordingly, more chain interpenetration and complexation

Fig. 4.7 Shifts in frequency
(-Df) and dissipation (DD) as
a function of layer number for
the growth of PSS/PDDA
multilayer for different anions
with common cation Na+,
where the overtone number
n = 3 and the ionic strength
is fixed at 0.5 M. The odd and
even layer numbers
correspond to the deposition
of PSS and PDDA,
respectively. Reprinted with
permission from Ref. [19].
Copyright 2010 American
Chemical Society

Fig. 4.8 The average
frequency shift (-Df) due to
the deposition of PSS or
PDDA for the last four layers
as a function of anion species
regarding
Br�; ClO�3 ; Cl� and HCO�3 .
Reprinted with permission
from Ref. [19]. Copyright
2010 American Chemical
Society
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would cause more water molecules to release out, so that a larger decrease in -

Df can be observed. The fact that -Df for the deposition of PSS decreases from
HCO�3 to Br- indicates that the degree of chain interpenetration increases fol-
lowing the series. When PDDA is introduced to PSS surface again, the penetrated
PSS chains may diffuse out and interact with PDDA chains forming a new layer
[32]. Therefore, more PSS penetration results in more adsorption of PDDA, that is,
a smaller -Df for the deposition of PSS gives rise to a larger -Df for the depo-
sition of PDDA. In other words, the nonlinear growth of PSS/PDDA multilayer is
dominated by the anion-modulated chain interpenetration. According to the law of
matching water affinities [43], a more chaotropic anion can form a stronger ion
pair with the weakly hydrated ammonium group, so that a more chaotropic anion
can screen the polyelectrolyte charges more effectively, leading to a higher level of
‘‘extrinsic charge compensation’’ [41]. Therefore, as the anions change from Cl-

to Br- along the series, a more swollen PDDA layer is resulted, which will
facilitate the PSS chain penetration. Besides, the similar values of -Df for the
deposition of PSS and PDDA in the NaHCO3 solution suggests that only slight
chain interpenetration occurs between the neighboring layers. Two oppositely
charged polyelectrolytes with a high level of chain interpenetration and com-
plexation would result in a rigid multilayer, whereas those with a low level of
chain interpenetration are expected to form a loose multilayer. This is why the
multilayer deposited in NaHCO3 solution exhibits a dramatic increase in DD as
layer number increases (Fig. 4.7).

The average values of -Df due to the deposition of PSS or PDDA for the last
four layers as a function of anion species for HCO�3 ; F�; CH3COO�; H2PO�4 ,
and SO2�

4 are shown in Fig. 4.9. It is evident that the deposition of PSS causes
more increase in -Df than that of PDDA with the exception of the case of HCO3

-,
which implies that PSS chains form a swollen layer on PDDA surface. The sub-
sequently introduced PDDA chains penetrate into such a swollen layer and form
complexes with PSS chains. This is quite different from that for the nonlinear

Fig. 4.9 The average
frequency shift (-Df) due to
the deposition of PSS or
PDDA for the last four layers
as a function of anion species
regarding
HCO�3 ; F�; CH3COO�;
H2PO�4 , and SO2�

4 .
Reprinted with permission
from Ref. [19]. Copyright
2010 American Chemical
Society
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growth of PSS/PDDA multilayer described above. The -Df induced by the
deposition of PDDA decreases from HCO3

- to F-, and then holds almost constant
at *0 from F- to SO2�

4 . On the other hand, -Df induced by the deposition of PSS
increases from HCO�3 to F-, followed by a gradual decrease of -Df from F- to
SO2�

4 . The increase of -Df for PSS and the decrease of -Df for PDDA from
HCO�3 to F� suggest that the multilayer growth changes from a PSS penetration-
dominated regime to a PDDA penetration-dominated regime. From F- to SO2�

4 , -

Df for the deposition of PDDA keeps almost constant, indicating that PDDA
exhibits a similar level of penetration in the presence of different anions. There-
fore, the linear multilayer growth is not dominated by the chain interpenetration. -

Df for the deposition of PSS gradually decreases from F- to SO2�
4 , indicating a

gradual decrease of the amount of adsorbed PSS chains. Since ammonium is a
weakly hydrated group, the effectiveness of charge screening by the anions should
decrease from chaotropes to kosmotropes according to the concept of matching
water affinities [43]. Therefore, the effectiveness of kosmotropic anions to screen
the polyelectrolyte charges increases from SO2�

4 to F�. At a more screened PDDA
surface, PDDA chains would adopt a more loopy conformation, yielding a higher
surface charge density. As a result, the PDDA surface can adsorb more subse-
quently introduced PSS chains with a larger -Df. Clearly, the linear multilayer
growth is dominated by the anion-modulated conformation of PDDA chains on the
surface.

Although the specific ion effect is usually observed in mixed electrolyte sys-
tems such as biological systems, one always likes to construct PEMs in a single
electrolyte solution instead of a mixed electrolyte solution for simplification. Since
chaotropes and kosmotropes exhibit different interactions with the charged groups
on polyelectrolyte chains, the ion specificity in a mixed electrolyte solution con-
taining both chaotropes and kosmotropes is expected to be different from that in a
single electrolyte solution. Figure 4.10 shows the layer number dependence of -

Df in the NaClO3�CH3COONa mixed solutions. It can be seen that the multilayer

Fig. 4.10 Shift in frequency
(-Df) as a function of layer
number for the growth of
PSS/PDDA multilayer in the
NaClO3�CH3COONa mixed
solutions, where the overtone
number n = 3 and the ionic
strength is fixed at 0.5 M.
The odd and even layer
numbers correspond to the
deposition of PSS and PDDA,
respectively. Reprinted with
permission from Ref. [19].
Copyright 2010 American
Chemical Society
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growth is gradually dominated by the nonlinear mode with the increasing molar
fraction of NaClO3. The deposition of PDDA chains causes more increase in -

Df than PSS chains in the solution of 50 % NaClO3 (mol/mol), similar to the
deposition in chaotropic anion solutions. Therefore, the chaotropic anions have
stronger influences on the multilayer growth than the kosmotropic anions in the
mixed electrolyte solution.

If there is no interplay between the chaotropic anion-polyelectrolyte interaction
and the kosmotropic anion-polyelectrolyte interaction in the mixed electrolyte
solutions, the resulted –Df by the deposition of multilayer would follow the
additivity law. However, Fig. 4.11 shows that the resulted –Df for the eight
bilayers are always less than the theoretical values obtained on the basis of the
additivity law. In other words, the specific anion effect on the multilayer growth in
the mixed electrolyte solutions is nonadditive and an anion competition effect
might occur there [46]. Since the weakly hydrated chaotropic anion can form
strong ion pair with the weakly hydrated ammonium group on PDDA chains, the
chaotropic anions would bind onto the polyelectrolyte chains more tightly in
comparison with the kosmotropic anions. In the mixed electrolyte solutions, the
chaotropic anions should prefer to bind onto the polyelectrolyte chains. Moreover,
they may also replace the already adsorbed kosmotropic anions. Thus, the anion
competition effect leads the multilayer growth to be dominated by the chaotropic
anions in the mixed electrolyte solutions. This is why the theoretical values of -

Df are always higher than the experimental values induced by the growth of
multilayer in the mixed electrolyte solutions.

Indeed, PEMs not only can be fabricated in water but also can be constructed in
organic solvents and water-organic solvent mixtures [22]. Organic solvents and
water-organic solvent mixtures usually have a smaller dielectric constant than
water. Thus, more ion pairs will be formed compared with that in aqueous solu-
tions [47]. Besides, the solvation of ions in water-organic solvent mixtures should
be different from that in water because the solvent molecules can form complexes
in the mixtures [48]. Therefore, it is expected that the specific ion effect in organic

Fig. 4.11 Comparison
between experimental and
theoretical values of the
frequency shift (-Df) for the
eight bilayers of PSS/PDDA
multilayer in the NaClO3-
CH3COONa mixed solutions
as a function of molar
fraction of CH3COONa.
Reprinted with permission
from Ref. [19]. Copyright
2010 American Chemical
Society
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solvents and water-organic solvent mixtures might be different from that in water.
Figure 4.12 shows the change in -Df for eight bilayers of poly(sodium 2-acry-
lamido-2-methylpropanesulfonate)/poly(diallyldimethylammonium chloride)
(PAMPS/PDDA) multilayer as a function of the molar fraction of methanol ðxMÞ
for the different anions. For all the cases, -Df increases with the xM from 0 to
75 %, followed by a decrease of -Df with the further increase of xM from 75 to
100 %. It is interesting that the specific anion effect is observed in the growth of
PAMPS/PDDA multilayer at the salt concentration as low as 2.0 mM. Namely, -

Df increases following the series F�\ Cl�\ Br� at the same xM. More inter-
estingly, the specific anion effect is gradually amplified with the increasing xM

from 0 to 75 % but is weakened again as xM increases further from 75 to 100 %. It
is reported that the dielectric constant (e) of water–methanol mixtures gradually
decreases from 78.5 to 32.7 as xM increases from 0 to 100 % at 25 �C [49]. At xM

of 0 %, no obvious specific anion effect is observed. This is understandable
because lD is of *7 nm in the presence of 2.0 mM monovalent salt in water and
the short-range ion-specific interactions are masked by the long-range nonspecific
electrostatic interactions. lD decreases with the decreasing e upon the addition of
methanol, so that the anion-specific interactions and the specific anion effect
should become more obvious with the increasing xM. This may explain the
occurrence of specific anion effect in methanol and water–methanol mixtures but
cannot explain why the strongest specific anion effect occurs at the xM of 75 %.

The concept of matching water affinities could be extended to methanol and
water–methanol mixtures, i.e., matching solvent affinities. For the same solvent,
the ionic solvation is mainly determined by the charge-dipole interactions between
ions and solvent molecules. Thus, it is reasonable to expect that two oppositely
charged ions should have similar strengths of solvation in methanol and in water–
methanol mixtures if they have similar strengths of hydration in water. In other
words, two oppositely charged ions should have stronger interactions in methanol
and in water–methanol mixtures if they interact more strongly in water. In aqueous

Fig. 4.12 Shift in frequency
(-Df) for the 8-bilayer
PAMPS/PDDA multilayer as
a function of the molar
fraction of methanol ðxMÞ in
the presence of different
anions, where the overtone
number n = 3 and the salt
concentration is fixed at
2.0 mM. Reprinted with
permission from Ref. [23].
Copyright 2013 American
Chemical Society
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solutions, the strength of interactions between the weakly hydrated ammonium
groups on PDDA chains and the anions increases following the order
F�\ Cl�\ Br� because the extent of hydration of anions decreases from F� to
Br� [50]. Therefore, the strength of interactions between the ammonium groups
and the anions is also expected to increase following the order F�\ Cl�\ Br� in
methanol and in water–methanol mixtures. That is, the effectiveness of anions to
screen the charges on PDDA chains increases following the series
F�\ Cl�\ Br�, and PDDA chains would adopt a more coiled conformation as
the anions change from F� to Br�. A more coiled conformation is more favorable
for the multilayer growth, so that -Df increases following the order
F�\ Cl�\ Br� at the same xM. In short, the anion-solvent interactions and the
resulted counterion-charged group interactions may be responsible for the occur-
rence of specific anion effect.

Previous Raman spectra studies showed that water and methanol molecules are
able to form complexes with a stoichiometry of H2Oð Þ2 CH3OHð Þ5 [51]. That is,
when xM is less than 75 %, the methanol molecules might not be sufficient to
complex with all the water molecules, and more complexes are formed in the
solvent mixtures with the increasing xM. Further increasing xM from 75 to 100 %
leads the concentration of complexes to decrease because water molecules may not
be sufficient to complex with all the methanol molecules. Thus, the complexes
might have the highest concentration at xM of *75 % where water and methanol
molecules all form complexes. The strength of charge-dipole interactions between
the anions and the solvent complexes should decrease following the order
F�[ Cl�[ Br� in the water–methanol mixtures as the anionic surface charge
density decreases from F- to Br-. Relatively strong interactions between the
anions and the solvent complexes lead to weaker interactions between the anions
and the ammonium groups, whereas relatively weak interactions between the
anions and the solvent complexes cause stronger interactions between the anions
and the ammonium groups. As mentioned above, the concentration of solvent
complexes increases with xM from 0 to 75 %. The increasing concentration of
water/methanol complexes would amplify the difference in the interactions
between anions and solvent complexes, thereby enlarging the difference in the
interactions between anions and ammonium groups, giving rise to an amplification
of the specific anion effect. In contrast, as xM increases from 75 to 100 %, the
decrease of concentration of solvent complexes would weaken the specific anion
effect. Thus, the change of relative proportion of the complexes in the water–
methanol mixtures may be responsible for the amplification or weakening of the
specific anion effect.

The specific cation effect is usually much weaker than that of anions. However,
the cation specificity can be observed in Fig. 4.13; namely, -Df increases fol-
lowing the series Liþ\ Naþ\ Kþ at the same xM. Moreover, the specific cation
effect is amplified as xM increases from 0 to 75 % but is weakened again as xM

increases further from 75 to 100 %. This result is similar to the observation in
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Fig. 4.12 and can also be explained by the concept of matching solvent affinities in
the water–methanol mixtures.

4.4 Effects of Chain Rigidity and Architecture
on the Growth of PEMs

In general, the conformation of polyelectrolyte is determined by the total chain
persistence length ðlpÞ which represents the effective rigidity of the polyelectrolyte
chain. lp is the sum of l0 and the electrostatic persistence length ðleÞ [52]:

lp ¼ l0 þ le ¼ l0 þ
lBl2Dr2

4
ð4:2Þ

where lB and r are the Bjerrum length and the linear charge density, respectively.
l0 corresponding to the rigidity of an uncharged chain is independent of the salt
concentration, while le arising from the electrostatic repulsion between identically
charged groups from the same chain depends on the external salt concentration
[40]. In the growth of PEMs, increasing salt concentration can screen not only the
electrostatic attraction between oppositely charged chains from the neighboring
layers but also the electrostatic repulsion between the groups with like charges
along the same chain. The former is unfavorable for the multilayer growth due to
the decrease of chain interpenetration [53]. In contrast, the latter would give rise to
a more coiled conformation of the chains on the surface and thus favors the
multilayer growth via increasing the extents of surface charge overcompensation
and chain interpenetration [8, 41]. Consequently, the effect of salt concentration on
the multilayer growth should be determined by the delicate balance between such
two opposite effects.

Fig. 4.13 Shift in frequency
(-Df) for the 8-bilayer
PAMPS/PDDA multilayer as
a function of the molar
fraction of methanol ðxMÞ in
the presence of different
cations, where the overtone
number n = 3 and the salt
concentration is fixed at
2.0 mM. Reprinted with
permission from Ref. [23].
Copyright 2013 American
Chemical Society
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The chemical structures of PSS, PDDA, sulfated chitosan (SC), and cationic
guar gum (CGG) are shown in Fig. 4.14. The l0 of PSS, PDDA, SC, and CGG are
*0.9, *2.7, *10.0, and *10.0 nm, respectively [54–57]. Thus, PSS and PDDA
are considered as flexible polyelectrolytes, whereas SC and CGG are classified as
semiflexible polyelectrolytes. As can be seen from Fig. 4.5, the increase of salt
concentration favors the growth of PSS/PDDA multilayer; namely, both -Df and
DD increase with CNaCl for the same layer number, indicating that the effect of
weakening of electrostatic repulsion on the multilayer growth dominates over that
of the weakening of electrostatic attraction. Thus, the growth of PEMs formed by
two flexible polyelectrolytes is dominated by the weakening of electrostatic
repulsion between the identically charged groups with the salt concentration.

Figure 4.15 shows the layer number dependence of shifts in -Df and DD for the
growth of SC/CGG multilayer as a function of CNaCl. In Fig. 4.15a, as CNaCl

increases, -Df exhibits two different regimes. For the same layer number, -

Df increases with salt concentration in the range of CNaCl\ 0:1 M, and then -

Df decreases with the increasing salt concentration at CNaCl [ 0:1 M. Likewise,
DD exhibits a similar result. As CNaCl increases, DD increases for the same layer
number at CNaCl\ 0:1 M. When CNaCl is above 0.1 M, DD decreases with the
increase of salt concentration for the same layer number. Obviously, the salt effect
on the growth of SC/CGG multilayer is quite different from that of PSS/PDDA
multilayer. Here, the increase of CNaCl favors the growth of SC/CGG multilayer at

Fig. 4.14 Chemical structures of four types of polyelectrolytes. a poly(sodium 4-styrenesulfo-
nate) (PSS), b poly(diallyldimethylammonium chloride) (PDDA), c sulfated chitosan (SC),
d cationic guar gum (CGG). Reprinted with permission from Ref. [28]. Copyright 2012 American
Chemical Society
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low salt concentrations, but the increasing CNaCl is unfavorable for the growth of
SC/CGG multilayer at high salt concentrations.

At low salt concentrations, lp comes from the contributions of l0 and le. As the
salt concentration increases, le decreases, leading to a decrease of lp. Therefore, the
polyelectrolyte chains would adopt a more coiled conformation at the polymer/
solution interface with the increasing salt concentration due to the weakening of
electrostatic repulsion between identically charged groups, which favors the
multilayer growth by increasing the extents of surface charge overcompensation
and chain interpenetration. Meanwhile, the strength of electrostatic attraction
between oppositely charged chains from the neighboring layers decreases with the
increasing salt concentration, which is unfavorable for the multilayer growth.
Clearly, at low salt concentrations, the increase of -Df and DD with CNaCl for the
same layer number indicates that the growth of SC/CGG multilayer is dominated
by the weakening of electrostatic repulsion between identically charged groups
with the salt concentration.

When CNaCl is above 0.1 M, the le of SC and CGG are, respectively, less than
0.26 and 0.05 nm calculated from Eq. 4.2; that is, le is much smaller than l0 for
these two semiflexible polyelectrolytes. Consequently, as CNaCl increases, the
contribution of le to lp can be neglected and lp would keep almost constant with
CNaCl. As a result, the chain conformation and the extent of surface charge
overcompensation should only slightly change with CNaCl even though the

Fig. 4.15 a The layer number dependence of shift in frequency (-Df) for the growth of SC/CGG
multilayer as a function of NaCl concentration ðCNaClÞ, b The layer number dependence of shift
in dissipation (DD) for the growth of SC/CGG multilayer as a function of NaCl concentration
ðCNaClÞ. Here, the overtone number n = 3, and the odd and even layer numbers correspond to the
deposition of SC and CGG, respectively. Reprinted with permission from Ref. [28]. Copyright
2012 American Chemical Society
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electrostatic repulsion is gradually screened by the added salts. On the other hand,
the electrostatic attraction between the neighboring layers is also screened with the
increase of CNaCl, which is unfavorable for the multilayer growth due to the
decrease of chain interpenetration. The fact that -Df and DD decrease with salt
concentration for the same layer number indicates that the effect of weakening of
electrostatic attraction on the multilayer growth dominates over that of the
weakening of electrostatic repulsion. That is, as CNaCl increases, the growth of SC/
CGG multilayer is dominated by the weakening of electrostatic attraction between
the neighboring layers at the high salt concentrations.

In comparison with linear–linear PEMs, multilayers formed by star polyelec-
trolytes usually exhibit some unique properties [30]. Such unique properties of
star–star PEMs should be attributed to the topological structure of star polyelec-
trolytes and the resulted distinct behavior of chain interpenetration between the
layers. Star-shaped polyelectrolytes usually have a more compact structure, giving
rise to a more limited interpenetration in comparison with that of linear chains
[30]. Thus, it is anticipated that the behavior of chain interpenetration in the
growth of star–star PEMs should be different from that in the growth of linear–
linear PEMs. As the arm number of star polyelectrolytes changes, the resulted
steric effect can also influence the chain interpenetration. Actually, QCM-D not
only can tell the extent of chain interpenetration, but also can provide which kind
of polyelectrolyte will penetrate into the oppositely charged layer.

In Fig. 4.16, linear poly(acrylic acid) (PAA) and star-shaped PDEM with dif-
ferent arm numbers but similar arm lengths are used to fabricate the PEMs. The
number combinations (e.g., 2-2) in the figure legend represent the different PAA-
PDEM pairs. The first and second numbers denote the arm number of PAA and
PDEM, respectively. The arm number of PAA is fixed at two (linear chain), and
the arm number of PDEM is gradually increased from 2 to 6. In the case of the 2-2
pair, DD increases in an oscillatory manner with the layer number, indicating the
alternating deposition of PAA and PDEM on the resonator surface. The increase in
DD for the odd layer number indicates that the deposited PAA chains form a
swollen layer on the surface, whereas the decrease in DD for the even layer
number implies that the adsorbed PDEM chains penetrate into the predeposited
PAA layer and form a relatively dense layer through polyelectrolyte complexation.
Consequently, the oscillating changes in DD with the layer number indicate the
alternating swelling and shrinking of the outermost layer of the multilayer due to
the chain interpenetration. Obviously, in the case of 2-2 pair, the PDEM chains
penetrate into the PAA layer. Likewise, in the case of 2-3 pair, the arm chains of
PDEM also penetrate into the PAA layer, as reflected by the fact that DD increases
and decreases for the odd and even layer numbers, respectively.

However, no obvious oscillations in DD with the layer number are observed for
the 2-4 pair, indicating that only slight chain interpenetration occurs in this case.
This is understandable because the more prominent steric effect created by star
PDEM prevents the chain interpenetration as the arm number increases to 4. When
the arm number is increased to 6, the steric effect created by star PDEM should be
more notable. Nonetheless, the chain interpenetration is observed again in the case
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of 2-6 pair. More interestingly, the increase in DD for the even layer number and
the decrease in DD for the odd layer number imply that the PAA chains penetrate
into the PDEM layer, which is in contrast to the behavior for the 2-2 and 2-3 pairs.
Thus, one can conclude that it is more difficult for star PDEM to penetrate into the
PAA layer as the arm number of PDEM increases because of the increasing steric
effect. The 2-4 pair is a critical case at which the behavior of chain interpenetration
changes dramatically; namely, the arm chains of PDEM penetrate into the PAA
layer when the arm number of PDEM is less than 4, whereas the PAA chains
penetrate into the PDEM layer when the arm number of PDEM is greater than 4.

On the other hand, the gradual increase of -Df with the layer number further
indicates the sequential deposition of polyelectrolytes on the surface. Basically, -

Df relates to the mass change of the PEM, which is determined by the competition
between the adsorption of polyelectrolyte chains and the release of trapped water
molecules from the PEM during polyelectrolyte complexation. In the cases of 2-2
and 2-3 pairs, -Df increases for the odd layer number, indicating an increase of the
mass of the PEM induced by the adsorption of PAA chains, and the decrease of -

Df for the even layer number indicates a decrease of the mass of the PEM due to
the release of trapped water molecules during the penetration of PDEM arm chains
into the PAA layer. In other words, the mass change of PEM for the odd and even
layer numbers is dominated by the adsorption of PAA chains and the release of
trapped water molecules, respectively. The oscillations in -Df imply the

Fig. 4.16 Shifts in
dissipation (DD) and
frequency (-Df) as a function
of layer number for the
growth of PAA/PDEM
multilayer, where the
overtone number n = 3 and
pH is fixed at *5.3. The odd
and even layer numbers
correspond to the deposition
of PAA and PDEM,
respectively. The arm number
of PAA is fixed at 2 for all the
pairs and the arm number of
PDEM is gradually increased
from 2 to 6. Reprinted with
permission from Ref. [31].
Copyright 2012 American
Chemical Society
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alternating increase and decrease of the mass of the PEM during LbL deposition.
In the case of 2-6 pair, the increase of -Df for the even layer number indicates an
increase of the mass of the PEM because of the deposition of PDEM, and the
decrease of -Df for the odd layer number implies a decrease of the mass of the
PEM due to the release of trapped water molecules during the penetration of PAA
chains into the PDEM layer. In the case of 2-4 pair, the small oscillations in -

Df with the layer number might indicate small oscillating changes in the mass of
the PEM during the interfacial complexation between PAA and PDEM. In addi-
tion, as the arm number of PAA increases, the growth of PAA/PDEM multilayer
will exhibit a different behavior of chain interpenetration, that is, the chain
interpenetration is also dependent on the chain architecture of PAA [31].

4.5 Conclusion

The influences of external conditions and intrinsic chain properties on the growth
of PEMs have been studied by use of QCM-D. QCM-D can provide not only the
changes in mass, thickness, and structure of the PEMs but also the changes in
chain conformation and interpenetration during the multilayer growth. The influ-
ences of temperature, pH, and salt concentration on the growth of PSS/PDEM
multilayer are dominated by the chain interpenetration. The growth of PSS/PDDA
multilayer is dominated by chain conformation and chain interpenetration at
CNaCl\1:0 M and CNaCl� 1:0 M, respectively. The specific ion effect on the
growth of multilayer is controlled by the specific counterion-charged group
interaction, which strongly influences the chain conformation and interpenetration.
Regarding the effect of chain rigidity on the growth of PEMs, the multilayer
growth is determined by the delicate balance between the weakening of electro-
static repulsion and the decrease of electrostatic attraction. In the growth of PEMs
formed by polyelectrolytes with different chain architectures, the chain interpen-
etration is mainly governed by the steric effect created by the arm chains.
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Chapter 5
Interactions between Polymers
and Phospholipid Membranes

Abstract The adsorption of poly(ethylene glycol) (PEG) with different hydro-
phobic end groups onto phospholipid membranes has been investigated by using a
QCM-D in real time. On a SiO2-coated resonator surface, the adsorption of lipid
vesicles results in a solid-supported lipid bilayer (s-SLB). PEG chains with
strongly hydrophobic end groups can insert in the bilayer, whereas PEG chains
with weakly hydrophobic end groups do not interact with the s-SLB. On the other
hand, the adsorbed vesicles are intact on a gold surface. When the end group of
PEG chains is not hydrophobic enough, PEG chains interact weakly with the
vesicles so that they only have slight effects on the vesicle stability. However, PEG
chains with strongly hydrophobic end groups can lead to a vesicle-to-bilayer
transition due to the insertion of the chains in the lipid membrane. In addition,
PEG can more readily induce the rupture of vesicles at a higher polymer con-
centration due to the combined effect of hydrophobic interaction and osmotic
pressure.

Keywords Adsorption � Bilayer � Hydrophobic interaction � Insertion � Lipid
membrane � Osmotic pressure � Poly(ethylene glycol) � Vesicle

5.1 Introduction

Cell membranes are complex dynamical structures primarily consisting of a
bilayer in which two layers of phospholipid molecules are arranged in a way that
the hydrophilic heads shield the hydrophobic lipid tails from the water [1–3]. As a
permeability barrier, the membrane can protect the cell from the environment and
maintain membrane protein stability and function [1–3]. Many cellular processes
such as endocytosis, exocytosis, fertilization, signal transduction, viral infection,
intracellular transport, and cell aggregation are mediated by such a biomembrane
[4]. For example, membrane fusion, a ubiquitous life process, is generally con-
trolled by the fusion proteins inserted in the core of cell membrane [5, 6]. Probably
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because of the complex nature of the cell membranes, direct investigations on
biological membranes are extremely difficult to address. Therefore, model mem-
branes are essential for studying the membrane related phenomena. The most
commonly used model system is a lipid membrane decorated with polymers [7–9].

In principle, polymers that will be inserted in the lipid membrane should first
adsorb and bind on the membrane. One fundamental problem is the effect of
molecular interaction on the insertion. Considering that the membrane is com-
posed of a number of amphiphilic phospholipid molecules, the fundamental issue
related to the binding of polymer chains onto the membrane surface is the
hydrophobic interaction between the anchoring groups and the hydrophobic tails in
the membrane. Actually, many life processes ranging from membrane fusion to
viral infection are mediated by the hydrophobic interactions between the proteins
and the biomembranes [10–12]. It is generally accepted that the mismatch between
the hydrophobic thickness of lipid bilayer and the hydrocarbon length of the
integral membrane proteins plays an important role in lipid-protein interaction
[10]. Without a good match, the proteins will not incorporate into biomembranes
[11]. To reduce the hydrophobic mismatch, either the structure of membrane
protein or the lipid membrane has to be altered [12]. In this chapter, QCM-D is
used to investigate the adsorption of poly(ethylene glycol) (PEG) with different
hydrophobic end groups onto the phospholipid membranes to clarify the hydro-
phobic interactions between the end group of polymer chains and the core of lipid
membranes.

5.2 Role of Hydrophobic Interaction in the Adsorption
of PEG on Lipid Membrane Surface

Figure 5.1 shows the typical shifts in Df and DD as a function of time for the
adsorption of lipid vesicles onto the resonator surfaces. In Fig. 5.1a, Df decreases
and DD increases rapidly in the initial stage and then gradually level off, indicating
the saturation of lipid vesicles on the gold-coated surface. The monotonic changes
in Df and DD demonstrate that the lipid vesicles absorbed on the gold surface are
intact. In contrast, the adsorption of lipid vesicles onto the SiO2-coated resonator
surface looks quite different (Fig. 5.1b). Df first decreases and then increases with a
minimum, while DD exhibits an opposite behavior with a maximum in the
adsorption isotherm. The changes of Df and DD in Fig. 5.1b are indicative of a
vesicle-to-bilayer transition [13, 14]. Specifically, the initial decrease in Df and
increase in DD indicate that the intact vesicles are adsorbed onto the resonator
surface. The following increase in Df and decrease in DD reflect that the vesicles
rupture and fuse into a bilayer. In other words, the adsorbed lipid vesicles form a
continuously solid-supported lipid bilayer (s-SLB) on the SiO2-coated resonator
surface.
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Figure 5.2 shows the shifts in Df and DD as a function of time for the adsorption
of PEG-OH and PEG-CH3 onto the s-SLB surface. The addition of PEG-OH
solution into QCM cell does not lead to any significant change in either Df or DD,
suggesting that PEG-OH chains only slightly adsorb on the bilayer surface. That is,
the PEG-OH chains only weakly interact with the bilayer surface. Both Df and
DD return to the original point after rinsing, indicating that no PEG-OH chains are
stably adsorbed on the s-SLB surface. The adsorption of PEG-CH3 is analogous to
that of PEG-OH, though the methyl in the former is more hydrophobic than the
hydroxyl in the latter. Therefore, both PEG-OH and PEG-CH3 chains only weakly
interact with the membrane.

When the PEG chains are ended with a much more hydrophobic group (i.e., -
C18H37), the adsorption of PEG chains onto the s-SLB surface leads to a different
behavior of shifts in Df and DD with time (Fig. 5.3). The critical micelle con-
centration (CMC) of PEG-C18H37 is *0.1 mg/mL [17], so PEG-C18H37 chains
exist as individuals at the concentration of 0.05 mg/mL. After PEG-C18H37

solution is introduced at C of 0.05 mg/mL, Df sharply decreases, indicating the
insertion of PEG-C18H37 chains in the lipid bilayer. Also, the inserted chains and
the incoming chains may form aggregates on the membrane surface even at the
polymer concentration below CMC due to the attractions between the chains.
Subsequently, Df slowly increases, implying that the trapped water molecules in
the polymer aggregates are slowly released out due to the rearrangement of
polymer chains on the membrane surface. On the other hand, the sharp increase of
DD in the initial stage further indicates that PEG-C18H37 chains insert into the
bilayer and they form random aggregates with the incoming chains. The sub-
sequent decrease in DD suggests that the adsorbed chains gradually pack more

Fig. 5.1 Shifts in frequency
(Df) and dissipation (DD) as a
function of time for the
adsorption of lipid vesicles on
the resonator surfaces, where
the overtone number n = 3
and the concentration of lipid
vesicle is fixed at 3.0 mg/mL.
a The gold-coated resonator
surface, and b The SiO2-
coated resonator surface.
Reprinted with the
permission from Ref. [15].
Copyright 2010 American
Chemical Society
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densely upon the rearrangement of the chains. After rinsing, Df almost returns to
the baseline, indicating that most of the polymer aggregates are removed from the
outer surface of membrane and only a small amount of polymer chains are

Fig. 5.3 Shifts in frequency
(Df) and dissipation (DD) as a
function of time for the
adsorption of PEG-C18H37

onto the solid-supported lipid
bilayer surface with the
polymer concentration of
0.05 and 1.0 mg/mL, where
the overtone number n = 3.
Reprinted with the
permission from Ref. [16].
Copyright 2009 American
Chemical Society

Fig. 5.2 Shifts in frequency (Df) and dissipation (DD) as a function of time for the adsorption of
PEG-OH and PEG-CH3 onto the solid-supported lipid bilayer surface, where the overtone number
n = 3 and the polymer concentration is fixed at 0.05 mg/mL. Reprinted with the permission from
Ref. [16]. Copyright 2009 American Chemical Society
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incorporated in the bilayer. Thus, the difference in adsorption between PEG-
C18H37 and PEG-OH or PEG-CH3 is mainly due to the insertion and aggregation
of the chains with different hydrophobic end groups. However, DD does not return
to the baseline after rinsing, which is because the hydrophilic tails of the incor-
porated PEG-C18H37 chains protruding from the s-SLB surface have a significant
influence on DD [18]. At C of 1.0 mg/mL, PEG-C18H37 chains form micelles in
equilibrium with free chains. The initial sharp decrease in Df and increase in
DD indicate the rapid insertion of the free chains. Then, Df and DD keep almost
constant with time, implying no obvious rearrangement of polymer chains on the
membrane surface. The rinsing with buffer only leads to small changes in Df and
DD, indicating that the incorporated chains are stably attached on the s-SLB
surface. This might be because the higher polymer concentration outside the
bilayer with a higher osmotic pressure causes a stronger adsorption of PEG-C18H37

chains on the membrane surface.
Figure 5.4 shows the shifts in Df and DD as a function of time for the adsorption

of PEG-OH and PEG-CH3 onto the layer formed by lipid vesicles at a concen-
tration of 0.05 mg/mL. The introduction of PEG-OH only leads to a slight change
in Df, indicating that PEG-OH chains only slightly adsorb on lipid vesicle surface.
The relatively large shift in DD might be attributed to the formation of loops or
tails of a few PEG-OH chains on the vesicle surface, which has a marked effect on

Fig. 5.4 Shifts in frequency
(Df) and dissipation (DD) as a
function of time for the
adsorption of PEG-OH and
PEG-CH3 onto the layer
formed by lipid vesicles,
where the overtone number
n = 3 and the polymer
concentration is fixed at
0.05 mg/mL. Reprinted with
the permission from Ref.
[16]. Copyright 2009
American Chemical Society
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the energy dissipation. The adsorption of PEG-CH3 chains onto the vesicle surface
has a similar phenomenon with that of PEG-OH. Thus, either PEG-OH or PEG-
CH3 chains do not exhibit significant interactions with the vesicle membrane
surface, so that no vesicle-to-bilayer transition occurs.

In Fig. 5.5, Df decreases and DD increases sharply in the initial stage after
adding PEG-C18H37, indicating a rapid binding of PEG-C18H37 chains onto the
surface of lipid vesicles. The most important event is that Df and DD exhibit a
minimum and a maximum, respectively. The increase in Df and decrease in
DD after their extrema indicate that the vesicles rupture and fuse into a bilayer
accompanied by the release of trapped water molecules during the vesicle-to-
bilayer transition. Theoretical studies indicate that the adsorption of vesicles onto a
surface is governed by the competition between adhesion energy (Fa) and bending

energy (Fb), where Fa = -WA* and Fb ¼ k=2ð Þ
H

dA C1 þ C2 � C0ð Þ2 [19–21].
W and A* are the effective contact potential and the contact area, respectively, k is
the bending rigidity of the membrane, C1 and C2 are the two principal curvatures,
and C0 is the spontaneous curvature [19–21]. The former is the energy to deform
the shape, which is gained by the vesicle adsorption. The latter is the energy to
hold the vesicle shape. When the latter is dominated by the former, a planar bilayer
will be resulted via the fusion of vesicles [22]. During the adsorption of
PEG-C18H37 chains on the membrane surface, W and A* should hold constant,

Fig. 5.5 Shifts in frequency
(Df) and dissipation (DD) as a
function of time for the
adsorption of PEG-C18H37

onto the layer formed by lipid
vesicles with the polymer
concentration of 0.05 and
1.0 mg/mL, where the
overtone number n = 3.
Reprinted with the
permission from Ref. [16].
Copyright 2009 American
Chemical Society
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thereby resulting in a constant Fa. Therefore, the rupture of vesicles is likely
dominated by the changes in membrane curvature and bending rigidity induced by
the adsorption of polymer chains.

5.3 Effect of Length of Hydrocarbon End Group
on the Adsorption of PEG on Lipid Membrane Surface

From the discussion above, PEG-CH3 cannot insert in the lipid bilayer, whereas
PEG-C18H37 can insert in the lipid bilayer. That is, the insertion efficiency
increases with the length of hydrocarbon end group of the PEG chains. However,
the critical value of the length below which the PEG chains cannot insert in the
membrane is still unknown. Figure 5.6 shows the shifts in Df and DD as a function
of time for the adsorption of PEG chains on the s-SLB surface. Here, the PEG
chains with m carbons in the hydrocarbon end group (PEG-OOC(CH2)m-2CH3) is
designated as Cm in the figure. When the carbon number m = 11, the introduction
of PEG-C11H21 solution does not induce any significant change in either Df or DD,
suggesting only slight adsorption of PEG-C11H21 chains on the s-SLB surface.

Fig. 5.6 Shifts in frequency
(Df) and dissipation (DD) as a
function of time for the
adsorption of PEG chains on
the s-SLB surface, where the
overtone number n = 3 and
the polymer concentration is
fixed at 0.1 mg/mL. PEG
with m carbons in the
hydrocarbon end group is
designated as Cm. Reprinted
with the permission from Ref.
[15]. Copyright 2010
American Chemical Society
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Particularly, both Df and DD return to the baseline after rinsing, further indicating
that very few PEG-C11H21 chains are adsorbed on the s-SLB surface. However,
Df decreases and DD increases significantly when the carbon number reaches 12,
indicating that the attachment of PEG-C12H23 chains on the s-SLB surface. Both
Df and DD almost return to the baseline after rinsing, implying that most of the
PEG-C12H23 chains are removed from the bilayer surface. This is because the
hydrophobic interaction between PEG-C12H23 and lipid bilayer is not strong
enough to suppress the impact of rinsing at m = 12. When m increases to 14,
Df and DD exhibit large changes even after the rinsing, indicating that the
hydrophobic interaction becomes so strong that some PEG-C14H27 chains root in
the lipid membrane and cannot be removed upon rinsing. When m increases to 16,
a more complex behavior is observed. Df and DD exhibit a minimum and a
maximum in the adsorption isotherm, respectively. The initial decrease in Df and
increase in DD are attributed to the deep insertion of PEG-C16H31 chains in the
lipid bilayer as well as the association of the inserted chains with the incoming
chains on the membrane surface. Subsequently, Df increases and DD decreases
slowly, indicating that the trapped water molecules in the PEG aggregates are
slowly released out due to the rearrangement of PEG-C16H31 chains on the
membrane surface, which is similar to the result observed in Fig. 5.3 for the
adsorption of PEG-C18H37 chains. After rinsing, Df is higher than the baseline and
DD is lower than the baseline, indicating that the PEG-C16H31 aggregates and
some associated phospholipid molecules might be removed from the membrane
surface [23].

Considering that the hydrophobic interaction between PEG chains and lipid
membrane increases as the length of hydrocarbon end group increases, the
adsorption and insertion of the PEG chains on the lipid membrane surface should
be driven by the hydrophobic interaction. In other words, the binding of PEG
chains on the lipid membrane is controlled by the length of the hydrocarbon end
group. Clearly, the critical value of carbon number in the hydrocarbon end group is
12, above which the hydrophobic end group can insert in the lipid bilayer.
Additionally, the rinsing would produce a shear force to drive the PEG chains
away from the membrane surface if the hydrophobic attraction is not strong
enough. This explains why both Df and DD can return to the baseline after rinsing
when the hydrocarbon end group is not long enough.

Likewise, the introduction of PEG-C11H21 to lipid vesicles does not lead to any
obvious change in either Df or DD (Fig. 5.7). However, Df decreases and
DD increases markedly when m increases to 12, indicating an adsorption of PEG-
C12H23 chains onto the lipid vesicle surface. Moreover, Df and DD almost return to
the baseline after rinsing, implying that such a adsorption is weak and the adsorbed
chains can be removed upon rinsing. Similar phenomena can also be observed at
m = 14. When m increases to 16, Df first sharply decreases and then rapidly
increases with a minimum, whereas DD exhibits an opposite behavior with a
maximum. This result is similar to the observation for the adsorption of PEG-
C18H37 chains (Fig. 5.5) and is indicative of the vesicle-to-bilayer transition. The
final value of Df after rinsing is higher than the baseline, indicating that water
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molecules trapped in the vesicles are released out after the vesicle-to-bilayer
transition. At the same time, DD after rinsing is lower than the baseline, further
indicating the transition from soft vesicles to a bilayer.

When the PEG concentration is increased to 2.0 mg/mL, the increasing osmotic
pressure of polymer solution to the membrane is favorable for the insertion of the
PEG chains. In Fig. 5.8, Df decreases and DD increases after the introduction of
PEG-C11H21 solution, indicating that the PEG-C11H21 chains can adsorb on the
vesicle surface at such a high concentration. Both Df and DD return to the baseline
after rinsing, implying that the adsorption is weak and the adsorbed chains can be
removed by rinsing. When m increases to 12, Df and DD show a minimum and a
maximum, respectively, indicating that lipid vesicles rupture and fuse into a
bilayer due to the adsorption and insertion of PEG-C12H23 chains. This is in
contrast with the case at the PEG concentration of 0.1 mg/mL, where PEG-C12H23

chains cannot induce the rupture of vesicles (Fig. 5.7). Therefore, the adsorption
and insertion of PEG chains are not only related to the hydrophobic interaction but
also to the osmotic pressure between the vesicle core and the PEG solution outside
the membrane. The osmotic pressure increases with the PEG concentration, which
would promote the insertion of PEG chains in the lipid vesicle membrane and
accelerate the lipid vesicle disturbance. A similar vesicle-to-bilayer transition can
also be observed at such a high PEG concentration at m = 14 and 16.

Fig. 5.7 Shifts in frequency
(Df) and dissipation (DD) as a
function of time for the
adsorption of PEG chains
onto the layer formed by lipid
vesicles, where the overtone
number n = 3 and the
polymer concentration is
fixed at 0.1 mg/mL. PEG
with m carbons in the
hydrocarbon end group is
designated as Cm. Reprinted
with the permission from Ref.
[15]. Copyright 2010
American Chemical Society
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5.4 Conclusion

The adsorption of hydrophobically end-capped PEG chains on the phospholipid
membranes has been investigated by using QCM-D in real time. Lipid vesicles can
form the s-SLB on the SiO2 surface but retain intact on the gold surface. PEG chains
with weakly hydrophobic end groups only weakly interact with either s-SLB or
vesicle membrane, whereas PEG chains with strongly hydrophobic end groups can
insert in the lipid membranes. The hydrophobic interaction between the PEG chains
and the lipid membranes increases with the length of the hydrocarbon end group of
PEG. For the intact vesicles on the gold surface, the adsorption of PEG chains with
strongly hydrophobic end groups leads to a vesicle-to-bilayer transition due to the
insertion of polymer chains in the lipid membrane. A higher PEG concentration is
more favorable for the insertion of PEG chains in the lipid membranes.
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