
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
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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

24 2 Conformational Change of Grafted Polymer Chains



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

2.6 Salt Concentration and Type-induced Conformational Change 27



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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