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Real-time observation of coil-to-globule transition in thermosensitive
poly(N-isopropylacrylamide) brushes by quartz crystal microbalance
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Abstract

Thermosensitive poly(N-isopropylacrylamide) (PNIPAm) brushes grafted on SiO2-coated quartz crystal surface were prepared by the surface
initiated radical polymerization. Using X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM), about 50 nm thickness of
PNIPAm brushes were successfully formed. Quartz crystal microbalance with dissipation (QCM-D) is employed to investigate the collapse and
swelling behavior of the PNIPAm brushes in water in real time. Both frequency and dissipation of PNIPAm layer were found to change gradually
over the temperature range 15e50 �C, indicating that the brushes undergo a continuous transition. This continuous change is attributed to the
nonuniformity and stretching of PNIPAm brushes as well as the cooperativity between collapse and dehydration transition.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The behavior of polymer molecules when one of their ends
is tethered to a surface or an interface is qualitatively different
from that of chain molecules in bulk. The presence of a wall
limits the configurational space of the chain and the two-
dimensional anchoring makes the repulsions between neigh-
boring chains different from that of polymers in bulk. The
study of tethered layers extends to many fields, including
chemistry, physics, and material science. During the last two
decades many scientists have investigated the behavior of teth-
ered layers using experimental and theoretical methodologies.
On the experimental side, the measurements of the forcee
distance profiles have provided very valuable information on
how the modified surfaces interact with each other [1e4].
Scattering methods have been applied to elucidate the
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structure of the layers through the monomer density profiles
as a function of the distance from the tethering surface and
how this structural property changes with the quality of sol-
vent [5e10]. On the theoretical side, there are scaling ap-
proaches [11e21], self-consistent field (SCF) calculations
[22e24], and computer simulations including molecular
dynamics (MD) [25e27] and Monte Carlo (MC) [27e29]
methodologies.

Polymer chains grafted onto a surface form a polymeric
brush when the grafting density is high enough that the chains
have to stretch outward from the surface without any overlap-
ping in good solvent due to the effect of exclusion [13,30,31].
Such a coil-to-brush transition has attracted much interest with
various implications [32e38]. The properties of polymer
brushes are different from those of flexible polymer chains
in solution where chains adopt random coil configurations. It
has been theoretically predicted that the collapse of the sur-
face-grafted polymer brushes accompanying a solubility tran-
sition proceeds continuously as the solvent quality decreases
[20,33]. This effect becomes more pronounced with decrease
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in effective dimensionality [20]. Experimental results obtained
for poly(N-isopropylacrylamide) (PNIPAm) grafted on spheri-
cal nanoparticles and from other polymer brushes systems
have borne out this prediction [39,40].

PNIPAm is well known to exhibit LCST-type phase behav-
ior in water, namely PNIPAm chain swells with random coil
conformation at lower temperatures, and collapses into glob-
ule when the solution temperature is above LCST [41e43].
When PNIPAm is grafted to a solid surface, the resulting sur-
face shows temperature-dependent surface properties, such as
wettability [44,45] and film thickness [46]. This property has
been cleverly utilized in number of applications, including
chromatography [47e51] and mammalian cell release surfaces
[52,53].

While the phase transition of free PNIPAm chains in aque-
ous solution has been extensively studied, the phase behavior
of PNIPAm chains grafted to a solid surface is less explored.
Surface plasmon resonance measurements by Lopez and
coworkers [54] and neutron reflectivity studies by Kent and
coworkers [55e57], revealed that phase transition of PNIPAm
brushes take place over a broad temperature range around
32 �C. By using quartz crystal microbalance (QCM), Zhang
et al. [58,59] showed that the pancake-to-brush transition of
thiol-terminated PNIPAm chains on gold surface also was
gradual. Recently study by Genzer and coworkers [60] con-
firmed that such a broad transition of PNIPAm brushes is
induced by salt.

Most investigations of transitions for surface-grafted
PNIPAm on planar surface have employed contact angle mea-
surements, which typically show a sharp transition for surface-
grafted PNIPAm chains at about 32 �C [44,45]. Force versus
distance curves measured by atomic force microscopy
(AFM) have shown reduced steric repulsion on increasing
temperature from below the LCST to above the LCST
[46,61]. These results suggest that the outer layer of grafted
PNIPAm chains rapidly respond to temperature change. Typi-
cally these measurements have been carried out only at two
temperatures, one below and one above the LCST.

To our knowledge, a few systematic studies have been re-
ported on the collapse of PNIPAm brushes as a function of tem-
perature and/or in real time. In this study, real-time observation
of thermally-induced transition of PNIPAm brushes are investi-
gated by using quartz crystal microbalance with dissipation
measurements (QCM-D). QCM probes a combination of the
acoustic impedance and thickness, which can be termed the
‘‘acoustic moment’’. Importantly, the QCM is sensitive to any
adsorbed mass, including solvent, associated with the films. In
addition, QCM-D technique provides information not only on
the behavior of outer layer of the brushes, but on inside the layer,
and hence on the viscoelastic properties of brushes.

2. Experimental

2.1. Materials

N-isopropylacrylamide (NIPAm, Kojin Co.) was recrystal-
lized in toluene/n-hexane mixture three times. 4,40-Azobis(4-
cyanovaleric acid) (ABCA, Acros Organics), 3-(aminopro-
pyl)triethoxysilane (APTES, Shinetsu Chemical), and dicyclo-
hexylcarbodiimide (DCC, Wako Pure Chemical) were used as
received. Toluene (Kanto Chemical), N,N-dimethylformamide
(DMF, Kanto Chemical), and ethanol (Kanto Chemical) were
distilled over drying agent under dry nitrogen atmosphere
prior to use.

2.2. Graft polymerization of NIPAm onto a crystal
surface

The SiO2-coated quartz crystal surface was cleaned using
H2O/H2O2/NH4OH (5:1:1 in volume) solution at 80 �C for
15 min, and then rinsed with deionized water. The crystal sur-
face was further cleaned with 0.1 N HCl, followed by rinsing
with deionized water.

Several washedry cycles were performed until concordant
frequencies were obtained. The crystal surface was dried
under a stream of N2 gas.

The pre-treated crystal was placed into a 70 mL toluene
solution containing 2 mL of APTMS and refluxed under N2

atmosphere for 24 h (Scheme 1). When the silanization was
complete, the crystal surface was rinsed successively with tol-
uene, ethanol, and acetone, and finally dried under a stream of
N2 gas. The APTMS modified surface was then exposed to
70 mL solution of DMF containing 0.35 g of ABCA, 3.5 g
of DCC, and 87 mL of pyridine as catalyst at 35 �C for 24 h
to introduce the initiator (ABCA) on the SiO2 surface.

For the surface initiated graft polymerization with NIPAm,
the initiator modified crystal was immersed in a 70 mL of eth-
anol solution containing 10.5 g of NIPAm with one side cov-
ered with a protective casing made of Teflon. After deaeration
of the system by bubbling N2 gas, the graft polymerization was
carried out at 70 �C for 16 h under N2 atmosphere. The quartz
crystal grafted with PNIPAm was rinsed successively with tol-
uene, ethanol and deionized water to remove the PNIPAm
chains physically absorbed on the grafting layer.

The apparent molecular weight of PNIPAm chains grafted
on the SiO2 surface was determined to be Mn¼ 23,800 by
gel permeation chromatography for the nonattached PNIPAm
chains free in solution [62]. The polydispersity of PNIPAm
was evaluated to be Mw/Mn z 1.5.

2.3. Characterization of the surface

The PNIPAm-modified crystal surface is characterized by
X-ray photoelectron spectroscopy (XPS), and atomic force mi-
croscopy (AFM) measurements. XPS analysis was performed
on an AXIS-165 X-ray photoelectron spectrometer (Shimazu/
Kratos).

The PNIPAm-modified crystal surface is characterized by
contact-mode AFM analysis, carried out using SPA 400 scan-
ning probe micro systems (Seiko Instruments Inc.). The im-
ages were acquired in solution with silicon nitride tips with
spring constant of 0.75 N m�1.



5715M. Annaka et al. / Polymer 48 (2007) 5713e5720
Scheme 1. Preparation of PNIPAm brush on SiO2-coated quartz crystal for QCM-D.
2.4. Quartz crystal microbalance

Quartz crystal microbalance (QCM Z-500) having an AT-
cut quartz crystal with fundamental resonant frequency of
5 MHz and a diameter of 14 mm is from KSV Instruments,
Finland. This instrument allows the simultaneous measure-
ments of changes in resonance frequency f and dissipation
energy D. The energy dissipation is measured on the basis of
the principle that when the driving power to a piezoelectric
oscillator is switched off, the voltage over the crystal decays
exponentially and a damped oscillating signal is recorded
[63,64]. Hence, before disconnection of the diving oscillator,
we obtain f and D is obtained after the disconnection. The dis-
sipation factor is defined as

DD¼ Edissipated

2pEstored

ð1Þ

where Edissipated is the energy dissipated during one oscillation,
and Estored is the energy stored in the oscillating system. Any
mass Dm, deposited on one or both of the electrodes of a crys-
tal, induces a shift in the frequency Df that is proportional to
the added mass. If the mass is deposited evenly over the elec-
trode(s), and if Dm is much smaller than the mass of the crys-
tal itself, the frequency shift is related to the adsorbed mass by
Sauerbery equation [65]

Dm¼�
rqtq
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n
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n
¼� CDf
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where rq and nq are specific density and shear wave velocity in
quartz, respectively, tq is the thickness of the quartz crystal, n
is the overtone number, and f0 is the fundamental resonance
frequency (n¼ 1). In this study the value of the constant C
is 17.7 ng cm�2 Hz�1. The frequency shift is measurable to
within �1 Hz in aqueous medium, and the temperature was
controlled within a range of �0.01 �C by custom-made tem-
perature controller with a Peltier element. We collected
frequency ( f ) and dissipation (D) values of quartz crystal in
two modes, in quasi-static mode and in real-time mode. In
quasi-static mode, the response curve was collected at discrete
temperature intervals. The data was collected at the point
where frequency attained a constant value at each temperature;
i.e., the fluctuation of frequency is within �2 Hz. In real-time
mode, the temperature of water was changed continuously at
constant rate. Df and DD values from the fundamental were
usually noisy because of insufficient energy trapping and
therefore discarded [66,67].

3. Results and discussion

3.1. Atomic force microscopy

To get quantitative and detailed impression of the surface
morphology, AFM images of three substrates, (a) SiO2-coated
crystal, (b) APTES-modified crystal, and (c) PNIPAm-
modified crystal, were taken. The AFM image of SiO2-coated
crystal shows a relatively smooth surface, and its surface
roughness is less than 1 nm as shown in Fig. 1a. From the
AFM image for the APTES-modified crystal surface
(Fig. 1b), the silane molecules are densely arrayed, and the
thickness of APTES monolayer is about 3 nm. The thickness
of the PNIPAm-modified layer is about 50 nm (Fig. 1c). It
is, however, seen that the surface exhibits, in addition to
ordered arrangement of the polymers, a surface corrugation
due to the aggregation of PNIPAm chains.

3.2. X-ray photoelectron spectroscopy

To investigate the composition of the surface, XPS mea-
surement was employed. Fig. 2 shows C1s, N1s, and N1s spec-
tra for (1) the SiO2-coated crystal, (2) APTES-modified
crystal, and (3) PNIPAm-modified crystal. Fig. 1a exhibits
the C1s signals. For the SiO2-coated crystal, the presence of
the C1s signal is attributed to the interference of unavoidable
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Fig. 1. AFM three-dimensional images of (a) SiO2-coated crystal, (b) APTES-modified crystal, and (c) PNIPAm-modified crystal.
pollution, and the signal is weak. After the silane treatment,
the C1s signal intensity at 285 eV was enhanced largely. For
the PNIPAm-modified crystal, three peaks are resolved by the
careful peak fitting on the C1s signal, which correspond to
different carbons in PNIPAm: (i) aliphatic hydrocarbon for
CeC/CeH at the binding energy of 285 eV, (ii) acylamino
carbon CeN at 286 eV, and carbonyl carbon C]O at 289 eV.
These three signals indicate the presence of PNIPAm on the
crystal surface. From Fig. 1b, for the SiO2-coated crystal, no
signal was detected. After the silane treatment, the appearance
of the N1s signal at 399 eV indicates that the APTES mono-
layer was introduced to the SiO2-coated crystal surface
through a covalent bond. For the PNIPAm-modified crystal,
new N1s signal appeared at 401 eV, which is attributed to
the acylamino nitrogen NeC]O of the PNIPAm chain.
Fig. 2c depicts the O1s spectra for three substrates. The O1s
signal of SiO2-coated crystal is almost same as that of
APTES-modified crystal, both spectra exhibit the O1s signals
of the OeSi bond at 532 eV. As for the O1s signal of the PNI-
PAm-modified crystal, additional signal was observed at
534 eV corresponding to the carbonyl oxygen O]C of
PNIPAm. The wide scan XPS analysis indicates that PNIPAm
brushes are generated on the SiO2-coated crystal surface by
the method given in Scheme 1.

3.3. Quartz crystal microbalance

Since the response of the quartz crystal is affected by vari-
ation in temperature, viscosity, and the density of the medium
above the sensor surface, the inherent crystal effects must be
taken into consideration to obtain the true response of the PNI-
PAm brushes. First Df and DD are measured for SiO2-coated
crystal at different temperatures.

In a Newtonian liquid, the frequency response of a quartz
crystal can be quantitatively described by the Kanazawae
Gordon relation [68]

Df ¼�n1=2f
3=2
0

�
h1r1=pmqrq

�1=2 ð3Þ

where rq and mq are the density and shear modulus of quartz,
and r1 and h1 are the density and viscosity of the liquid
Fig. 2. C1s, N1s, and O1s XPS spectra for (a) SiO2-coated crystal, (b) APTES-modified crystal, and (c) PNIPAm-modified crystal.
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medium, respectively. The dissipation response is given by
[69,70]

DD¼ 2ðf0=nÞ1=2�
h1r1=pmqrq

�1=2 ð4Þ

The frequency and dissipation response due to the grafting of
the polymer chains on the surface of the quartz crystal can be
obtained by removing the effects of the viscosity and density
of water based on Eqs. (3) and (4). These values are subtracted
from the corresponding Df and DD for PNIPAm-grafted crys-
tal to obtain the corrected Df and DD for the grafted PNIPAm
chains.

The temperature response of PNIPAm brushes was probed
by QCM-D in two modes, in quasi-static mode and in real-
time mode. In quasi-static mode, the response curve was
collected at discrete temperature intervals. The sample was
equilibrated at each temperature for 15 min before the data
was collected. In real-time mode, the temperature of water
was changed continuously at constant rate.

Fig. 3 shows the temperature dependence of frequency
shift, Df of PNIPAm brushes in single heating and cooling cy-
cle in both quasi-static mode and real-time mode. The heating
and cooling rates for real-time mode were 0.1 and 0.6 �C/min
[71], respectively. In quasi-static mode the frequency shift, Df
gradually increases with increasing temperature in the heating
process over the range 20e40 �C. Increase in Df indicates a de-
crease in effective mass of the grafted PNIPAm attached to the
crystal. At lower temperature, water is a good solvent for PNI-
PAm, therefore PNIPAm chains are in fully hydrated state. As
the temperature increases, dehydration occurs and PNIPAm
chains gradually collapse. Since the PNIPAm chains are chem-
ically attached to the crystal, the observed decrease in mass is
explained by the loss of hydrated water of PNIPAm chains. On
the other hand, gradual decrease in Df was observed with

Fig. 3. Temperature dependence of frequency shift, Df for PNIPAm brushes at

n¼ 7. In the quasi-static mode (,, -), the sample was equilibrated at every

temperature for 15 min before the data was collected. In real-time mode, the

heating and cooling rate was 0.1 �C/min (B, �) and 0.6 �C/min (>, A).

Open and closed symbols, respectively, indicate heating and cooling process

for both modes.
lowering temperature in the cooling process, which is due to
the gradual hydration of PNIPAm chains.

The frequency shift, Df obtained in real-time mode is sim-
ilar to that obtained in quasi-static mode, except that the hys-
teresis observed in real-time mode is marginally less. We also
examined the effects of heating and cooling rate on the kinetic
process of coil-to-globule transition of polymer brushes and
found that the hysteresis becomes smaller with increasing
rate. These results may be due to the fact that the polymer
brushes were kept in the collapsed state for shorter period
compared with a quasi-static mode. Although it is difficult
to compare the frequency shift, Df obtained in two different
modes, the similar characteristics of data obtained in real-
time mode and in quasi-static mode indicate that the PNIPAm
brush responds in real time to temperature changes imposed.

Fig. 4 shows the temperature dependence of the dissipation
change, DD in a single heatingecooling cycle in both quasi-
static mode and real-time mode simultaneously obtained
with frequency shift Df shown in Fig. 3. Dissipation of a visco-
elastic polymer layer on quartz crystal is strongly influenced
by its conformation. A dense or rigid layer has small dissipa-
tion energy, whereas a looser and more flexible layer has
larger dissipation energy. The dissipation decreases with in-
creasing temperature in the heating process, which indicates
that PNIPAm brushes gradually collapse into compact confor-
mation. In the cooling process, the dissipation increases with
decreasing temperature over a temperature range from 40 to
20 �C, indicating that the collapsed brushes swell and become
more flexible. It is worthy to mention that some characteristic
points are observed in the heating and cooling processes. The
heating process is characterized by three stages, and there
exists a plateau region in DD indicated as stage II in Fig. 4.
A DD value in the cooling process is larger than that in the
heating process, whereas an opposite trend is observed for

Fig. 4. Temperature dependence of dissipation shift (DD) for PNIPAm brushes

at n¼ 7 in real-time mode. In quasi-static mode (,, -), the sample was

equilibrated at every temperature for 15 min before the data was collected.

In real-time mode, the heating and cooling rate was 0.1 �C/min (B, �) and

0.6 �C/min (>, A), respectively. Open and closed symbols, respectively,

indicate heating and cooling process for both modes.
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Df as shown in Fig. 3. This may be related to the characteris-
tics of the outer layer of the PNIPAm brushes. As with the fre-
quency shift, Df, the hysteresis observed in real-time mode is
less than that observed in quasi-static mode. In real-time
mode, the polymer brushes were kept in the collapsed state
for shorter period compared with a quasi-static mode.

Fig. 5a and b display the temperature dependence of fre-
quency shift, Df and dissipation change, DD of PNIPAm brushes
in single heating and cooling cycle over a temperature range of
15e50 �C in quasi-static mode. For comparison, Df and DD of
PNIPAm brushes obtained by measurement over a narrow range
of temperature (20e40 �C) shown in Figs. 3 and 4 are also plot-
ted. The frequency shift, Df and the dissipation change, DD ob-
tained from both temperature ranges are similar except that the
hysteresis observed by the measurement over a broader range of
temperature (15e50 �C) is larger. The hysteresis is time depen-
dent with difference when the polymer is kept in the collapsed
state for a long time. To reveal the detailed temperature-
dependent conformational change of PNIPAm chain, systematic
study of the effect of two critical brush parameters, the surface
density and molecular weight is needed.

3.4. Conformational change in PNIPAm brushes

The results obtained by QCM-D clearly reveal that there exist
three kinetic steps in heating process. When T< 27.5 �C, DD
decreases with increasing Df, indicating that the shrinking and
dehydration of PNIPAm chains occur simultaneously. The
freely mobile grafted chains, which were expected to show the
rapid dehydration, make densely packed brushes on the outer
layer with increasing temperature. Formation of a dense and an-
chored outer layer leads to the decrease in DD as observed in
stage I. In the temperature range 27.5< T< 32.5 �C, there
exists a plateau region in DD despite the fact that Df increases.
In this range, since a dense, collapsed PNIPAm layer imperme-
able to water is formed in the outer layer, the shrinking of PNI-
PAm chains is limited by suppressed water permeation from the
interior through the dense outer layer, which gives rise to the pla-
teau region in temperature dependence of DD as observed in
stage II, shown in Fig. 4. Some of the dehydrated water is trap-
ped in the dense polymer brushes, and the trapped water gradu-
ally diffuse out of the brushes with increasing temperature,
which leads to a frequency shift. Further heating makes the poly-
mer brushes collapse, leading to increase in Df and decrease in
DD at 32.5 �C< T.

In the cooling, two kinetic steps are identified. In the temper-
ature region from 40 to 27.5 �C, rapid increase in DD is observed
accompanied by decrease in Df, suggesting that PNIPAm chains
of outer layer of the brushes are hydrated and become flexible.
The brushes begin to swell from the outer layer to inner core.
At the initial stage of cooling process, therefore, the random
and flexible short chains give rise to an increase in DD. Since
the amount of water bound to PNIPAm chains is still limited
in this stage, decrease in Df is small. When T< 27.5 �C, the
change in DD becomes smaller against the variation of Df.
This is probably because polymer brushes close to the crystal
surface is constrained by the intra- and interchain interactions
formed in the collapsed state. Such interactions hinder the hy-
dration of the collapsed chains in the cooling process. Therefore
the change in the frequency Df is mainly caused by hydration
and dehydration, whereas the change in the dissipation DD is
due to the conformational change.

It should be noted that the changes in frequency and dissi-
pation during both heating and cooling processes are continu-
ous in contrast to the sharp coil-to-globule transition observed
for free PNIPAm chains in dilute solution. Zhulina et al. [20]
Fig. 5. The temperature dependence of (a) frequency shift, Df and (b) dissipation change, DD of PNIPAm brushes in single heating and cooling cycle over a tem-

perature range of 15e50 �C in quasi-static mode (,, -). For comparison, Df and DD of PNIPAm brushes obtained by measurement over a narrow range of

temperature (20e40 �C) (B, �) shown in Figs. 3 and 4 are also plotted.
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and Birshtein et al. [21] developed the mean-field analytical
theory describing the conformational transition related to the
collapse of the layers of polymer chains grafted onto the im-
permeable surface of different morphologies. It is shown that
in the case of a planar surface this transition is not a true thermo-
dynamic phase transition. The reason for this is strong interchain
interaction under the condition of dense grafting onto a plane.
The interchain interaction in a layer makes the collapse transi-
tion weaker than in an isolated three-dimensional chain: the shift
of the transition point to temperature below the Q-temperature
increases and the temperature range of the transition becomes
broader. The most precise investigation of the structural charac-
teristics was made for a planar layer on the basis of an analytical
mean-field theory, which makes it possible to take into account
the distributions of chain ends, the local chain stretching, and the
concentration gradient in a layer. It is shown that at any solvent
strength the planar layer of grafted polymer chains is inhomoge-
neous as a whole. The profile of unit density in the layer is
described by a monotonically decreasing function, and the char-
acteristic scale of density decrease coincides with the entire
layer height. The stretching is inhomogeneous within each chain
and different for different chains, and their ends are distributed
throughout the layer. The observed behavior in accordance with
the theoretical prediction, and transition occurs such that the
polymer layer thickness decreases smoothly as solvent is ex-
cluded from the interfacial segments [20,33]. This continuous
change arises from the high density and nonuniformity of the
chains, which leads to broaden the transition and enlarge the
hysteresis [20].

4. Conclusion

By using quartz crystal microbalance with dissipation moni-
toring, the phase behavior of poly(N-isopropylacrylamide)
(PNIPAm) polymer brushes in water was observed at various
temperatures in real-time mode. PNIPAm brushes exhibit
a continuous change in conformation over the temperature
range of 15e50 �C accompanied with large hysteresis, which
reflects the gradual changes in frequency and dissipation.
This result is in accordance with theoretical predictions
that have suggested that polymer brush structure on planar
surface do not exhibit true critical solubility transitions.
This continuous change arises not only from intra- and inter-
chain interactions formed in the collapsed state, but also
from the high density and nonuniformity of the chains, which
leads to broadening of the transition and thus enlarge the
hysteresis.

Although QCM-D is a useful technique to follow the hydra-
tion transition of thermosensitive polymer brushes, more ex-
tensive study is needed to identify the microscopic structure
for the complete understanding of the conformational changes
of polymer brushes accompanied by a coil-to-globule transi-
tion. Two critical brush parameters, the surface density and
molecular weight are considered to greatly affect PNIPAm
chain conformation. To resolve this, neutron refractivity experi-
ments exploring the temperature dependence of conforma-
tional change of PNIPAm chains prepared by living radical
polymerization with good control over brush thickness and
polydispersity and surface density are currently underway
and will be reported in a future publication.
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