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ABSTRACT: The salt-induced structural changes of an end-grafted poly(N-isopropylacrylamide) (PNIPAM) layer
on a silica substrate were investigated in sodium sulfate solutions using an atomic force microscope (AFM) and
a quartz crystal microbalance with dissipation (QCM-D). A PNIPAM layer was grafted onto the silicon wafer
surface by free radical polymerization of NIPAM to obtain a high molecular weight polymer layer with low
grafting density overall. AFM images of the coated surface were featureless at low salt concentrations commensurate
with a brush-like layer. At salt concentrationsg0.11 M, a large number of domain structures, with a characteristic
size of∼100 nm, were seen on the surface commensurate with a collapse of the brush-like layer into mushroom-
like aggregates. This critical concentration for brush collapse is in good agreement with the concentration range
of between 0.1 and 0.2 M, at which the phase transition of the bulk PNIPAM is reported. Both the frequency and
the dissipation data obtained using a QCM-D also showed a significant change at this concentration indicative of
the layer collapse. Further analysis of these data confirmed that the observed PNIPAM structural transition was
caused by a collapse of the brush-like structure as a result of dehydration of the polymer chains.

Introduction

Poly(N-isopropylacrylamide) (PNIPAM) has a lower critical
solution temperature (LCST) of around 32°C1 and shows a
sharp phase transition in aqueous solutions across the LCST.
Below the LCST, PNIPAM chains have an expanded conforma-
tion in solution, while they shrink to take a globular form at
temperatures higher than the LCST. Grafting of PNIPAM to
solid surfaces is a promising method for creating various
intelligent surfaces, as the surface properties may be readily
controlled simply by changing the temperature due to this
thermal response. Such surfaces have been explored for a variety
of applications including liquid chromatography,2,3 permeation-
controlled filters,4,5 chemical sensors,6 attachment-detachment
controllable surfaces for proteins7 and living cells,8-10 and
functional composite surfaces.11 A detailed understanding of the
properties of such grafted polymer layers is therefore crucial if
they are to be successfully employed in these proposed
applications. As a result, the thermo-responsive properties of
PNIPAM layers grafted onto solid surface have been extensively
studied using techniques such as dynamic light scattering,12,13

surface plasmon resonance,14 neutron reflectivity,15-18 quartz
crystal microbalance,19-21 and atomic force microscopy.22,23

The phase transition of PNIPAM is also effected by the
presence of salts in the background solution; for example, the
LCST of PNIPAM is dependent on the type and concentration
of salt present. Similar effects are also seen with other non-
ionic polymers such as methylcellulose24 and poly(vinyl ac-
etate).25 Such salt-dependent effects for free PNIPAM in
aqueous solution have been often related to the Hofmeister
(lyotropic) series for anions. This series originally ranked the
potential of the salts to precipitate proteins, and the empirical

order is known to be SO42- > Cl > Br > I > SCN.26,27 It has
since been shown over many years that salts can act both to
enhance and to decrease the solubility of different polymers,
effects that are known as “salting-in” and “salting-out”,
respectively. It has been generally assumed that the “salting-
out” effect of anions such as sulfate is caused by a dehydration
of the PNIPAM chains as a result of two main effects of the
salt. In the first, it is thought that sulfate ions can interfere with
the hydrogen bonding between amides in the polymer and water
molecules. In addition, it is believed that the structure of the
water shell around the isopropyl groups in side chains and
hydrocarbons in the backbone of the polymer formed by
hydrophobic hydration may be also destabilized by the salts.

Although the effects of salts on the phase-transition behavior
of free PNIPAM molecules and hydrogels in bulk solution have
been intensively investigated,28-33 there have been very few
studies of the salt effect for grafted PNIPAM on solid surfaces.
Kizhakkedathu et al.34 have synthesized a polystyrene latex
sample with surface grafted PNIPAM and found that the
hydrodynamic thickness of the brush is sensitive to the
concentration of sodium chloride and sodium sulfate solutions.
Jhon et al.35 used QCM to determine the phase-transition
temperature of the grafted PNIPAM in sodium chloride solution
by attaching the polymer directly onto a QCM sensor. Interest-
ingly, they pointed out that reduction in phase-transition
temperature by the addition of sodium chloride is similar to
that seen for free PNIPAM in solution. To date, however, these
studies have focused mainly on the vertical dimensions of the
collapsing layer, and no direct morphological information has
been obtained. In addition, information concerning the kinetics
of the structural change for grafted PNIPAM has also not been
fully reported to date.

Recently, we reported the in situ observation of a relatively
low-graft density PNIPAM layer of high molecular weight using
an atomic force microscope (AFM).36 In this work, we suc-
cessfully visualized the PNIPAM layer structural changes as a
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function of temperature across the LCST. In addition, we also
used a quartz crystal microbalance (QCM) to obtain related
quantitative information about these conformational changes
under the same conditions. Under the conditions of the experi-
ments reported, the polymer layer showed a sharp transition at
the LCST, which corresponded to that expected in the bulk,
from an expanded brush to a collapsed mushroom-like layer.
In addition, the AFM and QCM-D data suggested that further
increases in temperature above the LCST resulted in further
dehydration of the collapsed layer and the formation of smaller,
tighter, polymer coils.

The QCM is a very sensitive tool for the determination of
mass on flat substrates. Recently, it has become a popular tool
for examining adsorption at the solid-liquid interface with an
additional technique using the dissipation signal available from
the resonance decay.37,38In the case of the grafted polymer, we
have conducted QCM experiments in a previous paper using a
sensor onto which a PNIPAM layer was directly attached. We
found that the QCM-D data showed a significant change at the
LCST corresponding to the structural behavior of the PNIPAM.
Also, further structural changes above and below the LCST were
apparent that were not easily seen in the AFM images of the
same system. This suggests that QCM-D may be used as a
powerful tool for the investigation of complex structural changes
in the polymer films at the solid-liquid interface.

In our previous work, we only explored water without any
salts as the background solution. Here, we report the results of
an investigation into salt-induced morphological behavior for
grafted PNIPAM films at a constant temperature. Our aim is to
explore whether there are any significant differences in the
nature of the transition when driven either by temperature or
by salt. The experiments were conducted in sodium sulfate
solutions across a wide range of concentration. We chose sodium
sulfate as the salt because of its very strong salting-out effect,
mentioned above. The surfaces used here were the same ones
as reported in our previous paper that exhibited a sharp and
significant structural change from brush-like to mushroom-like
at the LCST. As before, we investigated this system using a
combination of in situ AFM imaging, AFM force-distance data,
and QCM-D measurements.

Experimental Section

Materials. Silicon wafers (Nilaco, Japan) were used as test
surfaces, and they were cut in ca. 1.5× 1.5 cm pieces. Polished,
AT-cut quartz crystal QCM sensors (1.4 cm in diameter) with a
coating of a thin silicon oxide layer obtained from Q-Sense AB
(Sweden) were used for QCM measurements.N-Isopropylacryla-
mide (NIPAAm) was obtained from Aldrich and recrystallized from
hexane. Potassium persulfate andN,N,N′,N′-tetramethylethylene-
diamine (TMEDA) of synthesis grade were obtained from Aldrich
and used without further purification. Dimethylvinylchlorosilane,
toluene, chloroform, and sodium sulfate of reagent grade (Aldrich)
were used as received. All water used in experiments was purified
using a Milli-Q system (Millipore).

Grafting of PNIPAM on Surfaces. The detailed method to
prepare an end-grafted PNIPAM layer on both the silicon wafer
surface and the QCM-D sensor has been given elsewhere.36 Briefly,
the silicon substrates were cleaned in a 7:3 mixture of concentrated
sulfuric acid and hydrogen peroxide (piranha solution), while the
QCM-D sensors were cleaned by UV irradiation prior to grafting.
Next, they were immersed in a 1 mM dimethylvinylchlorosilane
solution in toluene for 1 h to immobilize active vinyl moieties on
the surface. After being washed with toluene and chloroform, and
dried in a stream of nitrogen gas, the surfaces were immersed in a
15 wt % aqueous NIPAM solution in a Teflon reaction vessel, which
was degassed by bubbling with nitrogen gas. Next, 0.2 mL of

TMEDA and 0.01 g of potassium persulfate were added to initiate
free radical graft polymerization, which proceeded at 4°C for 12
h. After the reaction, the surface was washed with copious amounts
of water and dried. The molecular weight of grafted PNIPAM was
estimated by gel permeation chromatography (GPC, Waters) of free
polymer generated in the bulk solution during the polymerization,
which was collected by precipitation into cold methanol. A weight
average molecular weight of the PNIPAM on the silicon wafer and
the molecular weight on the QCM sensor was 655 and 715 kDa,
respectively, using DMF with 0.01 M LiBr as mobile phase and
polystyrene for calibration standards. The graft density of the
PNIPAM on the silicon was 0.0088 chains/nm2, calculated from
dry thickness, 7.6 nm, measured with an ellipsometer (Gaertner
Scientific) and molecular weight data assuming the dry density value
of PNIPAM40 to be 1.269 g/cm3. The grafting density on the QCM
sensor was 0.0074 chains/nm2 calculated from the mass of grafted
layer measured directly by the frequency of the sensor.

AFM Imaging. Images of the grafted polymer layers on silica
in salt solution were captured using a Nanoscope IV atomic force
microscope (Veeco Instruments). All images presented are height
images collected using the soft-contact method39 and have been
zero-order flattened using a standard algorithm within the Nano-
scope software. Microfabricated cantilevers with an integral silicon
nitride tip (NanoProbe, Olympus) were used for all AFM experi-
ments and were cleaned using UV irradiation prior to use. The
solutions were passed through a 0.2µm filter (GHP Acrodisc, Pall
Gelman Science) mounted on a syringe when they were injected
into the AFM fluid cell. The solution temperature was monitored
with a small thermocouple inserted into the liquid cell, and
experiments were conducted at 26.0( 0.2°C. Prior to the imaging
in every solution, water was injected first in the cell, and then it
was exchanged to the salt solution of the given concentration after
an interval of at least 15 min. The imaging usually started after the
equilibration of the solution temperature for at least 30 min to ensure
stability of the imaging.

QCM-D Measurements. The shifts in frequency (∆f) and
dissipation (∆D) for the sensor crystals at the third overtone (∼15
MHz) were monitored using a commercial QCM-D (Q-300,
Q-Sense AB). The temperature of the solution in the chamber was
maintained at 26.0°C with deviation of(0.02°C. As in the case
of AFM imaging, water was injected first in the cell prior to the
measurements at every concentration, then it was exchanged to the
salt solution of the given concentration. For every solution, the
values of∆f and ∆D were allowed to equilibrate for at least 30
min.

Results and Discussion

AFM Images. In situ soft contact AFM images of the
PNIPAM layer obtained in various concentrations of Na2SO4

solutions at 26.0°C are shown in Figure 1. In 0 M solution
(water), the image was essentially flat, and only very subtle
indications of any structural features can be seen. These features
are likely related to the underlying roughness of the silica
substrate and/or an unevenness of the polymer chain length due
to the inherent polydispersity and are not indicative of any phase
changes in the grafted polymer layer. After the salt concentration
was increased to 0.1 M, the resultant image appears to give
some weak indication of the presence of surface features. A
further concentration increase to 0.12 M results in a large
number of domain-like structures on the substrate now becoming
clearly visible. At concentrations larger than 0.12 M, these
structures were seen to remain and were easily recorded using
the AFM. Interestingly, the size of the domains appears to
become smaller, while the number of the domains increases with
further increases in salt concentration. In addition, these
structures generally became easier to image sharply as the salt
concentration was increased.

Qualitatively, these results are quite similar to those reported
previously by us for this system in water when the temperature
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was altered; in this case, similar domain structures were also
seen to appear suddenly on the image at the LCST.36 According
to previous reports for the phase transition of free PNIPAM
molecules and hydrogels,28-33 the concentration of sulfate at
which the phase transition occurs at 26°C is in the range
between 0.1 and 0.2 M. Our result from the AFM images
(above) of a significant change at 0.1-0.12 M is therefore in
good agreement with these earlier reports. Hence, we may
conclude here that the AFM images are able to clearly visualize
the phase transition for grafted PNIPAM chains from a “brush-
like” to “mushroom-like” state, and this phase-transition con-
centration occurs between 0.1 and 0.12 M for the present system.
The apparent diameter of the domains observed in the image is
seen to be approximately 100-200 nm. Even taking into account
some tip convolution effects on the images, these domain sizes
imply that each collapsed structure contains a number of chains
rather than being representative of single chains on the surface.

The phase transition of the grafted PNIPAM chains in our
system occurs across a very narrow concentration range of
between 0.1 and 0.12 M. Given this relatively narrow range,
more detailed analysis of the transition using direct imaging
was therefore undertaken in an attempt to see how exact the
transition point was. We therefore took time-dependent AFM
images in 0.10, 0.11, and 0.12 M solutions, starting from the
moment immediately after the injection of the solution was
completed. Data for the 0.11 M system are given in Figure 2.
Initially, under these conditions, no specific features were seen
in the image, and the surface morphology was very similar to
that obtained in 0.10 M solution. Comparison of the image after
3 min, Figure 2a, with that at 0.10 M, Figure 1b, shows very
little difference. However, after longer time periods at 0.11 M,
some sharper features were seen to gradually appear, Figure 2b
and c, and finally the domain-like structures were clearly seen
on the image at 35 min as shown in Figure 2d. After this image,

further significant change was not observed on the surface under
these conditions. This rather slow process implies that the grafted
PNIPAM is in a somewhat unstable state in this solution and
that this concentration of sulfate ions must be extremely close
to the transition point. Interestingly, the images at the other two
concentrations reach equilibrium much faster than this despite
the small difference of the concentration. At 0.10 M, the image
showed very weakly structured features, which were very similar
to those shown in Figure 1b, immediately after the injection of
the solution (3 min). The image then showed little further
change, indicating that equilibrium was rapidly attained. At 0.12
M, the change was slower than at 0.10 M but still much faster
than at 0.11 M. The domain features were seen on the image
immediately after the injection, and they then became steadily
clearer over time. The image seen was essentially the same as
Figure 1c after about 15 min, and there were no significant
changes after that time.

In contrast, PNIPAM exhibits a very quick response to
concentration when the system undergoes collapse in high
concentration salt solutions, as shown in Figure 3. Here, the
AFM image was first taken in water, then in 1.0 M solution
starting immediately after the solution was injected of into the
fluid cell, and finally in water again starting immediately after
the Na2SO4 solution was replaced by water. After only 3 min
since the injection of the 1.0 M Na2SO4 solution, which is
practically the shortest period necessary to take one image in
the present condition, the domain structures can already be
clearly seen on the image. These features were completely stable,
and no further changes in the surface morphology were seen
after this point. Interestingly, after then rinsing this surface with
water, there were no evident traces of any collapsed surface
features remaining after 3 min from the injection of the water.
These results indicate that, in the present system, the transition
of the grafted PNIPAM chains from a brush-like to a mushroom-

Figure 1. AFM images (2× 2 µm2) of a PNIPAM layer on silicon wafer in Na2SO4 solutions. Images were obtained in (a) 0, (b) 0.1, (c) 0.12,
(d) 0.2, (e) 0.5, and (f) 1.0 M solutions. All images were obtained after an equilibration of at least 30 min.
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like state is fast and almost completely reversible, if the salt
concentration is sufficiently high.

Interaction Forces between Probe Tip and Surface.In
addition to the AFM imaging, interaction forces were also
measured between the cantilever tip and the polymer layer at
every concentration. The apparent separation distance between
the surfaces was determined by simply assuming the constant
compliance region of the raw force data (force versus piezo-
position curve) to be zero distance.41 It should be noted,
however, that zero distances determined by this method are not
true zero distances but indicate only the point of hard-wall
contact where the grafted polymer layer no longer compresses
under the cantilever tip. In reality, an offset is expected from
the zero distance when there is a polymer layer on one or both
surfaces. Therefore, in the present case, the separation distances
given should be considered as a relative distance from an ill-

defined zero position, the point of hard-wall contact. Notwith-
standing this issue, it is possible to observe relative changes
between force-distance curves depending on the solution
concentration.

Typical force-distance curves when the cantilever tip ap-
proaches the grafted polymer substrate are given in Figure 4.
At low concentration, a repulsive force was seen to commence
at a large apparent separation distance in the force curves, and
the extent of this repulsion is much greater than would be
expected for any electrical double layer interactions. For
instance, the expected Debye length of double-layer force in a
0.1 M divalent electrolyte solution is about 0.56 nm,42 whereas
the decay length of the repulsive force obtained at 0.1 M is
more than 10 nm. Thus, we can attribute this repulsion to the
steric repulsion of the grafted polymer brush resisting compres-
sion by the tip, and not an electrostatic repulsion. With

Figure 2. AFM images (2× 2 µm2) of a PNIPAM layer on silicon wafer in 0.11 M Na2SO4 solution. Image was taken at (a) 3, (b) 16, (c) 28, and
(d) 35 min after the injection of the solution into AFM fluid cell.

Figure 3. AFM images (2× 2 µm2) of a PNIPAM layer on silicon upon the change of the solution. Image was taken (a) in water, (b) in 1.0 M
Na2SO4 solution at 3 min after the injection of the solution replacing water, and (c) in water at 3 min after the injection of water replacing 1.0 M
Na2SO4 solution.
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increasing concentration, the range of the repulsive force was
seen to gradually decrease. It should be noted that no significant
change in the shape of the force curve was observed at around
0.12 M, whereas the AFM image changes drastically at this
concentration due to the phase transition. After the phase
transition, the range of monotonically increasing repulsive
interaction continues to decrease with increasing concentration,
and finally the repulsive force is not observed in the force curves
at high concentration. As seen in the figure, the force curves at
0.5 and 1.0 M consisted of a small attractive force and a very
short-range steric force. This indicates the polymer aggregates
on the surface are very stiff each and hardly deform in high
concentration solution.

We also estimated change in the apparent thickness of the
grafted layer as a function of concentration from the force-
distance data. As mentioned above, there is considerable
uncertainty in the position of zero-distance for the force data
shown here. However, we might reasonably expect that the
grafted layer thickness is identical to and independent of the
salt concentration, when it is fully compressed under the tip.22

If so, we can assume the range of the obtained repulsive forces
to be representative of the relative thickness of the layer under
different solution conditions. As shown in Figure 5, there is a
strong dependence of the apparent layer thickness on the salt
concentration. Even at low salt concentrations, a small increase
of concentration causes a significant reduction in the apparent
thickness of the repulsive steric layer. The change of the
apparent layer thickness was seen to be steepest at the
concentrations between 0.1 and 0.13 M corresponding directly
with the expected position of the phase transition from the
images. After phase transition, at concentrations larger than 0.13
M, the decrease in the thickness again became less steep but
was still significant. This decreasing thickness after the phase
transition is consistent with the observations from the AFM
images that the domain structures become smaller and more
compact at these higher concentrations.

QCM-D. Changes in∆f and ∆D as a function of salt
concentration for a bare (uncoated) crystal and a PNIPAM-
coated crystal are shown in Figure 6. Each data point in the
graph indicates the equilibrium value at the given concentration.
For the bare crystal,∆f decreases and∆D increases with
increasing salt concentration, shown as dotted lines in Figure
6. These changes can be attributed simply to the variation of
the bulk viscosity and density when the salt concentration is
altered as expected from standard QCM theory.

The behaviors of∆f and∆D are dramatically altered when
the crystal is coated with a PNIPAM layer. Below the expected
transition point for the layer, predicted from the AFM images,
the magnitude of∆f was seen to increase with increasing salt
concentration more rapidly than for the bare crystal. This change
was seen to become steeper with increasing concentration toward
a salt concentration of 0.12 M, after which point the signal
response showed a clear discontinuity. After this point, the
magnitude of∆f was seen to decrease steeply over a narrow

Figure 4. Force curves measured between the PNIPAM layer on silicon
wafer and probe tip in Na2SO4 solutions at 0, 0.1, 0.12, 0.2, 0.5, and
1.0 M. The zero position of the tip is expediently defined as the starting
position of the linear part in raw force data.

Figure 5. Change in the relative layer thickness as a function of
concentration deduced from Figure 3. The error bars indicate the
variation in data obtained at 10 different locations on the surface.

Figure 6. The changes in frequency,∆f (a), and dissipation,∆D (b),
as a function of Na2SO4 concentration for PNIPAM-coated crystal in
water. The data for the bare crystal are shown as the dashed line.
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concentration range before once again appearing to track the
bare crystal data. The data for∆D appear to increase along a
pathway similar to that for the bare crystal at low salt
concentrations, before showing some deviations from the bare
crystal data at around 0.1 M. Above this point,∆D increases
steeply and reaches a maximum at 0.12 M before decreasing
abruptly to reach a minimum value at 0.2 M. After this point,
∆D was seen to once again increase. It is important to note
that the concentration around 0.12 M, at which the pronounced
changes of∆f and∆D happen, is correspondent to the phase-
transition concentration estimated from the AFM images.

The observed changes in∆f are quite similar to those
previously reported for the effects of temperature change in
water in our previous paper:36 ∆f shows a large peak at the
point at which the phase transition occurs. Therefore, we can
suppose a similar interpretation for the∆f data here. Following
the “traditional” interpretation of QCM-D data, larger negative
values are interpreted as an increase in the adsorbed mass on
the crystal surface as well as decreased viscosity and/or density
of the surrounding solvent, if it is non-adsorbing. If the adsorbed
mass of polymer is constant, as in the case for a grafted system
such as that used here, changes in frequency, over and above
those caused by the solvent conditions, must be caused by
changes in the amount of liquid bound into the layer as a result
of swelling or collapse. Thus, the significant apparent increase
of mass coupled to the surface as the salt concentration increases
toward the transition point (0.12 M) is unexpected because the
coupled mass of liquid in the film should decrease as a result
of the layer collapse.

To explain this discrepancy, we must take into account the
structural changes of the grafted layer as the concentration is
altered and the quality of the coupling between this layer and
the oscillating crystal surface. Comparing Figures 5 and 6, one
can observe that the apparent thickness of PNIPAM chains and
the transition point for the system correspond well with changes
in ∆f. The initial decline in the value of∆f at low concentration
corresponds to the gradual collapse of the layer with increasing
concentration even well below the phase-transition point. The
steeper decline of∆f toward the phase transition, between 0.1
and 0.13 M, is in good correspondence with the change in
relative layer thickness.

The interpretation of QCM data is highly problematic because
the system effectively senses the quality of the coupling between
the oscillating crystal and the surrounding medium. As a result,
direct conversion of the observed frequency shifts into an
adsorbed mass should be treated with great caution, especially
for swollen polymer films in solution such as those investigated
here. Nonetheless, the data can in principle provide significant
insights about structural changes in a layer, particularly when
the mass of adsorbate is known from other sources and/or is
fixed. Clearly, the data reported here appear counter-intuitive
when considered against the standard analysis protocols using
the Sauerbrey theory, as recommended by the manufacturer. In
the brush-like state, the flexible and diffuse nature of the layer,
especially at larger distances from the surface, may be expected
to couple poorly with the oscillatory movement of the sensor
crystal. In addition, the surrounding fluid can also move into
and out of this outer part of the layer easily and so would not
be detected. This latter point is important because the detected
signal in QCM measurements is known to result from both the
adsorbed polymer but also any “trapped” solvent in the film
that moves in unison with the crystal. Obviously, the lateral
shear of the crystal will establish a shear plane at some distance
away from the surface and it is the mass inside this plane that

is detected; clearly, the more diffuse is the polymer layer, the
more we might expect a discrepancy between the true extent of
the polymer layer and that detected using QCM for solvent and
polymer moving with the crystal.

Upon dehydration and collapse, the grafted polymer chains
must be able to more effectively couple with the motion of the
oscillating sensor and more of the energy is effectively
transferred. As a result, despite the fact that the mass of polymer
is invariant and we might expect the true mass of solvent in
the layer to decrease, we see a large change in the magnitude
of ∆f toward the phase-transition point. Such a change is
commensurate with an increase in the rigidity of the adsorbed
polymer chains, as expected when they begin to collapse. The
surrounding fluid is then also expected to couple more efficiently
with the motion of the layer and contribute to the observed
signal. These effects result in the observed additional “effective
mass” loaded on the surface.

The structure-change effect clearly exceeds any mass reduc-
tion caused by the water release from the surface due to
dehydration below the phase-transition point. After the phase
transition, however, the conformation change becomes less
significant as shown in Figures 1 and 5. The large decrease in
the magnitude of∆f after the phase transition must be related
therefore to a significant and catastrophic dehydration of water
from the chains, as expected at phase transition, and this effect
becomes dominant resulting in the apparent “mass loss” seen
here.

The changes seen in the dissipation data are broadly consistent
with those discussed above. Close to, but below, the transition
point the dissipation is seen to increase. Larger values of
dissipation are generally interpreted as corresponding to an
increased capacity to dissipate energy and hence a “softer”
adsorbed layer. Clearly, this is not wholly consistent with the
expected changes to the layer in this region and most probably
is associated with the complex changes in the coupling of the
layer discussed above. As a result, this region is not simple to
interpret in terms of a real physical change. However, the sharp
drop of ∆D around the phase-transition concentration clearly
suggests strongly a large change to a more rigid layer consistent
with the formation of a dense compact state for the polymer
chains. Because a rigid layer will dissipate less energy than a
flexible one,43 ∆D shifts negatively.∆D continues to decrease
even after phase transition, up to 0.5 M. This result is in good
agreement with the force curve data where the range of the
repulsive force decreased significantly after the phase transition.
Therefore, the shift in data would reflect the behavior that the
PNIPAM chains continue to collapse even after phase transition,
making increasingly rigid surface structures. This is also broadly
consistent with the AFM images in Figure 1.

Figure 7 shows data for the changes in magnitude of∆f and
∆D after injecting 0.1, 0.11, and 1.0 M Na2SO4 solutions, as a
function of time. In 0.1 and 1.0 M solutions, both signals show
rapid equilibration immediately after injection and quickly reach
a plateau value, within 3-4 min. In contrast, in 0.11 M solution,
-∆f exhibits a slow monotonic increase after the initial sharp
increase, and it takes around 30 min for the signals to reach
equilibrium. Note that, interestingly, the equilibration of∆D is
faster than that of∆f and occurs after about 10 min. These
results correspond directly with the time-dependent AFM images
shown in Figures 2 and 3, in which the images continued to
change evidently with time at 0.11 M, whereas the domain
structures were imaged sharply immediately after the injection
of the solution, at 1.0 M. Interestingly, the time necessary for
∆f to reach the equilibrium at 0.11 M is very close to the time
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after which AFM images show no change. Therefore, these data
suggest that QCM can also detect dynamic structural changes
of grafted polymer layers.

General Comments.From the AFM images obtained, it is
clear that the phase transition of grafted PNIPAM from a “brush-
like” to a “mushroom-like” state occurs over a narrow concen-
tration range of added salt. The behavior of the grafted PNIPAM
when the salt concentration is increased at fixed temperature is
quite similar to that when the solution temperature is in-
creased: The phase transition takes place sharply at a critical
point of the concentration, about 0.12 M, and the PNIPAM
chains change their structure significantly across a narrow
concentration range.

From the images and force curve data, it is also suggested
that, in the transition process, a vertical collapse of the chains
seems to first take place and then strong aggregation of the chain
follows. Even at concentration well below the phase-transition
concentration, the grafted chains are seen to gradually collapse
indicated as the decrease of the apparent layer thickness. At
the phase-transition concentration, the chains suddenly aggregate
laterally to form the collapsed “mushroom-like” structures,
which appear on the AFM images. It has been reported that the
strong salting-out anions like sulfate ion destabilize the hydrogen
bonding between water molecules and the amide groups via
polarization, even when they are added by small amounts.32,33,44

By this destabilization, intra- and/or intermolecular hydrogen
bonds will be formed between the segments of the PNIPAM
chains. This results in the vertical collapse of the layer at the
low concentration that proceeds gradually with increasing
concentration. On the other hand, strong aggregation around
the phase transition is likely to be driven by the attractive intra-
and/or interchain interaction, a hydrophobic interaction. The
hydrophobic interaction is suggested to act by the destruction
of hydrophobic hydration of the hydrocarbons in the PNIPAM
chains by the salt and to be enhanced by the reduction of the
distance between the chains by the amide dehydration.32

Time dependence of the AFM images and the QCM data may
give a basic picture for salt-induced kinetics of the structural
behavior of the grafted PNIPAM on a solid surface. The very
quick response of the PNIPAM layer to low or high concentra-
tion solutions is expected considering the sensitive nature of
PNIPAM to the environmental conditions.44 The reproducibility
of the PNIPAM structures against the large change of concen-
tration (Figure 3) can be related to the low grafting density of
the surfaces used, which allows the individual chains to behave
more freely. In contrast, the AFM images and QCM data
confirmed a slow relaxation of the PNIPAM at 0.11 M, close
to the phase-transition concentration. This change of the kinetics
between narrow concentration range, 0.1 and 0.11 M, is
surprising and might be a good example of a very delicate
balance that lies between hydration of the chains and hydro-
phobic interaction. At 0.11 M, it is suggested that the dehydra-
tion is insufficient to induce the hydrophobic interaction among
PNIPAM chains. Thus, aggregation of the chains is presumed
to be dominated by the frequency of contacts between dehy-
drated hydrophobic groups within individual chains.45 This may
then drive a slow and gradual aggregation of the chains.

The changes in∆f and ∆D observed in the present study
show an evident difference from the results reported in previous
research using high-density PNIPAM layers prepared by a
“grafting-from” method. Jhon et al.35 used a layer prepared by
ATRP and found that both signals showed a gradual and almost
monotonic change with increasing NaCl concentration in a range
from 0 to 1 M. This difference may be directly attributed to
differences in the grafting density. A low grafting density of
the polymer chains allows individual chains to behave more
freely, resulting in the sharp structure transition across phase
boundary. Consequently,∆f and ∆D values recorded in the
present study showed significant changes across the critical
phase-transition point. Similarly, the molecular weight (chain
length) is likely to have a critical effect on the QCM data.
Zhang19 used a PNIPAM layer, which has a much smaller
molecular weight than the present study adsorbed from solution,
and found that∆f decreased monotonically throughout a
temperature range between 20 and 38°C. In this case, it is
reasonable to consider that the structural collapse effect might
be too weak to detect easily and the mass loss caused by
dehydration dominates, resulting in the decrease of∆f.

The most evident difference between the structural change
of the PNIPAM layer in water at various temperature given in
ref 36 and that in sodium sulfate solutions is seen after the phase
transition. In water, the PNIPAM chains are apparently still
capable of deforming even after collapse to a globular state
above the LCST, up to temperatures as high as 40°C. In the
sodium sulfate solutions, by contrast, the layer seems to become
considerably more rigid and non-deformable, as indicated in
the force curves at 0.5 and 1.0 M, as the salt concentration
increases above the phase-transition point. This difference is
also reflected in the measured∆D values from the QCM data.
While ∆D drops sharply across a very narrow temperature range
at the LCST and shows very little change below and above the
LCST in water,∆D continues to decrease even after phase
transition in Na2SO4 solution, up to 0.5 M. This implies that
the chains can attain an almost fully collapsed, non-deformable
state to make very rigid structure even after the phase transition
in the Na2SO4 solution. It has been reported that in the case of
the free PNIPAM polymers in water solution, many amide
groups in the PNIPAM chains remain hydrated and the chains
contain water in their structure even in their fully collapsed state
at high temperature after phase transition.45,46 Thus, it is not

Figure 7. Changes in the values of-∆f (a) and|∆D| (b) obtained in
0.1, 0.11, and 1.0 M Na2SO4 solutions as a function of time.
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unreasonable to suppose that water molecules continue to be
released with increasing concentration even after the phase
transition in the Na2SO4 solutions, because addition of the
“salting-out” ions might disrupt the amide-water hydrogen
bonds more effectively than raising temperature.32 If less and
less water remained in the chains with increasing concentration,
it should result in the non-deformable layer at the high salt
concentration. The dehydration might be also accelerated by
the osmotic pressure difference of the bulk solution and the
layer.47 This would be able to suck water trapped into the
aggregates of the chains. These effects would make the
mushroom structure rigid in the high concentration solutions.

Conclusion

In the present study, the salt-induced structural change of
PNIPAM layer grafted on a flat surface was characterized in
Na2SO4 solutions by AFM imaging. A considerable change in
the shape of the brush-to-mushroom transition of PNIPAM
chains was successfully visualized on the AFM images. The
phase-transition behavior of grafted PNIPAM on a silica surface
is also investigated using QCM. Both frequency and dissipation
showed a sharp and significant change at around the phase-
transition concentration, indicating that the phase transition of
PNIPAM was detected clearly.
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