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Abstract

In the present article the swelling behavior of copolymer microgel particles made of poly(N-isopropylacrylamide)-co-vinylacetic acid using
dynamic light scattering (DLS), neutron scattering, and in situ atomic force microscopy (AFM) for various copolymerized amounts of vinyl-
acetic acid (VA) (up to 2.5 mol%) under slightly acidic conditions is studied. The transition temperature of these microgel particles is found
to be z32.5� 1 �C, independent of the VA content. Microgel particles adsorbed onto a solid substrate display a similar volume phase transition
as their dissolved counterparts. However, their swelling capacity is reduced by approximately one order of magnitude compared to the bulk
value. Nevertheless, the observed effect still is sufficiently large to be exploited for the use of these particles in sensors or as nanoactuators.
In addition it can be concluded that the continuous character of the transition observed in solution does not arise from the polydispersity of
the particles but can be attributed to the heterogeneity inside each individual microgel particle. Finally, AFM images reveal a pattern on the
surface of the collapsed particles, which we attribute to globules formed by collapsed dangling polymer chains. In solution these dangling
ends form a brush contributing to the hydrodynamic dimensions of the microgels.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the first report on the preparation of poly(N-isopropy-
lacrylamide) microgels [1], numerous studies discussing dif-
ferent aspects of these interesting functional polymer
materials have been published. The most interesting feature
in the behavior of N-isopropylacrylamide (NIPAM) based
systems certainly is the volume phase transition [2,3]. This
phenomenon was already investigated in some detail in mac-
roscopic gels [4e6] and also in different microgels [7e
16,44]. A general overview on microgels can be found in
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Refs. [17,18], or in Ref. [19] with a focus on scattering
methods. In macroscopic gels, the volume phase transition
can be very slow and in some cases it takes several days until
the equilibrium state is reached [20]. Microgels react faster
upon changes in temperature, ionic strength, solvent quality,
or pH. Therefore, they are well suited to investigate the vol-
ume transition. Moreover, due to their colloidal character
[21] they are interesting model systems to study processes
like formation of mesoscopic crystals [22e26]. Maybe their
most visionary potential lies in the possible construction of
actuators on the nanometer scale, which are driven by phys-
ico-chemical processes like swelling.

In the present study, we describe the properties of poly(N-
isopropylacrylamide)-co-vinylacetic acid (PNIPAM-co-VA)
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microgels with different contents of vinylacetic acid. The local
structure of the polymer network is studied by means of small
angle neutron scattering (SANS). The swelling behavior is in-
vestigated by dynamic light scattering (DLS) and moreover by
tapping mode atomic force microscopy (AFM). DLS allows to
obtain the average degree of swelling in bulk solution, whereas
AFM is used to investigate the transition of individual micro-
gel particles attached to an interface. AFM is an excellent tool
for this approach.

For applications of such attached particles as sensors or for
actuators it is of course necessary to conserve reversibility of
the transition. Linear PNIPAM-copolymer chains adsorbed at
an interface and in the thin polyelectrolyte multilayers were
found to collapse irreversibly [27]. The present study was mo-
tivated by the idea that microgels due to their shape stability
might conserve reversibility of the transition also in the
adsorbed state.

The volume transition of PNIPAM microgels as observed in
bulk solution is usually found to be continuous. However, in
solution usually the ensemble averaged size of the microgels
is followed and therefore it is not clear whether the continuous
character of the volume phase transition arises from the poly-
dispersity of the particles (only apparently continuous) or is
a property of a single PNIPAM microgel. The present work
also aims to answer this question.

2. Materials and methods

2.1. Microgel synthesis and characterization

N-isopropylacrylamide (NIPAM; synthesis grade, purity
97%), N,N0-methylene bis-acrylamide (BIS; synthesis grade,
purity 99%), vinylacetic acid (VA; synthesis grade), and potas-
sium persulfate (KPS; purity 99%) were obtained from Sigmae
Aldrich. In contrast to macroscopic gels it was shown previously
that for microgels re-crystallization of the chemicals does not
lead to significantly different particle properties [28] and
hence, all chemicals were used without further purification.
The microgel preparation is based on the procedure described
by Pelton and Chibante [1]. For the synthesis of the particles
used here we employed a conventional stirring technique as
described elsewhere [29,30]. NIPAM of 0.625 g (5.52 mmol),
0.017 g BIS (0.11 mmol), and the desired amounts of vinylace-
tic acid (VA) (1 mol%, 5 mol%, 10 mol%, and 15 mol%) were
dissolved in 100 ml triple distilled, degassed water. The synthe-
sis was performed under a nitrogen atmosphere. After heating
the solution to 343 K, 3.61 mg of potassium persulfate was
added to start the polymerisation. The mixture became turbid
and reaction proceeded for 4 h at constant temperature. Then
the microgel suspension was cooled for 12 h under continued
stirring. The final step of the preparation involves extensive
dialysis for 20 days against de-ionized water (Milli-Q) in order
to remove the unreacted monomers and other low molecular
weight impurities. Microgel particles were lyophilized for
storage purposes. Freeze drying does not change the swelling
behavior of the particles [28] and they can be resuspended
without any problem for subsequent experiments.

The effective VA content in the prepared microgels was de-
termined using titration with NaOH (Table 1). Compared to
the previously investigated PNIPAM-co-acrylic acid microgels
[31] the amount of effectively incorporated acid groups is
lower in the present case. It should also be noted here that
in contrast to the recently published synthesis by Hoare and
Pelton [32] the particles are synthesized without surfactant.

With respect to their shape and polydispersity, the obtained
microgel particles were characterized using scanning electron
microscopy. For these measurements a suspension of the mi-
crogels is left on the surface of the glass slides (Super-Frost
Plus, Menzel & Glaser, Germany). To remove excess particles
the slides are washed with water at room temperature and then
sputtered with gold until a 15 nm gold layer is obtained (for
images, see Supplementary data).

2.2. DLS: experimental setup and data analysis

Light scattering measurements were performed using com-
mercial equipment for simultaneous static and dynamic light
scattering experiments from ALV-Laservertriebsgesellschaft
(Langen, Germany). The light source employed was the green
line (l¼ 532 nm) of a Coherent Compass 315M-150 fre-
quency doubled diode pumped solid state laser, operating
with a constant output power of 150 mW. Temperature control
of the samples better than 0.1 K was achieved using a toluene
bath connected to a Lauda RCS6 thermostat. The toluene also
served as an index matching bath. The scattered light was de-
tected with a photomultiplier tube (Thorn EMI) mounted on
a goniometer arm, operated in single-photon-counting mode.
The pre-amplified fluctuating intensity signal was then time
auto-correlated using an ALV-5000 multiple t hardwire corre-
lator (256 channels, first lag time 200 ns). Measurements for
each temperature were repeated three times and averaged
afterwards.

The normalized electrical field autocorrelation function g1(t)
contains the information about the dynamics of the scattering
system. g1(t) can be computed from the respective intensity
time correlation function g2(t) by the Siegert relation. In
the case of a monodisperse ideal sample g1(t) is represented
by a single exponential:

Table 1

Titration results for the PNIPAM-co-vinylacetic acid microgels with nominal

vinylacetic acid 1 mol% (VA1), 5 mol% (VA5), 10 mol% (VA10) and

15 mol% (VA15)

Nominal VA

content [mol]

Titr. NaOH

[ml]

titr. NaOH

[mol]

Incorporation

[%]

Real content

[mol%]

VA1 0.23� 10�5 0.75 7.5� 10�7 32.6 0.33

VA5 1.20� 10�5 2.15 2.15� 10�6 17.9 0.90

VA10 2.35� 10�5 3.20 3.2� 10�6 13.6 1.36

VA15 3.52� 10�5 5.75 5.75� 10�6 16.3 2.45

Given are the expected theoretical molar contents in 30 mg of the material and

the contents determined using titration with NaOH. Using these values the

effective incorporation of the acid into the particles is calculated.
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g1ðtÞ ¼ expð�GtÞ ð1Þ

with G¼DTq2, DT¼ translational diffusion coefficient and
q the scattering vector [33e35]. Usually, samples are poly-
disperse and the decay of the correlation function must be
described by a weighted sum of exponentials,

g1ðtÞ ¼
ZþN

0

GðGÞexpð�GtÞdG; ð2Þ

where G(G) is the distribution function of the relaxation rates.
An analysis of this distribution of relaxation rates can be per-
formed using the method of cumulants [36], the analysis by an
inverse Laplace transformation of Eq. (2) by the use of the
FORTRAN program CONTIN [37,38], or by the ORT proce-
dure suggested by Glatter [39,40]. From the mean value G

one obtains the translational diffusion coefficient DT,

G¼ DTq2; ð3Þ

and the hydrodynamic radius Rh making use of the Stokese
Einstein equation. Rh is then used to calculate the swelling
ratio of the microgels that are defined by

a¼ Vcollapsed

Vswollen

¼
�

R313:2 K
h

R288:2 K
h

�3

: ð4Þ

2.3. SANS: experimental setup and data analysis

The small angle neutron scattering experiments presented
here were carried out at the ‘‘Forschungszentrum Jülich’’ us-
ing the KWS1 machine. For details of the setup see the respec-
tive publications of the FZ Jülich. The neutron wavelength was
7.3 Å for all experiments and the sample to detector distances
were chosen to be 1.2 m, 4 m and 8 m, covering a q-range
0.007e0.2 Å�1.

The data were collected using two dimensional multi detec-
tors. These data were corrected for the efficiency of the differ-
ent detector cells using a water spectrum and then because of
the isotropic character of the scattering, they were averaged
along the azimuth. After correction for the scattering of the
solvent and the empty cell, the data were brought on an abso-
lute scale using a Lupolen standard [42]. After this procedure
the data sets obtained for different sample to detector distances
overlapped within the experimental error interval and no fur-
ther adjustment was necessary.

The data were then fitted using the expression

IðqÞfA

V

1

q4
þ Ið0ÞL

1þ x2q2
: ð5Þ

In this equation A is the interfacial area in the scattering vol-
ume and V is the scattering volume. Similar phenomenological
descriptions of microgels were used before [12,43,44] and
yield the network correlation length x.
2.4. AFM: experimental methods

The atomic force microscopy data were obtained with
a BioScope AFM from Digital Instruments/VEECO equipped
with a liquid cell for measurements in aqueous environment.
Temperature control was achieved with a home built heating
stage below the sample and a commercial temperature control-
ler (Wavelength Electronics Inc.).

Standard microscope slides were cleaned thoroughly and
coated with a 100 nm Au layer by thermal evaporation. Two
different procedures were used to deposit the microgel parti-
cles: either the substrate was dipped into an aqueous solution
(0.2 mg/ml) of the particles or a droplet of the same solution
was deposited on the substrate and removed it after a waiting
time of z5 min. The deposition always was done using swol-
len microgels (solutions at room temperature).

In both cases, the adhesion is unspecific and rather weak.
Particles were frequently pushed around during AFM imaging.
In order to improve the adhesion and to obtain stable imaging
conditions, the Au surface was treated with an air plasma
(100 W, 0.1 mbar) for approximately 2 min prior to the depo-
sition of the particles. After the deposition, the samples were
rinsed with de-ionized water twice for 15 min in order to
wash off the weakly bound particles. This procedure leads to
a typical surface coverage between 20% and 40%, as shown
in Fig. 3. The preparation parameters were chosen such that
there were always regions with isolated particles, which can
be analyzed more easily than densely packed overlapping
ones. On the scanned area 400e800 particles were adsorbed
and simultaneously investigated.

In all measurements the AFM was operated in tapping
mode in water at the resonance frequency of approximately
8 kHz. We used standard oxide sharpened contact mode SiN
cantilevers from Olympus (OMCL-TR400PSA) with nominal
spring constants between 0.02 N/m and 0.08 N/m. The AFM
scan rate was chosen between 0.5 Hz and 1 Hz. The free can-
tilever oscillation amplitude was A0 z 20 nm in all measure-
ments. (A constant value is required to ensure constant
imaging conditions throughout the experiments.) The setpoint
Aset for the amplitude feedback loop was set to 95% or more of
A0. Fig. 1 shows the influence of the setpoint Aset/A0 on the
apparent equivalent particle radius Requiv¼ (3V/4p)1/3 (V: par-
ticle volume).

Obviously, the apparent particle size in the swollen state
depends on the setpoint. We attribute this to partial indentation
of the tip into the swollen particles. Extrapolating of the data
in Fig. 1 to Aset/A0¼ 1 suggests that we underestimate the
actual particle radius by 10e15% when we image at Aset/
A0¼ 0.95, which corresponds to an underestimation of the vol-
ume in the swollen state of 30e50%. In order to eliminate this
dependence on the imaging conditions, all radii and volumes
reported in the following were extrapolated to Aset/A0¼ 1.

After changing the temperature, the system was allowed to
equilibrate for a few minutes. Once the reflected laser beam on
the laser diode inside the AFM head ceased to drift, the tapping
frequency and amplitude were readjusted in order to ensure
identical imaging conditions for all images.
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In order to analyze the AFM data, the volume V of each
particle was determined by numerical integration. In order to
do so, the local substrate level had to be determined. This
was achieved using a first order flattening and a threshold
algorithm in the region around each particle of interest. The
uncertainty of various parameters during image processing
gives rise to a total error bar for the particle volume of
5e10%. In the collapsed state, this error represents the accuracy
of the volume measurement. In the swollen state, however, the
error is larger (30e50%) due to tip-induced particle deforma-
tion, as discussed above.

For the sake of comparison between DLS and AFM data,
we converted the volume measured by AFM into the ‘equiva-
lent radius’ Requiv of a sphere with the same volume as the
adsorbed particles, i.e. Requiv ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3V=4p3

p
.

3. Results and discussion

3.1. Characterization of the microgel particles

3.1.1. DLS
The swelling behavior of the four different microgels was

investigated by means of DLS. The microgels are rather large.
Therefore, the angular dependence of the decay of the correla-
tion functions was studied first. According to G¼DTq2 a plot
of G vs. q2 should be linear. In Supplementary data the data for
the sample VA1 are given.

The linear fit does not go through zero. This can be attributed
to growing intra-particle interference at larger scattering an-
gles. However, the effect is small and of comparable magnitude
for all prepared PNIPAM-co-vinylacetic acid microgels.
Hence, all the comparative experiments concerning the swell-
ing behavior were done at a fixed scattering angle of q¼ 90�.
In all cases the temperature was varied between 15 �C and
40 �C. For each temperature three correlation functions were
measured independently and analyzed using CONTIN [37,38]
and the method of cumulants [36] (for an example see
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Fig. 1. Influence of the setpoint Aset/A0 of the amplitude feedback loop on the

apparent particle radius. The data refer to a swollen VA1 particle at 25 �C.

Other particles showed a similar behavior.
Supplementary data). Using the method of cumulants the poly-
dispersity is found to be �10% and also G(G) reveals the rather
narrow size distribution of the prepared microgels. Fig. 2 shows
the respective plots of Rh vs. temperature. The shown Rh values
are averages of the three measurements. In Table 2 the results
from DLS are summarized. The found hydrodynamic radii
are in the same range as in previous studies of different copol-
ymer microgels and the swelling ratio a also is in the range
expected for particles with a cross-linker content of 2 mol%.
Moreover, the swelling capacity does not significantly depend
on the content of vinylacetic acid. This finding is in good agree-
ment with the results obtained for PNIPAM-co-acrylic acid
microgels [31], where even up to acrylic acid contents of
12.5 mol% no change in swelling capacity was observed.

3.1.2. SANS investigation of the network
As already shown in previous studies [12,16,43e45],

SANS is a good tool to investigate the local structure of the
network inside the microgel particles. Therefore, in the present
study we applied SANS to investigate the network mesh size x

as a function of temperature. Two examples for the obtained
series of small angle scattering curves are shown in Fig. 5.
The solid lines in the graphs represent fits of the data using
a sum of a Porod and an OrnsteineZernicke term. From these
fits one directly obtains x. In Table 3 the results for all four
samples are given. The found values of x are of the same order
of magnitude as in previous studies on PNIPAM homopolymer
microgel particles [12,13,41,43,44] and are between 3.6 nm
and 4.8 nm for the swollen particles. The error of the correla-
tion length x as obtained from the nonlinear least squares algo-
rithm used for the data analysis is between 10% and 15%. An
increasing amount of vinylacetic acid seems to lead to slightly
higher mesh sizes. This effect can be attributed to the slight
increase in electrostatic repulsion with increasing VA content
of the network. However, at pH values between 5 and 6 the
effect is very small, since only a part of the carboxylic acid
groups is dissociated. As expected, x increases with increasing
temperature reaching values of up to 7.5 nm. However, the mi-
crogel particles seem to be far away from the critical point and
therefore a scaling plot of ln(x) vs. ln((T� Tc)/Tc) leads to ex-
ponents different from the expected value of 0.65 [5] (data not
shown). Also this behavior was observed for other microgels
[44].

3.2. Swelling behavior of adsorbed particles

While the DLS measurements give informations about the
swelling behavior of an ensemble of particles in solution,
AFM allows to study individual particles adsorbed on solid
substrates.

Fig. 3 shows a large area scan of a typical sample of ad-
sorbed microgel particles. As shown in the inset, the particle
size distribution is rather narrow (11%) in agreement with
the DLS data.

In order to characterize the swelling behavior quantita-
tively, we zoomed into a few individual particles. These
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Fig. 2. Swelling curves of the four prepared microgels as obtained by DLS (from VA1 to VA15 (aed)). The dashed lines are guides to the eye.
particles were then imaged at various temperatures between
25 �C and 40 �C.

Fig. 4 shows a typical example for two VA1 particles. At
low temperatures, i.e. in the swollen state (Fig. 4a), the parti-
cles appear uniform and smooth. The shape can be approxi-
mated by a spherical cap with a rather small ‘contact angle’
at the edge of z30�. The height-to-width aspect ratio is
approximately 1:4. Obviously, the particles are deformed
substantially upon adsorption onto the surface. AFM imaging
of particles in the swollen state is very delicate. In addition to

Table 2

DLS and AFM results for the PNIPAM-co-vinylacetic acid microgels with

1 mol% (VA1), 5 mol% (VA5), 10 mol% (VA10), and 15 mol% (VA15) como-

nomer content

VA1 VA5 VA10 VA15

Rh (20 �C) [nm] 519 547 536 627

Rh (40 �C) [nm] 141 167 198 197

a 0.02 0.03 0.05 0.02

Tc 31.8 31.8 31.7 32.1

Requiv (25 �C) [nm] 310 270 280 245

Requiv (40 �C) [nm] 160 155 140 140

ainterface 0.09 0.19 0.13 0.19

Tc
interface [�C] 32.7 33.7 32.6 34.0

ainterface/a 4.5 6.3 2.6 9.5
the setpoint-dependence of the particle volume discussed
above, AFM images frequently display streaks and stripes,
which prevent a quantitative data analysis. Most likely, this
is due to the formation of weak bonds between the tip and
loosely dangling polymer chains. Typically, this artifact can
only be overcome by changing the AFM cantilever. All the
data shown below were extracted from artifact-free AFM im-
ages, as in Fig. 4. At temperatures above the volume transition,
this difficulty is usually absent. This observation is consistent
with the idea that loosely dangling polymer chains also col-
lapse at the volume transition temperature and are hence
absent at higher temperature.

Table 3

Network correlation lengths x of the four investigated microgels as a function

of temperature

T

[�C]

VA1 VA5 VA10 VA15

I(0)

[cm�1]

x

[nm]

I(0)

[cm�1]

x

[nm]

I(0)

[cm�1]

x

[nm]

I(0)

[cm�1]

x

[nm]

25 1.2 3.6 1.9 4.2 2.1 4.8 2.6 4.8

30 2.1 4.6 3.0 5.1 3.6 6.1 4.8 6.4

31 2.4 4.7 3.3 5.2 3.9 6.1 5.4 6.7

31.5 2.6 4.9 3.6 5.5 3.8 5.9 5.5 6.6

32 2.8 5.0 4.3 5.8 4.5 6.5 7.1 7.5



250 S. Höfl et al. / Polymer 48 (2007) 245e254
Upon increasing the temperature the particles’ shape
changes. Overall, the particles flatten considerably (see Fig. 5).
The height-to-width ratio decreases to z1:20. The diameter of
the particles is only weakly affected by the transition. Obvi-
ously, the adhesive bonds to the surface are much stronger
than the elastic forces which must be overcome in order to
retain the collapsed particles in their flat shape.

A more detailed image of the collapsed particles in Fig. 4c
and d reveals a surface pattern for the particles in the collapsed
state.

Superimposed on the overall shape of the particles, there
appear several ‘‘humps’’ with a characteristic lateral size and
height of approximately 100 nm and 10e20 nm, respectively,
which are significantly above the substrate roughness (inset
of Fig. 6). These features are very reproducible and were
observed for all types of particles, independent of the VA
content. Once formed during the collapse of a specific particle,
the humps remained stable upon further increasing the temper-
ature. Furthermore, their shape was not affected by the settings
of the AFM imaging parameters (such as setpoint, imaging
velocity and scan size). This robustness suggests that the
structures are indeed real. Possible origins will be discussed
below.

Both Fig. 4 and the cross-sections in Fig. 5 show that most
of the effect occurs in a rather narrow temperature interval
between 32 �C and 34 �C. Increasing the temperature further
does not affect the shape substantially anymore. For the sake
of comparing AFM data to DLS data, we converted the parti-
cle volume measured by AFM to the equivalent radius Requiv

defined above. Fig. 7 shows swelling curves for four microgel
particles with different vinylacetic acid contents. The curves
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Fig. 3. AFM image (30� 30 mm) of VA1 microgel particles adsorbed on Au

(T¼ 35 �C, gray scale¼ 300 nm). The width of the Gaussian size distribution

is 21 nm or 11% of the mean equivalent radius of Requiv¼ 183 nm. Coverages

with VA5, VA10 and VA15 particles look similar.
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Fig. 4. AFM images of VA1 particles at different temperatures: (a) swollen

state (25 �C), (b) beginning of collapse (32.5 �C), (c) almost finished collapse

(33.5 �C) and (d) fully collapsed state (40 �C). The line in image (b) indicates

the position of the cross-sections in Fig. 5. Note that the range of the gray scale

was optimized for each image individually.
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Fig. 6. AFM swelling curves for individual PNIPAM-co-VA particles with VA contents of 1 mol%, 5 mol%, 10 mol%, and 15 mol%, respectively. Solid lines are

guides to the eye.
are reversible upon heating and cooling.1 And the continuous
character of the transition is also preserved.

For all contents of vinylacetic acid Requiv in the swollen
state is approximately 80e90% larger than in the collapsed
state, corresponding to a volume increase of a factor of six.
The transition temperature, defined by the inflection point of
a hyperbolic tangent function fitted to Requiv vs. T is
33� 1 �C for all VA contents. The scatter of � 1 �C arises
mainly from particle-to-particle variations of the properties.
No systematic trend with respect to the VA content was found.
The 80% of the size change takes place within less than 2 �C.
Again, the sharpness of the transition is independent of the VA
content within the scatter between individual particles.

3.3. Discussion

All our measurements indicate that the volume transition of
the particles under investigation takes place at a temperature
between 32 �C and 34 �C. There is no systematic dependence
of the transition temperature on the VA content within the
range studied here, i.e. 2.5% or less. This result differs from

1 Occasionally, a temperature shift between cooling and heating curve of 0.

5e1 �C was observed.
300 nm

50

1.0

h [nm]

x [µm]0
1.50.5

Fig. 7. AFM image of collapsed VA1 particle (T ¼ 35 �C). The cross-section

illustrates the internal structure of the particle with humps in the order of

100 nm.
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the recent experiments by Hoare and Pelton [32], who found
an increase of the transition temperature up to 50 �C for
a VA content of 3.3%. These authors attributed the observed
VA concentration-dependence to electrostatic repulsion be-
tween fully ionized carboxylic acid groups. However, their
measurements were performed at pH 10 whereas the pH in
our DLS and AFM measurements was between 5 and 6. Hence
the carboxylic acid groups are only partially deprotonated and
the dependence of the transition temperature on the VA con-
tent is reduced e or in fact absent in our experiments. This
is also in line with the SANS results where we found only
a slight dependence of the network correlation length on the
VA content of the particles (Fig. 8). We also note that some
details of the synthesis (presence or absence of surfactants)
may also affect the microgel particle structure and may thus
also contribute to the different behavior.
As major difference between the DLS and the AFM data we
also find that the swelling ratio is approximately one order of
magnitude smaller for the adsorbed particles in the AFM mea-
surements than for the free particles in solution. Whereas the
equivalent radius of the collapsed particles is almost the
same as the hydrodynamic radius determined by DLS, the vol-
ume of the adsorbed particles in the swollen state is substan-
tially smaller than in the solution. This behavior can be
naturally rationalized as follows: the interaction between the
PNIPAM chains and the substrate gives rise to a partial collapse
upon adsorption. In the swollen state, this reduces the particle
volume drastically due to the loose and flexible character of the
network. In the collapsed state, the attraction due to the sub-
strate can still deform the particles, however, the enhanced
stiffness (compression modulus) prevents a substantial volume
change. This scenario is illustrated schematically in Fig. 9.
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Fig. 8. SANS curves for: (a) the VA1 and (b) the VA10 samples as a function of temperature. The solid lines represent best fits with Eq. (5).
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The initially raised question concerning the continuous
character of the volume transition of the microgels can now
be answered. The shape of the swelling curve of a single mi-
crogel particle in the adsorbed state is very similar to the shape
of the curves obtained for the solutions of the microgels. This
clearly shows that the smearing and the continuous character
do not stem from particle polydispersity, but is a property of
an individual microgel. A possible explanation of the smearing
of the transition for a single particle would be a rather impor-
tant heterogeneity of the composition inside the particles and
indeed by Richtering et al. it was shown that the particles
have a rather inhomogeneous structure internally [45].

In addition to the swelling curves AFM also yielded infor-
mation about the surface topography of the particles. What is
the origin of the observed surface pattern of the collapsed par-
ticles? Several possibilities are conceivable. First, one could
think that the structure reflects some internal heterogeneity
of the gel network. If, for instance, the cross-linking density
is strongly inhomogeneous regions with higher cross-linker
content would appear stiffer in the AFM. They would be
less prone to deformation during the imaging process and
could therefore appear as protrusions within a softer and
more easily deformable environment. However, if this were
the case, the height of the protrusions should depend on the
AFM imaging parameters (in particular on the setpoint value),
which was not found experimentally. Several years ago, Shi-
bayama et al. [5] found that macroscopic gels of PNIPAM-
co-acrylic acid display an inhomogeneity on a comparable
length scale in the collapsed state. They attributed this feature
to a (partial) phase separation of PNIPAM and the comonomer
during the synthesis, which leads to a blocky copolymerisation
instead of a truly random distribution of comonomers. They
argued that under these conditions the volume phase transition
takes place in the PNIPAM-rich regions, whereas the acid-rich
regions keep a higher water content due to the osmotic pres-
sure of the counter ions. In contrast to Shibayama et al., how-
ever, we do not find any substantial dependence of the feature

T = 25 °C T = 40 °C

Fig. 9. Model of the shape of a PNIPAM-co-AAc particle in liquid (top) and

adsorbed to a surface (bottom). For low temperatures (left) the particle shows

a soft random coil structure whereas for high temperatures (right) the particles

appear in a globular structure.
size on the comonomer content, nor do we find any indication
of a correlation peak in the SANS data at the corresponding
q-value. Thus, we also exclude this interpretation.2 There is
a third possibility, which is related to long protruding polymer
chains around the edge of the microgel particles. While these
loosely dangling chains sometimes hinder AFM imaging at
low temperatures (swollen particles), they should also collapse
at the volume transition temperature. In this case, they can
form collapsed globules sitting on the surface of the microgel
particle. The size of these globules should depend on the aver-
age length of the loose chains, i.e. on the cross-linking density,
but not on the VA content. The latter explanation is in agree-
ment with the actual experimental observations. Moreover,
similar observations of surface structures were already made
for PNIPAM homopolymer microgels [43]. In this work PNI-
PAM particles with a higher cross-linker content and therefore
shorter dangling ends were found to exhibit a raspberry like
surface pattern in the collapsed state with a characteristic
length scale between 30 nm and 50 nm. Length changes of
the dangling ends in dependence of the cross-linker content
of the particles can be rationalized by the anisotropic distribu-
tion of the cross-linker in the microgels leading to a rather
compact core and a nearly uncross-linked corona [16].

A fourth explanation is the formation of high molecular
weight linear chains during the synthesis. In a recent work
Zhou and co-workers found the formation of such chains
[47]. Using dialysis these might remain in the samples and
can adsorb to the microgel particles during the collapse. This
process also would lead to some apparent surface roughness.
However, in the work by Zhou et al. the synthesis was done
in a different way and we think that in the present study the
formation of linear chains is only of minor importance, since
no small globules were observed in the AFM experiments and
no second contribution can be detected in the DLS experiments.

4. Conclusions

The combination of DLS, SANS, and AFM gives a detailed
view at various aspects of the swelling behavior of PNIPAM-
co-vinylacetic acid microgel particles.

All experiments indicate that the volume phase transition
temperature is not influenced by the VA content of the parti-
cles and is located between 32 �C and 34 �C.

The AFM experiments clearly show that the volume phase
transition of the PNIPAM-co-VA microgels is still reversible
for adsorbed microgels, but the swelling capacity (given as
a) decreases by up to one order of magnitude compared to the
swelling ratio in bulk solution. Nevertheless, this effect is still
sufficient to construct surfaces with a switchable thickness.
Using the deposition of linear block copolymer PNIPAM-b-
PSS this could not be achieved [27]. Also for applications as
actuators the change found in particle size is still sufficiently
large.

2 This is in agreement with the recent work by Hoare and Pelton who argue

that block formation during synthesis is present for acrylic acid as well as for

methacrylic acid, but not for vinylacetic acid [32,46].
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Moreover, the confinement by the solid surface does not in-
fluence the transition temperature of the microgels and also the
continuous character of the transition is preserved and found to
be a single particle property.

In addition, the AFM images reveal the existence of a sur-
face structure of the collapsed microgel particles, which prob-
ably can be attributed to the presence of collapsed dangling
polymer chains leading to rigid globules on the particle sur-
face. This observation is in line with previous studies on ho-
mopolymer particles. The size of these dangling chains and
therefore the size of the observed globules depends on the
cross-linker concentration used in the particle synthesis. Less
cross-linker leads to longer dangling chains.
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