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Abstract

Thermo-sensitive poly(N-isopropylacrylamide) (PNIPAM) microgels with different cross-linker density have been investigated by
complementary scattering methods and high-resolution imaging techniques. The swelling behavior of the colloidal particles as probed by
dynamic light scattering (DLS), is discussed together with information on local structure and dynamics of the particles as obtained from small
angle neutron scattering (SANS). Below the volume phase transition the static structure factor reveals liquid-like contributions. This is
similar to macroscopic gels, but for low q the scattering behavior is different because of the influence of the particle form factor P(q). Beyond
the phase transition temperature, T, the system becomes completely phase separated and interfacial scattering dominates the measured
SANS profiles (I(q) o< q . Slight deviations from the ideal Porod behavior can be interpreted in terms of surface roughness of the collapsed
particles. This corresponds to structures visible on AFM micrographs. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Hydro-gels play an important role in living systems and
are of broad interest for a large variety of industrial products
(e.g. as storage and separation media). They can be regarded
as intermediates between solids and liquids, which mani-
fests in a rather complex mixture of the properties of these
limiting states. In recent years, especially thermo-sensitive
systems like poly(N-isopropylacrylamide) (PNIPAM),
hydro-gels have attracted much attention [1-3], because
the viscoelastic characteristics can be easily controlled by
changing the temperature. Moreover, the bio-adhesive
properties of these materials point to possible applications
as drug delivery systems.

Macroscopic PNIPAM gels have the disadvantage that
the swelling/de-swelling process occurs on a rather long
time-scale. Fast response to external stimuli, however, is a
prerequisite for most potential applications. This problem
can be circumvented by decreasing the size of the hydro-
gels to mesoscopic dimensions. Therefore, synthesis and
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characterisation of colloidal microgels has been intensified
recently [4,5]. It was found that neutral colloidal PNIPAM
particles with a diameter of some hundred nanometres have
similar characteristics as their macroscopic counterparts,
concerning the transition temperature and swelling capacity
of the volume phase transition. Because of their fast kinetic
response, microgels are good candidates to gain more
insight into the physical nature of the volume phase transi-
tion [1,6,7]. For a recent review on microgels, see Ref. [8].

For macroscopic PNIPAM hydro-gels, it is known from
dynamic light scattering (DLS) [9] and small-angle neutron
scattering (SANS) [3] that the swelling behaviour depends
on the amount of cross-linker introduced into the polymer
network. Under equilibrium conditions the network elasti-
city is balanced by the osmotic pressure of the system. The
neutron scattering intensity is determined by a solid-like
contribution from structural inhomogeneities of the gel
matrix and a fluid-like component, which is attributed to
local thermal fluctuations of the polymer chains. A growing
number of cross-linking points increase the heterogeneity of
the network structure. These internal topological constraints
reduce the swelling capability of the macroscopic gel.

To characterise the influence of cross-linker density on
the volume-phase transition of colloidal PNIPAM hydro-
gels, we have studied these systems by complementary scat-
tering methods. DLS provides information about the overall
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size and shape of the mesoscopic particles [4] in solution
and has been used to monitor the temperature-induced
swelling/de-swelling process. The internal structure of the
microgels has been investigated by SANS. Special emphasis
was put on changes in the correlation length for the polymer
dynamics across the volume phase transition. In addition,
SANS and atomic force microscopy (AFM) have been
applied to determine the surface morphology of collapsed
microgel particles above the volume phase transition
temperature.

2. Theory

We have combined DLS and SANS measurements to
obtain complementary information about the overall size
(from DLS) and the internal structure (from SANS) of the
microgel particles. Due to the large difference in wavelength
of the used radiation, different length scales are probed with
these methods. For light scattering, qR, = 1, with R, the
radius of gyration and the magnitude of the scattering
vector, q, which is given by

4
a= 3" sin(g), )

with n the refractive index of the medium, A the wavelength
of the incident light and 6 the scattering angle. In SANS
experiments on microgel particles, qR, > 1 is always
satisfied. Hence, SANS is a good tool to investigate the
internal structure not only of gels [10], but also of colloidal
microgel particles.

2.1. SANS

The SANS profiles of swollen macroscopic gels can be
described by Ref. [10]

@) = Liquia(@) Tt Lo1ia(@)- (2

liiquia(q) represents the contribution from concentration fluc-
tuations due to local motion of the polymer chains, which is
also observed in a complementary polymer solution [11,12].
For large q, this contribution is best described by a
Lorentzian [11]. I,;q(q) is the excess scattering due to the
static inhomogeneities introduced into the network by
chemical cross-links [3,10,12,13]. Assuming a Gaussian
spatial distribution for the cross-links the total structure
factor is given by [3]
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where A represents a characteristic length scale connected
with the static heterogeneities and £ is the correlation length
or blob size [11]. Eq. (3) is a limiting case of a more general
form of the structure factor proposed by Horkay and
coworkers [13], where the exponent is allowed to differ
from 2 if the spatial distribution of the heterogeneities is

not Gaussian. For the correlation length the following
scaling law

T-T.
T.

should hold (with v = 0.65 for gels) [3]. T, is the volume
phase transition temperature.

In our experiments, we are looking at spherical colloidal
particles and in this case the particle form factor, P(q),
cannot be neglected [14]. However, for particles with Rg >
q ' only the Porod region of P(q) should contribute
significantly to the scattering intensity. In the Porod region,
the scattering arises from the particle surface and the data
should be well described by expressions of the type

Al 1(0),

I(Q):V¥+l+7§2qz- (5)
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In this equation, A is the interfacial area in the scattering
volume and V is the scattering volume. Similar pheno-
menological descriptions of microgels were already used
before [14]. The contribution from the cross-links is omitted
in this description. Beyond the transition temperature, we
are dealing with a phase-separated system and the scattering
arises from the interface between the collapsed polymer
particle and the surrounding solvent. For flat interfaces,
the structure factor is given by Porod’s law

I(q) o< q ™. (©6)

2.2. DLS

DLS monitors fluctuations in the scattered electrical field
by means of the field time autocorrelation function given by

g' (1) = exp(—1I7) @)

for monodisperse systems and provides therefore knowledge
about the translational motion of the scattering particles in
the sample [15]. The characteristic relaxation rate I"is given
by

I'=Dq?, 8)

with D the mutual translational diffusion coefficient. Real
colloidal systems always are more or less polydisperse and
in this case the field time autocorrelation function is given
by a weighted sum of exponentials

¢ = jG(D exp(—I1) dT. ©)

G(I') is the relaxation rate distribution representing the con-
tribution from the different particle sizes. To compute the
mean value and the broadness of this distribution function,
the measured correlation functions can be analyzed using
the method of cumulants [16] or by means of an inverse
Laplace transform [17,18]. For the second method, several
different software packages are available and in the present
study we used the FORTRAN program CONTIN provided by
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S. Provencher [17,18]. Both methods provide a z-averaged
(I') and, therefore, a z-averaged translational diffusion
coefficient.

kT
(D) = :
6 'T]Rh

(10)

Here, T is the temperature, k the Boltzmann constant, 1 the
viscosity of the solvent, and Ry, is the radius of a hydrody-
namically equivalent sphere. For an ideal dilute solution of
non-interacting particles D corresponds to the self-diffusion
coefficient. For more details, see for example Refs. [15,19].

3. Experimental
3.1. Sample preparation

Synthesis of the PNIPAM particles and sample prepara-
tion for the light scattering experiments has been described
in Ref. [4]. For the neutron scattering experiments, a frac-
tion of the microgel particles was dried at a temperature of
313 K. Afterwards the particles were dissolved in D,O
(99.8% isotopic purity; Eurisotop, Groupe CEA — Saclay).
It is known that for D,O the phase transition temperature of
PNIPAM can be slightly different [3], therefore, we have
checked the influence of D,O on the phase transition
temperature by DLS for a sample containing 7.33% cross-
linker (BIS). We found the phase transition temperature
shifted by 0.8 K to higher temperatures for the D,O solu-
tions. This is in good agreement with results found by
Shibayama et al. for macroscopic PNIPAM gels [3]. The
parameters describing the different samples are listed in
Table 1.

3.2. DLS

The light scattering experiments were performed using a
classical goniometer set-up (ALV Langen) and an argon ion
laser (Coherent Innova 90) operating in single mode at a

Table 1

Characteristics of the investigated PNIPAM microgels. The volume phase
transition temperatures, 7., were determined in dilute aqueous solution by
monitoring the hydrodynamic radii Ry, using DLS. In D,0O, the values are
found to be = 0.8°C higher. The de-swelling curves obtained in this way
are also the basis for the calculation of the de-swelling ratio « (see Eq. (11)).
The given values of the hydrodynamic radii Ry, are those found for the
swollen state at 7 = 15°C. The error for these values is, approximately,
5%. Additionally, the radii Rsgy obtained from the analysis of the electron
micrographs are given. These are lower because they were obtained for
dried particles

Cross-linker Rsgy (nm) R, (nm) T, (°C) a
(mol%)
0.73 221 =15 298 31.3 0.032
1.47 212 £ 18 286 31.8 0.110
3.67 222+ 14 304 31.6 0.084
7.33 202 £ 10 277 314 0.144
11 314+ 12 350 32.7 0.273

wavelength of 488 nm. The single mode output was
obtained by placing a thermostated etalon into the laser
resonator. The samples were positioned in an index match-
ing bath (toluene), which was thermostated with a tempera-
ture stability of 0.1 K. The scattering geometry was
defined to be VV using a Glan polariser for the incident
beam and a Glan-Thompson polariser in front of the
photo-multiplier (PM) employed for the detection of the
scattered light. The fluctuations of the scattered intensity
were analysed with an ALV-5000 digital correlator. For
additional descriptions of the experimental set-up see
Ref. [20].

3.3. SANS

The SANS experiments presented here, were carried out
at the ‘Forschungszentrum lJilich’ and in part at the
‘Laboratoire Léon Brillouin — Laboratoire Commun
CEA-CNRS’ using the KWS1 machine and the PAXY
machine, respectively. For details of both set-ups, see the
relevant publications of both institutes.

The data were collected in both cases using two-
dimensional multidetectors. These data have been corrected
for the efficiency of the different detector cells using a water
spectrum and then because of the isotropic character of the
scattering, they were circularly averaged. After correction
for the scattering of the solvent and the empty cell, the data
were brought on an absolute scale. For the Jiilich data, the
spectrum of a Lupolen standard was used for the calibration
of our experimental data [21]. After calibration, data
obtained for different sample to detector distances over-
lapped within the experimental error interval and no further
adjustment was necessary. Calibration of the Saclay data
was done using the method described in Ref. [22]. This
calibration is based on the determination of an attenuation
factor of the primary beam intensity. The details are not
presented, because the absolute intensities are not discussed
in this study.

3.4. SEM and AFM

Electron micrographs have been taken from microgel
particles fixed on commercially available microscope slides
covered with poly-L-lysine (Sigma — Aldrich). After
removing of surplus amounts of solution, the samples
were washed three times with distilled water and succes-
sively dried at room temperature for about 24 h. Then the
glass supports were positioned on an aluminium plate and
afterwards covered with a gold layer using a Hummer VII
sputtering system. For the electron micrographs, we
employed a Hitachi S450 microscope. The sample holder
was tilted by 30° to increase the contrast of the samples.

The same samples have been investigated using a
OMICRON AFM/STM, which allows to obtain a better
spatial resolution then SEM.
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4. Results and discussion
4.1. Overall size and shape of the microgel particles

PNIPAM microgels with different cross-linker density
have been prepared by surfactant-free emulsion poly-
merisation [4]. The hydrodynamic radius of the colloidal
particles in the swollen state at low temperature ranges
from 270 to 350 nm as determined by DLS measurements
(see Table 1). The size of the microgels depends on the
individual preparation conditions [4].

In Fig. 1A and B typical distributions of relaxation rates
from a CONTIN analysis of the intensity auto-correlation
function are displayed for two significantly different cross-
linker densities. In both cases, a single narrow distribution
of relaxation rates is obtained by Laplace inversion of the
experimental correlation functions. These peaks can be
attributed to translational diffusion and manifest the almost
monodisperse size distribution of the colloidal particles.
Their hydrodynamic dimensions were calculated from the
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Fig. 1. (A) Example for the DLS results obtained for low cross-linker
concentration (0.73% BIS). (B) Example for the DLS results obtained for
high cross-linker concentration (7.33% BIS). The insets show the obtained
distribution of relaxation rates as computed by a CONTIN analysis. In both
cases, the polymer concentration was 0.05 pg/ml.
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Fig. 2. SEM micrographs of PNIPAM with different cross-linker concen-
tration. (A): 0.73%; (B): 7.33%.

z-averaged diffusion coefficient according to the Stokes—
Einstein equation. Radii of the different samples are
summarised in Table 1.

The same samples have been investigated by SEM which
provides complementary information about the shape of the
microgel particles. Typical micrographs are presented in
Fig. 2A and B. All dried microgels reveal a spherical
shape and the ordered structure on the supporting surface
demonstrates their high monodispersity. This is in good
agreement with the DLS results.

4.2. Swelling behaviour of the microgels

The collapse of the colloidal microgel particles across the
volume phase transition has been followed by DLS. The
change in hydrodynamic radius, Ry, was determined within
a temperature range from 7 = 15 to 45°C. To characterise
the swelling capacity for different cross-linker densities, we
have calculated the de-swelling ratio a according to

3
a:(Rg):<V). €0))
For the reference radius, Rg, we have chosen the value
obtained at 7 = 1.5°C, where the gels are swollen to their
maximum size. As shown in Fig. 3, the shrinking of the
microgels proceeds nearly discontinuously for microgels
with a cross-linker content below 2%. For highly cross-
linked microgels ([BIS] = 5%), the transition range broad-
ens significantly. Compared to other studies of the swelling
behaviour [23] our particles behave slightly different. In the
region between 10 and 22.5°C no significant decrease of the
hydrodynamic radius occurs (within the experimental error
of = 5%). For a 2% BIS containing microgel sample, Senff
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Fig. 3. Hydrodynamic radii for several different microgels as a function of
temperature. Additionally the derivatives, (JR/dT), of these swelling curves
are shown. The derivatives are used to determine the points of inflection of
the swelling curves, which are given as the phase transition temperature for
the respective microgel (from A: 11.0% BIS to @: 0.73% BIS). It can be
seen that due to the broadening of the decrease in Ry, for [BIS] = 5% the
resulting phase transition temperature is less precise.

and coworkers found a constant decrease of Ry, [23]. This
difference in behaviour might be due to the difference in
preparation (lower starter concentration), which leads to a
lower surface charge density for our particles.

As expected from previous experiments [4], we observed
that the swelling ratio decreases with increasing amount of
BIS (see Table 1), which can be attributed to topological
constraints that are introduced into the polymer network
through an increasing number of cross-linking points. The
transition temperature, however, remains almost constant,
indicating that the thermodynamics (interaction between the
PNIPAM chains and the solvent) that determine the
de-swelling process were not changed significantly.

Having characterised the overall size and shape of the

Table 2
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Fig. 4. SANS profiles for low and for high temperature. The shown data
were obtained for a sample containing 7.33% BIS. The dashed line repre-
sents a fit to Eq. (3). The scattering curve from the shrunken particles is
fitted to expressions of the type I(q) o< (1/q®) with a = 4.2 (solid line).

colloidal microgel particles, we now turn to their internal
structure which can be explored by SANS.

4.3. Internal structure of the microgels

We have investigated the morphology of the colloidal
PNIPAM microgel particles with different cross-linker
density by SANS. Temperature-dependent measurements
provide information about structural changes across the
volume phase transition. Typical examples for spectra
below and above the transition temperature are presented
in Fig. 4. Similar scattering curves for slightly different
microgels were already observed before [5,14]. The scatter-
ing profiles of the microgels in the swollen and the collapsed
state decrease monotonically with increasing wave vector.
In the swollen state, we can expect that dynamic con-
centration fluctuations as well as permanent departures
from uniformity due to the cross-links contribute to the
scattering intensity. This behaviour is already known from

Summary of the SANS results found below the phase transition temperature. The values in brakets were calculated for a sample very close to the collapse

T (°C) 0.73% BIS 1.47% BIS 3.67% BIS 7.33% BIS
1(0) (cm ™) £A) L(0) (cm™) £A) 1(0) (cm ™) £A) L(0) (cm™") £A)

5.19 - - 0.02 21 0.57 27 0.36 20
15.9 - - 0.28 36 0.78 32 0.41 23
22.9 - - 0.48 44 0.86 30 0.59 24
24.8 1.9 32 0.39 34 0.93 29 0.82 24
26.7 — - 0.74 48 1.06 30 0.89 25
29.5 - - 0.67 43 1.08 30 0.89 25
29.6 (80) (223) 1.29 53 1.39 32 1.24 29
30.5 - - - - 2.13 41 1.93 40
31.4 - — — - — - 1.65 39
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Fig. 5. Example for a temperature dependent series of SANS measure-
ments. Shown data were obtained for a 7.33% BIS containing sample.
The solid lines indicate fits to Eq. (5).

macroscopic gels. For microgel particles additionally the
form factor, P(q), may contribute to the small angle scatter-
ing. The shrinking of the microgel particles beyond the
transition temperature leads to a change in scattering
contrast arising from an almost complete expulsion of the
solvent. The resulting SANS profiles are dominated by
scattering from the interfaces between the colloidal particles
and the surrounding solvent. Because of the characteristic
differences in the scattering behaviour, we will discuss the
two temperature regimes, below and above the volume
phase transition, separately.

4.3.1. Scattering behaviour in the swollen state, T < T,
The scattering profiles for all cross-linker densities and
temperatures were fitted by Eq. (3) and by Eq. (5). We did
not obtain satisfying results using Eq. (3). At low q, the
increase of the scattering curves is stronger then predicted
by the model and for large q, the curvature of the data differs
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Fig. 6. Experimental results for three different cross-linker concentrations.
The SANS profiles are normalised with respect to the polymer volume
fraction, ¢. For the lowest cross-linker concentration the highest contribution
of Iiquia(q) can be observed.
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Fig. 7. The experimental data shown were measured for a sample prepared
with a cross-linker content of 7.33% at a temperature of 298.8 K. The lines
representing the two contributions have been calculated from results of the
fit to Eq. (3). The fit does not lead to satisfying results. At low q, strong
deviations occur and for higher g-values the curvature of the Lorentzian
does not satisfyingly follow the curvature of the experimental data (see also
Fig. 8). This is due to the fact that the particle form factor still dominates the
scattering. Also the other curves show a similar behavior.

from the fit especially for the higher cross-linker concentra-
tions. Therefore, in Table 2 only the results from the fit
using Eq. (5) are given. In Fig. 5, the scattering profiles
measured for the 7.33% BIS cross-linked samples are
shown together with the respective fits to Eq. (5).

In general, we observe that the contribution from the
particle form factor P(q) dominates the scattering intensity
at low q. Fig. 6 shows examples of scattering profiles as
obtained for three different cross-linker concentrations. It
can be seen that for the lowest cross-linker concentration
(0.73% BIS) the liquid-like contribution is more important
than for the higher concentrations. In Fig. 7, a detailed
example for the fit of the low temperature data to Eq. (3)
is shown. The individual Gaussian and the Lorentzian
contribution are calculated from the results of the non-linear
fit to Eq. (3). The representation of the high q data by the
Lorentzian is satisfactory, whereas the low q part of the
spectra showed deviations from the Gaussian form. There-
fore, we have also computed the fit to structure factors based
on the more general model of Horkay and coworkers [13],
varying the stretching exponent in Eq. (3) between 0.7 and 2
(results not shown). However, this did not lead to improve-
ments in terms of y® of the fit compared to the simple
Gaussian form.

In Fig. 8, a comparison of fits to Eqgs. (3) and (5) is given.
At low q, the scattering profile is better described by the
q *-dependence of Eq. (5). This leads also to a better fit at
high q and therefore to more reliable results for &. From the
decrease of the correlation length (see Table 1), we
conclude that the polymer network becomes more hetero-
geneous with increasing cross-linker density, which has also
been observed for other macroscopic gels [24—26]. More-
over, the correlation length of the blobs, &, reveals the same
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Fig. 8. Comparison of fits to Eq. (3) and Eq. (5). It is obvious that the
increase at low q is better described by the q~*-dependence in Eq. (5).

size range for the macroscopic and microscopic gel systems.
For example, for a 4.5 mol% BIS containing PNIPAM
microgel similar values were presented [14]. One may
conclude that the very local conformation of the polymer
chain is not significantly affected by the preparation con-
ditions. It is however, worth mentioning that the measure-
ments of macroscopic gels have been done under isochoric
conditions and only a few samples could attain swelling
equilibrium [3].

4.3.2. Scattering behavior of the collapsed particles, T > T,

Above the volume phase transition of the polymer, the
scattering behaviour of the microgel particles changes
dramatically compared with that at a lower temperature.
Moreover, the SANS profiles are different from those
observed for macroscopic gels [2,3]. This is due to the
fact that there exist no long range mechanical constraints
as in macroscopic gels and therefore the microgel particles
are able to collapse completely. A Debye—Bueche form,
which was proposed as a structure factor for collapsed
macroscopic gels [2] does not describe the scattering curves
of the microgel particles beyond the phase transition
temperature.

A first estimate points to simple interfacial scattering
I(q) o< q74) [27], but a linear fit to a log—log plot of the
data revealed a slope, which differs slightly from —4. More-
over, we have investigated the collapsed microgel particles
by AFM and found evidence for a grain structured surface as
shown in Fig. 9. The surface structure of the particles shows
a ‘raspberry’ like pattern. Because we used the same
samples to obtain SEM and AFM micrographs, small gold
cluster (10 nm) are visible on the AFM images.

4.3.3. Surface roughness of collapsed PNIPAM microgels
AFM micrographs suggest that the SANS scattering
profiles observed for the collapsed microgels arise from a

Fig. 9. AFM images of microgel particles with 5.87% cross-linker content
(BIS). Samples are sputtered with gold.

certain roughness of the particle interface. For rough
surfaces, the interfacial area depends on the scale of
observation [27]. An approach accounting for this effect
has been published by Bale and coworkers [28]. They
describe the scattering curves by I(q) oc 1/q* with3 < a <
4. This description of the scattering profiles often was
applied to microporous systems. The scattering profiles of
the collapsed microgels can be fitted by the same relation,
but we always get a > 4. In Fig. 10, data for samples
prepared with three different cross-linker concentrations
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Fig. 10. High temperature data for three different cross-linker con-
centrations. The lines correspond to a fit according to I(q) o< (1/q*). In
all cases, the exponent is found to be = 4.25 £ 0.05. This can be inter-
preted in terms of the approach of Wong [29]. The measurements presented
here have been done at the LLB.

are shown. The curves have been measured at a temperature
T =3123K.

In the fit, an additional baseline component is used to
account for the incoherent background scattering. The base-
line was not adjusted but set to the value of I(q) measured at
the largest q.

However, the system investigated here has a different
lengthscale—reciprocal scattering vector relationship and a
narrow length distribution. Therefore, here a more complete
theoretical model considering the surface roughness in
small-angle neutron scattering developed by Wong [29]
may apply. In this model, scattering exponents, «, larger
than 4 are predicted for surface fractals and the simple q -
dependence of the scattered intensity in the Porod regime is
modified by an additional contribution (see Eq. (12))

a b
I(qQ) < 5 + —. (12)
T q

Here, x is a parameter which contains the roughness of the
scattering interface [20]. Fits to Eq. (12) lead to a satisfying
representation of the SANS profiles. This is no contradiction
to Bale’s approach, but just due to different validity inter-
vals of the two descriptions. From the fit, we get a value for
x which is 1.3 for all SANS profiles shown here, but due to
the increased number of parameters the error for x is higher
than the error for «. Because x > 1, according to the theo-
retical model [29], the surface of the microgel particles
qualifies as a fractal with a Hausdorff dimension [30] of D =
1 + x = 2.3. The constant scaling parameter x for the differ-
ent samples indicates that the surface roughness does not
depend on the amount of cross-linker molecules introduced
into the polymer network. But however, due to the limited

precision of the experimental data the absolute value of x,
obtained from the fit might have a large error. From the
fitting procedure we obtain a mean relative error of
*10%. The error for a is =5%.

A possible explanation for the surface roughness might
be the formation of dangling polymer chains during the
synthesis. Such chains on the surface would lead to an
entropic stabilisation of the microgel solutions and when
they collapse a surface pattern like in Fig. 9 will be obtained.

5. Conclusions

The small-angle neutron scattering profiles of PNIPAM
microgel particles in heavy water solution depend dramati-
cally on the temperature. In the swollen state, thermal
density fluctuations, due to the dynamics of the polymer
network contribute to the scattered intensity. The character-
istic blob size, &, seems to decrease with increasing cross-
linker density and compares well with the respective lengths
determined for macroscopic PNIPAM hydrogels and for
other microgels.

However, it is not possible to apply the same models
to microgels as were used for macrogels. This is due to
the fact that the Porod region of the particle form factor
(scattering from the particle interfaces, I(q) oc q74) is
not completely decayed in the low q-interval of the
measurements. Therefore, the fit to Eq. (3) is perturbed
and the solid-like contribution found for macroscopic
gels (for macroscopic gels no form factor contribution
has to be taken into account) cannot be resolved in this
study. From the data presented here, it was not possible to
check whether the correlation length £ scales like predicted
for gels when approaching the volume phase transition
temperature. This is due to the rather high uncertainty in
the determination of the phase transition temperature. In
future studies, it might be possible to address this point
again, when the precision of the determination of the critical
temperature can be improved and a better statistics of the
scattering curves may lead to a higher precision in the
determination of £.

Above the volume phase transition point, the PNIPAM
particles collapse completely and the resulting scattering
pattern shows Porod behaviour in first approximation. The
internal dynamics is completely frozen (the Lorentzian
contribution disappeared from scattering curves). A more
detailed analysis of these SANS profiles allows for the
determination of the surface roughness of the collapsed
particles applying the Wong description of interfacial scat-
tering. This roughness also manifests in the raspberry-like
pattern seen on AFM micrographs of collapsed particles and
which may arise from the collapse of dangling polymer
chains on the particle surface. Moreover, the fit to Eq. (12)
provides evidence for a fractal surface structure with a
Hausdorff dimension D =23 = (0.1 for the collapsed
particles.
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