Downloaded by Forschungszentrum Julich Gmbh on 08/05/2013 13:12:57.
Published on 17 January 2012 on http://pubs.rsc.org | doi:10.1039/C2CP23328B

PCCP

View Article Online / Journal Homepage / Table of Contentsfor thisissue

Dynamic Article Links @)

Cite this: Phys. Chem. Chem. Phys., 2012,14,2762-2768

WWW.ISC.org/pccp

PAPER

Polymer dynamics in responsive microgels: influence of cononsolvency

and microgel architecture

C. Scherzinger,” O. Holderer,” D. Richter* and W. Richtering**

Received 21st October 2011, Accepted 3rd January 2012
DOI: 10.1039/c2cp23328b

The dynamics of polymers on the nm and ns scales inside responsive microgels was probed

by means of Neutron Spin Echo (NSE) experiments. Four different microgels were studied:
poly(N-isopropylacrylamide) (PNIPAM) and poly(N,N-diethylacrylamide) (PDEAAM) microgels,
a P(NIPAM-co-DEAAM) copolymer microgel and a core—shell microgel with a PDEAAM core
and a PNIPAM shell. These four different microgel systems were investigated in a D,O/CD;0D
solvent mixture with a molar CDs;OD fraction of xpe.op = 0.2 at 10 °C. The PNIPAM and the
P(NIPAM-co-DEAAM) microgels are in the collapsed state under these conditions. They behave
as solid diffusing objects with only very small additional contributions from internal motions.
The PDEAAM particle is swollen under these conditions and mainly Zimm segmental dynamics
can be detected in the intermediate scattering function at high momentum transfer. A cross-over
to a collective diffusive motion is found for smaller g-values. The shell of the PDEAAM-
core—PNIPAM-shell particle is collapsed, which leads to a static contribution to S(¢,?); the core,

however, is swollen and Zimm segmental dynamics are observed. However, the contributions of
the Zimm segmental dynamics to the scattering function are smaller as compared to the pure
PDEAAM particle. Interestingly the values of the apparent solvent viscosities inside the microgels
as obtained from the NSE experiments are higher than for the bulk solvent. In addition different
values were obtained for the PDEAAM microgel, and the PDEAAM-core of the PDEAAM-
core—-PNIPAM-shell particle, respectively. We attribute the strongly increased viscosity in the
PDEAAM particle to enhanced inhomogeneities, which are induced by the swelling of the
particle. The different viscosity inside the PDEAAM-core of the PDEAAM-core-PNIPAM-shell
microgel could be due to a confinement effect: the collapsed PNIPAM-shell restricts the swelling
of the PDEAAM-core and may modify the hydrodynamic interactions in this restricted

environment inside the microgel.

Introduction

Microgels are sub-micron sized, cross linked polymer particles
with a fuzzy structure and surface, they were studied widely in
the recent years by, light scattering, neutron scattering, infra-
red spectroscopy, and other methods.' With these methods
size, shape, morphology or composition of the particles can be
identified. Some of those microgel particles show temperature
dependent phase behaviour or thermo sensitivity: at the
volume phase transition temperature (VPTT), the polymer
becomes insoluble in a certain solvent; this process is
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associated with a reduction of the particle radius. The most
studied thermosensitive microgel is poly(/N-isopropylacrylamide)
(PNIPAM), it has a VPTT at 32 °C in water. PNIPAM is often
used as a model for denaturation of proteins; also applications
as drug carrier are discussed.® Poly(N,N-diethylacrylamide)
(PDEAAM), which has a slightly different structure, has better
biocompatibility and a lower VPTT at 26 °C.> Copolymers of
N-isopropylacrylamide (NIPAM) and N,N-diethylacrylamide
(DEAAM) show a reduced VPTT in water compared to the
homopolymers; this is related to cooperative H-bonds in the
polymer chain.>® In a core-shell particle both polymers are
spatially separated, however the compartments of the particle
can influence each other. If a collapse of the shell is induced
and the core is still in the swollen state, the shell applies a
certain force on the core, similarly a core can influence the
shell during its phase transition.””!" In the collapsed state the
solvent content in the microgel is strongly reduced compared
to the swollen state. Nevertheless there is still a certain amount
of solvent in the particle.
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Fig. 1 Cononsolvency effect on the hydrodynamic radius of the
microgels in different H,O/CH3;OH mixtures at 10 °C, measured with
DLS; PNIPAM (open squares), PDEAAM (triangle), P(NIPAM-co-
DEAAM) (circle) and PDEAAM-core-PNIPAM-shell (open triangle).

Cononsolvency. The swelling behaviour of these thermo
sensitive microgels can also be influenced by the composition
of the solvent. Methanol (CH3OH) and water (H,O) are good
solvents at room temperature on their own but in certain
mixtures of them a PNIPAM particle becomes insoluble
and collapses at room temperature. This behaviour, called
cononsolvency, attracted increasing attention recently.'?'*
Most studies are concerned with linear polymers often in
H,O/alcohol mixtures.'>!7 In contrast to linear polymers,
microgels do not always precipitate'® and the polymer—solvent
interactions are thus easier to study.

In Fig. 1 the cononsolvency behaviour of the microgels used
in this publication is shown.'” The relative hydrodynamic
radius (hydrodynamic radius in mixture divided by hydro-
dynamic radius in water) of PNIPAM, PDEAAM, P(NIPAM-
co-DEAAM) and PDEAAM-core-PNIPAM-shell, measured
with DLS, is plotted vs. the molar CH3OH fraction xpyeon.
PNIPAM and P(NIPAM-co-DEAAM) show a strong response
to the addition of CH;OH while PDEAAM is almost unaffected.
The PDEAAM-core—PNIPAM-shell polymer shows a reduction
in size but no full collapse. The PNIPAM shell is affected by
the solvent composition and collapses in certain mixtures, the
PDEAAM core stays in the swollen state. This was also
supported by SANS data and the corresponding fit of the
PDEAAM-core-PNIPAM-shell particle.!® The absolute hydro-
dynamic radii of the microgels measured with DLS at 10 °C
are listed in Table 1. At 10 °C the relative radius of the particles

Table 1 Absolute hydrodynamic radii in nm of the microgel particles
in different solvents at 10 °C

P(NIPAM- PDEAAM-core -
PNIPAM PDEAAM co-DEAAM) PNIPAM-shell
H,0 71+22 87+2 8143 229 £ 32
xmeon = 0.1 58+ 1.6 85 +13 78+£12  202+5.1
Ymeon = 02 47+08 82 +12 54+1 190 £ 5.5
Ynmeon = 0.35 524+25 86+25 66+ 1.1 224 + 6.2
Ymeon = 0.5 60+ 12 88+23 73+£08 216486
Ymeon = 0.7 68+ 1.6 89+2 86+ L1 245 £ 10
CH;OH 72409 93+£28 89+£09  257+93

is the smallest at a methanol fraction of xpe.on = 0.2, as shown
in Fig. 1. Therefore this concentration was chosen to investigate
the samples with NSE. The cononsolvency effect is used to
collapse the solvent sensitive polymer part of the microgels
without changing the temperature.

Depending on the length scale, which is to be observed,
different scattering experiments can be accomplished. The
measure of length scale in scattering experiments is the
momentum transfer, or scattering vector ¢q. With DLS, large
scales, i.e. small g-vectors (with real space distance d = 27/q)
are accessible, and the translational diffusion coefficient (Dyg)
of the entire microgel particle can be probed in this way. With
static neutron scattering the structure of a particle can be
revealed. With NSE dynamics of the chains constituting the
particle can be studied; here we study the influence of the
swelling state of the microgel particle on those inner dynamics,
by comparing collapsed PNIPAM and swollen PDEAAM in a
deuterium oxide/methanol-d4 mixture with 20% methanol-d4
at a constant temperature of 10 °C. Moreover the influence of
particle architecture (copolymer vs. core—shell) on the polymer
chain dynamics is very interesting and we investigate if it is
possible to achieve compartment restricted behavior in
core—shell particles by the cononsolvency effect.

Neutron Spin Echo (NSE) spectroscopy is a technique to
detect directly energy changes of a neutron due to scattering, it
provides the highest energy resolution in neutron scattering
and gives thus access to dynamic processes on the nanometre
and nanosecond length- and timescale. In our NSE experiment
we probe scales in the range of several nm; local segment
dynamics are probed for the highest g-values (¢nax = 0.15 Al
in this publication). For the smallest ¢ (¢min = 0.05 A~') NSE
is sensitive to the gel-like concentration fluctuations.?®*! Inter-
estingly, quasi-ergodic scattering is found in NSE with micro-
gels,?? which distinguishes NSE from dynamic light scattering
where non-ergodicity effects have to be considered when gels
are investigated.?

Different polymer particles have been studied with dynamic
methods before, for example polystyrene-core—-PNIPAM-shell
particles with depolarized dynamic light scattering (DDSL),**
or biological polyelectrolyte particles with NSE.?* Already in
1998 Kratz and co-workers used NSE to study network
dynamics in sensitive P(NIPAM-co-acrylic acid) microgels.?®
They found that the particles become micro-phase separated
by temperature induced collapse. Two types of possible
dynamics can be observed with NSE on a local scale in
microgel systems: for high density microgels, collective fluc-
tuations can be observed which obey a g*-dependence.?’°
PNIPAM microgels with different crosslink density were
studied by Hellweg and co-workers.??> They found that the
collective diffusion (D.) inside the microgel network decreases
significantly with increasing cross linker concentration, for
lower cross linker concentrations (1-5%) in a linear and for
higher cross linker concentrations (10% and 15%) in a non-
linear way.

For microgels with lower density, single chain Zimm
dynamics, as described by Kanaya, with a ¢’-dependence is
observed.*® Furthermore, static inhomogeneities have been
observed in macrogels.?’ Upon heating, the macrogel, which
is prepared at room temperature, collapses and thus moves
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away from its state of preparation. The inhomogeneous
distribution of crosslink points in the deformed gel results in
an additional scattering contribution. In the case of our
microgels this deformation occurs in the swollen state as they
are prepared in the collapsed state.

At xpmeop = 0.2 PNIPAM microgels collapse, whereas the
PDEAAM microgel stays in the swollen state, as has been
proven by SANS and DLS."

A collapsed microgel can be compared with a hard sphere;
the scattered signal should therefore be dominated by transla-
tional diffusion. In contrast to that swollen microgels have
sponge like morphology and internal dynamics should be
visible. How the dynamics of a particle are influenced by its
architecture as for example our PDEAAM-core-PNIPAM-
shell microgel in comparison to the copolymer microgel was
not studied so far.

Experiments

Materials: NIPAM, methylenebisacrylamide (BIS), sodium
dodecylsulfate (SDS) and potassium peroxodisulfate (KPS)
were purchased from Sigma Aldrich, DEAAM from Poly-
sciences, Germany. Deuterated solvents were bought from
Deutero, Germany. All materials were used as received. Only
twice distilled milli-q-water was used during the synthesis and
the cleaning process. The size of the microgels measured with
DLS is in the range of 70 to 210 nm in radius (see Table 1).
Microgel synthesis was described in detail before.>!® In a
conventional emulsion polymerisation a 25 mmol total mono-
mer (NIPAM and/or DEAAM, BIS) feed was dissolved under
constant nitrogen flow and stirring at 400 rpm in 125 mL
degassed, twice distilled milli-q-water. After adding 1.6 mol%
surfactant (SDS) and heating to 85 °C oil bath temperature the
reaction was started with 1 mol% KPS. The mixture was
stirred for 6 h under constant nitrogen flow at 85 °C, after-
wards cooled to room temperature under stirring, filtered over
glass wool and cleaned by three cycles of centrifugation and
redispersion with water. The core—shell particle was synthe-
sised via a two step process. The cleaned PDEAAM core was
dispersed thoroughly in degassed, twice distilled milli-q-water
(8 mg mL™"). The dispersion was heated to 85 °C oil bath
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temperature under constant nitrogen flow and stirring at
350 rpm. Then 80 wt% (to PDEAAM core) NIPAM, 5 mol%
BIS (to monomer) and 1.3 mol% SDS were added and the
mixture was stirred for 30 minutes, afterwards the reaction
was started by addition of 1 mol% KPS. The reaction then
proceeded like described above.

NSE measurements have been performed by using the
J-NSE spectrometer at the FRM II research reactor in
Garching, Germany.*' Microgel dispersions with pure solvents
(D,0 and CDs0D) and a concentration of 0.2 wt% microgel
in solvents were prepared one week previous to the experi-
ment. The measured samples were mixed from these parent
dispersions shortly previous to the experiment in order to
avoid evaporation of CD;OD. The particles were studied at a
wavelength of 8 A and q vectors from 0.05 to 0.15 Al
Though relatively high concentrations (at least 0.5 wt%) are
more suitable for the measurements good results could be
obtained with quite low concentrations of 0.2 wt% microgel in
the solvent mixture. This concentration was chosen to avoid
aggregation of the particles and to keep the samples compar-
able to the ones used in other experiments.'® The low concen-
trations however led to longer measurement times. The
samples were mounted in a thermostat controlled sample
environment, to have comparable settings to previous SANS
and DLS experiments on the same samples the temperature
was set to 10 °C.' The dynamics of four types of microgels in
a D,0O/CD;0D mixture with xpeop = 0.2 molar CD;OD
fraction has been studied at 10 °C: a pure PNIPAM particle
and a P(NIPAM-co-DEAAM) copolymer particle, for both
the collapse has been observed by SANS and DLS; then a pure
PDEAAM particle which is swollen in the solvent mixture at
10 °C, and a PDEAAM-core-PNIPAM-shell particle with a
collapsed shell and a swollen core.

Results

The PNIPAM and the P(DEAAM-co-NIPAM) sample
showed a nearly pure elastic signal in the ¢- and time-window
of the NSE experiment (see Fig. 2). On the left the normalized
intermediate scattering function of the PNIPAM sample is
plotted vs. the Fourier time, the right shows the same for
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Fig. 2 (left) S(¢,1)/S(¢q,t = 0) vs. the Fourier time of the PNIPAM particle in xpeop = 0.2 at different g-vectors: the dashed line shows the
contribution from translational diffusion for the highest g-value ¢ = 0.11; (right) S(¢.,t)/S(¢,t = 0) vs. the Fourier time of the P(NIPAM-co-

DEAAM) particle in xy.on = 0.2 at different g-vectors.
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Fig. 3 S(q.1)/S(g,t = 0) vs. the Fourier time of a PDEAAM microgel
at ¢ = 0.05 (black), 0.08 (red), 0.11 (blue), 0.15 (green). Solid lines are
individual fits, with 4 = 0 for ¢ = 0.05, 0.08 and 0.11 (diffusive
qz—dependent dynamics), and 4 = 1 (Zimm segmental dynamics) for
¢ = 0.15. The green dashed line indicates the expected relaxation curve
for ¢ = 0.15 with the solvent viscosity of 2.5 mPa s.

P(DEAAM-co-NIPAM). The lowest g-vector measured was
0.05 A~', shown in black; also 0.08 (red) and 0.11 A" (blue)
were measured.

The graphs show the experimental data (dots) with a
simultaneous fit (solid lines) of the three g-values with the
intermediate scattering function

S(¢.)/S(q.t = 0) = exp(—(Dncq’1)

with the diffusion constant Dyg, the scattering vector ¢
and the Fourier time ¢ The diffusion constants
Duvg = (745 £ 0.8) x 1072 m? s7! for PNIPAM and
Dmg = (3.12 4+ 0.7) x 1072 m? s™! for the copolymer particle
are larger than that deduced from DLS (Stokes—FEinstein diffu-
sion coefficient Dy = 1.8 x 1072 m? s~! for PNIPAM and
1.55 x 1072 m? s~ ! for the copolymer particle with the hydro-
dynamic radius Ry, at a molar MeOH concentration of 20%).

In NSE the diffusion coefficient obtained for the PNIPAM
and the P(NIPAM-co-DEAAM) samples are faster as com-
pared to DLS. This indicates that there is a small contribution
from internal dynamics in addition to the translational particle
diffusion. The NSE curves of these two samples can be
rationalized in terms of rather solid particles that are in the
collapsed state and have a rather compact and dense structure.
Nonetheless they still contain a significant amount of solvent.
This remaining solvent leads to the presence of some internal
dynamics that would be missing in a completely rigid particle.

Fig. 3 displays results from the PDEAAM microgel. The
intermediate scattering function of the PDEAAM microgel
particle shows a significant decay in the time window of this
experiment in contrast to PNIPAM and the P(NIPAM-co-
DEAAM) samples. In addition the signal to noise ratio was
better allowing investigation of an additional g-vector (¢ =
0.15 A‘l). The dots represent the experimental data points and
the solid lines the fits. The fits for this sample had to be done
individually and will be discussed below.

Fig. 4 displays NSE results from the PDEAAM-core—
PNIPAM-shell particle. As mentioned above, the scattering
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Fig. 4 S(q.1)/S(g,t = 0) vs. the Fourier time of the PDEAAM-
core-PNIPAM-shell microgel at ¢ = 0.05 (black), 0.11 (blue) and
0.15 (green). Lines are individual fits with the Zimm model plus a
diffusion contribution.

results from this PDEAAM-core-PNIPAM-shell particle will
have contributions from the collapsed PNIPAM-shell and
from the swollen core. In analogy to the collapsed, pure
PNIPAM microgel particle almost no internal segmental
motion should be visible for the collapsed shell of the micro-
gel. The collapsed PNIPAM-shell with a thickness of esti-
mated 10-20 nm will contribute elastically to the signal. The
contribution from the core should be comparable to the pure
PDEAAM particle. (It should be noted here that the core of
the core—shell particle and the pure PDEAAM are not the
same particle; nevertheless, as the synthesis conditions were
the same and thus the particle densities are similar, both can be
compared by using S(q,1)/S(q,t = 0)).

For the PDEAAM-core-PNIPAM-shell particle measure-
ments at ¢ = 0.05 A~! (black), ¢ = 0.11 A" (blue) and ¢ =
015 A™' (green) were done. Again the dots represent the data
points and the solid lines the individual fits.

The signal from the PDAAAM-core-PNIPAM-shell particle
appears to decay significantly faster than the signal from the
pure PDEAAM particle, at that point a rather surprising
result. In order to describe the polymer dynamics in these
two samples, the Zimm model for the segmental dynamics of
polymers in solution is taken as the simplest minimal approach.
The Zimm model describes the dynamics of a Gaussian chain
in terms of a bead spring model adding the hydrodynamic
interaction between the chain segments in terms of a simple
Oseen tensor approach. On the proper time and length scales
for the scattering function of flexible polymers in solution
it provides a near quantitative description. The only free
parameter in this model is the solvent viscosity.

For the analysis of the samples, that are not collapsed, the
normalized intermediate scattering functions were described in
terms of the following fitting function:

S(qvt) = eXp(_DMqut)(A(q)'eXp(_(DZimmq3[)ﬁ)
+ (1 — A(g))-exp(—Deg’1)) e

Different types of dynamics will contribute to eqn (1). On local
length scales as measured at higher g¢-values with NSE,
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polymer chains undergo Zimm motion in a solution where
hydrodynamic interaction is important. The Zimm model
predicts a ¢’-dependent relaxation rate (Dzjmm) and a
stretched exponential relaxation. At higher crosslink-densities,
when the observed length scale probes the mesh of the net-
work, collective diffusion (D) with a ¢°-dependent rate and a
simple exponential decay is expected, as e.g. observed by
Hellweg,”> Adelsberger e al.?” or Farago et al.** The transla-
tional diffusion of the entire microgel particle is overlying
these contributions and is accounted for with the multiplica-
tive first exponential function. The diffusion constant for the
particle diffusion, Dyg, has been measured with DLS and is
then fixed in the further analysis. Fig. 2 shows that the
contribution from Dyg, even at the highest ¢g-value measured
for the PNIPAM particle, is only a minor contribution to the
dynamics for the relatively large microgel particles in the NSE
experiment.

The stretching exponent of f = 0.85 comes from a fit to the
integral version of the Zimm segmental dynamics.** From the
stretched exponential contribution one can obtain the viscosity
from Dzm,m (Which is obtained by the Zimm model) through
relation (2)**

ksT 1

(o) 1354 @

Dzimm =
The weighting factor A(q) in eqn (1) tells which type of
relaxation dominates, either the ¢*-dependent Zimm-dynamics
with a stretching exponent of f = 0.85,%* or a collective
diffusive ¢°-dependent relaxation. An elastic contribution
from static inhomogeneities as observed by Koizumi*® would
be represented by a finite 4(g) with small diffusion coefficient
D.. For the present experiments, it was not practicable to
make an additional distinction between ¢*- and ¢°>-dependent
components and an elastic contribution. The fitting function in
eqn (1) is therefore sufficient for the present purpose. The fit
results are discussed below.

Discussion

The NSE data show that the PDEAAM sample decays much
faster as compared to the PNIPAM and the copolymer
sample, showing clearly that the PDEAAM sample is in the
swollen state with internal motion contributing to the signal.
The data are analyzed in terms of the model described by
eqn (1). To see if dynamic cross over effects can be observed
here, the data were first fitted individually with 4 = 0 (i.e.
¢*-dependent dynamics only). On large length scales,
¢*-dependent dynamics due to the collective diffusion modes
is expected to dominate, with a dynamic cross over to a
¢*-dependent Zimm-like dynamics, when the probed length
scale is approximately smaller than the average distance
between crosslinks in the microgel and only the segmental
dynamics is observed.

Fig. 5 shows the thus obtained relaxation rates divided by
¢>. The ¢*-dependence can be observed for low ¢, while for
qg > 0.11 A la significant increase of the relaxation rate is
observed. For this g-value the exponent /5, when let free during
the fitting, is found to be f = 0.62 £ 0.05, i.e. a clear stretching
of the curve is observed for ¢ = 0.15 A~ The length scale of

HH

0.0 T T T T T T T T T T T T T
004 006 008 010 012 0.14 0.16

q/A"

Fig. 5 Diffusion coefficient for the PDEAAM microgel as a function
of g. At ¢ ~ 0.11 A~ the cross over from diffusive motion (indicated
as a plateau line in the plot) to internal Zimm-like segmental dynamics
(the ¢°-dependence appears as a linear increase in this representation).

this cross over d = 2w/q = 5.7 nm is related to the mesh size of
the microgel. This shows that the PDEAAM particle is in a
swollen state with segmental Zimm-like dynamics at short
length scales.

The contribution of overall translational diffusion has been
fixed by the diffusion coefficient from DLS measurements. The
apparent viscosity of the solvent determined by the Zimm fit
for ¢ = 0.15 Aufl, however, is found to be 9 &= 2 mPa s, i.e.
much higher than the value of 2.5 mPa s for the D,O/CH;0OH
solvent mixture, possibly indicating that the full Zimm regime
is not yet reached. However, any elastic contribution would
also lead to an apparent increased viscosity. The cross-over
from ¢* to ¢>-regime depends also on the chain density of the
microgel.>> The microgel has a distribution in the crosslink-
density with a higher cross-linked core region and a less cross-
linked corona.!” This distribution of crosslink density smears
out the transition from ¢* to ¢° behavior. It has been tested, if
an additional elastic contribution due to static inhomo-
geneities can be identified in the dynamic structure factor of
the PDEAAM microgel particles. With the limited time range
a clear separation of dynamic and static parts was not
possible. Nevertheless following the results of Koizumi such
an elastic part that would lead to an increase of the micro-
scopically observed viscosity is not unlikely.

The PDEAAM-core-PNIPAM-shell particle revealed an
almost constant plateau in the time window of our experiment.
Thus a slow process or elastic part is present, which is much
more pronounced as compared to the PDEAAM system. This
contribution attributed to scattering from the collapsed shell,
which has no significant dynamic signature in the time window
of this experiment. This again shows the compact nature of the
PNIPAM shell in the solvent mixture.

The data of the PDEAAM-core-PNIPAM-shell have been
fitted with eqn (1) with amplitude A(q) as a free parameter
besides D.. An elastic contribution has been represented by
fixing exp(—(Dzimmq°1)’) to 1. A(g) measures the elastic
contribution and (1 — A(g)) is the fraction of a diffusive
¢*-contribution. We found that A(g) was 0.70 £ 0.03 for
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Table 2 Relaxation rates I' (and fit error AI') obtained from fits with
eqn (1) for the PDEAAM microgel and the core-shell microgel. ¢ in
A7 Iinns™!

I = D I = D
q PDEAAM AT Core—shell AT
0.0500 0.0044 0.0003 0.1822 0.0444
0.0800 0.0106 0.0004 — —
0.1100 0.0189 0.0006 0.1324 0.0315
0.1500 0.0654 0.0032 0.1438 0.0582

qg = 0.05,0.46 + 0.06 for ¢ = 0.11 and 0.38 £+ 0.13 for ¢ =
0.15 A™! respectively. The elastic signal decreases with
increasing ¢, obviously the swollen core dominates the signal
with increasing ¢. The fitted relaxation rates are shown in
Table 2.

When comparing the relaxation rates I' = Dg* of the
PDEAAM-sample with the core—shell particle, one notices
that the core—shell particle has a significantly faster internal
dynamics. The reason for this behaviour might be related to
confinement effects from the collapsed PNIPAM shell, which
acts like a “corset” for the swollen core.>* The collapsed
PNIPAM-shell restricts the swelling of the core as compared
to the pure PDEAAM system. This restriction reduces the
correlation length in the network of the PDEAAM-core as
compared to the pure PDEAAM particle.>> A similar increase
of the relaxation rate of polymers under confinement has
recently been observed for PEO polymers on clay platelets.®
However, further investigations are needed to clarify this point.

The crossover from diffusive to Zimm regime of the
PDEAAM core is expected to be at a slightly bigger ¢ as in
the pure PDEAAM particle due to the higher density of chains
induced by the compressing shell. The data for the core—shell
particle are not sufficient to distinguish clearly between the two
regimes. When fitting the stretching exponent in addition to an
elastic contribution, it changes from a simple exponential with
B=1forqg=005A"and ¢ = 0.08 A~ to B ~ 2/3. This
change in line shape is a hint that the transition between the
¢*- to the g¢*-regime seems to take place gradually in the
g-window of the experiment for the PDEAAM-core—-
PNIPAM-shell particle.

The striking observation with the pure PDEAAM is the
high apparent viscosity in the PDEAAM microgel; part of the
apparent high viscosity could be a signature of static inhomo-
geneities in analogy to the observations in PNIPAM
macrogels.?*%37 (With the solvent viscosity of 2.5 mPa s
and an additional elastic contribution no satisfying fits could
be obtained.) As mentioned above, our microgels are synthe-
sized in the collapsed state, thus the swelling leads to an
increase in network inhomogeneities. This leads to different
relaxation rates of the chains in a swollen and in a collapsed
microgel. The static inhomogeneities of the local gel network
could thus at least partly explain the apparent high viscosity
found in the PDEAAM sample with the Zimm model. The
local viscosity in the PDEAAM-core of the PDEAAM-core—
PNIPAM-shell microgel seems to be significantly smaller than
in the case of the pure PDEAAM sample and with ~5.5 mPa s
(determined at the highest ¢ = 0.15 A~' with the Zimm model
plus an elastic contribution) in between the pure solvent
viscosity (2.5 mPa s) and that of the PDEAAM microgel.

This might be also an effect of the confinement of the collapsed
shell and the exerted “‘corset” force on the swollen core.

Conclusions

Four different microgels, PNIPAM, P(NIPAM-co-DEAAM),
PDEAAM and a PDEAAM-core-PNIPAM-shell, were
studied with Neutron Spin Echo in a D,O/CD;0OD mixture
with a molar CD;OD fraction of xpeop = 0.2 at 10 °C. Under
these conditions the PNIPAM and the P(NIPAM-co-
DEAAM) microgels are in the collapsed state and in the
NSE experiments they appeared as solid diffusing objects with
only very small additional contributions from internal motions.

The PDEAAM particle is swollen under these conditions
and mainly Zimm segmental dynamics can be detected in its
intermediate scattering function at ¢ > 0.11 A" as well as a
cross over to a collective diffusive motion for smaller ¢g-values.

The shell of the PDEAAM-core—PNIPAM-shell particle is
collapsed, this can be deduced from the static contribution in
S(g,t): the core, however, is swollen and this leads to a reduced
fraction of Zimm segmental dynamics in the particles scattering
function as compared to the pure PDEAAM particle.

Interestingly, different apparent solvent viscosities are
obtained for the PDEAAM microgel, the PDEAAM-core of
the PDEAAM-core-PNIPAM-shell particle and the bulk
solvent. We attribute the strongly increased viscosity in the
PDEAAM particle (as compared to the bulk solvent) to the
increased amount of inhomogeneities induced by the swelling
of the particle. The different viscosity in the PDEAAM-core of
the PDEAAM-core-PNIPAM-shell particle could be a result
of the confinement of the swollen PDEAAM-core by the
collapsed PNIPAM-shell. Hydrodynamic interactions of the
Zimm model may be modified in this restricted environment
inside the particle.
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