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Structural details of thermoresponsive, cationically poly(N-iso-propylacrylamide-co-methacrylamido propyl trimethyl
ammonium chloride) P(NIPAM-co-MAPTAC) microgels and the influence of the anionic electrolyte polystyrene sul-
fonate (PSS) on the internal structure and dynamics of the cationic microgels has been studied with a combination of
small angle neutron scattering (SANS) and neutron spin echo (NSE) spectroscopy. While SANS can yield information
on the overall size of the particles and on the typical correlation length inside the particles, studying the segmental
polymer dynamics with NSE gives access to more internal details which only appear due to their effect on the polymer
motion. The segmental dynamics of the microgels studied in this paper is to a large extent suppressed by the PSS
additive. Possible scenarios of the influence of the polyanions on the microgel structure and dynamics are discussed.

I. INTRODUCTION

Microgels are made of chemically cross-linked polymer
chains, the typical size of the microgel is of the order of 100-
1000 nm1,2. A widely studied class of microgels are ther-
moresponsive, i.e. the solvent properties change from good
to bad solvent when the temperature rises above the volume
phase transition temperature (VPTT). Such microgels possess
a large potential for application in, for example, drug delivery
systems, responsive switches and functional coatings3. Neu-
tron scattering has been used to investigate the structure of
microgels with small angle neutron scattering (SANS), where
the density profile of microgels with a dense core and a shell
with decreasing polymer density has been determined. Also
insight into the internal structure of microgels with complex
architecture, e.g. core-shell microgels or hollow microgels
has been obtained from SANS4,5. Internal density fluctua-
tions and inhomogeneities in microgels fabricated with batch
and continuous monomer feeding approaches have been stud-
ied recently6,7. The interaction of microgels with electrolytes
has been studied with core-shell microgels with a cationic
core and an anionic shell, where the uptake and release of
polyelectrolytes could be controlled8. Microgels deposited
on surfaces as a functional coating have been studied with
microscopic techniques9–11 and SANS under grazing inci-
dence conditions (GISANS)12,13, where deformations of in-
ternal heterogeneities can be observed. The dynamics of
microgels has been accessed with neutron spin echo (NSE)
spectroscopy6,7,14–19. Structural inhomogeneities are often
not fully accessible in such systems due to the intrinsic radial
averaging of SANS. Still the fluctuations measured at different
length scales by NSE have the potential of revealing details
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of the microgel structure. A rather recent topic is the mea-
surement of polymer chain dynamics at the solid-liquid inter-
face with grazing incidence neutron spin echo spectroscopy
(GINSES), the dynamic extension to GISANS. Microgel dy-
namics at the interface has been studied in references20,21.

An interesting aspect is how the interaction of microgels
with the ions can modify the dynamics of the gel. Previous
works18 have shown that the addition of counterions, like for
examples hexacyanoferrate, can slow down the internal dy-
namics of PNIPAM-co-MAPTAC-based microgels. This is
likely due to the interaction between the ions and the unbal-
anced charges of the gel that tend to reduce the polymer length
in a sort of pinning effect. Thus the segmental dynamics of
the crossed-linked polymer is reduced. Starting from these
results we would like to investigate how polyanions can af-
fect the internal dynamics of PNIPAM-co-MAPTAC in the
swollen state. As a method neutron spin echo provides the
best observation window to reveal such dynamical effects.

II. EXPERIMENTAL

A. Sample Preparation

The microgels used in this study have been synthesized
by precipitation polymerization. The amine group of the
microgel was quaternized by 80% and is therefore perma-
nently positively charged. Details of the synthesis are de-
scribed elsewhere22 (see also the supporting information).
Polystyrene sulfonate (PSS) with a low molecular weight
(3780 g/mol), corresponding to about 20 monomer units,
has been used as a polymer electrolyte additive. Deuter-
ated PSS and protonated PSS have been used in order
to vary the contrast conditions in the neutron scattering
experiments. The cationic poly(N-iso-propylacrylamide-
co-methacrylamido propyl trimethyl ammonium chloride)
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P(NIPAM-co-MAPTAC) microgels used here were synthe-
sized as described in Ref.22. The microgels were dissolved
in 0.1 M NaCl/D2O in order to minimize incoherent scatter-
ing in the neutron scattering experiments.

B. Scattering Experiments

Small-angle neutron scattering (SANS) experiments were
carried out on KWS-223,24, operated by the Jülich Centre for
Neutron Science (JCNS) at the research reactor FRM II of
the Heinz Maier-Leibnitz Zentrum (MLZ) in Garching, Ger-
many. To probe a wide Q-range (from circa 0.002 up to
0.2 Å�1) measurements were performed at sample-to-detector
distances of 8 and 30 m on KWS-2 at a wavelength of 5 Å. The
following samples were measured at 20� C, which is below
the VPTT of the microgel: PNIPAM-co-MAPTAC amine mi-
crogel (0.6% wt) alone and with addition of either deuterated
of protonated polystyrene sulfonate (dPSS, hPSS, 0.1% wt).
The concentration of the microgel remained the same also af-
ter addition of PSS, for the SANS measurement. As a sol-
vent D2O has been used in order to achieve the best microgel-
environment contrast. Salt (NaCl) and HCl were also added.
The final pH of the solution was 3. For intensity calibration
empty cell and plexiglass were also measured. Data treatment
was performed with QtiKWS10 software.

For the NSE experiments, the measurements have been per-
formed at the SNS-NSE instrument (BL-15) at the spallation
neutron source (SNS, Oak Ridge, TN, USA)25. Consistently
with the SANS experiment, also with NSE we measured
the PNIPAM-co-MAPTAC amine microgel alone and with
addition of either hPSS or dPSS. As background sample we
measured the solvent D2O and NaCl (with HCl, pH=3) with
and without PSS. The mass concentration of the samples were
either 1.2% or 0.6% of PNIPAM-co-MAPTAC, the former
without PSS, the latter with 0.1% of PSS. Concentrations
higher than about 1% wt are desirable for the NSE exper-
iments to have a coherent scattering signal well above the
incoherent level. Nonetheless we had to reduce the concen-
tration of polymer in the NSE experiment when we added the
PSS in order to avoid the formation of precipitate in the cell.
All the measurements have been performed with Hellma 1mm
quartz cells, at a temperature of 20� C and at different values
of the momentum transfer Q. The data have been reduced by
means of the new program for NSE-data reduction DrSpine26.

III. EXPERIMENTAL RESULTS

A. Structural analysis

An experiment with small angle neutron scattering is es-
sential to understand whether the addition of the polyanions
has caused any structural modification of the microgel. The
SANS data for the PNIPAM-co-MAPTAC with and without
PSS are shown in figure 1. In the region of Q of interest for
the NSE the scattered intensity of the PNIPAM-co-MAPTAC

presents the expected Q�2 power law behaviour. For smaller
values of the scattering vector, a small elongation of the curve
between the Q�2 and the Q�6 regime can be observed for the
samples with PSS.
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FIG. 1. All SANS data for PNIPAM-co-MAPTAC at 20�C with and
without PSS with background subtracted. The region between the
dot-dashed lines marks the Q accessible by the NSE technique.

We use a model that combines the “fuzzy-sphere” model,
for the small Q regime, with an Ornstein-Zernike term for
larger Q16. The fuzzy-sphere model

IS(Q) = A

Z

∞

0
P(Q,R)2e�(σsurt Q)2

G(R,< R >,σpol)dR, (1)

consists of the form factor of a sphere P(Q,R) = 3(sin(QR)�
QRcos(QR))2/(QR)3 convoluted with the Gaussian

G(R,< R >,σpol) =
exp

h

�(R�< R >)2/(2σ2
pol < R >2)

i

q

2πσ2
pol < R >2

(2)
to account for the polydispersity of the microgel. σsur f is dif-
ferent from zero for a non-homogeneous cross-linking den-
sity. The amplitude A is proportional to the number density of
the microgel particles, to the volume of the polymer in a par-
ticle and to the contrast between the scattering length of the
polymer and the solvent. The Ornstein-Zernike term is given
by

Itherm =
IOZ

1+ξ 2Q2 , (3)

where ξ is the correlation length of the thermal fluctuations.
The complete scattering intensity is then

I(Q) = Itherm(Q)+ IS(Q). (4)

Equation 4 is a standard model for PNIPAM-co-MAPTAC in
the swollen state.
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FIG. 2. SANS data for the microgel without and with PSS with back-
ground subtracted and fitted with Eq. 4 (solid red) compared to the
fit where the Ornstein-Zernike function is approximated as in Eq. 5
(dashed green) lines.

Figures 2 show the SANS data for the microgel with and
without the PSS fitted according to 4.

When one applies the Ornstein-Zernike model one has to
keep in mind that ξ and IOZ are correlated if the analysis re-
lies on data with ξ Q much larger than 1. So the question is
whether it is correct to fit them independently. However, when
(ξ Q)2 > 1 Eq. 3 can be approximated as

Itherm '
1

(ΞQ)2 , (5)

where Ξ is defined as ξ/
p

IOZ . The dashed lines in figures
2 show that a simple Q�2 power law can describe very well
the SANS data at larger Q. The extracted values for 1

Ξ2 are
reported in table I.

TABLE I. The values for Rbox, RSANS as well as for the rescaled
correlation length (Ξ�2 = IOZ/ξ 2) obtained from the model I(Q) =
Itherm(Q)+ IS(Q) where Itherm(Q) is given by Eq. 5. The digits in
brackets for the calculated values of the last column represent the
standard uncertainty. The units for Ξ are Å divided by the units of
the intensity (cm�1).

Rbox [Å] RSANS [Å] 1/Ξ
2 ξ/

p
IOZ

microgel 385±2 797± 4 (11.8±0.1)e-6 29(1)
microgel + dPSS 220±10 660±20 (17.8±0.1)e-6 27(3)
microgel + hPSS 230±10 680±20 (20.0±0.1)e-6 22(3)

The density of cross linking of the microgel is higher in the
core and is characterised by a box profile up to a radius given
by Rbox =< R >�2σsur f

16,27. The parameter σsur f describes
the decreasing of the cross-linking density near the surface of
the microgel. At the radius < R > the profile has decreased
to half of the core density while it is already close to zero

at RSANS =< R > +2σsur f , which is the overall size of the
microgel as given by SANS.

B. Dynamics

For temperatures smaller than the transition temperature
VPTT the microgel is in the so-called swollen state. The main
focus of this paper is to study the effect of polyanions on the
dynamics of the microgel in this state. For this purpose we
carried out an experiment with the neutron spin echo (NSE)
which provides the highest resolution among neutron spec-
tometers.

Thanks to the property of the new program for data-
reduction DrSpine, that allows for a custom binning, up to
20 Q bins could be extracted from the experimental data. For
sake of clarity, in figure 3 only some selected curves for the
normalized intermediate scattering function (S(Q, t)/S(Q,0))
are shown. The curves are already background corrected, as
a background we considered D2O with NaCl. In oder to con-
trol whether contributions form the internal dynamics of the
polystyrene sulfonate are present and to what degree these can
affect our analysis, a second salt solution containing hPSS (at
the same concentration as the one used in the samples with
the microgel) was also measured. We could assert that the dy-
namical content of the PSS at the considered concentration is
not relevant and it is indeed comparable with that of the back-
ground, i.e. D2O with NaCl.
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FIG. 3. NSE data after background subtraction: (a) PNIPAM-co-
MAPTAC, (b) PNIPAM-co-MAPTAC with dPSS and (c) PNIPAM-
co-MAPTAC with hPSS. The fit has been performed with Eq. 6. For
sake of clarity only some selected curves are shown.

It is widely observed6,7,14–18 that NSE data for microgels
can be fitted well with a stretched exponential function

S(Q,τ)

S(Q,0)
= I0 exp

"

�

✓

t

τ0

◆β
#

, (6)
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where typically β = 0.85 for Zimm dynamics28 and I0 is the
intercept at t ! 0.

The experimental curves seem to suggest that the PSS tends
to slow down the dynamics of the polymer. For a better un-
derstanding of the problem we extract the effective diffusion
coefficient from Eq. 6 according to

De f f =
β

τ0Γ(β�1)Q2 . (7)

The extracted values for De f f are shown in figure 4 for the
PNIPAM-co-MAPTAC with and without PSS.
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FIG. 4. Effective diffusion coefficients as from Eq. 7 with β = 0.85

The same behaviour for De f f is obtained if the NSE data
are fitted with Eq. 6 and β = 1.

Equation 6 is used here as a rather generic function for the
decay of the intermediate scattering function. It describes
the pure segmental chain dynamics with β = 0.85 but also
a mixture of diffusion and segmental dynamics would re-
sult in a slightly modified stretching exponent. Here we fo-
cus on the relaxation time τ0 as a function of Q. The value
of β does not play a crucial role in the data evaluation,
and cannot be determined better with the given Fourier time
range. The contribution of the diffusion of the overall particle,
S(Q, t)/(S(Q,0) = exp(�DQ2t) with the Stokes-Einstein dif-
fusion Coefficient D = kBT/(6πηRh) and the hydrodynamic
radius (Rh) of 80 nm from DLS (see the supplementary ma-
terial) is rather low. This is implicitly included in the Q-
dependence of the relaxation rate, which is in the beginning
dominated not by the overall diffusion, but by the density fluc-
tuations on shorter length scales within the microgel particle,
which also have a diffusive character.

IV. DISCUSSION

The SANS data for all the samples can be described quite
well by a combination of fuzzy-sphere and Ornstein-Zernike

model. The results of the analysis is a contraction of the aver-
age radius suggesting a sort of collapse of the microgel due to
the presence of PSS in solution29,30. The SANS data at larger
Q can be well fitted by a single-parameter model consisting of
a Q�2 power-law. The values obtained for Ξ reported in table
I provide an estimate of the correlation length if one assumes
that the intensity does not change much between the samples.
We find that Ξ remains almost unchanged or they rather de-
crease in the presence of PSS (see), which is consistent with
the hypothesis that the microgel shrinks.

The picture delivered by the SANS data is thus a shrunken
microgel upon PSS addition. The almost unchanged intensity
upon hPSS addition compared to dPSS addition might indi-
cate that it is not uniformly penetrating the whole microgel.
We would have expected a higher contrast in the former case
if the protonated polyanions fully goes into the full volume of
the microgel. A more quantitative SANS analysis could shed
light onto this question and is left for future investigations.

Internal fluctuations of microgels have been studied with
neutron spin echo spectroscopy. The addition of PSS had a
strong influence on the local dynamics of the cationic micro-
gel segmental motion and density fluctuations.

The typical transition from diffusive dynamics of density
fluctuations to Zimm dynamics of individual segments, which
takes place typically at length scales of the microgel mesh
size, is suppressed and diffusive fluctuations strongly domi-
nate upon addition of PSS. To our knowledge this is a new re-
sult. The PSS used in this study has a length of approximately
20 monomer units. Polyanions can replace the monovalent
counterions inside the microgel, which has been reported e.g.
in Ref31 for gels. The loss of monovalent counterions could
reduce the osmotic pressure inside the microgel, resulting in a
shrinking of it.

The decrease of the correlation length is in agreement with
the disappearing of the internal fluctuations in the samples
with PSS. Indeed if the complexation of the microgel by the
PSS reduces the correlation length then the Zimm dynamics is
to be expected at smaller length scales and therefore the tran-
sition from the Q2 to the Q3 behavior in the NSE should occur
at larger Q.

The collapse of the microgel by the PSS addition impedes,
or partially suppresses, some of the internal modes of the
polymer (figure 5). This way of interacting with counteri-
ons appears different with respect to that observed in18 be-
tween PNIPAM and hexacyanoferrate. The absorbed ions
created additional "charge" cross-linkers, acting as an appar-
ent secondary network that slowed down the dynamics of
the microgel. But an evident suppression of internal modes
was not observed in the case of the relatively small hexa-
cyanoferrate molecules in Ref.18. The PSS on the other hand
seems to suppress Zimm dynamics on the observed length-
and time-scales, which might come from the complexation of
the polyanions with the cationic microgel.
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FIG. 5. Possible representation of the interaction between the micro-
gel and the PSS: the negative charges in green stand for the monova-
lent counterions while the bigger charges in blue represent the PSS
polyanions.

V. CONCLUSIONS

In the present study we investigate the suppression of the
internal dynamics of PNIPAM-co-MAPTAC microgel in pres-
ence of anionic polyelectrolyte polystyrene sulfonate. A com-
bination of small angle neutron scattering and neutron spin
echo showed that the microgel, originally in the swollen state,
goes through a transition into a sort of collapsed state due to
the presence of the PSS. In this state some of the motions be-
tween the cross links are suppressed, at least in the region of Q

accessible with the NSE technique, and diffusive fluctuations
strongly dominate.

SUPPLEMENTARY MATERIAL

The supplementary material includes details on the synthe-
sis of the microgel and its chemical characterisation as well
as on the dynamic light scattering (DLS) measurement per-
formed on the sample.
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