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Kinetics of Jammed Systems: PNIPA Gels

Krisztina László,1 Andrei Fluerasu,2,4 Abdellatif Moussaı̈d,2,3 Erik Geissler*3

Summary: In the out-of-equilibrium state above the volume phase transition

temperature, poly(N-isopropyl acrylamide) hydrogels deswell non-diffusively, relax-

ing instead by a hyperdiffusive mechanism as in jammed systems. X-ray photon

correlation spectroscopy is employed to show that the unconventional relaxation

properties (linear dependence of the intensity correlation function both on time and

on transfer wave vector) are the consequence of uniform deswelling.
Keywords: hydrogels; relaxation; small-angle X-ray scattering (SAXS); stimuli-sensitive

polymers
Introduction

A remarkable characteristic feature of

disordered crowded systems such as dense

colloidal suspensions or glasses is their

anomalous relaxation behaviour. These

differ from low concentration suspensions,

where the Brownian or quasi-Brownian

dynamics of the individual constituents

generates simple exponential intensity cor-

relation functions in a scattering experi-

ment, and the relaxation rates are diffusive,

i.e., of the form G¼Dq2, where q is the

momentum transfer and D the diffusion

coefficient. Anomalous relaxation mechan-

isms, by contrast, display non-exponential

correlation functions and non-diffusive

dispersion relationships.

Slower-than-exponential decays are

widespread. They occur for instance in
epartment of Physical Chemistry and Materials

ience, Budapest University of Technology and

onomics, H-1521 Budapest, Hungary

mail: klaszlo@mail.bme.hu, Fax: (þ36) 1-463-3767

ropean Synchrotron Radiation Facility, 6 rue Jules

orowitz, BP 220, F-38043 Grenoble cedex, France

mail: a.moussaid@esrf.fr

boratoire Interdisciplinaire de Physique, CNRS
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colloidal glasses, and are usually associated

with the fast dynamics of individual con-

stituents surrounded by ‘‘cages’’ composed

of their neighbours (b-relaxations). These

are explained by established theories, such

as mode coupling theory, which also

captures the sub-diffusive nature of the

dynamics. Faster-than-exponential decays,

on the other hand, are still considered

extraordinary, even though they have been

observed in an increasing number of

‘‘glassy’’ materials.[1–3] In these systems,

the correlation functions can usually be

described by the Kohlrausch-Williams-

Watts (KWW) compressed exponential

form – exp(-(Gt)n) – where n> 1 and the

relaxation rates G exhibit hyper-diffusive

dispersion relationships G�qp, with p¼ 1

(ballistic motion) or, more generally, p< 2.

Two principal microscopic explanations

have been suggested for this type of

dynamics, which applies to glasses, gels,

and more broadly to ‘‘jammed materi-

als’’.[4,5] In the first, due to Bouchaud and

Pitard,[6] later developed and investigated

by Cipelletti et al. [5] in a variety of systems

using dynamic light scattering (DLS), point

sources of dipolar stress, appearing when

the system is temporarily arrested in a non-

equilibrium state, create strain field relaxa-

tions that are characteristic of the induced

velocities. These are faster than those

associated with thermal diffusion (which

is vanishingly small in systems composed of
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macroscopic grains), and hence dominate.

This mechanism predicts a KWW exponent

n¼ 1.5 and ballistic motion of the consti-

tuents, i.e., p¼ 1. A second mechanism that

yields dynamics with n> 1 involves a

continuous time random walk (CTRW)

model,[2,7] where individual constituents

undergo sequences of ‘‘jumps’’ with a

distribution of jump lengths and of wait

times before each jump. This model pre-

dicts a cross-over from n¼ 2, p¼ 1 at low q

to diffusive motion, n¼ 1, p¼ 2 at high q.

Recent experimental results from X-ray

photon correlation spectroscopy (XPCS)[8]

suggest a third picture where the diffusive

dynamics of colloidal particles suspended in

a polymer solvent at low enough tempera-

tures is masked by another process, e.g.,

convective motion in the solvent.

The XPCS experiments reported here

investigate the dynamics of an out-of-

equilibrium system, namely a poly(N-iso-

propyl acrylamide) (PNIPA) hydrogel

undergoing deswelling. It was reported

earlier[9] that above the volume phase

transition (VPT) PNIPA gels exhibit the

signature of jamming: the relaxation rates

measured by XPCS display linear disper-

sion relationships (G/q) and compressed

exponential relaxations (n> 1). Such a non-

granular material is exceptional among

jamming systems. As in other jammed

systems,[1–3] however, the origin of the

linear q dependence of G remains an open

question. Here we report further observa-

tions on PNIPA hydrogels, and interpret

the results quantitatively in terms of a

simple model for which the correlation

decay is the consequence of uniform

deswelling of the whole polymer matrix.
Figure 1.

SAXS response of a PNIPA hydrogel at 40 8C. Upper

curve: uncorrected signal; lower curve, after subtrac-

tion of the signal of pure water. Arrow indicates

position of interchain peak.
Results and Discussion

PNIPA hydrogels belong to a class of

environmentally sensitive systems that dis-

play a VPT at a critical temperature

TVPT� 34 8C, above which they shrink by

expelling the solvent. This stimulus-respon-

sive feature has inspired numerous inves-

tigations into their swelling/deswelling
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
kinetics.[10,11] At the molecular level, how-

ever, the kinetics of this system is poorly

understood. Microphase separation, which

appears at the VPT, scatters visible light so

strongly that observations of the bulk

material by standard DLS are severely

hampered. X-rays, however, offer a means

of investigating the internal structure. In

the small angle X-ray scattering (SAXS)

range, the principal source of scattering in

PNIPA gels above the VPT is the polymer

surfaces that form uponmicrophase separa-

tion.[12] The existence of these surfaces is

apparent from the power law behaviour

shown in Figure 1, where the scattered

intensity I(q) decreases as q�4.[13] At higher

values of q in this figure, the signal from the

water in the gel contributes significantly

and must be subtracted to yield that of the

polymer alone (lower curve). The broad

peak denoted by an arrow at q�� 0.56 Å�1

reflects short-range order in the separation

between neighbouring polymer chains. The

breadth of the peak is evidence that long-

range liquid crystalline order does not

prevail in the collapsed polymer phase.

XPCS measurements were made on

beam line ID10A at the European Syn-

chrotron Radiation Facility, Grenoble,

France, as described in reference.[9]
, Weinheim www.ms-journal.de



Figure 2.

XPCS intensity correlation functions of a deswelling

PNIPA gel at 50 8C for different values of transfer

momentum q. Continuous lines are fits to

g2(t)-1 / exp[-(Gt)n]. Successive curves vertically

offset by 0.5.

Figure 3.

q-dependence of XPCS relaxation rates G as a function

of temperature.
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Figure 2 shows ensemble averaged intensity

correlation functions g2(t)-1 measured in a

PNIPA gel undergoing slow collapse at

50 8C. The lines through the data are fits to

the KWW form exp(�(Gt)n), where the

exponent n� 1.4 expresses the sharp,

faster-than-exponential decrease of the

decay. The incomplete decay to zero of

g2(t)-1 in Figure 2 is due to residual parasitic

scattering from the guard slits. Data

accumulation times at each temperature

were about two thousand seconds.

The variation of the decay rate G with q

at various temperatures T> TVTP is shown

in Figure 3. At each temperature, the linear

relationship G / q confirms the hyper-

diffusive nature of the deswelling motion.

This non-diffusive behaviour of PNIPA

gels is not widely recognized.

To understand the context of these

results, we note that in photon correlation

experiments, when the sample moves uni-

formly at velocity u perpendicular to the

beam, the rate at which a given scattering

pattern is replaced is u/R, where R is the

radius of the incident beam at the sample.

The intensity correlation function therefore

decays proportionally to (1- ut/R).When the

beam is divergent, an additional factor (1-

ut/2R0) applies, where R0 is the radius of the
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
defining pinhole. Neither of these contribu-

tions depends on q, and their effect in the

present measurements is too small to be

observed.

All the gels were prepared with a molar

ratio of N-isopropyl acrylamide to cross-

linker (N,N0-methylene bisacrylamide)

150:1. The samples were synthesized in

the form of disks of swollen diameter

d0� 7mm and thickness 1.5mm, with

different degrees of inhomogeneity, as

described elsewhere.[14,15]

To shed light on the nature of the gel

motion, macroscopic measurements of

deswelling were made on disks of three

different PNIPA gel disks by immersing

them in a water bath at 50 8C andmeasuring

their diameter d with a video camera as a

function of elapsed time t.

The macroscopic responses, shown in

Figure 4, illustrate the fact that the

deswelling kinetics of PNIPA hydrogels

above the volume phase transition tem-

perature TVPT depends sensitively on the

amount of structural inhomogeneities pre-

sent in the network.[11] Essentially, two

types of behaviour are observed. Gels

containing small amounts of cross-linker

deswell extremely slowly, but above a given

cross-link content an abrupt increase in

their deswelling rate is observed. Although

the reason for the change in behaviour is
, Weinheim www.ms-journal.de



Figure 4.

Time dependence of the diameter d of PNIPA hydrogel

disks during macroscopic deswelling at 50 8C for

samples of increasing inhomogeneity 1, 2 and 3. Lines

are fits of the data to d¼ d0 - vt, where v is the

velocity of the disk at its outer diameter.
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not well understood, network inhomogene-

ities appear to limit the formation of

interlocking network chains, thereby facil-

itating their relative motion. Network

inhomogeneities that promote this switch

in behaviour can also be generated by

copolymerizing the PNIPA with bulky

molecules, or even simply by drying the

gels and allowing them to re-swell. In the

latter case, the formation of hydrogen

bonds in the collapsed state suffices to

prevent extended ordering of the chains

above TVPT. In Figure 4, sample 1 was

washed after synthesis and kept in the

swollen state; sample 2 was dried in a

desiccator, then reswollen; sample 3 was

copolymerized with a crown ether in order

to enhance the structural inhomogene-

ity.[15] For the three PNIPA hydrogels of

increasing network inhomogeneity,

Figure 4 shows that the disk diameter

decreases linearly with time until the

equilibrium volume is reached (in the

logarithmic scale of this figure, the linear

decays appear curved). This linear decay

means that the gel deswelling is not

diffusive but proceeds instead by uniform

isotropic expulsion of the solvent. In such a

scenario, all points in the gel approach each
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
other at a uniform velocity

v ¼ ar; (1)

where r is the separation between any two

points and a¼5 � v is the divergence of the
velocity. When the deswelling rate is too

high, blisters tend to develop at the outer

boundary of the gel where the solvent flux is

highest.[14] Blisters are not observed in the

slowly deswelling gels.[11]

Uniformity of 5� v means that the

spatial correlation function of the polymer

network at any time, g(r, t), is the same as

that at a later time tþ t, except that r is then

r-vt¼ r(1-at). Since the scattered intensity

is the Fourier transform of g(r, t),

IðqÞ ¼
Z1

0

gðr; tÞ expðiq � rÞdr (2)

it follows that the scattering pattern at tþ t

has the same form as at time t, but the image

is enlarged. As the gel shrinks uniformly,

the scattering pattern expands uniformly

outwards to larger q. Features appearing at

q at time t thus shift to[16]

q=ð1� atÞ ¼ ðq � qatÞ=ð1� atÞ2 (3)

so that the speckles move radially outwards

over the detector at a uniform rate

@q=@t ¼ qa=ð1� atÞ2 (4)

In the XPCS arrangement, each detector

pixel subtends one coherence area of the

scattered radiation, spanning a scattering

angle range Du¼ l/R. The range of q

covered by one pixel is therefore

Dq ¼ Dð2p=lÞsinu ¼ ð2r=RÞ (5)

The intensity correlation function, which

is determined by the time required for a

speckle to migrate over one pixel, is

therefore

g2 ðtÞ � 1 / ð1� qRat=½2pð1� atÞ2�Þ (6)

In Figure 5 it is seen that Equation 6

provides a reasonable fit to the same

intensity correlation functions as already

shown in Figure 2.
, Weinheim www.ms-journal.de



Figure 5.

Same XPCS intensity correlation functions as in

Figure 2. Continuous lines are fits to the linear decay

of Equation 6.
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From Equation 6 it follows that the

relaxation rate

G ¼ qaR=ð½2pð1� atÞ2� (7)

reproduces the same linear dependence of

G on q as that found experimentally in

Figure 3.

The XPCS experiment was performed

on sample 1 (low inhomogeneity content),

for which the measured deswelling rate in

Figure 4 is v¼ 3.1� 10�7 cm/s, i.e.,

a ¼ 4:4 � 10�7 s�1 (8)

This value may be compared with that

obtained from the XPCS measurement at

the same temperature (Figure 3), where the

beam radius is R¼ 7� 10�4 cm, namely

a ¼ 2:3 � 10�3 s�1 (9)

The discrepancy between results 8 and 9

is almost 4 orders of magnitude.

In the above comparison, however, the

effects of ionisation due to the high

intensity X-ray beam required for the

XPCS experiment are overlooked. The

radiation, which deposits more than

10Gy/s into the scattering volume, gener-

ates free radicals that, as observed in other

systems, alter the local network struc-

ture.[17] During the XPCS measurements,
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
for example, it was found that the position

in the sample where the beam penetrated

became dimpled, i.e., partially deswollen,

although the rest of the sample remained in

the swollen microphase-separated state. In

these observations, therefore, the rapid

collapse occurs only in the region where

the beam passes. For this reason, a more

appropriate macroscopic comparison for

the XPCS deswelling result is with that of

the most inhomogeneous specimen in

Figure 4 (sample 3), namely

a ¼ 2:6 � 10�3 s�1 (10)

Given the experimental uncertainties,

however, the agreement between the values

9 and 10 is probably fortuitously good.
Conclusion

The observations presented here suggest

that the linear dependence both on time

and on transfer momentum of the intensity

correlation function in this jammed system

stems from the divergence of the velocity.

Although deviations from linearity in the

intensity correlation functions become

more pronounced at large q (Figure 5),

this discrepancy may be caused by depar-

tures from affine deformation at short

distances in the network.[12] It is also

expected that, in general, as the deswelling

system approaches equilibrium, a will be a

slowly decreasing function of time, yielding

correlation functions that become slower

with elapsed time. While other types of

motion, e.g., laminar flow or rigid body

motion, also give rise to linear dispersion

relations,[18,19] the decisive evidence for the

model presented here comes from the

macroscopic observations. It is not unrea-

sonable to expect that the same mechanism

also plays a role in other jammed systems

undergoing densification (or expansion),

notably colloid suspensions. In such sus-

pensions, however, the gravitational field

may introduce anisotropy into the motion.

The extension of the present formalism to

anisotropic conditions is straightforward.
, Weinheim www.ms-journal.de
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