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Structural modifications in the swelling of inhomogeneous microgels
by light and neutron scattering

A. Fernández-Barbero,1,* A. Fernández-Nieves,1,2 I. Grillo,3 and E. López-Cabarcos4
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Small-angle neutron scattering and dynamic light scattering have been used to study the thermodynamics of
swelling and the associated structure modifications of highly cross-linked temperature-sensitive poly~N-
isopropylacrylamide! @poly~NIPAM!# microgels in D2O. A particle core-shell model is proposed, with the core
containing most of the cross-linker molecules. The Flory-Rehner theory, with the inclusion of a concentration
dependent Flory solvency parameter, successfully describes the experimental swelling, despite the inhomoge-
neous character of the particles. Interestingly, the shell evolution with temperature controls the whole particle
swelling, exerting an external pressure over the core, which in turn influences its size during the swelling
process. Scaling laws for the correlation lengths were found with respect to temperature and polymer concen-
tration. Finally, it has been encountered that for the collapsed microgel states, the particle surface seems to
have a fractal character.
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I. INTRODUCTION

Synthetic polymer gels are known to exist in two phas
swollen and collapsed. The transition between the pha
may occur either continuously or discontinuously, and p
vides a mean of studying the interactions between ma
molecules. Many gels will undergo reversible volum
changes in response to changes in external stimuli suc
temperature,pH or light irradiation @1,2#. These transitions
result from the competition between repulsive intermolecu
forces and attractive forces due to the elastic behavior ari
from the presence of cross links and hydrogen bonds.

Properties of swollen macrogels have been extensiv
studied by mechanical and thermodynamic experiments@3#.
These include measurements of the shear and bulk mo
@4,5#, diffusion constants of the network@6#, specific heat
@7#, critical properties of gels in mixed solvents@8#, and stud-
ies of spinodal decomposition processes@9#, as well as of the
effect of uniaxial and hydrostatic pressures on the transi
@10#. It is well known that the volume fraction of networks
swelling equilibrium is fairly well predicted by the thermo
dynamic Flory-Rehner theory. However, the role of the str
tural changes that occur in such polymer networks is far fr
understood, mainly due to the spatial inhomogeneities in
duced by the cross links. Scattering methods such as
scattering, small-angle x-ray and neutron scattering are u
techniques for studying these aspects of the volume ph
transition@11#.

Microgels form an interesting subset of polymer ge
since they have properties in common with macrog
@12,13#, as well as features typical of colloidal systems@14#.

*Email address: AFERNAND@UAL.ES
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Like macroscopic gels, microgel particles also swell show
volume phase transitions. However, discontinuous ph
changes have never been observed in microgel syste
Changes in the network structure during swelling drastica
modify the hydrodynamics of the colloidal particles@15#.
These changes control the topological mesoscopic struct
and kinetics of growth in the event of colloidal aggregati
@16,17#, as well as the particle behavior under the presenc
external electrical fields@18#. Furthermore, the modification
of the short-range interactions between gel particles in
swelling has proven to lead to reversible aggregations@19#.

Microgels have several advantages with respect to t
extensive counterparts. For example, many potential app
tions of gel-like systems need very fast responses to exte
stimuli. Reducing the gel size to mesoscopic dimensions
creases the time response by several orders of magnit
Moreover, these systems have attracted a great interest w
conceived as switchable or intelligent materials. The swi
characteristic times can be reduced from several second
macrogels to a few milliseconds for mesoscopic gels@20#.

Thermosensible microgels are monodisperse colloidal
persions based on cross-linked polymers with low criti
solution temperature. Most of them are based on poly~N-
isopropylacrylamide! @poly~NIPAM!# or related copolymers
For these systems, all the properties are sensitive funct
of temperature over the range 15–50 °C. At room tempe
ture, these gels have a low refractive index difference w
water due to the high water content. By contrast, at eleva
temperatures, the particle volume is around an order of m
nitude smaller, and thus, the refractive index difference w
water is greatly increased.

Typical microgel preparations involve polymerization
NIPAM monomers whose chains are cross linked
N,N8-methylene bisacrylamide~BA! molecules. Wuet al.
@21# studied the polymerization of NIPAM and BA durin
©2002 The American Physical Society03-1
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the microgel synthesis. The cross-linker molecules w
found to be consumed quicker than the NIPAM molecul
indicating that the particles are unlikely to have a unifo
composition. They also speculated that at least part of
cross-linker molecules could be located at the solve
particle interface as a consequence of the larger hydrop
bicity of poly~BA! as compared with poly~NIPAM!.

In this paper, we take advantage of the different monom
conversion rates and employ a poly~NIPAM! microgel,
highly cross linked with BA, for studying the structure of th
resultant polymer network as it swells by small-angle n
tron scattering~SANS!. We also aim to elucidate the rela
tionship between the microscopic structure modifications
the thermodynamics of swelling, which will be monitored b
dynamic light scattering.

As a result of the particle inhomogeneous character,
SANS experiments showed two clearly distinguished zo
corresponding to a core region of high monomer density
an outer shell, mainly formed by NIPAM chains. Intere
ingly, the microgel swelling is determined by the shell e
pansion that also tends to compress the particle core.
correlation lengths corresponding to the core and the s
have been obtained as a function of temperature and poly
concentration. The results show power law behavior, as
countered for macroscopic gels. However, differences in
scaling exponents are apparent. Furthermore, the particle
face in the collapsed phase shows a structured fractal sur
indicating that part some of the cross-linker chains could
located at the particle/liquid interface as predicted by W
et al. @21#.

From a thermodynamic point of view, we have employ
the classical Flory-Rehner theory describing the swelling
thermosensitive homogeneous gels, despite the fact tha
considered microgels present a clear core-shell struct
However, the fact that swelling is mainly controlled by th
shell, allows this theory to describe fairly well the expe
mental continuous phase transition. In particular, we h
used a fitting procedure that yields reasonable values for
parameters involved in the thermodynamic description of
swelling.

The outline of this paper is as follows. Section II is
theoretical background including a brief summary about
thermodynamics of thermosensible microgels and scatte
functions for gels. Section III describes the experimental s
tem and techniques. Section IV contains the experime
results and the discussion of these.

II. THEORETICAL BACKGROUND

A. Thermodynamics of polymer thermosensible microgels

Thermodynamic equilibrium for a gel is attained when t
chemical potential of the solvent is equal inside and outs
the gel, that is, when no net transfer of solvent takes pl
across the gel-solvent interface@22#. Thus, once equilibrium
is reached, the net osmotic pressure within the gel mus
zero.

The macroscopic state of a homogeneous neutral gel
be described through the total osmotic pressure inside
gel, which consists of two terms: mixing and elastic con
05180
e
,

e
t/
o-

r

-

d

e
s
d

-
he
ll
er
n-
e
ur-
ce,
e
u

f
the
re.

e
he
e

e
g

s-
al

e
e

be

ay
he
-

butions. Within the classic Flory-Rehner theory of polym
gels, the net osmotic pressure is given by

P5
kBT

a3 H 2f2 ln~12f!2xf2

1
f0

Ngel
F1

2 S f

f0
D2S f

f0
D 1/3G J , ~1!

wherekB is the Boltzmann constant,x is the Flory solvency
parameter,f0 is the polymer volume fraction at a referenc
state,a is the monomer segment length, andNgel is the av-
erage degree of polymerization of the polymer chain
tween cross links. For systems undergoing isotropic sw
ing, the following relationship between the diameter of
spherical microgel,D, and the average polymer volume fra
tion f holds:

f

f0
5

V0

V
5FD0

D G3

, ~2!

with V0 andD0 being the particle volume and particle size
the reference state.

A proper thermodynamic description for the volum
changes of thermosensible microgels follows from the
sumption of isobar conditions, described under the constr
P50. In theT-f phase diagram, the isobar line is given b
@23#

Tp50

5
Af2Q

f0

Ngel
F1

2 S f

f0
D2S f

f0
D 1/3G2f2 ln~12f!1S A2

1

2Df2

,

~3!

where A5(2DS1kB)/2kB and Q52DH/(2Ds1kB). DS
andDH are the changes in entropy and enthalpy of the p
cess, respectively.

Equation~3! predicts first-order phase transitions betwe
swollen and deswollen phases. The mechanism driving
transition is entirely incorporated intox. The meaning ofx is
similar to that of the parameter expressing the contact ene
change appearing in the Bragg-Williams theory for ord
disorder transitions in alloys@24#. Writing the change in the
free energy per solvent molecule induced when a solve
solvent contact is changed into a solvent-polymer contac
DF, the parameterx is defined as

x5
DF

kBT
5

DH2TDS

TkB
5

1

2
2AS 12

Q

T D . ~4!

Usually, molecular interactions contribute to bothDS and
DH, the sign of both quantities being the same. Polym
solvent systems possessing an upper-critical-solution t
perature~UCST! are characterized by positive values ofDS
and DH, while the others with a the lower-critical-solutio
temperature~LCST! are characterized by negative values
3-2
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STRUCTURAL MODIFICATIONS IN THE SWELLING OF . . . PHYSICAL REVIEW E 66, 051803 ~2002!
them. ForT5Q, the Flory x parameter equals12, and the
system is in the so-calledQ temperature, where binary inte
actions are negligible and only excluded volume effects
important. In this work, bothQ andA will be used as fitting
parameters allowingDS andDH to be determined.

B. Scattering functions for gels

SANS is a widely used technique for investigating t
structure of polymer networks. SANS experiments consis
the measurement of the scattered intensityI (q) as a function
of the scattering vectorq, which is related to the neutro
wavelength l and the scattering angleu by Q
5(4p/l)sin(u/2). The elastic scattered intensityI (Q) in ab-
solute intensity scale is given byI (Q)5I obs(Q)2I inc(Q),
whereI obs(Q) and I inc(Q) are the observed scattering inte
sity and the incoherent scattered intensity, respectively@25#.

In the case of polymer solutions in the semidilute regim
the elastic scattered intensity is usually characterized by
single length scale, namely, the correlation length, define
the characteristic size of the polymer concentration fluct
tions. It enters the correlation function for the polymer co
centration in the limitr>j as @26#

^f~0!f~r !&;
1

r
e~2r /j! for r>j, ~5!

Equation~5! establishes that polymer concentration flu
tuations can be considered as essentially uncorrelated
length scales larger thanj. In a good solvent, this means th
the correlation length is roughly equal to the average d
tance between interchain contact points. In poor solve
this is no longer valid@27#.

When a contrast is established between all the chains
the solvent, the neutron scattering intensity is proportiona
the Fourier transform of Eq.~5! in the limit Qj,1. Thus,
I (Q) is expected to be given by an Ornstein-Zernicke-ty
function @25#:

I ~Q!5
I ~0!

~11j2Q2!
, for jQ,1, ~6!

wherej is the correlation length that indicates the mesh s
or blob composing polymer chains. This characteristic len
is expected to scale with polymer volume fraction as@28#

j;fnf, ~7!

where the exponentnf52nF /(3nF21), is related to the
Flory’s excluded volume exponentnF , which is equal to 3/5
for good solvents~self-avoiding walk! and to 1

2 for Q sol-
vents ~random walk!. Thus, nf takes the values23/4 for
good solvents and21 for Q solvents. This parameter is a
indirect measurement of the interactions between cha
through the modification that those interactions produce
the excluded volume effect.

The Ornstein-Zernicke function~6! obtained under the se
midilute assumption has proven to be also valid to desc
the neutron scattering spectrum from a gel@11#. When cross
links are introduced to these polymer solutions, the conc
05180
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tration fluctuations are perturbed. The exact solution for
scattering function from gels has not been developed
because of the complexity and variety of cross-link form
tion. However, several scattering functions have been p
posed. Hecht, Duplessix, and Geissler@29# separated the
scattered intensity function into two terms arising from so
tionlike and solidlike concentration fluctuations. The so
tionlike concentration fluctuations was assumed to be
same to the corresponding polymer solution. On the ot
hand, Horkay and co-workers@30,31# assumed that the sol
idlike concentration fluctuations had an exponential form a
proposed a scattering function for chemically cross-link
gels, given by

I ~Q!5I G~0!e2LQ1
I L~0!

~11j2Q2!
, ~8!

whereL is the mean size of the solidlike~static! nonunifor-
mity. I G(0) andI L(0) are constants that depend on the re
tive contribution of the two terms.

By contrast, forr ,j, a part of the chain behaves esse
tially as if it was not interacting with other chains. The a
erage conformation is then ruled by the excluded volu
statistics alone. In this spatial range, the correlation funct
of the concentration fluctuations therefore equates to that
single chain:

^f~0!f~r !&;r 24/3 for r ,j. ~9!

The scattered intensity is related to the Fourier transfo
of Eq. ~9!. Thus, forQj.1 andQa,1, with a being the
statistical unit length,I (q) is given by

I ~Q!;Q21/nF. ~10!

For colloidal gels, the particle form factor cannot be n
glected @32#. For particles withRG@Q21, only the Porod
region ofP(Q) should contribute significantly to the scatte
ing intensity. As a consequence, the scattering arises
from the particle surface and thus the data should be
scribed by expressions of the type

I ~Q!5
A

V

1

Q4 1
I L~0!

~11j2Q2!
, ~11!

whereA is the interfacial area in the scattering volumeV.
The contribution from the crosslinks is omitted for the sc
tering description used in this paper since exponential p
files were never observed. For shrunk systems, the scatte
should mainly arise from the interface between the collap
polymer particle and the surrounding solvent. In the case
smooth interfaces,I (Q) is described by Porod’s law
I (Q);Q24.

III. EXPERIMENT

A. Experimental system

Poly~NIPAM! microgel particles were prepared usin
surfactant-free, free radical polymerization in water. Wa
~Milli- Q quality! containing NIPAM~Kodak Eastmann! and
3-3
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N, N8-methylenebisacrylamide~Aldrich! was adjusted topH
9 with NaOH and was placed in a three-necked, rou
bottomed flask equipped with a stirrer paddle, immersed
an oil bath at 343 K. Amonic persuphate~Aldrich! employed
as initiator was dissolved in water atpH 11 and added to the
flask. The polymerization was conducted under anaero
conditions, having nitrogen gas entering at one neck an
water-cooled condenser at the other. The reaction was
left for 6 h, resulting in a milky white dispersion. The syste
was allowed to cool and then filtered through glass w
before being extensively dialysed against distilled wa
changing the dialysate twice a week. Once the microgel
purified, it was further dried under vacuum. Samples w
prepared by dissolving the dry polymer in D2O. The cross-
linking degree was 10 wt %@33#.

B. Dynamic light scattering

Dynamic light scattering~DLS! experiments were con
ducted in order to examine the particle size upon a chang
temperature. The time correlation function of the scatte
intensity,^I (0)I (t)&, was measured by laser light scatteri
spectroscopy. A Malvern 4700 system~UK! working with a
6328-Å-wavelength He-Ne laser was employed. The sca
ing angle was set to 40°. The mean hydrodynamic radius
obtained as a function of temperature, using cummu
analysis. Temperature was controlled with a precision of
K, using both a peltier cell located just into the index matc
ing liquid that surrounds the sample cell and an external b
acting through the sample chamber. Particle concentratio
D2O was kept dilute~0.03 wt %! to diminish colloidal inter-
actions as well as multiple scattering, which could main
appear when particles are in the collapsed state.

C. SANS experiments

SANS experiments were performed using theD11 spec-
trometer at the ILL facility ~Institut Laue-Langevin,
Grenoble, France! @34#. A cold neutron flux having the aver
age wavelength of 6 Å with a spread of 10% was used as t
incident beam, by setting the mechanical selector at 21
rpm. In order cover a large angular range, three instrume
settings were used: the 64364 cm2 gas filled detector, hav
ing a resolution of 1 cm2, was placed 1.2 m apart from th
sample for large angles, 5.5 m for middle angles, and 10.
for small angles. The resultantQ range was 0.005–0.30
Å21. The detector efficiency was corrected using H2O as
entirely incoherent scatterer standard. Data reduction
performed by correcting the direct scattered counts for d
scattering~using a Cd sheet located at the sample positio!,
for cell scattering, and D2O scattering, as well as for trans
mission. For data reduction, the usual programs at the
facility were employed. The contribution of the incohere
scattering due to hydrogen was also corrected by assum
the additivity of the incoherent scattering between NIPA
and D2O. Microgel particle concentration in D2O was 4
wt %. All samples were contained in 1-mm-path Hellm
quartz cells, and prior to undertaken the measurements,
were kept for 15 min in the instrument temperatu
05180
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controlled chamber, allowing for temperature stabilizatio
Temperature was controlled with a precision of 0.1 K.

IV. RESULTS AND DISCUSSION

A. Thermodynamics of the volume phase transition

In this section we determine the temperature depende
of the microgel size and compare the results with the pre
tions of the Flory-Rehner phenomenological theory, e
ployed for describing the swelling of thermosensitive mac
scopic gels. The comparison allows us to test how well c
this theory account for the volume transition of microgels

Figure 1 shows the experimentally determined diame
~using DLS! of the microgel particles,D, as a function of
temperature. As can be observed,D decreases gradually with
temperature until a sharp but continuous volume transit
from swollen to deswollen states takes place, reaching a fi
collapsed size at a transition temperatureTc>307 K. This
process was thermoreversible without any significant hys
esis. It is well documented in the literature@35# that
poly~NIPAM! particles in H2O show a maximum rate o
deswelling at 305 K. In D2O, however, the correspondin
temperature shifts to 307 K, which agrees with our resu
and those reported by Shibayama, Tanaka, and Han
poly~NIPAM! macrogels @36#. This temperature may be
taken to be the LCST for the poly~NIPAM!/D2O system, as
will be proven at the end of the section.

The microgel size variation is controlled by the Floryx
parameter, which is the central variable governing the th
modynamics of swelling. According to the definition,x
should be independent of composition for a given polym
solvent pair. Experimentally, however, it has been enco
tered thatx increases nonlinearly with increasing concent
tion of polymer@37#:

x~T,f!5x1~T!1x2f1x3f21¯ . ~12!

FIG. 1. Experimental mean hydrodynamic particle diameter v
sus temperature. The arrow indicates the transition temperatur
3-4
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This fact is not included in the above theory. However,
cause of this discrepancy continues being one of the b
problems in the theory of polymer solutions. In addition, t
proper choice for the reference volume fractionf0 is not
clear. In some cases, this constant has been set equal t
for the collapsed state, obtaining fairly good results, for
ample, when describing the swelling of ionized vinilpyridin
microgels@13#. In other cases, the particle size in the c
lapse state seems to depend on the nature of the solvent@38#,
which means thatf0 should not necessarily be 1. Rece
nuclear-magnetic-resonance measurements lead to the
conclusion @39#. In the present paper, the assumptionf0
51 leaded to catastrophic results. For this reason, the re
ence volume fraction was modified in the fitting procedu
~described below!, since no direct measurements of this va
able are available.

In order to model the experimental results, Eq.~1! was
employed under the assumptionP50, substituting the ex-
pression ofx(T,f) till second order. The assumption thatx2
and x3 are not temperature dependent is used as a g
approximation. The fit to the experimentalT-f curve is pre-
sented in Fig. 2. The valuesf050.6, 0.7, 0.8, 0.9, where

FIG. 2. Phase diagram of poly~NIPAM!/D2O system. The solid
line is the theoretical prediction including the first-order concen
tion dependence ofx. The values of the fitting parameters we
f050.8, A527, Q5308 K, Ngel57, andx250.9.
05180
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tested, considering~i! zero-order (x25x350), ~ii ! first-
order (x350), and ~iii ! second-order approximations. Th
resultant fitting parameters for each case are summarize
Table I. Due to the great deal of variables involved in t
fitting procedure, almost every solution could be valid und
visual inspection of Fig. 2. However, by comparing the o
tained parameters with the values obtained by indepen
techniques and the necessary boundings to ensure phys
meaningful results, the best fit can be adequately establis
There are three conditions that the solution must satisfy:~i!
the values forA andQ should lead to a reasonable behav
of x1(T). Indeed,x1 must be within the range 0–1.~ii ! The
Q temperature and the transition temperature~307 K! should
be close. This fact yields to the second-order approxima
exclusion.~iii ! The number of monomers between cross lin
should not be too far from the value obtained from neutr
scattering measurements. As will be shown in the followi
section, the swelling of the microgel particle is controlled
the volume changes of the shell, whose characteristic b
length in the swollen state is 3963 Å ~see Fig. 6a!. This
value yieldsNgel

SANS5(4.860.4), since the segment length o
the NIPAM monomer is 8.12 Å@40,41#. Values far from this
estimate should not be considered, ruling out some of
situations shown in Table I.

As a result, the only valid solution was obtained cons
ering a first-order approximation for the Flory solvency p
rameter and a value for the collapsed polymer volume fr
tion f050.8. The values forf050.9 are close to those
obtained forf050.8, except theA parameter changing from
27 to 249. That difference is significant since the fittin
error for parameterA is '30%. The solution forf050.9 was
rejected since it deals to acceptablex values ~within the
range 0–1! only in the range 303–308 K, which implies tha
this solution cannot describe theT-f phase diagram.

From the obtained values for all parameters atf050.8,
several conclusions can be extracted:

~i! Around 20% of the microgel particle in the collapse
state, corresponds to solvent molecules. This fact agrees
previous investigations in which the microgel particles a
slightly swollen in the shrunken state@20,38,39#.

~ii ! The first-order approximation is necessary in order
describe the microgel particle swelling. A value ofx250.9
60.1 was used in the fit. Within the Flory theory of gels, t
concentration dependence ofx is the driving characteristic
for the transition in neutral gels. A particular strong conce
tration dependence ofx is essential for a discontinuous tran

-

4

TABLE I. Fitting parameters used to model the experimental results@see Eq.~11! and Fig. 2#.

f0

x5x1(T) x5x1(T)1x2f x5x1(T)1x2f1x3f2

0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9

A 220 229 244 279 23 25.8 27 249 26.4 210 218 293
Q 306.8 306 307 307 313 312 308 308 315 314 313 31

Ngel 85 51 30 14 419 188 7 6 177 93 8 8.7
x2 0.64 0.76 0.91 0.87 1.4 1.6 1.85 8.5
x3 21.04 21.07 21.03 27.5
3-5
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sition to occur in neutral gels@42#. The theoretical critical
value of x2 is 1/3 for a gel with infinitely long chains. In
most situations, however, the critical value appears to
larger than this value. As a result, a discontinuous transi
rarely occurs in neutral gels because it requires an unusu
large concentration dependence ofx. The discontinuous tran
sition may be observed for NIPAM macrogels with sm
cross-link density@3,43,8#. The value obtained by Hirotsu fo
discontinuous transitions in poly~NIPAM! macrogels was
x250.660.1. As can be observed for poly~NIPAM! micro-
gel particles, even with a larger concentration depende
discontinuous transitions are not observed. In order to un
stand the mechanism of the phase transition of gels o
molecular level, the microscopic interaction that makesx
depend on the concentration must be identified, but even
neutral gels, this is a very complicated problem. Calculati
by Hocker, Shih, and Flory@44# on the basis of statistica
thermodynamic theories are unapplicable to the comp
case considered here.

~iii ! The Q temperature, 308.060.3 K, and the transition
temperature, 307.260.1 K, are in good agreement as e
pected since this is one of the criteria used to refuse o
solutions. The acceptance as valid of any other solution w
the fitting temperatureQ close to the experimental transitio
temperature, but exhibiting a wider difference should imp
that the microgel does not start to swell just when the liq
changes from a poor solvent to aQ solvent.

~iv! The values ofA and Q allow determination of the
entropy and enthalpy variation when a solvent-solvent c
tact is changed by a polymer-solvent one. The calcula
values areDS5(21.160.8)310222 J/K and DH5(23
61)310220 J. The negative sign ofDS andDH indicate the
LCST nature of poly~NIPAM!/D2O system.uDHu is larger
than kBT for this system, explaining the strong volume d
pendence that the microgel exhibits with temperature.

~v! As an overall result, the Flory-Rehner theory descr
ing the swelling of neutral gels captures the essential ph
ics, as can be deduced from the fact that all fitted parame
show reasonable values. In view of its simplicity, it is r
markable that this is indeed the case.

B. Structural aspects of the volume phase transition

Small-angle neutron scattering from poly~NIPAM! micro-
gel particles was recorded at different temperatures: 2
298, 302, 303, 305, 306, 308, and 314 K. The scatter
profiles decreased monotonously with increasing wave v
tor for swollen and collapsed microgel states. Dynamic c
centration fluctuations as well as permanent departures f
uniformity due to cross links contribute to the scattering
tensity. However, the difference in the neutron scatter
length density between the sample and the surrounding
dium @contrast term (Dd)2] is one order of magnitude large
for the NIPAM molecules than for the BA molecules. Co
sequently, the exponential term coming from the solidl
concentration fluctuations is not observed. Log-log plots
some representative scattering curves are shown in Fig
Three regions are distinguished in the scattering curves
low angles, the scattered intensity increases with increa
05180
e
n
lly

l

e,
r-
a

or
s

x

er
th

d

-
d

-

-
s-
rs

3,
g
c-
-
m
-
g
e-

f
3.

At
ng

temperature, reaching a near Porod profile,;Q24. Thus,
this scattering region is mainly dominated by the scatter
from the particles surfaces. At largerQ values, the scattering
intensity shows two power laws inQ with a break point
between both regions (Qo). The presence of these two re
gions indicates that particles have a structural inhomoge
ity. In particular, a core-shell structure where both doma
show different structural density is compatible with this sc
nario, the core dimensions being related to the character
length coming from the break pointQ0 . For even largerQ
values, the scattering profile is related to the excluded v
ume Flory exponent.

The low-Q scattering region is characterized by a decre
ing power law,Q2a. Figure 4 plots the exponenta as a
function of the temperature. For swollen particles, the ex
nent value is typical of extended polymer branches@25#. As
the particles deswell, the scattering exponent increa
reaching values that are slightly higher than 4. Similar res
were also found by Kratz, Hellweg, and Eimer@45#. These
values are not too far from the typical ones corresponding
three-dimensional objects with smooth surfaces. The res
ing SANS profiles are then dominated by scattering from
interfaces between the colloidal particles and the surround
solvent. However, these slight differences seem to indic
that the particles surfaces could have a fractal structure
line with this possibility, Wong@46# found scattering expo-
nents larger that 4 for known fractal surfaces. Thus, theQ24

dependence in the Porod regime must be modified by
additional contribution,I (Q);Q261ds, whereds is the sur-
face fractal dimension. For smooth surfaces,ds52, and the
Porod law is fulfilled. In the inset of Fig. 4, the extracte
surface fractal dimensions are presented. As can be obse
ds decreases as temperature raises. Due to the high hy
phobicity of the poly~BA! molecules, two types of domain
my be present on the gel surface@21#; one prominently po-
ly~BA!, which is not temperature sensitive, the oth
poly~NIPAM!, which is. When such structure is heated, s
face roughness should increase and the corresponding fr
dimension will decrease.

The scatteringQ regions corresponding to the shell an
core are well described by the Lorentzian curve of Eq.~6!.
From the slopes and intercepts of linear fits in the Ornste
Zernike representation@ I 21(Q) vs Q2 plot#, the characteris-
tic correlation lengths for the core and shell,jcore and jshell
can be determined. As an illustration, Fig. 5 shows theO-Z
plot corresponding to the swollen state. In this, the th
scattering regions corresponding to the surface, shell,
core can be identified. Figure 6~a! plots the resultant shel
and core correlation lengths as a function of the temperat
The first remarkable feature is related to the inhomogene
character of the particle. At low temperature, the correlat
lengths are quite different, beingjcore,jshell. This fact indi-
cates that the nature of the inhomogeneity responsible for
core-shell structure may be related to the accumulation
cross linker into the core.

The shell correlation length is constant above the tran
tion temperature, while it increases drastically from;8 to
;40 Å as the temperature is decreased, following the wh
particle size behavior as determined by dynamic light sc
3-6
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FIG. 3. Double logarithmic plot of SANS intensity functions at different temperatures.~c! illustrates the three scattering zones defined
data interpretation, which correspond to particle surface effects, particle shell, and core.~e! also plots the Porod function corresponding
smooth scattering surfaces.
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har-

tion
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tem-
fact
tering ~Fig. 1!. It is worthy to mention that the characterist
distance between cross links, calculated from the polym
ization degree in the Flory-Rehner theory is of the order
the value obtained, as already pointed out before~Sec.
IV A !.

Figure 6~a! also plots the correlation length of the co
network, which also remains constant for temperatures
responding to particle collapsed states. In this region,jcore
05180
r-
f

r-

<jshell, in agreement with what could be expected beca
of the higher elastic shrinking component of the core due
the presence of a higher cross-linker concentration. The c
acteristic core blob size increases from;8 to ;18 Å as
temperature is diminished, as a consequence of the varia
of the polymer solvency and following the shell size grow
However, the correlation length decreases again as the
perature is further reduced. This result agrees with the
3-7
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FERNÁNDEZ-BARBEROet al. PHYSICAL REVIEW E 66, 051803 ~2002!
that Q0 , which is related to the particle core size~Fig. 3!,
shifts towards larger values as the temperature is decrea
indicating that the core size also decreases, as plotted in
6~b!. This is an interesting and somewhat unexpected re
However, it follows from the fact that the polymer solven
increases as the temperature is decreased, implying tha
polymer in the shell expands. This originates in an incre
in particle size, but also and simultaneously, in a reduction
core dimensions since the shell also tries to expand tow
the inner particle region. Thus, the particle core shrinks

FIG. 4. Exponenta as a function of temperature during th
swelling process. At low temperature~swollen state!, the exponent
corresponds to extended polymers branches. Beyond the trans
temperature, the value slightly larger than 4 indicates devia
from smooth surfaces, being the particle surface characterized
fractal structure. The surface fractal dimension is plotted in
inset.

FIG. 5. Ornstein-Zernike representation of the scattering sp
trum for the system at the swollen state. From the slope and in
cept, the characteristic correlation blob length is determined for
particle shell and core.
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low temperature as a consequence of the interaction with
shell. It is interesting to point out that the core blob leng
becomes constant at temperatures greater than 304 K; th
at ;3 K below the transition temperature for the polyme
For 304 K,T,Tc , the shell is still swollen and thus exer
ing pressure over the core. This fact is then responsible
the core transition temperature shift to lower values.

C. Scaling rules for microgels

The correlation length for the particle shell is plotted as
function of the volume fraction calculated from DLS me
surements in Fig. 7.jshell scales as a power law, with a sca
ing exponentnf520.7960.06. This is in good agreemen
with the theoretically predicted value for semidilute polym

ion
n
a

e

c-
r-
e

FIG. 6. ~a! Temperature dependence of the characteristic co
lation lengths for the particle core and shell.~b! Estimation of the
core size from theQ0 break point in Fig. 3. The sketch shows th
core and shell behaviors during the phase transition.
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STRUCTURAL MODIFICATIONS IN THE SWELLING OF . . . PHYSICAL REVIEW E 66, 051803 ~2002!
solutions in a good solvent (nf
theory52 3

4 ), corresponding to a
excluded volume Flory parameternF53/5, typical of self-
avoiding walks.

The experimental value for the poly~NIPAM! microgels
agrees with that obtained for NIPAM homopolymer solutio
for temperatures far below the transition temperature@36#.
However, in that case a temperature-dependentnf was en-
countered. For the poly~NIPAM! microgels,nf seems to be
temperature independent, as already found for macrosc
gels. Nevertheless, the measured value is quite far from th
measured by Shibayama, Tanaka, and Han@36# ~21.1 to
21.2! for NIPAM homopolymer macrogels.

Thef dependence of the core correlation length was a
studied. As expected, the results did not show a power
behavior mainly due to the shell pressure during the swel
process, which hinders the free swelling of the core.

Finally, we will explore the temperature dependence
the core correlation length andI (0). In a first-order phase
transition, both of them should diverge at the spinodal te
peratureTs , following the relationships:j;uTs2Tu2n and
I (0);uTs2Tu2g. Figure 8 shows log-log plots ofj andI (0)
as a function of the temperature increments for
poly~NIPAM! microgel. The spinodal temperature has be
identified with the transition temperature. The expone
from the linear fits aren520.6360.04 and g520.92
60.05. Due to the restricted number of data points, the e
mated exponents should only be taken as approximate. N
ertheless, both values are not far from those predicted for
systems using the three-dimensional Ising model@47,48#. In
addition, they agree with the experimental values measu

FIG. 7. Scaling of the shell correlation length with the polym
concentration.
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by Shibayama for NIPAM macrogels@36#. These facts then
support the experimental findings of Li and Tanaka@7# with
respect to the universality class of NIPAM gels.
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