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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-sensitivéN-poly
isopropylacrylamide[poly(NIPAM)] microgels in BO. 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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[. INTRODUCTION Like macroscopic gels, microgel particles also swell showing
volume phase transitions. However, discontinuous phase
Synthetic polymer gels are known to exist in two phaseschanges have never been observed in microgel systems.
swollen and collapsed. The transition between the phasdshanges in the network structure during swelling drastically
may occur either continuously or discontinuously, and pro-modify the hydrodynamics of the colloidal particlgs5].
vides a mean of studying the interactions between macrol hese changes control the topological mesoscopic structures
molecules. Many gels will undergo reversible volume@nd kinetics of growth in the event of colloidal aggregation
changes in response to changes in external stimuli such 446,17, as well as the particle behavior under the presence of
temperaturepH or light irradiation[1,2]. These transitions external electrical field§18]. Furthermore, the modification

result from the competition between repulsive intermoleculatOf the short-range interactions between gel particles in the

forces and attractive forces due to the elastic behavior arisinz]we".Ing has proven to lead to reversible aggregat[m&} .
from the presence of cross links and hydrogen bonds. Microgels have several advantages with respect to their

Properties of swollen macroaels have been extensiveIeXtenSive counterparts. For example, many potential applica-
rop . 9 . i Yions of gel-like systems need very fast responses to external
studied by mechanical and thermodynamic experimgsits

. timuli. Reducing the gel size to mesoscopic dimensions in-
These include measurements of the shear and bulk mOdUiPeases the time response by several orders of magnitude.
[4,5], diffusion constants of the netwoill6], specific heat

e _ e Moreover, these systems have attracted a great interest when
[7], critical properties of gels in mixed solveri], and stud-  ¢onceived as switchable or intelligent materials. The switch
ies of spinodal decomposition procesf@f as well as of the  characteristic times can be reduced from several seconds for
effect of uniaxial and hydrostatic pressures on the transitiomnacroge|s to a few milliseconds for mesoscopic 2.
[10]. Itis well known that the volume fraction of networks at  Thermosensible microgels are monodisperse colloidal dis-
swelling equilibrium is fairly well predicted by the thermo- persions based on cross-linked polymers with low critical
dynamic Flory-Rehner theory. However, the role of the strucsolution temperature. Most of them are based on fibly
tural changes that occur in such polymer networks is far fromsopropylacrylamidg[poly(NIPAM)] or related copolymers.
understood, mainly due to the spatial inhomogeneities introFor these systems, all the properties are sensitive functions
duced by the cross links. Scattering methods such as lighif temperature over the range 15-50 °C. At room tempera-
scattering, small-angle x-ray and neutron scattering are usuaire, these gels have a low refractive index difference with
techniques for studying these aspects of the volume phaseater due to the high water content. By contrast, at elevated
transition[11]. temperatures, the particle volume is around an order of mag-
Microgels form an interesting subset of polymer gelsnitude smaller, and thus, the refractive index difference with
since they have properties in common with macrogelsvater is greatly increased.
[12,13, as well as features typical of colloidal systepid]. Typical microgel preparations involve polymerization of
NIPAM monomers whose chains are cross linked by
N,N’-methylene bisacrylamidéBA) molecules. Wuet al.
*Email address: AFERNAND@UAL.ES [21] studied the polymerization of NIPAM and BA during
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the microgel synthesis. The cross-linker molecules werdutions. Within the classic Flory-Rehner theory of polymer
found to be consumed quicker than the NIPAM moleculesgels, the net osmotic pressure is given by
indicating that the particles are unlikely to have a uniform

composition. They also speculated that at least part of the M= kB_T ——In(1— ) — yb?

cross-linker molecules could be located at the solvent/ a’ X

particle interface as a consequence of the larger hydropho- 13

bicity of poly(BA) as compared with po(NIPAM). $o E(ﬁ) -~ ﬁ) ] 1)
In this paper, we take advantage of the different monomer Ngel[ 2\ o b0 '

conversion rates and employ a p@WPAM) microgel,
highly cross linked with BA, for studying the structure of the wherekg is the Boltzmann constant, is the Flory solvency
resultant polymer network as it swells by small-angle neuparameterg, is the polymer volume fraction at a reference
tron scattering(SANS). We also aim to elucidate the rela- state,a is the monomer segment length, aNgy is the av-
tionship between the microscopic structure modifications anérage degree of polymerization of the polymer chain be-
the thermodynamics of swelling, which will be monitored by tween cross links. For systems undergoing isotropic swell-
dynamic light scattering. ing, the following relationship between the diameter of a
As a result of the particle inhomogeneous character, thepherical microgelD, and the average polymer volume frac-
SANS experiments showed two clearly distinguished zonesion ¢ holds:
corresponding to a core region of high monomer density and
an outer shell, mainly formed by NIPAM chains. Interest- b Vo
ingly, the microgel swelling is determined by the shell ex- ¢—= Vo
pansion that also tends to compress the particle core. The 0
correlation lengths corresponding to the core and the shell
have been obtained as a function of temperature and polym(W
concentration. The results show power law behavior, as erf€ réference state.

countered for macroscopic gels. However, differences in the A proper thermodyn_am|c (_jescrlptlon for the volume
. Lﬁbanges of thermosensible microgels follows from the as-

LC‘%i:iumption of isobar conditions, described under the constraint

3

20 : )

D

ith Vo andD being the particle volume and particle size at

face in the collapsed phase shows a structured fractal surfacg,” ) . S
indicating that part some of the cross-linker chains could b 2?:]0' In theT- ¢ phase diagram, the isobar line is given by

located at the particle/liquid interface as predicted by Wi
et al. [21].

From a thermodynamic point of view, we have employedT==o
the classical Flory-Rehner theory describing the swelling of Ap’0
thermosensitive homogeneous gels, despite the fact that the= bo[1] & b\
considered microgels present a clear core-shell structure. —[ ( )—(—) }—¢—In(1—¢)+
However, the fact that swelling is mainly controlled by the Ngel
shell, allows this theory to describe fairly well the experi-
mental continuous phase transition. In particular, we have
used a fitting procedure that yields reasonable values for th¥here A=(2AS+kg)/2kg and ©=2AH/(2As+kg). AS

parameters involved in the thermodynamic description of thé"dAH are the changes in entropy and enthalpy of the pro-
swelling. cess, respectively.

The outline of this paper is as follows. Section Il is a Equation(3) predicts first-order phase transitions between
theoretical background including a brief summary about théWollen and deswollen phases. The mechanism driving the
thermodynamics of thermosensible microgels and scatterinj2nsition is entirely incorporated inta The meaning of is
functions for gels. Section Il describes the experimental sysSimilar to that of the parameter expressing the contact energy

tem and techniques. Section IV contains the experimentdin@nge appearing in the Bragg-Williams theory for order-
results and the discussion of these. disorder transitions in alloy24]. Writing the change in the

free energy per solvent molecule induced when a solvent-
solvent contact is changed into a solvent-polymer contact as

1
A— 5) ¢?
()

ll. THEORETICAL BACKGROUND AF, the parametey is defined as
A. Thermodynamics of polymer thermosensible microgels
Thermodynamic equilibrium for a gel is attained when the X= A_F - AH_—TAS: E_A( 1— 9) ) (4)
chemical potential of the solvent is equal inside and outside kgT Tkg 2 T

the gel, that is, when no net transfer of solvent takes place

across the gel-solvent interfaf22]. Thus, once equilibrium Usually, molecular interactions contribute to baifs and

is reached, the net osmotic pressure within the gel must baH, the sign of both quantities being the same. Polymer-

zero. solvent systems possessing an upper-critical-solution tem-
The macroscopic state of a homogeneous neutral gel mayerature(UCST) are characterized by positive valuesx®

be described through the total osmotic pressure inside thend AH, while the others with a the lower-critical-solution

gel, which consists of two terms: mixing and elastic contri-temperaturéLCST) are characterized by negative values of
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them. ForT=0, the Flory y parameter equal$, and the tration fluctuations are perturbed. The exact solution for the
system is in the so-calle@® temperature, where binary inter- scattering function from gels has not been developed yet
actions are negligible and only excluded volume effects ardecause of the complexity and variety of cross-link forma-
important. In this work, botl® andA will be used as fitting tion. However, several scattering functions have been pro-

parameters allowind S andAH to be determined. posed. Hecht, Duplessix, and Geiss|@9] separated the
scattered intensity function into two terms arising from solu-
B. Scattering functions for gels tionlike and solidlike concentration fluctuations. The solu-

tionlike concentration fluctuations was assumed to be the

. . ame to the corresponding polymer solution. On the other
structure of polymer networks. SANS experiments consist o and, Horkay and co-workef80,31 assumed that the sol-

the measurement of the scattered intenk(g) as a function jgjike concentration fluctuations had an exponential form and
of the scattering vectog, which is related to the neutron o540 4 scattering function for chemically cross-linked

SANS is a widely used technique for investigating the

wavelength N and the 'scattering .anglee by Q gels, given by

= (4x/\)sin(0/2). The elastic scattered intensit§Q) in ab-

solute intensity scale is given by Q)=1,,{ Q) —lin(Q), . 1.(0)

wherel ,,{ Q) andl;,(Q) are the observed scattering inten- 1(Q)=15(0)e™ "+ 1+ 209" (8)

sity and the incoherent scattered intensity, respectiy.

In the case of polymer solutions in the semidilute regimewhereA is the mean size of the solidlikstatio nonunifor-
the elastic scattered intensity is usually characterized by ongijty. | ;(0) andl, (0) are constants that depend on the rela-
single length scale, namely, the correlation length, defined ag/e contribution of the two terms.
the characteristic size of the polymer concentration fluctua- By contrast, forr <&, a part of the chain behaves essen-
tions. It enters the correlation function for the polymer con-ialy as if it was not interacting with other chains. The av-

centration in the limitr = ¢ as[26] erage conformation is then ruled by the excluded volume
1 statistics alone. In this spatial range, the correlation function
(B(0)h(r))~=e"9  for r=¢, (59  of the concentration fluctuations therefore equates to that of a
r single chain:
Equation(5) establishes that polymer concentration fluc- <¢(0)¢(r)>~r‘4’3 for r<é. 9)

tuations can be considered as essentially uncorrelated on
length scales larger thaf In a good solvent, this means that ~ The scattered intensity is related to the Fourier transform
the correlation length is roughly equal to the average disof Eq. (9). Thus, forQé>1 andQa<1, with a being the
tance between interchain contact points. In poor solventsstatistical unit lengthl(q) is given by
this is no longer valid27]. Ly

When a contrast is established between all the chains and 1(Q)~Q ™F. (10
the solvent, the neutron scattering intensity is proportional to
the Fourier transform of Eq5) in the limit Q¢é<<1. Thus,
[(Q) is expected to be given by an Ornstein-Zernicke-typ

For colloidal gels, the particle form factor cannot be ne-
eglected[32]. For particles withRg>Q %, only the Porod
region of P(Q) should contribute significantly to the scatter-

function[25]: 9 . ) .
ing intensity. As a consequence, the scattering arises also
1(0) from the particle surface and thus the data should be de-
I =—7—-, for <1, 6 scribed by expressions of the type
whereé is the correlation length that indicates the mesh size [ Al '.(0) 11
; Qv ey o

or blob composing polymer chains. This characteristic length

is expected to scale with polymer volume fraction[a8] where A is the interfacial area in the scattering voluivie

£~ s, ) The contribution from the crosslinks is omitted for the scat-
tering description used in this paper since exponential pro-

where the exponent,=—ve/(3ve—1), is related to the files were never observed. For shrunk systems, the scattering
Flory’s excluded volume exponent, which is equal to 3/5 should mainly arise from the interface between the collapsed
for good solvents(self-avoiding walk and to3 for ® sol-  polymer particle and the surrounding solvent. In the case of
vents (random wallk. Thus, v, takes the values-3/4 for ~ Smooth interfaces,|(Q) is described by Porod's law,
good solvents and-1 for © solvents. This parameter is an 1(Q)~Q™*.
indirect measurement of the interactions between chains,
through the modification that those interactions produce on lll. EXPERIMENT
the excluded volume effect.

The Ornstein-Zernicke functiof®) obtained under the se-
midilute assumption has proven to be also valid to describe Poly(NIPAM) microgel particles were prepared using
the neutron scattering spectrum from a fgel]. When cross  surfactant-free, free radical polymerization in water. Water
links are introduced to these polymer solutions, the concen@Milli- Q quality) containing NIPAM(Kodak Eastmannand

A. Experimental system
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N, N’-methylenebisacrylamid@ldrich) was adjusted tpH 1100 — 7T
9 with NaOH and was placed in a three-necked, round- 1 el.°
bottomed flask equipped with a stirrer paddle, immersed in 4000 }' o8 J
an oil bath at 343 K. Amonic persuphd#ldrich) employed ] o.‘ .
as initiator was dissolved in water pH 11 and added to the 9004 . )
flask. The polymerization was conducted under anaerobic ] .E
conditions, having nitrogen gas entering at one neck and a ‘
water-cooled condenser at the other. The reaction was ther= 8907 . )
left for 6 h, resulting in a milky white dispersion. The system g ] .
was allowed to cool and then filtered through glass wool & 700 1
before being extensively dialysed against distilled water, I
changing the dialysate twice a week. Once the microgel was 600 - . .
purified, it was further dried under vacuum. Samples were ]
prepared by dissolving the dry polymer in©®. The cross- 500 4 * ]
linking degree was 10 wt %33]. ] 88,003 }i'o'
. . . 400 T T M T T T ¥ T M T T T
B. Dynamic light scattering 290 295 300 305 310 315 320
Dynamic light scattering DLS) experiments were con- t T (K)

ducted in order to examine the particle size upon a change ol

temperature. The time correlation function of the scattered G, 1. Experimental mean hydrodynamic particle diameter ver-
intensity,(1(0)I (7)), was measured by laser light scattering sus temperature. The arrow indicates the transition temperature.
spectroscopy. A Malvern 4700 systgildK) working with a

6328-A-wavelength He-Ne laser was employed. The scattecontrolled chamber, allowing for temperature stabilization.
ing angle was set to 40°. The mean hydrodynamic radius wakemperature was controlled with a precision of 0.1 K.
obtained as a function of temperature, using cummulant

analysis. Temperature was controlled with a precision of 0.1 IV. RESULTS AND DISCUSSION

K, using both a peltier cell located just into the index match-
ing liquid that surrounds the sample cell and an external bath
acting through the sample chamber. Particle concentration in In this section we determine the temperature dependence
D,O was kept dilutg0.03 wt % to diminish colloidal inter-  of the microgel size and compare the results with the predic-
actions as well as multiple scattering, which could mainlytions of the Flory-Rehner phenomenological theory, em-

A. Thermodynamics of the volume phase transition

appear when particles are in the collapsed state. ployed for describing the swelling of thermosensitive macro-
scopic gels. The comparison allows us to test how well can
C. SANS expetiments this theory account for the volume transition of microgels.

) ) Figure 1 shows the experimentally determined diameter

SANS experiments were performed using D&l spec-  (ysing DL of the microgel particlesD, as a function of
trometer at the ILL facility (Institut Laue-Langevin, temperature. As can be observedecreases gradually with
Grenoble, Franog34]. A cold neutron ﬂ“’; having the aver- temperature until a sharp but continuous volume transition
age wavelengthfcs A with a spread of 10% was used as the from swollen to deswollen states takes place, reaching a final
incident beam, by setting the mechanical select.or at 2112§ollapsed size at a transition temperatdiie=307 K. This
rpm. In order cover a large angular range, three instrumentay;ocess was thermoreversible without any significant hyster-
settings were used: the 844 cnf gas filled detector, hav- esis. |t is well documented in the literatuf@5] that
ing a resolution of 1 cf) was placeq 1.2 m apart from the poly(NIPAM) particles in HO show a maximum rate of
sample for large angles, 5.5 m for middle angles, and 10.5 Meswelling at 305 K. In BO, however, the corresponding
foilsmall angles. The resultal@ range was 0.005-0.303 (e mperature shifts to 307 K, which agrees with our results
A~ The detector efficiency was corrected usingOHas and those reported by Shibayama, Tanaka, and Han for
entirely incoherent scatterer standard. Data reduction WaSoly(NIPAM) macrogels[36]. This temperature may be
performed by correcting the direct scattered counts for darkyyan to be the LCST for the paIPAM)/D,O system, as
scattering(using a Cd sheet located at the sample posifion || pe proven at the end of the section. ’
fo_r c_eII scattering, and £D scattering, as well as for trans-  The microgel size variation is controlled by the Flopy
mission. For data reduction, the usual programs at the ILLyarameter, which is the central variable governing the ther-
facility were employed. The contribution of the '“COhere”tmodynamics of swelling. According to the definition,
scattering due to hydrogen was also corrected by assuming,,ig be independent of composition for a given polymer-
the additivity of the incoherent scattering between NIPAM g yent pair. Experimentally, however, it has been encoun-

and DO. Microgel particle concentration in D was 4 tered thaty increases nonlinearly with increasing concentra-
wt%. All samples were contained in 1-mm-path Hellmaijgn of polymer[37]:

quartz cells, and prior to undertaken the measurements, cells
were kept for 15 min in the instrument temperature- X(T,d)=x1(T)+ x20+ xap>+--. (12
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FIG. 2. Phase diagram of pgIPAM)/D,0 system. The solid

line is the theoretical prediction including the first-order concentra{ne NJPAM monomer is 8.12 1540 41). Values far from this
tion dependence of. The values of the fitting parameters were ’

$0=0.8,A=—7, ®=308 K, Nge=7, andy,=0.9.
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tested, considerindi) zero-order f,=x3=0), (ii) first-
order (y3=0), and(iii) second-order approximations. The
resultant fitting parameters for each case are summarized in
Table I. Due to the great deal of variables involved in the
fitting procedure, almost every solution could be valid under
visual inspection of Fig. 2. However, by comparing the ob-
tained parameters with the values obtained by independent
techniques and the necessary boundings to ensure physically
meaningful results, the best fit can be adequately established.
There are three conditions that the solution must satisfy:

the values forA and® should lead to a reasonable behavior
of x1(T). Indeed,y; must be within the range 0—1ii) The

® temperature and the transition temperai®@7 K) should

be close. This fact yields to the second-order approximation
exclusion.(iii) The number of monomers between cross links
should not be too far from the value obtained from neutron
scattering measurements. As will be shown in the following
section, the swelling of the microgel particle is controlled by
the volume changes of the shell, whose characteristic blob
length in the swollen state is 38 A (see Fig. 6a This

value yieldsNg4'"'>=(4.8+0.4), since the segment length of

estimate should not be considered, ruling out some of the
situations shown in Table I.
As a result, the only valid solution was obtained consid-

This fact is not included in the above theory. However, theering a first-order approximation for the Flory solvency pa-
cause of this discrepancy continues being one of the basigmeter and a value for the collapsed polymer volume frac-
problems in the theory of polymer solutions. In addition, thetjon ¢,=0.8. The values forg,=0.9 are close to those
proper choice for the reference volume fractigg is not

clear. In some cases, this constant has been set equal to ong to —49. That difference is significant since the fitting

for the collapsed state, obtaining fairly good results, for ex-grror for parametef is ~30%. The solution forsy= 0.9 was
ample, when describing the swelling of ionized vinilpyridine rejected since it deals to acceptabfevalues (within the

microgels[13]. In other cases, the particle size in the col-yange 0—10nly in the range 303—308 K, which implies that
lapse state seems to depend on the nature of the s¢B&nt

which means thatpy should not necessarily be 1. Recent
nuclear-magnetic-resonance measurements lead to the sa@&eral conclusions can be extracted:
conclusion[39]. In the present paper, the assumptigp
=1 leaded to catastrophic results. For this reason, the refer- (i) Around 20% of the microgel particle in the collapsed
ence volume fraction was modified in the fitting procedurestate, corresponds to solvent molecules. This fact agrees with
(described beloyy since no direct measurements of this vari- previous investigations in which the microgel particles are

able are available.

In order to model the experimental results, Et). was
employed under the assumptibh=0, substituting the ex-
pression ofy(T, ¢) till second order. The assumption that
and x3 are not temperature dependent is used as a googbncentration dependence gfis the driving characteristic
approximation. The fit to the experimeni& ¢ curve is pre-
sented in Fig. 2. The valueg,=0.6, 0.7, 0.8, 0.9, where tration dependence gf is essential for a discontinuous tran-

obtained for¢y= 0.8, except thé\ parameter changing from

this solution cannot describe tfe ¢ phase diagram.
From the obtained values for all parameterspgt=0.8,

slightly swollen in the shrunken staf20,38,39.

(ii) The first-order approximation is necessary in order to
describe the microgel particle swelling. A value »f=0.9
+0.1 was used in the fit. Within the Flory theory of gels, the

for the transition in neutral gels. A particular strong concen-

TABLE I. Fitting parameters used to model the experimental re¢séis Eq(11) and Fig. 2.

x=x1(T) x=x1(T) + x29 x=x1(T) + x20+ x36
b0 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 —20 —29  —44 79 -3 -58 -7 —49 ~6.4 ~10 -18 -93
(C] 306.8 306 307 307 313 312 308 308 315 314 313 314
Ngel 85 51 30 14 419 188 7 6 177 93 8 8.7
XYa 0.64 0.76 091 087 1.4 1.6 1.85 8.5
Ya -1.04 —-107 -103 -75
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sition to occur in neutral gel42]. The theoretical critical temperature, reaching a near Porod profiteQ 4. Thus,
value of y, is 1/3 for a gel with infinitely long chains. In this scattering region is mainly dominated by the scattering
most situations, however, the critical value appears to bérom the particles surfaces. At larg@rvalues, the scattering
larger than this value. As a result, a discontinuous transitiomtensity shows two power laws i with a break point
rarely occurs in neutral gels because it requires an unusuallyetween both regionsQ,). The presence of these two re-
large concentration dependenceyoflhe discontinuous tran- gions indicates that particles have a structural inhomogene-
sition may be observed for NIPAM macrogels with smallity. |n particular, a core-shell structure where both domains
cross-link density3,43,8. The value obtained by Hirotsu for show different structural density is compatible with this sce-
discontinuous transitions in pdlIPAM) macrogels was nario, the core dimensions being related to the characteristic
X2=0.6=0.1. As can be observed for pOWIPAM) micro-  |ength coming from the break poi@,. For even largeQ

gel particles, even with a larger concentration dependencgalues, the scattering profile is related to the excluded vol-
discontinuous transitions are not observed. In order to undegzme Flory exponent.

stand the mechanism of the phase transition of gels on a The low-Q scattering region is characterized by a decreas-
molecular level, the microscopic interaction that makes ing power law,Q~“. Figure 4 plots the exponent as a
depend on the concentration must be |dent|f|ed, but even f%nction of the temperature_ For swollen partideS, the expo-
neutral gels, this is a very complicated problem. Calculationsent value is typical of extended polymer brancf@s]. As

by Hocker, Shih, and Flory44] on the basis of statistical the particles deswell, the scattering exponent increases,
thermodynamic theories are unapplicable to the complexeaching values that are slightly higher than 4. Similar results
case considered here. were also found by Kratz, Hellweg, and Ein@5]. These

(i) The ® temperature, 308:00.3 K, and the transition yalues are not too far from the typical ones corresponding to
temperature, 307:20.1 K, are in good agreement as ex- three-dimensional objects with smooth surfaces. The result-
pected since this is one of the criteria used to refuse othghg SANS profiles are then dominated by scattering from the
solutions. The acceptance as valid of any other solution withnterfaces between the colloidal particles and the surrounding
the fitting temperatur® close to the experimental transition splvent. However, these slight differences seem to indicate
temperature, but exhibiting a wider difference should implythat the particles surfaces could have a fractal structure. In
that the microgel does not start to swell jUSt when the |IQUId||ne with this p033|b|||ty, Wond46] found scattering expo-
changes from a poor solvent to@solvent. nents larger that 4 for known fractal surfaces. Thus,Qhé

(iv) The values ofA and © allow determination of the dependence in the Porod regime must be modified by an
entropy and enthalpy variation when a solvent-solvent conadditional contribution| (Q)~Q~ %", whered is the sur-
tact is changed by a polymer-solvent one. The calculateghce fractal dimension. For smooth surfacess 2, and the
values areAS=(—1.1+0.8)x10"**J/K and AH=(—3  Pporod law is fulfilled. In the inset of Fig. 4, the extracted
+1)X 10 % J. The negative sign afSandAH indicate the  surface fractal dimensions are presented. As can be observed,
LCST nature of polfNIPAM)/D,O system.|AH| is larger ¢, decreases as temperature raises. Due to the high hydro-
thankgT for this system, explaining the strong volume de- phobicity of the polyBA) molecules, two types of domains
pendence that the microgel exhibits with temperature. my be present on the gel surfafl]; one prominently po-

(v) As an overall result, the Flory-Rehner theory describ-ly(BA), which is not temperature sensitive, the other
ing the swelling of neutral gels captures the essential physpoly(NIPAM), which is. When such structure is heated, sur-
ics, as can be deduced from the fact that all fitted parametefgce roughness should increase and the corresponding fractal
show reasonable values. In view of its simplicity, it is re- dimension will decrease.
markable that this is indeed the case. The scatteringQ regions corresponding to the shell and
core are well described by the Lorentzian curve of ).
From the slopes and intercepts of linear fits in the Ornstein-
Zernike representatiofl ~1(Q) vs Q? plot], the characteris-

Small-angle neutron scattering from p@yPAM) micro-  tic correlation lengths for the core and shélly, and égpey
gel particles was recorded at different temperatures: 293;an be determined. As an illustration, Fig. 5 shows @&
298, 302, 303, 305, 306, 308, and 314 K. The scatteringlot corresponding to the swollen state. In this, the three
profiles decreased monotonously with increasing wave vecscattering regions corresponding to the surface, shell, and
tor for swollen and collapsed microgel states. Dynamic con€ore can be identified. Figure(@ plots the resultant shell
centration fluctuations as well as permanent departures fromnd core correlation lengths as a function of the temperature.
uniformity due to cross links contribute to the scattering in-The first remarkable feature is related to the inhomogeneous
tensity. However, the difference in the neutron scatteringcharacter of the particle. At low temperature, the correlation
length density between the sample and the surrounding méengths are quite different, beirfyq.«< &nen- This fact indi-
dium [contrast term 4 6)?] is one order of magnitude larger cates that the nature of the inhomogeneity responsible for the
for the NIPAM molecules than for the BA molecules. Con- core-shell structure may be related to the accumulation of
sequently, the exponential term coming from the solidlikecross linker into the core.
concentration fluctuations is not observed. Log-log plots of The shell correlation length is constant above the transi-
some representative scattering curves are shown in Fig. 8on temperature, while it increases drastically fron8 to
Three regions are distinguished in the scattering curves. At-40 A as the temperature is decreased, following the whole
low angles, the scattered intensity increases with increasingarticle size behavior as determined by dynamic light scat-

B. Structural aspects of the volume phase transition
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FIG. 3. Double logarithmic plot of SANS intensity functions at different temperaticgslustrates the three scattering zones defined for
data interpretation, which correspond to particle surface effects, particle shell, andet@iso plots the Porod function corresponding to

smooth scattering surfaces.

tering (Fig. 1). It is worthy to mention that the characteristic <¢_, ., in agreement with what could be expected because
distance between cross links, calculated from the polymeref the higher elastic shrinking component of the core due to
ization degree in the Flory-Rehner theory is of the order ofthe presence of a higher cross-linker concentration. The char-
the value obtained, as already pointed out bef@®ec. acteristic core blob size increases fron8 to ~18 A as
IVA). temperature is diminished, as a consequence of the variation
Figure 8a) also plots the correlation length of the core of the polymer solvency and following the shell size growth.
network, which also remains constant for temperatures comHowever, the correlation length decreases again as the tem-
responding to particle collapsed states. In this reg&p,e  perature is further reduced. This result agrees with the fact
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FIG. 4. Exponente as a function of temperature during the
swelling process. At low temperatutewollen statg the exponent

corresponds to extended polymers branches. Beyond the transition 45_' B ]
temperature, the value slightly larger than 4 indicates deviation |
from smooth surfaces, being the particle surface characterized by a 40 i
fractal structure. The surface fractal dimension is plotted in the 1 ]
inset. _ 351 4
E B o
£ 30- .
that Qg, which is related to the particle core sigeig. 3), g9
shifts towards larger values as the temperature is decreased, O 251 T
indicating that the core size also decreases, as plotted in Fig. 20_' E } i
6(b). This is an interesting and somewhat unexpected result. ] E ]
However, it follows from the fact that the polymer solvency 15+ .

increases as the temperature is decreased, implying that the

: o : . 10- .
polymer in the shell expands. This originates in an increase I

in particle size, but also and simultaneously, in a reduction in 290 295 300 305 310 315
core dimensions since the shell also tries to expand towards T (K)

the inner particle region. Thus, the particle core shrinks at

FIG. 6. (a) Temperature dependence of the characteristic corre-
lation lengths for the particle core and shéb) Estimation of the
core size from th&, break point in Fig. 3. The sketch shows the
core and shell behaviors during the phase transition.

low temperature as a consequence of the interaction with the
shell. It is interesting to point out that the core blob length
becomes constant at temperatures greater than 304 K; this is
at ~3 K below the transition temperature for the polymer.
For 304 K<T<T,, the shell is still swollen and thus exert-
ing pressure over the core. This fact is then responsible for
the core transition temperature shift to lower values.

Q) 20°
T T T T T T T T T T
0.000 0.001 0.002 0.003 0.004 0.005 C. Scaling rules for microgels

QZ (Ad)

The correlation length for the particle shell is plotted as a
FIG. 5. Omstein-Zernike representation of the scattering specfunction of the volume fraction calculated from DLS mea-
trum for the system at the swollen state. From the slope and intesurements in Fig. 7, Scales as a power law, with a scal-
cept, the characteristic correlation blob length is determined for théng exponentv ,= —0.79+0.06. This is in good agreement
particle shell and core. with the theoretically predicted value for semidilute polymer
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FIG. 7. Scaling of the shell correlation length with the polymer
concentration.

-0.92 +- 0.
- |TS'T| 0.92 +- 0.05
solutions in a good solvenb@eory: —2), corresponding to a
excluded volume Flory parametet=3/5, typical of self-
avoiding walks.

The experimental value for the pdlyIPAM) microgels
agrees with that obtained for NIPAM homopolymer solutions
for temperatures far below the transition temperafl3€].
However, in that case a temperature-dependgnwas en-
countered. For the pol)}IPAM) microgels,v, seems to be
temperature independent, as already found for macroscopi
gels. Nevertheless, the measured value is quite far from thos . ———
measured by Shibayama, Tanaka, and Ha®| (—1.1 to 10 20
—1.2) for NIPAM homopolymer macrogels. IT,-T|

The ¢ dependence of the core correlation length was also
studied. As expected, the results did not show a power law g g
behavior mainly due to the shell pressure during the swellingr__ .
process, which hinders the free swelling of the core.

Finally, we will explore the temperature dependence ofby Shibayama for NIPAM macroge[86]. These facts then

the core correlation length anq0). In afirst-order phase support the experimental findings of Li and TangRawith
transition, both of them should diverge at the spinodal tem'respect to the universality class of NIPAM gels.

peratureT, following the relationshipsé~|T,—T|~ and
1(0)~|Ts—T|”. Figure 8 shows log-log plots @fandl (0)

as a function of the temperature increments for the
poly(NIPAM) microgel. The spinodal temperature has been The authors would like to thank Dr. Mathew Hearn and
identified with the transition temperature. The exponentrofessor B. VincentUniversity of Bristo) for helping with
from the linear fits arev=-0.63t0.04 and y=-0.92 the microgel synthesis. A.F.B. wishes to thank Professor R.
+0.05. Due to the restricted number of data points, the estiPelton for helpful discussion about the surface structure of
mated exponents should only be taken as approximate. Nethe microgel particles. All the SANS experiments were per-
ertheless, both values are not far from those predicted for gébrmed using the D11 expectrometer at the ILL facility. This
systems using the three-dimensional Ising mdd&l4g. In  work was supported by Ministerio de Ciencia y Technadog!
addition, they agree with the experimental values measurepain under Project No. MAT2000-1550-C03-02.

. Scaling of the core correlation length an®@) with
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