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Restricted dynamics of a supercooled liquid in a polymer matrix
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We have performed dielectric spectroscopy on polymer gels consisting of propylene carli)atgxed
with a polymer, polymethyl methacrylate(PMMA). The compositions of the investigated systems range from
pure PC via PC/PMMA mixtures to pure polymer. In the supercooled regime of all the mixed compositions a
dielectric loss peak, attributed to the maimelaxation of PC, is observed. The main influence of the restriction
on the dynamics of PC by the polymer matrix is an increasingly slower and breadsaxation for higher
polymer concentrations. We show that there are strong correlations between the shape of the relaxation func-
tion, the structural relaxation time, and the macroscopic viscosity. Large polymer-induced changes at the
low-frequency side of the loss peak coincide with a moderate increase in the relaxation time and are attributed
to spatial restriction imposed by the polymer on long-range motion of PC. Changes at the high-frequency side
of the loss peak are shown to correlate with a dramatic increase of the relaxation time, which is attributed to
a gradual increase of the number of PC molecules that are affected by the polymer. Furthermore, the tempera-
ture and polymer concentration dependencies of the shape and strength of the loss peak can quantitatively be
explained by cooperativity effects of the dynamics in the supercooled solvent.
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[. INTRODUCTION pealing property that the concentration of the polymer, which
restricts the molecular motion of the solvent, is easy to con-
The dynamics of polymer gels and solutions is presentlytrol and to vary over a wide range.

attracting a lot of scientific attention, boosted by the attempts The polymer gel systems examined in the present study
to model the behavidr? Most studies concern the diffusional consist of a mixture of polynethyl methacrylate(PMMA)
properties of the solvent and the polymer at temperatured8nd propylene carbonat®C). The two components are in-
well above the supercooled regime. This study focuses inberently different since PC is a low molecular glass forming
stead on the relaxational behavior of the solvent in the geliauid while PMMA is a polymeric glass former. According
close to the glass transition temperature. In the vicinity of thd® Angell’s classificatioff PC is a fragile glass forméfi.e.,
glass transition temperature the dynamics of supercooled ligh€ Viscosity and structural relaxation time change rapidly
uids is believed to be dominated by cooperative mofichs With temperature slightly above the glass transition tempera-
and the length scales of such motions have been suggestedtte, T;~160 K. Syndiotactic PMMA is an essentially
be in the range 1—10 nAT:3This motivates investigations of amorphous polymer and a fragile glass forffeThe glass
confined systems of the order of nanometers, where the spéansition temperature for PMMA is much higher compared
tial dimension is of the same order as the cooperative lengtto PC, T;"*~380 K, and several relaxation processes have
scale, in order to examine a length scale dependence of theeen observet’.?* PMMA and PC are miscible for all con-
dynamics in supercooled liquids-?* However, in experi- centrations examined in this study. Thus, in this system the
ments on glass formers confined to small geometries theestrictions on the PC molecules can be systematically con-
finite-size effects of the glass transition can be obscured btrolled by altering the PMMA content. The mixture of the
structural and/or surface effects, e.g.,, as discussed hyvo well-characterized glass formers provides an interesting
Pelstef? Therefore, experiments using various geometries tanodel system for an examination of the glass transition dy-
achieve the spatial restrictions will provide vital information. namics of polymer gels.
Experimentally, spatial restriction has most frequently been Of specific interest in the present study is the evolution of
obtained by confining the glass former in a porous gltds¥  the shape of the main structural relaxation, the so-cadled
In this paper an alternative way to introduce restriction of therelaxation of PC when spatially restricted by a polymer ma-
dynamics is adopted, i.e., to dissolve a polymer into a glastix. The « relaxation for bulk PC is well described by the
forming liquid, such that a polymer gel is created where theempirical Kohlrausch-Williams-WatteKWW) function,
slower polymer matrix imposes spatial restrictions on the
liquid molecules. Thus the dynamics of the solvent in gels is ()= po exd — (t/ Tww) Prww], 1)
confined, if by confinement we mean that the solvent mol-
ecules are not free to move to any position as it might bevhere rww iS a typical relaxation time angyww the
occupied by the, on the time scale of the solvent dynamicsstretching parameter. Explaining the stretched exponential
static polymer matrix. In this paper we will show that our decay is one of the many challenges in any attempt to theo-
experimental results for the polymer gels can be interpretecetically describe the liquid-glass transition. The stretching of
using the concepts commonly employed when discussinthe relaxation has been suggested to be due to dynamic
confinement effects. In addition, polymer gels have the apheterogenitied”?which may in turn be related to regions of
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TABLE I. Concentrations for the investigated samples and the symbols used throughout this paper are
shown. The VFT parameters obtained from the curve fits are also included.

Name Symbol PC (%) PMMA (%) Ty (K) D log(7g (s))
PC100 X 100.0 0.0 134.4 6.177 —135
PC90 b 89.9 10.1 134.2 6.388 —135
PC80 X 0.6 19.4 134.7 6.439 —-13.5
PC75 v 752 24.8 134.8 6.751 —135
PC70 O 69.6 30.4 135.3 6.591 —-13.5
PC65 4 65.4 34.6 135.1 6.661 —-13.5
PC60 A 60.1 39.9 135.6 6.638 —-13.5
PC55 v 554 44.6 135.4 6.491 —13.24
PC50 O 50.4 49.6 137.3 6.120 -12.77
PC45 AN 45.0 55.0 141.2 5.912 —12.08
PC40 O 38.8 61.2 141.4 5.833 —11.96
PC35 N 35.1 64.9 143.9 5.687 —11.87
PC30 o 30.1 69.9
PMMA ® 0.0 100.0

cooperativity, giving rise to a distribution of relaxation times.  To produce the sample, polymer films were first prepared
In most models of cooperative dynamics the regions of coby dissolving high molecular weight PMMA(M,y,
operativity become smaller with increasing temperatarel =1 220 500,M,/M,=1.39, Polymer Source Incin tolu-

at some temperature sufficiently well above the glass transiene. Thin polymer films were obtained by heating droplets of
tion temperaturd, the cooperativity effects should be neg- the PMMA/toluene solution to 393 K under vacuum for
ligible. The a-relaxation dynamics would then approach anmore than 12 h so that all the solvent evaporated. Sample iv
exponential time decay, i.e., a Debye frequency responsgg,re PMMA) was further treated at 413 K for 48 h under
Experimentally, Schohalset al** showed that for bulk PC  40,um to minimize the amount of residual solvent in the
the shape of the relaxation function in fact exhibits a trans"sample. For the polymer gel samples, between two and five
tion from KW.W to a 'Debye rela'xat'|on at'roughly 5Q.K films with a total thickness of the order of 10m were
aboveTy. This transition also coincides with a transition stacked on a gold electrode and the weight of the polymer
from low-temperature Vogel-Fulcher-TammanWFT) be- " otormined. Propylene carbondfduka) was added

havior to a high-temperature Arthenius behavioihese onto the films and the second electrode was placed on to
findings suggest that a transition from cooperative to nonco: P P

operative motion occurs about 50 K abotg for PC. The samples were made with an excess of PC and equili-

In this paper we present experiments performed on PCl?rated at 413 K before any measurements were performed.

PMMA gel systems over a wide range of temperatures, freJhe evaporation of the solvent was monitored by weighing

quencies, and PC concentrations. We focus on the temperi!€ Sample until a chosen molar composition was obtained.
ture and concentration dependencies of the relaxation tim&his procedure yields transparent and colorless samples. The
and shape of the relaxation. We show that there are strong Weight of the samples was also determined just before and
correlations between the macroscopic viscosity, the structurafter the dlelectrlc.experlments and the error in concentration
relaxation time, and the shape of the relaxation functioncould thus be estimated to be less than 1%. After the com-

Furthermore, we discuss cooperative dynamical features dieted experiment with a given PC concentration, the
PC in bulk and when it is restricted to move within the Samples were reused by heating them up to 413 K again and
polymer matrix. monitoring the solvent evaporation until the next chosen sol-

vent concentration was obtained. In order to check whether
the evaporation procedures alter the properties of the system,
samples ii and iii were made with overlapping concentra-
The compositions of the investigated samples range frontions. In the overlapping region the two samples show iden-
pure PC via PC/PMMA mixtures to pure PMMA. Two PC/ tical response within experimental uncertainty. Additional
PMMA mixtures were used for a range of PC concentrationgharacterization by Raman spectroscépilor Labram was
accomplished by controlled evaporation of PC at elevategherformed on samples produced under similar conditions.
temperatures. In total four samples were utilized to cover th&hese experiments show that the adopted sample preparation
whole concentration rangdi) pure PC,(ii) PMMA with procedure gives homogeneous polymer gels at length scales
90% down to 70% PCjii) PMMA with 80% down to 30% of the order of micrometers. Recent small-angle neutron-
PC, and(iv) pure PMMA. The percentages are consistentlyscattering(SANS) experiments reveal an inherent heteroge-
reported throughout this paper as weight percentages and theity at lengths scales of the order of 200 A possibly origi-
details of all the investigated samples are presented in Tableating from static polymer concentration fluctuations due to
l. crosslinks in the syster?. The amplitude of the fluctuations

Il. EXPERIMENT
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FIG. 2. Imaginary part of the permittivity” versus frequency at
c}’/sz 107 109' & T=172 K for pure PC, PC/PMMA mixtures and pure PMMA. The
symbols used for PC, PMMA, and the mixed systems are given in
FIG. 1. Imaginary part of the permittivitg”, obtained for a  Table I.
polymer gel consisting of 70% PC and 30% PMMA as a function of
temperature and frequency. agreement with previous repoff$3! The dispersion ob-
served at low frequencies can be described by a power law.
is hard to estimate from the SANS experiments due to overHowever, it is not inversely proportional to the frequency,
lapping structural features. The recycling procedure of theind can therefore not be directly attributed to normal con-
samples may, however, produce a polymer concentration gratuctivity. In the present experiments, the power-law expo-
dient towards the edge of the sample. From the Raman exent of the low-frequency dispersion tends to increase with
periments we estimate that the macroscopic maximum devidemperature and PC concentration. The other directly observ-
tion from the average concentration is less than 5%. We alsable feature in Figs. 1 and 2 is the loss peak, which for pure
performed complementary dielectric measurements at roorRC is the well-known relaxation. The almost identical peak
temperature before and after the experiments. No detectabfeequency and high-frequency shape of pure PC and the mix-
change in the response was revealed, and we can thus rulgres with a very high concentration of PC enables us to
out any major geometrical changes of the sample. attribute the loss peak in the polymer/solvent mixtures to
The experiments were performed using a high-resolutionelaxation of dipoles in PC. This assignment is further sup-
dielectric spectromete(Novocontrol, Alpha over the fre- ported by the observation that the dielectric response of the
quency range from I to 10’ Hz. During the experiments pure polymer is at least two orders-of-magnitude smaller and
the samples were placed in an airtight sample cell in order talmost featurelestsee Fig. 2 at these temperatures. This is
minimize evaporation while collecting data. The temperatureconsistent with the smaller dielectric constant for PMMA
of the sample was controlled with a cryostatovocontro) compared to PC. This also suggests that the relaxation pro-
with an accuracy of-0.1 K. All experiments were initialized cesses in PMMA will have a very limited direct influence on
by fast cooling, roughly 10 K/min, down to 156 K, which is the total dielectric response for the polymer gels. The poly-
below T, for pure PC. This procedure effectively decreasedmer will, however, indirectly affect the data by dynamical
the probability of crystallization that is well documented for coupling to relaxation of PC molecules.
pure PC(Ref. 3] that has a melting temperature of, To accurately separate the response from PC and PMMA
=218 K. The isothermal measurements were performed a@n effective medium analysis is required. Such analysis re-
2 K intervals, where each measurement lasted roughly 3quires information about the nanoscopic structure of the sys-
min. tem, which is presently not available for our system. How-
ever, the connectivity of the polymer chains together with
IIl. RESULTS percolation theory yields that both the PC and PMMA must
be continuous phases for the investigated samples. For such
The imaginary part of the dielectric responséw), fora  a system, Pelst# has performed an approximate effective
polymer gel with 70% PC and 30% PMMA is shown in Fig. medium analysis that demonstrated that the intrinsic peak
1 over the temperature range 156—-200 K. Two features arposition of the solvent is not altered compared to the experi-
readily observed, a dispersion at low frequencies and aentally measured effective position. In his analysis the
highly temperature-dependent loss peak at higher frequershape of the relaxation function also remains practically un-
cies. To examine the origin of these features Fig. 2 showsaffected, while the amplitude of the response has an almost
¢"(w) for different PC/PMMA ratios at a fixed temperature linear dependence on the relative amount of solvent com-
T=172 K. The symbols used for the different concentrationgared to the polymer. All major features of the effective re-
are the same in all graphs in this paper and are shown isponse can thus be directly coupled to the intrinsic relaxation
Table I. Our experimental data for pure PC are in excellenbf the PC in our system. The loss peak attributed to ¢he

054304-3



SVANBERG, BERGMAN, JACOBSSON, AND BRIJESSON PHYSICAL REVIEW B56, 054304 (2002

relaxation of PC becomes smaller, broader, and slower with
decreasing PC concentration as seen in Fig. 2. With PC con-
centration levels below 30% the loss peak becomes so small
that the possibility of contributions from polymer relaxation
processes no longer can be ignored. Therefore we only dis-
cuss data obtained for PC concentrations larger than 30% in
this paper.

The a relaxation can, under the present experimental con-
dition, only be observed up to 182 K for systems with a high
content of PC. This is due to crystallization of PC, which is
directly observed in the dielectric spectra as a significant
decrease in the amplitude of the loss peak. These observa-
tions are consistent with those reported by Schnesded !
for bulk PC where they note a high probability of crystalli-
zation especially around 180 K. Even after crystallization has
occurred a small loss peak can be detected, although the
shape is very different compared to that observed before
crystallization. This suggests that a small amount of PC re-
mains in an amorphous state. Data obtained after partial crys- v (Hz)
tallization are not considered in this paper. For polymer gels
with a PC concentration less than 75% no crystallization was FIG. 3. Experimental data for a polymer gel consisting of 75%
detected. PC and 25% PMMA, together with the obtained result from the

To analyze the dielectric loss peak in more detail we use §Urve fit to Eq.(2). The upper part shows the ref@fiangles with
recently proposed empirical functi¥n d_ots) _and imaginary(triangles parts of the_ permlttlvny on a loga-
rithmic scale. The lower part shows the imaginary part of the per-
" mittivity on a linear scale. Note that the excess wing is not included
T=Ta=b| p , in the curve-fit range.
f— a_
W[b(m/wp)fa-i- a(w/wp)b]—i- |a—Db]

8”((1)):

this paper. In Fig. 4 the most probable relaxation time,
(2)  =2mlw,, is plotted versus the inverse temperature for the
different PC concentrations. As seen in the graph, starting
with pure PC and increasing the amount of PMMA results in
a gradual shift of the relaxation time to longer time scales. It

ermittivity obtained from the experiments. The curve fitsis also seen that the temperature dependence of the relaxation
\?vere erf)(;rmed with a linear weip htin ovér alo arithmictime distinctly deviates from an Arrhenius behavior for all
P gnting 9 the investigated samples.

frequency range such that the influence of the loss peak is The gradual increase of the relaxation time as the glass

roughly equal to the.lt of the powerlaw and the hlgh'transition temperature is approached is commonly described
frequency excess wifg was excluded. The reason for by the Vogel-Fulcher-Tamman(VFT) expressior?®®
choosing Eq(2) is our focus on the limiting power-law be-

havior above and below the peak frequency for which(Ep.

wherew, is the peak position and<Oa,b<1 are shape pa-
rameters. A sum of a low-frequency power ldgf«cw ™%,
0=<s=<1) and Eq.(2) were fitted to the imaginary part of the

is a convenient tool. Equatio(?) is derived from the as- 2 ‘g = iz
sumption of power-law behaviors beloye”(w)>xw?] and 1 0 ue;'ﬁ"
above[e”(w)xw "], a loss peak at the peak frequensy 0 -t G%‘_'_z_'_.
with the amplitudes . We note that a Fourier-transformed wh S
KWW expression Eq. (1)] is well approximated by Eq2) -1 WO ng"E N
with a=1 andb~ Bxww . >2 We also note that the data can be 2 2 :2;3
described by the Havriliak-NeganiHN) function, but that O 3 <3 n-_xﬁ

the HN function consistently gives mean-square deviations & o D-EE

that are at least a factor 2 larger than those obtained when 2 -4 53 D:'—ﬁ-

using Eq.(2). Similarities and differences between some of 5 ‘;” .-.20§E

the most commonly used functions to describe dielectric loss » 3t Dn':‘:gﬁ

peaks, including the HN function and E) are discussed 6 }33' oo JEEQ =

in detail in Refs. 32 and 34. A A - Sl gp |

In Fig. 3 we show an example of the total curve fit to data, 46 48 50 52 54 56 58 60 62
including the loss peak and the low-frequency dispersion. 1000/T (K-1)
From this procedure we extract the temperature and concen-
tration dependencies of the relevant dynamical parameters. FIG. 4. Arrhenius plot of the relaxation time as obtained form
Also note the appearance of the excess wing at the highestirve fitting to Eq(2) plotted versus inverse temperature. The sym-
frequency(see Ref. 38 which is excluded from the scope of bols representing the different samples are shown in Table .
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FIG. 5. VFT parameter&) 7y, (b) D, and(c) Ty, as a function Temperature (K)

of PC concentration. FIG. 6. Shape parametessand b of Eq. (2) as a function of

temperature and PC concentration. The symbols representing the

DTy different samples are given in Table I.

=10 exr{_l__ T,
is interesting to note that the fragility parameliis almost

where T, is the temperature where diverges andD de- independent of the PC concentrati@ee Fig. % despite the
scribes the deviation from an Arrhenius behavior. For all thedecrease ib (see Fig. &.
investigated samples in our study the temperature depen-
dence of the relaxation time can satisfactorily be described
by the VFT expression. The obtained VFT parameters are
given in Table | and also shown in Fig. 5 as a function of PC
concentration. Generally, the most dramatic changes for all The focus of this study is the effects of tlaerelaxation
the VFT parameters occur for PC concentrations below 60%when PC is restricted to move in a polymer matrix. To cor-
No systematic changes af, from the value obtained for rectly describe the loss peak the low-frequency dispersion
pure PC could be detected down to 60% PC. Since the curvéras to be properly accounted for. The low-frequency disper-
fit parameters are highly interdependent the valugofvas  sion has a behavior that cannot be explained by normal con-
kept fixed to the value for bulk PC over the range 60%—ductivity since the imaginary part of the permittivity is not
100% PC to ensure stable fits. Below 60%,and T, sys- inversely proportional to the frequentyOne plausible ex-
tematically become larger with decreasing PC concentratiorplanation for this behavior is Maxwell-Wagner relaxation,
The value ofD, on the other hand, tends to be even largemwhich is commonly observed for composite materiafs
than bulk PC for intermediate concentrations P& 0% PG This attribution is supported by the observation that for some
but lower than bulk PC for concentrations below 50%. of the samples a “shoulder” appears at very low frequencies.

The shape of the loss peak is determined byatendb  The observed behavior is rather similar to that reported by
parameter$Eq. (2)], which are plotted as a function of tem- Arndt et al. for salol confined in porous glaséAn alterna-
perature and concentration in Fig. 6. From the graph we cative explanation is polarization of domains according to the
make some observations which are common for both shap@odel proposed by JonscH8rThe gel system fulfills the
parameters. First, both and b decrease with increasing basic assumptions of the Jonscher model with PC-rich do-
polymer content and secondly, both increase with increasingnains separated by the polymer network or, alternatively,
temperature. However, the detailed behavior is different fodomains with high polymer concentration. An additional
the high- and low-frequency exponents, which will be dis-complication for a definite attribution of this decay is the
cussed in more detail below. possibility of polymer relaxation, or PC molecules in close

For bulk glass formers there is generally a strong correlaproximity to a polymer chain, which may contribute to the
tion between thé parameter, and the fragility paramef®r  dielectric response in this low-frequency region. Thus, there
as discussed by Buoneret al?* However, bulk PC is a dis- are many possible explanations for the observed low-
tinct exception from this behavior, being a very fragile glassfrequency behavior, which makes a definite attribution diffi-
former, yet with a rather narrow loss pedKn this contextit  cult.

. 3

IV. DISCUSSION

A. Confinement effects on the PC dynamics
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FIG. 7. Schematic two-dimensional picture of our simple modelsjze of the symbols.

used to describe the dynamics. The circles with crosses symbolize

the polymer chain. Circles without crosses represent the solvent . .
molecules and the darker color the slower motion. other more common confinements are applicable also for our

system and thus we consider our gel system as an alternative
For the loss peak attributed to therelaxation of PC we confinement geometry.

observe a slowing down and broadening of the peak with For the dynamical behavior of our gel system the interac-
increasing polymer content. An appealing idea is to attributdion between PC and PMMA is important, which is not
the broadening to a more heterogeneous dynamical surrounirown in detail. Previous Raman-scattering experiments ex-
ing of the PC molecules with increasing polymer content.clude strong interactions between PMMA and ¥@Ve also
This idea qualitatively explains the data if we assume that @ote that PC is a good solvent for PMMAand that they are
PC molecule in close proximity to a slower polymer chain ismiscible in all tested concentrations. This suggests that the
restricted in motion. Similar ideas have previously been useghemical interaction between PC and PMMA is weak. This
to interpret experimental data for other polymer/solvent sysin turns implies that the influence of the polymer is mainly
tems(see Ref. 41, and references theye schematic pic- caused by spatial restrictions and not due to strong chemical
ture visualizing this basic idea is shown in Fig. 7. The as-interaction between the polymer and PC molecules. Our as-
sumption in our model can also be formulated to be that theumption of a layer of slower PC dynamics around the poly-
confinement effects are mainly due to surface effects, anther is consistent with experiments on PC confined in porous
finite-size effects are only indirectly observable as discussegdlass, which show a slower relaxation process unless special
below. The surface in our gel system is visualized as therecautions are taken to reduce the surface interatdibn.
interface between the polymer chains and the solvent, i.eAlso molecular-dynamics simulations of Lennard-Jones ma-
tubes around the polymer. One important feature is the diterials show such behavidf.
mensionality of the spatial restrictions of the PC molecules; To examine the correlation between the relaxation time
in our gel system they are able to move in three dimensiongnd the shape of the relaxation we show the shape param-
and only restricted by practically one-dimensional polymeretersa andb together with logf) at T=172 K for all exam-
chains. Furthermore, the restricting polymer chains are nohed PC concentrations in Fig. 8. One important difference
perfectly static since they are dissolved in PC. The dynamicbetween bulk and confined PC is the broadening also at the
of the polymer chains is not directly detectable in the presentow-frequency side quantified by tleeparameter, which pos-
experiments due to the smaller dielectric constant for PMMAsibly is due to the heterogeneity induced by the polymer
compared to that for PC. However, for other polymer/solvengiving a wider distribution of relaxation times. The transition
combinations the polymer has been shown to be mucfrom bulk to confined behavior is gradual but not uniform.
slower than the solvefit*? and in the present system the One region with markedly increasing relaxation times upon
presence of cross links in the gel can further decrease thdecreasing PC concentration is the range from 90% down to
dynamics of the polymer. In addition to segmental relax-75% PC. This is also the region where the crystallization of
ations of the backbone, PMMA has secondary relaxationsPC ceases to occur. These changes are accompanied by a
which is normally attributed to more localized side-chainpronounced increase in the macroscopic viscosity as tested
dynamics®® Such secondary processes may be important foby a flow experiment and may be interpreted as a transition
the dynamical coupling between the solvent and the polymeirom a polymer in solution state to a gel state. Ehgaram-
and thus of importance for the degree of spatial restrictioreter shows dramatic changes within this low polymer con-
imposed by the polymer on the solvent. The investigated getentration region. This parameter is controlled by slow mo-
system therefore provides a different confinement geometriions and thus mainly comparatively large length scale
than, for example, porous glasses or layered structureselaxations. The data therefore suggests that the main change
Nonetheless, the concepts frequently used when discussinig the dynamics in this regiof75%—-90% PCis a slowing

log((s))
gpuee
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down of relaxation processes over large length scales. The 22 S R
influence of the polymer matrix may then be regarded as a 50 conc[PCI<65 %
loose network with significantly lower mobility, at least at ’ P A
larger length scales, than the solvent. We also note that this 1.8

behavior is obtained for relatively moderate polymer concen-
tration after which further increase in the polymer concentra-
tion only weakly affects tha parameter. The experimentally
observeda<1 also infers that a Fourier-transformed KWW

—_
[«2)

Ae(T)/Ae(T,)
-

expression will not accurately describe the data as discussed 1.2
in Ref. 32. 10
After the initial slowing down of the dynamics a plateau
with less concentration dependence is observed. In this re- 0.8 — —
gion, from 75% down to 55% PC, both the low-frequency 100 1.04 108 112 116 1.20
parametera and the relaxation time are almost independent T,

of the PC concentration. Since the relaxation time is only
about one order-of-magnitude slower than bulk PC it sug- FIG. 9. Relaxation strength normalized with the relaxation
gests that despite the huge difference in macroscopic viscostrength aff as a function of temperature from 156 to 180 K for
ity the microscopic dynamics still have some resemblance t@ifferent PC concentrations. Table | shows the symbols used for the
that of the pure PC. We note the remarkably high correlatioflifferent samples.
between the relaxation time and the shape parameet®er . mers Kronig relation. This procedure gives a relaxation
the PC concentration range from 100% down to 55%. strength exclusively determined by the observed loss peak,
Previous dynamic light-scattering experiméAfS per-  \hich we attribute to the modified relaxation of the PC
formed on similar systems showed a complex relaxation beq,glecules as discussed above. In FigA 8(T)/Ae(T,) is
havior, which was attributed to a diffusive motion of PC andshown, i.e., the relaxation strength normalized by t?we relax-
to segmental relaxation of the polymer matrix. The results,4o, strength aff;=T (r=100's), for each sample. For

showed that the diffusive motion of the solvent becomes, ik pc a small decrease with increasing temperature is ob-

drastically slower as the polymer concentration approachesgned in agreement with the literatdteAlso for samples

50%* Interestingly, we observe a similar behavior in the ith only a low concentration of polymer a very weak tem-
present study, which can be seen in Fig. 4. MoreoVgrin erature dependence is observed. This is in clear contrast to
Eq. (3) (see Fig. $also shows a marked increase as the PGpe marked increase of the relaxation strength observed for
concentration is decreased below roughly 50%. The similariz, o polymer gel in the range 50%—65% PC. The relaxation
ties occur despite the fact that the light-scattering _eXperime’Etrength is to a large extent determined by the dipole moment
probes dynamics of length scales roughly 1000 times 1argegt ihe molecules and the number density of particles partici-
than a typical dipole-dipole distance in our system, which isyating in the processes. The latter explains the observed de-
an estimate of the length scale probed by dielectricoage in the amplitude with decreasing PC concentration.
spectroscop$’’ Further information about the origin of this Tpg implies, at least to a first approximation, that the num-
feature can be obtained from examining theparameter o of molecules participating in the observed relaxation pro-
since this also decreases in this regieae also Fig. 6 The  cags in bulk PC is practically temperature independent. How-
high-frequency parametéris determined by rather Iocgllzed ever, for samples with a high polymer content the number of
processes and should therefore reflect the dynamical coy, icinating molecules is strongly temperature dependent.
pling between mobile PC molecules and their neighbors. The 14 explain our experimental data shown in Fig. 9 we re-
observed threshold around 50% may then be interpreted 3§ (o the simple model of the dynamics introduced above
the concentration for which practically all solvent molecules(See also Fig. Yand combine it with the concept of cooper-
become affected by the presence of the polymer chains angiy ity e envision that PC molecules within a certain dis-
where the remaining liquidlike properties vanish at a Iocaltance, determined by the cooperative dynamics of PC, from a
IeveI: Beyond this threshold it.is. probably more correct topolymer chain, will be influenced by the much slower dy-
consider the system as a plasticized polymer. namics of the polymer. At temperatures closeTtpthe co-
operativity regions are assumed to be large. The fraction of
PC molecules that are significantly slowed down by the
proximity to the polymer and shifted out of our experimental
We now focus our attention on the temperature and confrequency range will then be large at low temperatures. Upon
centration dependencies of the relaxation strength and howicreasing the temperature the cooperativity length decreases
they may be used to monitor the cooperative dynamics. Fromand the volume around each polymer chain with PC mol-
the present experimental data it is difficult to extract the reecules experiencing slower dynamics will decrease, i.e.,
laxation strengti\e =¢;— ¢/, directly from the real part of more PC molecules relax via the observerklaxation. Thus
the permittivity since the low-frequency dispersion obscuresn our model the relaxation strength for PC molecules in the
a direct determination. Our approach has instead been to ugsenfined systems will increase with increasing temperature,
the parameters obtained from the curve fit of B).in order  which is consistent with our experimental observati¢sese
to numerically calculate the corresponding real part using th&ig. 9).

B. Cooperative dynamics
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1.0 Z / comes too high and this is indeed experimentally observed
?% for samples with<50% PC, which appears to be a threshold
Ao o oy concentration as, for example, seen Ty in Fig. 5. The
08 _%1509;’;#}7// //' somewhat loweiT yneet fOr samples with 75% and 80% PC
go//// -/ clearly demands further studies. Here we only note that these
06 ) 240 relatively small deviations coincide with large changes in
Q 80@@* < 230 45 both the macroscopic viscosity and the relaxation time. How-
0.4 204 "gzzo Ly R ever, it is important to point out that both above and below
60/ F 210 ii this concentration range our data give the saigygewithin
0.2 50 200 e_xpgnmenta_l uncgr@amtﬂsee inset in Fig. 1)0|mply|ng a
T similar physical origin. It has also to be emphasized that the
63,1% [8.9(;] 100 analysis is based on experimental results obtained only up to
0.0 1T T 1 roughly 192 K and that the excess wing is excluded. The
140 160 180 200 220 240 proposed merging at 220 K is therefore based on the extrapo-
Temperature (K) lations of the linear behavior observed in the experimental

femperature range. Schneideral® reported aByyw for

bulk PC that levels off below unity in contrast to the results
obtained by Schehalset al,?° where By indeed does ap-
proach unity at a temperatufg =217 K, in excellent agree-

C. Temperature dependence of the size of cooperative regions ment with our results. We note that therelaxation for con-
fined systems does not necessarily become a Debye-type
relaxation at the observed onset temperature since the low-
frequency shape parameter in Eq. (2)] may still be less
Wan unity at this temperature.

It is also interesting to see how our cooperativity related
mperature compares with other transition temperatures for

FIG. 10. Temperature dependence of the high-frequency powe
law exponenth, with the extrapolation included. The inset shows
the onset temperatufg,,.., as a function of weight percent PC.

An interesting observation is the almost perfectly linear
temperature dependence obtained forkihmarameter within
the observable experimental range, see Fig. 6. Extrapolati
this linear behavior td equals unity, i.e., a high-frequency
slope identical to the simple Debye case gives a rough esti[;a
mate of an onset temperature for cooperativity. The interestz : P _
ing new feature in this study is that we observe tigl.. tPC. First we note the intriguing match betwegg,s.= 220

obtained from an extrapolation of the low-temperature value -2 K and the melting temperature of bulk PGy,=218 K.
. : P P ; “Whether the crystallization temperature is connected to the
is remarkably independent of the polymer concentration. It is

observed in a narrow temperature rafge.. 220+ 2 K, as cooperativity behavior, and if this connection is general de-
el £4U= < R, i i
seen in the inset in Fig. 10, with slight exceptions for themands further studies. We note thhseis almost constant

samples with 75% and 80% PC art50% PC. It should be despite the absence of any detectable crystallizdtiothin

noted that different absolute values and a different temper%zur experimental temperature ranger samples with PC

. oncentrations less than 80%. This raises a second important
ture dependence of the high-frequency power-law expone

is obtained if, for example, the Havriliak-Negami expression uestion: is there a connection between the thermodynami-
’ Pie, 9 P cally controlled crystallization process and cooperative dy-

s e of 42, Homeve s uber of s o e e
ysIS p P %ally? Kivelsonet al*>*®have previously suggested that the

to the use of the H.N epress'o'@‘) the high-frequency . onset temperature for cooperativity, by them dendiéd is
power-law exponent is obtained directly from one curve-fit .
always larger than or equal to the melting temperatilite,

parameter(ii) with a=1, Eq.(2) is a good approximation to =T,,. Their model also predicts a transition from Arrhenius

a Fourier transform of the KWW_e)_(preSS|_on, i) Eq. (2) to “super-Arrhenius” temperature dependence of the relax-
gives smaller mean-square deviations with the same number,tion time aff* . For bulk PC. dielectric Spectrosco iclds
of curve fit parameters and has a smoother temperaturg, 31 % o P -OPy'y

dependencd’ =215K,>* while T*=235K has been obtained from

i 46 i - 29

Extending our analysis we can also use lth@arameter to other te?hm?ugé:.f Astment|onehd abé)ve, Scthballset atl b
estimate the temperature dependence of the size of cooperlfjis-e aslg A yh merent approac gn regor a rag& '3';_'_ €
tive regions. At temperatures slightly below the onset tem_tv_veen an Arrhenius temperature depen _ence and a_ re-
perature, cooperativity arguments give that the dynamicg'on hfor bunl_k PCTr‘?.t a temﬁeraturr]é'Aa le.K’ .Wh'c;;hh
should hardly be affected by the PMMA matrix since for anymatc. €S OUM gnser: This strengthens the identification of the
given PC molecule, there will always be at least one neith—[r"’lnSItlon temperature to the onset of cooperativity.
boring PC molecule in all samples with a moderate concen-
tration of PMMA. However, lowering the temperature leads
to larger cooperativity regions and the confinement effects We have studied the relaxation of PC restricted to move
thus become more pronounced the higher the polymer conn a polymer matrix. Our results from dielectric spectroscopy
centration. This implies that we expect to see larger temperashow that thex relaxation becomes slower and broader with
ture dependence for the shape of the relaxation function witincreasing polymer concentration. These features are due to
higher polymer concentration, which indeed is seen in thehe gradual increase of the influence of added polymer,
larger temperature dependencetoisee Fig. 6. This reason- which increases the structural heterogeneity of the system.
ing eventually breaks down when the polymer content beThe limiting power-law behaviors and thus the broadening of

V. CONCLUSIONS
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the loss peak are dependent on both temperature and R@w routes to understanding some of the fundamental as-
concentration. The coincidence of large changes at the lowpects of the glass transition. Of specific interest is the length
frequency side of the loss peak with an increase in the relaxscale dependence of the dynamics in the supercooled regime.
ation time in the region from 90% down to 75% PC is attrib- The overall picture of solvent dynamics that emerges from
uted to spatial restriction imposed by the polymer on long-our findings is that at high frequencies the properties remain
range PC motion. The high-frequency side, i.e., mordiquidlike even with a substantial amount of polymer. The
localized processes, is mostly affected in the range from 5599W-frequency slope is more directly affected by the pres-
down to 45% PC where a dramatic increase of the relaxatiof"ce of the polymer and has a close relation to the macro-
time occurs. These features are attributed to the increasirgfOPIC Viscosity. Of special importance is the decoupling be-
importance of the interaction between the polymer and soltveen th'? macroscopic viscosity and the molecular motions
vent dynamics and the gradual decrease of PC molecules th plc_h exist to a large e_zxtent in polymer g_els. We also h_ope
are unaffected by the polymer. We also discussed the dynarrtl—‘r’lt in the future we will pe able 1o co_mblne the dynamical
. 2 results presented here with structural information.

ics in terms of cooperativity effects.

The present study shows that investigations of polymer
gels can provide complementary information to other con-
finement experiments such as those performed using porous Financial support from the Swedish Natural Science Re-
glasses. The advantage of being able to systematically irsearch Council and the Swedish Foundation for Strategic Re-
crease or decrease the amount of restricting polymer opersearch is gratefully acknowledged.
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