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Experimental determination of the cooperative length scale of a glass-forming liquid
near the glass transition temperature
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Photon correlation spectroscopy and dielectric relaxation are used to examine the molecular reorientation
relaxation dynamics of a fragile glass-forming liquid Aroclarmixture of polychlorinated biphenylsmodi-
fied by the addition of low- and high-molecular-weight polyisoprene and polybutadiene as a function of
temperature and polymer solute concentration. Concentration fluctuation contributes a temperature-dependent
broadening of the relaxation spectrum of Aroclor. The rate of change of the Aroclor relaxation spectrum with
temperature is more pronounced when the polymers added are of low molecular weight and exhibits a steplike
decrease in the neighborhood of some characteristic molecular weight. The radius of gyration of the polymer
with this characteristic molecular weight is about 15 A, which determines the cooperative length(3gaie
Aroclor to be approximately 30 A near and above the glass transition tempef&1663-651X98)01811-X]

PACS numbds): 64.70—p

INTRODUCTION ments, and lead to a non-exponential time dependence of the
correlation function of macroscopic variables. More specifi-
The glass transition and molecular dynamics of relaxatiorcally, in some models, such as that proposed by Adam and
of supercooled liquids continue to be the subject of intensivésibbs [7], cooperativity means that the rearranging move-
research for over the past few decades. A variety of experiment of a molecule is possible only if a certain number of
mental techniques have been applied to gain insight into thBeighboring molecules are also moved. In spite of the con-
physics of glass-forming systems. The problem of the glas§ection made by many models and simulations to cooperat-
transition in bulk glass-formers is difficult to solve becauselVity; there are theories of the glass transition such as the
of the presence of several complicating factors. First andnode coupling theory8] that do not rely on the idea of
foremost is the many-body nature of the dynamigsme- COOPerative rearrangements.

times loosely referred to aooperativity[ 1,2]), which makes 59me thepretical models proposed to descr?bg the dy-
it difficult to be accurately described, particularly over aamic behavior of a supercooled liquid have explicitly intro-

. . o . duced the concept of molecules rearranging themselves co-
large time range from microscopic times less than a picosec- P ging

ond to macroscopic times of the order of 50 Some models _operatively .within reg?ons of a characteristic size that
: increases with decreasing temperature. Among these models
[1,2] expect that the cooperative effects from the many-bo.dyfS the work of Adam and GibbE?], which considered con-
molecular dynamics, henceforth referred to as “cooperativyy  ational entropy and introduced the cooperatively rear-

ity,” are resp_0n3|ble at least partly for the nonexponer_ltlal|tyranging region§CRRS, defined as the smallest regions that
[1,2], dynamically heterogeneous natis-6], and slowing  can experience a transition to a new configuration without
down of relaxation rate with decreasing temperature aCCOfQ’equiring a simultaneous change outside its boundary. Adam
ing to the Vogel-Fulcher-Tammann-Hesse relafibj2]. Itis  and Gibbs[7] had assumed the size of the CRRs to be in-

generally believed that cooperativity plays an important roleyersely proportional to the configurational entropy per mol-
in the relaxation mechanism of glass-forming systems; howecule. A consequence of such a relationship and the Adam
ever, the concept remains ill defined and varies from authoand Gibbs theory, the size of the CRRs that is a measure of
to author. Sometimes, some authors used the word “coopetooperativity grows steadily as the temperature is lowered.
ativity” in an intuitive sense. Generally speaking, the many-The idea of the existence of a characteristic length scale of
body aspects of the molecular dynamics of relaxation incooperativity that exhibits a temperature dependence quite

many glass-formers implies that the motion of the basic mosdifferent from that of the static structural correlation length
lecular units has to be cooperative, meaning that some unitsas been very attractive. The concept of length scale of co-
move first before the others take their turn. Thus cooperativeperativity, defined as the cube root of the CRR volume, is
motions slow down the independent motions of the basihot the same as the concept of correlation length since the
units, engender dynamic heterogeng®y-6] in their move- latter is usually defined by the density-density correlation at
a given time. Assuming, however, that the local rearranging

mobility is controlled by the local density, then we could
“Electronic address: rizos@talos.cc.uch.gr have some coupling between local density fluctuations and

"Electronic address: ngai@estd.nrl.navy.mil cooperativity.
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Up until now, there exist only indirect methods to deter- Depolarized dynamic light scattering measurements were
mine such a length scale experimentally. Donth and comade using the technique and apparatus described earlier
workers[9-11] suggested from an analysis of experimentalequipped with an At laser(Spectra Physigsemitting verti-
data by theoretical model the existence of a length scale dfally polarized light with wavelength at 488 nm and an
the order of a few nanometers for polymers. On the experiALV-5000 full digital correlator. The scattered light passed
mental front, Jackson and McKenh&2] examined the de- through a Glan-Thompson polarizer with an extinction better
pendence of the glass transition temperature on system sitiean 10 ’. Measurements of the complex dielectric function
by differential scanning calorimetry and reported a decreashave been made with a Novocontrol BDC-S system com-
of the glass transition temperaturyj with the size of the posed of a frequency response analy@&ulartron Schlum-
sample. Arndet al.[13] employed dielectric spectroscopy to berger FRA 126Pand a broadband dielectric converter with
study the effect of confinement on the molecular dynamics oin active sample cell. The latter contains six reference ca-
low-molecular-weight supercooled liquids and gave an estipacitors in the range 25—1000 pF. Measurements were made
mate of the length scale of cooperativity to be greater than T the frequency range 16— 10° Hz using a combination of
nm in the vicinity of the calorimetric glass transition. Streck, three capacitors in the active sample cell. The samples were
Mel'nichenko, and Richerf14] investigated the effect of confined between two 20-mm-diam gold-plated stainless-
confinement on the molecular dynamics of a supercooledteel plates separated by 1Q0n. The sample cell was
liguid (2-methyltetrahydrofuraneby solvation dynamics placed in the cryostat. The sample temperature was con-
spectroscopy and concluded that the length scale is close tmlled between 210 and 273 K and measured with a PT100
30 A atTy. sensor in the lower plate of the sample capacitor with an

The molecular dynamics of the structural relaxation re-accuracy of+0.1 K.
sponsible for the glass transition can be obtained in the form

of density and orientation time correlation functions, respec- RESULTS
tively, by light scattering techniques, polarized and depolar- o . ) )
ized photon correlation spectroscopgC9, and dielectric The dynamic light scattering experimental correlation

relaxation (DR) spectroscopy. In this work we report PCS functions were treated in the homodyne limit. The measured
and DR results on the molecular dynamics of a glass-formingtensity autocorrelation functio®(q,t) is related to the
liquid Aroclor (polychlorinated bipheny] containing various —desired normalized field correlation functigigq,t) by

amounts of dissolved polyisopren®l) or polybutadiene )

(PB) at temperatures in the vicinity of, of the mixtures. G(q,t)=A[1+flag(q,1)[]. )

We found that there are significant differences in the Aroclor _ . . . .
reorientation relaxation spectrum and its change with tem!r—l?rﬁc?i;é‘liggé 2)zlfn(tz/:)bﬁu:heo?critéfanqg ;’ﬁ:tzg;;etnﬁ
perature depending on whether the dissolved polymer is of poly 9

low or high molecular weights,,). There is a nearly step- angle,\ is the laser wavelengtH,is the mstrumgntal factor
. . calculated by means of a standardjs the fraction of the
like crossover from the low,, property to the high,,

. o ; total scattered intensity associated with orientation fluctua-
property at some molecular weight.. This interesting ef-

ions with correlation times longer than 19 s, andA is the

; [
fect was discovered from data taken by PCS. It would be OE .
interest to see whether or not this effect is general and inde2>% line. Analyses have been performed forgfe) cor-

pendent of the probe. Hence, subsequently we used dielectrﬁﬁlaﬁon funct.ions by using the Kohlrausch-Williams-Watts
relaxation spectroscopy to investigate the molecular dynam- WW) function
ics of Aroclor and found qualitatively the same results. The ag(q,t)=A; exg — (t/m)%1. )

origin of this sharp crossover is traced to enhanced polymer

concentratior_l fluctuation when the_ size of the polymertyg parameterd, r, and give, respectively, the contrast,
Gaussian coil matches the cooperative length scale of Argqg|axation time, and shape parameter of the relaxation pro-
clor. The radius of gyration of the polymer with molecular ¢ess  pepolarized dynamic light scattering measurements
weight equal toM provides a direct experimental determi- \ere recorded in the temperature range 218—257 K. Typical
nation of the cooperative length scale of Aroclor near antyepolarized intensity-intensity correlation functions for a
aboveTy . scattering angle of 90° are shown in Fig. 1 for a 13%
PB(2500/Aroclor(1248 solution at four temperatures. The
errors of the measurement are smaller than the size of the
symbols. The depolarized scattering intensity arises from
The solvent Aroclor is a mixture of polychlorinated bi- fluctuations in the anisotropic part of the polarizability ten-
phenyls having a glass transition temperature equal to 229 Ksor. Due to the large difference between the optical anisot-
Solutions of PI M,,=1000, 2200, 4000, 8000, 20 000, and ropy of Aroclor and that of an isolated PI or PB chain the
43000 in Aroclor and 1,4-PB ¥,=1000, 2500, and depolarized intensity-intensity correlation function is deter-
100000 in Aroclor were filtered in a cylindrical light scat- mined primarily by the Aroclor solvent dynamics. The shape
tering cell and finally the samples were sealed undeparameter8 here is considerably smaller than the corre-
vacuum. It is well known from the literaturgl5—-17 that  sponding quantity of pure Aroclor because concentration
polymers including polyisoprene, polybutadiene, and polyfluctuations in the mixture with polymer contribute signifi-
styrene are dissolved in Aroclor to form homogeneous solueantly, in addition to cooperative dynamics, to the measured
tions without microphase separation in the large polymedispersion now characterized Iy The fit of the data to the
concentration range studied in this work. KWW function gave a temperature-dependent distribution
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FIG. 1. Depolarized experimental correlation functions for a

13% low-molecular-weightil,,= 2500) PB/Aroclor mixture at dif-
ferent temperatures.

FIG. 3. Dielectric loss as a function of frequency for 25%
P1(4000/Aroclor solution showing the Aroclor primary relaxation
for two temperatures in the upper part. Their counterparts in the
. . . ... time domain obtained by Fourier transformation are shown in the
parameterB. The dielectric relaxation data show similar , : _

. . - . lower part. The solid curves in the lower part correspond to the fits
properties. Typical dielectric loss curves for the 13% . : . . i

. . . of the normalized correlation functions to the KWW function with

P1(8000/Aroclor solution are shown in Fig. 2 at six tempera- - . :

o . : . values ofg indicated in the inset.
tures originating from the Aroclor primary reorientation re-
laxation. The errors of the measurement are smaller than the
size of the symbols used. The observed dielectric spectra We found a pronounced temperature dependeng&fof

originate from the motion of the Aroclor molecules that havethe low-molecular-weight Pl and PB solutions in Aroclor by
the largest dipole moment among molecules of the mixturesoCS and DR. In contrast, for the high-molecular-weight

The spectra were well represented by a single Hayriliak- olymer solutions there is only a slight change Arwith
Negami function over a broad temperature range, which, aframnerature. Typical results for solutions of PB and Pl in
ter a half-sided cosine transformation into the time domain

were fitted to the KWW stretched exponential and fromArOClor are shown, respectively, in Figs. 4. and 5. The tem-
which the shape paramet@rwas extractedsee Fig. 3 As perature dependence @f from PCS expenments for PB/
found previously in several polymer and polymer/solventArOClor solutions are plotted asa function of the red_uced
systemg 18—20, both dynamic light scattering and dielectric {8MPeraturel/T e, where T is the temperature at which
spectroscopy givg's that compare well within experimental the measured Aroclor relaxation time in any of the PB/
error. Aroclor solutions is equal to 1 s. Similarly, in Fig. 5 we have
given the data of3 from PCS and DR experiments for Pl/

2 Aroclor solutions in the same format. These plotgafersus

1 TI/T. provide objective comparisons between experimental
-1 data taken at different polymer concentrations and molecular
1 weights. The interesting behavior found by PCS is confirmed
1 by dielectric relaxation spectroscopy as illustrated by Fig. 5.
. These results indicate that there is correlation between the
7] rate of change inB with temperature and the size of the
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Gaussian coil of the polymer chain. The radius of gyration
(Ry) changes almost by a factor of 10 frori0 to 100 Aas
one increases the molecular weight of PB frivig= 1000 to
1x 10°. This suggests that the cause of the pronounced tem-
perature dependence @ is the larger fluctuations in the
modification of Aroclor reorientation dynamics by the added
polymer when the size of the polym&; becomes compa-
rable to or smaller than the cooperative length scale or the
R U o size of the cooperative rearranging regions. Figure 6 shows

£ {Hz} the Ry dependence of the slogs/dT for Pl and 1,4-PB. It

is evident that in the narrow rang®00<M,,<<3000(or 10

FIG. 2. Frequency and temperature dependence of the dielectr® <Ry<30 A) the sloped 8/d T crosses over from its smaller

loss for 13% P(8000/Aroclor solution corresponding to the Aro- high-molecular-weight value to the larger low-molecular-
clor primary « relaxation. weight value.
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o . Aroclor and the PI/Aroclor solutions. The dashed curve indicates
FIG. 4. Distribution parametgg from PCS experiments for four 5 the experimental data exhibit a steplike crossover from the

PB/Aroclor solutions as a function of the reduced temperaturgq,, molecylar-weight regime to the high-molecular-weight regime
T/T,e, WhereT  is the temperature at which the measured Aroclorat R ~15A

relaxation time in any of the PB/Aroclor solutions is equal to 1 s. 9

The solid line having steeper slope is the fit @fof the low M,

(2500 PB/Aroclor mixture to a linear function oF/T,. The other  tion fluctuations play an important role in determining the
line shows the result of the fit g8 of the highM,, (1x1C¢°) PB/  molecular dynamics of miscible binary mixtures. There is

Aroclor mixtures to a linear function of/T . evidence of this effect in the polymer/Aroclor system from
the data of Aroclor reorientation motion presented here and
DISCUSSION can be seen from the large dispersion width of the PCS field

) ) ) ) correlation functions and the dielectric loss curves. The dis-
From previous works in solutions of polymers in Aroclor goyed polymer modifies the relaxation rate of the Aroclor
and other systemjgl8—24 it is well known that concentra- [18—23 in the CRR and the change depends on the polymer
concentration in the locality of the CRR. Polymer concentra-
tion fluctuation engenders different changes of relaxation
rates in different cooperative rearranging regions. The large
dispersion widths observed are due to the distribution of
modified relaxation rates caused by polymer concentration
fluctuationg 18—23. The extremes of polymer concentration
fluctuation possible in a CRR of Aroclor are realized by the
two opposite cases of an entire polymer coil being totally
outside the CRR. Therefore, polymer concentration fluctua-
tions sampled by the Aroclor CRRs depend not only on the
averaged concentration of the polymer but also on the size of
the polymer coils relative to the size of the CRR. One mea-
L sure of the size of the polymer coil is its radius of gyration
100 105 110 15 Ry, which for PB and PI in Aroclor, a good solvent, is
/T related to the molecular weight by the expressiBy
ref ~0.3yM,,. Ry is related to the end-to-end distan@® by

FIG. 5. Distribution parametgs from PCS and DR experiments Rg=('}/2,26. At a fixed size of the CRRs given by the ra-
for three PI/Aroclor solutions as a function of the reduced temperadiUS R the polymer concentration fluctuation in the CRR will
ture T/T,e, Where T, is the temperature at which the measured b€ less for a higher-molecular-weight polymer wigg>R
Aroclor relaxation time in any of the PI/Aroclor solutions is equal than for a low-molecular-weight polymer wifR;<R at the
to 1 s. The solid lines are the results of the linear fitgaigainst ~Same polymer concentration. This difference occurs because,
T/T, individually for the 21% P11000/Aroclor mixture, 21% in going from a lower to a higher-molecular-weight polymer
P1(2200/Aroclor mixture, and 25% R4000/Aroclor mixture. at the same polymer weight concentration, the polymer con-

08 24% PI(4000)/ Aroclor (DR)

O
O 21% PK2200)/Aroclor (DR)
A 21% PI1000)/Aroclor (PCS)

0.6
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centration fluctuations of the latter are effectively the samgange ofM,,’s interpolating the low and high-molecular-
as those of the former after averaging over the laRggof  weight regimes in the manner described here. Figure 6 shows
the latter. Some of the concentration fluctuations present ighat in the narrow range 1080M,, <3000 (or 1OA<R9

the lower-molecular-weight polymer solution in Aroclor are <30A) the slopedB/dT crosses over from the smaller
effectively removed in the higher-molecular-weight polymer high-molecular-weight value to the larger low-molecular-
solution in Aroclor. Furthermore, since the overlap concenweight value. From this rapid crossover behavior we can
trationc” is proportional tov 3~ =M ~** (for »=3/5), ata  give an estimate that the radius of the CRR or the coopera-
fixed concentratiort abovec , the polymer coils in an Aro- tive length scale is approximately equal ®, at M,

clor solution of polymer with higher molecular weight will =3000, which is~15 A.
have more overlap, which tends to average out some of the
polymer concentration fluctuation experienced by the Aro- CONCLUSIONS

clor CRRs. From these two considerations, we conclude that
the broadening of the dispersion of Aroclor relaxation by
concentration fluctuation is expected to be more severe i
solution of low-molecular-weight polymer than in solution of
high-molecular-weight polymer. This property is in accord
with the PCS and DR experimental data shown in Figs. 4 an
5, where the broadening is characterizeddyt is a general
property of miscible blendg24-26 that the broadening of
the dispersion of one componefite., Aroclor herg¢ in-

The characteristics of the Aroclor reorientation motion
geen by photon correlation and dielectric relaxation spec-
troscopies in Aroclor solutions of high-molecular-weight Pl
and PB are distinctively different from those in solutions of
w-molecular-weight polymers. At constant polymer con-
centration, when the molecular weight of Pl or PB is low, the
photon correlation function shows a larger broadening of the
dispersion of Aroclor relaxation and a more rapid change

creases with decreasing temperature. Moreover, the sensitiW—'th thetn:jperattére. We (?xtpr)]laln this prtoptgrty tf)ly t?e ?olec?ltar:—
ity of the broadening to temperature variation increases WitI)éYe'g | depeln encev\;)h ?hconcen rfaﬂ!ond. uc :Ja :jon cl) €
concentration fluctuation. Therefore, it is expected that Aro- ISSOlved polymer. en the size of the dissolved polymer

clor solutions of low-molecular-weight polymers have IargerCOII IS co_mparable to or sma_ller than the size of the Arocl_or
variation of the dispersion width than solutions of high- cooperative rearranging regions, the polymer concentration

molecular-weight polymers. The experimental data summafiuctuation is enhanced, resulting in a concomitant increase

rized in Fig. 6 by the variation ofi8/dT with molecular of broadening of the Aroclor reorientational relaxation spec-

weight or Ry of Pl and 1,4-PB indicate that the observedtrum' We have e>_<p_|0|ted this effect to det_ermlne thz length
behavior is consistent with the expectation. scale of cooperativity nedfq to have a radius of-15 A.

The effect we observed i_s_used as a method to determine ACKNOWLEDGMENT
the length scale of the modified Aroclor near the glass tran-
sition temperaturd . This method is to carry out PCS and ~ The work performed at the NRL was supported by the
DR data of Aroclor solutions of PB and Pl with a broad Office of Naval Research.
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