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Dynamics of aroclor and its modification by dissolved polystyrene
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Dynamic mechanical spectroscopy, dielectric spectroscopy, and viscosity measurements were
carried out on Aroclor 1254PCB54), a chlorinated biphenyl. The temperature dependences of both
the dielectric relaxation times and the viscosity depart from a single Vogel—Fulcher behavior, at a
temperature] g, equal to 294 K. The ratio of this characteristic temperatuig,{e= 246 K) is close

to that found previously for other Aroclors, having different chlorine levels. The shapes of the
dielectric and mechanical relaxation functions were equivalent, yielding a value for the Kohlrausch
stretch exponent equal to 062t T, . However, the relaxation times for the dielectric modulus were
substantially larger than the viscosity and mechanical relaxation times. The respective temperature
dependences of the viscosity and the dielectric relaxation times, although similar, deviated from the
Debye—Stokes relation with decreasing temperature. The temperature associated with this deviation
is somewhat higher thahg, and coincides with the temperature at which the relaxation function
approaches Debye behavior. These phenomena all reflect the alleviation at high temperature of
intermolecular constraints on the dynamics. The addition of high molecular weight polystyrene
(PS-90K to the PCB54 had an almost negligible effect on the dielectric relaxation times,
notwithstanding that the polystyrene’s glass temperature is 130 degrees high@&g, floarPCB54.

The PS-90k exerted a more significant effect on the mechanical relaxation times of the PCB54.
However, the modification of the Aroclor dynamics is still orders of magnitude less than the effect
of the dissolved PS-90k on the relaxation times of an oligomeri¢ASs9. This low molecular

weight PS has d identical to that of the PCB54. The dramatic difference between the effect of
added polymer on the dynamics of Aroclor versus PS-o0 can be ascribed to differences in their
capacity for intermolecular coupling with the PS-90k solute. 2@02 American Institute of
Physics. [DOI: 10.1063/1.1497637

INTRODUCTION magnetic resonancé\MR) results demonstrated that the

motions of the components occur at very different time

There has been long-standing interest in modifying theycgied? Moreover, while affirming the existence of the
dynamics of small molecules by the addition of polymers. anomaly of faster motion of Aroclor upon addition of higher

Both the sign and the magnitude of the change in the solt pyE the NMR results showed that the dynamics of the
vent's viscosity and relaxation times reflect changes in thg,%/E speed up as well.

motion of solvent molecules residing in the vicinity of dis- In this paper we report dielectric and mechanical spec-
solved polymer chains. troscopy measurements of the effect of high molecular
'I_'he qualitative natur_e of these changes can generally b\ﬁeight polystyrengPS on the relaxation of two loweT
predicted from the relative glass temperaturgg, of the  a¢erials an Aroclor and oligomeric PS. These components
components. To wit, the addition of highg polymer slows 5.6 miscible in all proportions; nevertheless, the relaxation
down the dynamics, while a lowdt; component would have  onerties of the mixtures are not predictable from the re-

the opposite effect. Interestingly, when the gllass temperagpective glass temperatures of the neat components.
tures of the components are close, anomalies have been

observed.® For example, the addition diigher Ty poly-
vinylethylene(PVE) has been shown tspeed uphe relax-
ation of Aroclors(polychlorinated bipheny)s"°In this sys-
tem, the anomaly can pe ascribed to the positive changes in e polychlorinated biphenyl was Monsanto's Aroclor
excess volume of m_|xm§;°. Although mixtures of Aroclor 1554 (pCB54, obtained from J. Schrag of the University of
and PVE exhibit a single glass transition temperature, angisconsin, which has 54% by weight chlorine. Aroclors are
only one segmental relaxation dispersion in light scatteting, mixtures of polychlorinated biphenyls having different chlo-
dynamic mechanical and dielectric spectraC nuclear |ine content. The presence of various homologs suppresses
crystallization which, along with their minimal volatility,
dElectronic mail: roland@nrl.navy.mil make them ideal glass-formers for experimental studies.

EXPERIMENT
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TABLE |. Effect of polymer on solvent dynamics. 2 1 :
109 410°
aln &ac i
Solvent _— 10'5 N 4 10°
Solute (Ty) (Ty) c (g/ml) (M") 7(G") ] 1 =Y E
T ] 7
PS-90k PCBS54 0.13 11 9.8 §°-° 110
(374.4 (246) 1074 £ 110°
PS-90k PS-0 0.10 91 .1 B 3
(374.4 (244.0 0%y %, 110°
3 3 —
A’IO 1 03 _‘ 10* g
\u_)/ 10.4 1 3 =
PCB54 is primarily pentachlorobiphenyl, having a glass tem- = 3 107 =
perature T,=246 K, as measured by DSC at 10 deg/min. 107 4102
Two polystyrenes were used, having respective molecu- 10° 4
lar weights of 590 g/molobtained from Polymer Scientific 310
and 90000 g/molJohnson Matthey The former is an oli- 10'71E 1 1
gomer, having just six monomer units per chain, with a poly- 10° 3
dispersity of 1.07. We refer to these samples respectively a: 3 ngi 4 10"
PS-o0 and PS-90k. PS-o0 has a calorimetric glass temperatur. 104 ooQQQQQ 2
244.0 K, almost equal to that of PCB54. Thg of PS-90k is — 10

—— . . r
much higher=374.4 K13 2.6 218 30 3.2 3?4 3!6 3:8 4t0

A blend of the PCB54 with the high molecular weight 1000/ T (K'1)
PS was prepared by first dissolving the PS-90k in cyclohex-
ane, prior to addition to the Aroclor. To remove the solvent,FIG. 1. Dielectric relaxation times=(1/2wf ) (®) and viscosities®)
this solution was kept in vacuum at 40 °C for a few days tomeasured for neat PCB54, along with the diel(—:‘_cttid:or'a blend with

. . PS-90k £=0.13 g/ml;O). The range of the respective ordinate scales is the
achieve ConSt‘?m Welght. A blend of the tWO PS_WaS a‘lS%ame, to demonstrate the near equivalence of the respective temperature
prepared, again using cyclohexane to facilitate mixing. Thejependences. The inset shows the Stickel function for these data, where
concentration of these mixtures, expressed as grams of represents relaxation time or viscosity and the solids lines indicate the two
PS-90k per ml of solvent, are given in Table I. regimes of VE behavior.

Dielectric measurements were carried out over 13 de-
cades of frequency (10—-10° Hz), using an IMASS time
domain dielectric analyzer, a HP4284A LCR meter and a DTy
HP4291A impedance analyzer. log 7=A+ 3, (€N

Viscosities were obtained with a Bohlin VOR rheometer, ) 0
using a parallel plate geometry. To enable measurementhere To is the Vogel temperature andl and D are con-
over 10 decades of viscosity, two plate diamet@$ and  Stants. Equatior(1) describes the present data over about
4.0 cmdiam in combination with two torsion bargl1 and ~ €ight decades of, however, deviations from a single VF
299 g-cm were utilized. Both dynamic and steady state vis-description occur.
cosities were measured, with no differences between the This deviation can be assessed from plots of the deriva-
data. Dynamic mechanical measurements in the vicinity ofive function’® In the inset to Fig. 1, we plot the qu?ntity
the glass transition were obtained using a second Bohlih—d109(n/d(1000T)]~*?versus 10007 (“Sticke! plot” *°),
VOR, equipped with electronic transducer. A parallel-plateWhereby a VF dependence gives a straight linéth zero
geometry was employed, with sample radius and gap of .8lope for Arrhenius behaviprlt is evident that the _Iow tem-
and 1.5 mm, respectively. The frequency range of the mePerature data for PCBS4.conform to one VF reIauqn; beyond
chanical measurements was from #ao about 2 Hz. Tem- Ts~294K, the data deviate to a second VF relafibfre-

perature variation for both rheometers was less thdnl vious results for Aroclors having different chlorine contents
deg. and glass temperatures showed that the fgioT, was con-

stant, equal to 1,18 This is equivalent within experimental
error to the value herein for PCB5%g/Ty= 1.1 (using the
RESULTS glass temperature determined from the dielectric relaxation
times.
The viscosity,#, of the PCB54 was measured over the
The most probable relaxation time is defined from thesame temperature range as the dielectric measurements.
frequency of the maxima in the dielectric loss peaks, These data are included in Fig. 1. The temperature depen-
=1/27f . Figure 1 displays thesefor neat PCB54 over dence ofyis nearly equivalent to that of dielectric relaxation
the measured range of temperatures. Defining a dynamiimes; consequently, the viscosity data yield the same value
glass temperature as the temperature at whieguals 100 s, of Tz=294K (Fig. 1 inse}l. A viscosity relaxation time can
we obtainTy=245.7 K. This is less than 0.5 K higher than be obtained from the Maxwell relationy=G. X7, , in
the calorimetricT . It is usual practice to describe tempera- which G, is the glassy moduluss., varies somewhat with
ture dependences using the Vogel—Fuloh&F) equatiort* both temperature and frequency, equalinf.2 GPa at 240

Neat aroclor
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K, which is 4 degrees below,. (This corresponds to the 2
beginning of the glassy plateau in the mechanical spectrum 41 n}T: c,°; o
and thus somewhat underestima@s.) Using this value of 1414 4 10% A o
G.. in the Maxwell relation yields-,, which are as much as a 9 12l o 2 o
factor of 50 smaller than the dielectricin Fig. 1. 0 - o 0 o

This difference in relaxation times suggests that the rel- 1 L 1 o
evant length scales for dielectric relaxation and viscosity are 4 ] 8 ,C’,° d'
different. The polarity of the Aroclor derives from the pen- ] et o 4o T o
dant chlorines, which subtend the entire molecule. Strong ., | 4:°-°I-°o°e‘|-’,---l r 1000T |
constraints on reorientational motions are expected to give i 28 30 32 34 38 g
rise to long relaxation times. On the other hand, the anisog 4 | s
tropic shape of the biphenyl structure facilitates the transla-~= | 0.96__6
tional motions underlying the viscosity, whereby thg are e 4 0
relatively smaller. Hence, the observed differences betweer § o
the dielectric and viscosity relaxation times are plausible. ~ _5_' o

The respective temperature dependences of the relax R g
ation times and viscosities are related according to the 1 ,O,4| FHM oo°°°°°°°-
Debye—Stokes equatibh -6 4 (Debyes) iy

o
T: ﬁ @ 74 po 13
kT’ . 00 2

in which k is the Boltzmann constant and an effective -8 P o 7
volume. We assess conformance to this equation from & ] 1t o,,0° 1" 1000/T
double logarithmic plot ofy versusr (Fig. 2). An apparent 94 D |3:° 13'2 ) 3f4| 3:6| 32? 40

proportionality between these quantities is observed over the 2 10 1 2 38 4 5 86 7 8 o
entire temperature range. In the upper inset to Fig. 2, we plof | )

the ratio »/T7 on a linear ordinate scale, where(smal) ogn ( a S)

difference in _temperature d_ependences becf)mes appare_ntpqé 2. The relationship between the viscosity and the dielectric relaxation
temperature is lowered. This change transpires substantialtynes for PCB54. The power law slope is close to unity, which is the DSE
away from the temperatur@g, associated with the change prediction[Eq. (2)]. The cross denoteBg(=294 K). The upper inset shows

in dynamics. In the lower insert to Fig. 2 we show the full the ratio of the viscosity to the product of the dielectric relaxation time and

. . . . temperature. The dashed lines are only to guide the eyes. In the lower inset
width at half maximum(FWHM) of the dielectric loss peak. are the widths at the half-intensity points of the peak, normalized by the

It is noteworthy that the relaxation is close to a Debye pro+wHm of a Debye relaxatiofi=1.14 decadgsThe gap falls in the range of

cess(i.e., exponential decayn the vicinity of the tempera- frequencies over which the HP4284A and HP4291A instruments overlap;
ture at which Eq(2) becomes valid results are shown only for dielectric loss peaks which could be measured

. . entirely with one spectrometer.
The dynamic mechanical shear modulus was also mea- Y P

sured for the PCB54, at several temperatures just albgve

The range of these measurements was limited by the need toduli. There is no reason to expect the orientational relax-
have the dispersion in the loss modul®(w), fall within ation times probed dielectrically to be equal to the mechani-
the experimentally accessible frequency range. Neverthelessal relaxation times, although for a small molecule such as
it is interesting to compare the results to the dielectric dataPCB54, these should be similar. In Fig. 4 are displayed the

To do this, we calculate the dielectric modulld* (w), 7measured mechanically. These are quite close to the values
which is equal to the reciprocal of the dielectric constantof 7, calculated from the viscosity data. By comparing with
e (w). the data in Fig. 1, it can be seen that the mechanical relax-

As seen in the representative results shown in Fig. 3ation times are substantially smaller than the dielectric relax-
there is a very little difference between the shape of the twa@tion times. Even using the dielectric modulus, the corre-
loss moduli, although the peak in the dielectric loss modulussponding 7 are still a factor of eight larger than their
M”(w), may be slightly broader. The loss modulus data wergnechanical counterparts.

fit to the Laplace transform of the Kohlrausch functidft Nevertheless, over the range of our measurements, the
. temperature dependences of the respectiege the same.

G”(w)=wJ exp— (t/7¢)? coq wt)dt, (3)  This is expected given the equivalence of the dielectric and

0 viscosity data in Fig. 1. These results are consistent with the

established correlation of the temperature dependence of

structural relaxation times with the breadth of the relaxation

function?2-26

in which 7 is the Kohlrausch relaxation timg>r defined
from the peak frequengyand g the stretch exponent. At ,
we obtain3=0.62, which is comparable to the value re-
ported for PCB48, an Aroclor having slightly lower chlorine
content

The dielectric spectra in Fig. 3 were shifted slightly in It is well-established that addition of polymer can
frequency to allow comparison to the mechanical lossmodify the solvent dynamics, as has been shown previously

Mixtures with polystyrene
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FIG. 3. Comparison of the mechanical loss modulsgmbol$ with the FIG. 4. Mechanical relaxation times for PCB54 ngl) an_d mixed with
imaginary part of the dielectric modulus)” (solid lines, for the neat ~ PS-90k(c=0.13; []) and for PS-o neatA) and mixed with PS-90Kc

PCB54. The temperatures for tl spectra are 240 K@), 244 K(A), 248 =0.10; A).
K (#), 2562 K (V), and 256 K(H). The dielectric spectra having peak

frequencies closest to that of t& spectra were chosen for the comparison. . .
They were shifted slightly in frequency and vertically scaled to coincideCUIalte a much smaller Change in the dynamlcs for PCB54

with the loss modulus at the peak maxima. with added PS-90k7 In é/gc=1.1*+1 cclg.
The mechanical relaxation times for the mixture of PS-
90k with PCB54 are shown in Fig. 4. Unlike the dielectric

for PS/PCB48 solution’:® Herein, we obtained both dielec- SPectra, which reflect the polar Aroclor, we expect the PS
tric and mechanical spectra on PCB54 with added polystycomponents to contribute to the response measured mechani-
rene. The dielectric strength of the PCB54 was measured te@lly. For the PS-90k in PCB54 solution, we obtain
be 2.7:0.15 over the range of measurement temperatured, In §/dc=9.8=1 cc/g for the effect of solute on the mechani-
This is ~60-fold larger than the dielectric strength of poly- cal relaxation times. This is an order of magnitude larger
styrene. Consequently, dielectric loss spectra on mixtures d¢han the effect on the dielectric relaxation times, and roughly
Aroclor and PS will reflect predominantly the dynamics of consistent with the results obtained by electric birefringence
the former. and light scattering.

Included in Fig. 1 are the dielectric relaxation times fora  Also included in Fig. 4 are results for a solution of the
solution of PCB54 with PS-90kc=0.13 g/cc). It can be PS-90k dissolved in the oligomeric polystyrene. The latter
seen that there is almost no difference between theserandhas aT, equivalent to that of PCB54, and as seen in the
for the neat PCB54. That is, the addition of polymer havingfigure, the respective mechanical relaxation times for the
a 130 degrees highé, has a negligible effect on the dy- neat fluids are quite clogevithin 40% of one anothér Nev-
namics of the PCB54. As expected from this near-€rtheless, the addition of PS-90k to PSes=(0.10 g/cc) ef-
equivalence of the relaxation times of the neat Aroclor and€cts a drastic change in the relaxation tinieg. 4). The
its mixture, Tg is also unchanged by addition of the PS-90k dynamics in the mixture are four orders of magnitude slower
(inset to Fig. ). than in neat PS-0, making it difficult to obtain data over the

A measure of the degree to which polymer solute modi-Same temperature range. We obtain a valuedai &ldc
fies the dynamics is the change in the effective friction coef-=91 cc/g. The enormous difference in the effect of PS-90k
ficient for the solvent, defined a&= (c,T)/#(0,T), where  ON the dynamics of the respective liquids is summarized in
c=0 refers to the neat solvent. For PS/PCB48 solutiongable I.
studied by oscillatory electric birefringence, Mores al?’
reported a temperature-independent value ol &dc DISCUSSION AND CONCLUSIONS
=13cc/g. This is very similar to the result obtained using  The mechanical and dielectric loss moduli of neat
light scattering®® From the dielectric data in Fig. 1, we cal- PCB54 have essentially the same shape and, in accord with
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the well-established correlation between time and tempera 7 T " T " T T T
ture dependencéé?® the corresponding relaxation times
were found to have the same temperature dependence. Su
results are different than found previously for Aroclor 1248,
which has a lower chlorine conteltThe dielectric relax-
ation times for PCB48 exhibited a weaker temperature de-
pendence tham measured mechanically. ]
For the neat PCB54, the magnitudes of the dielectric anc Q
mechanical relaxation times have the following order:

60 .

1

dlog(x(s))dT)" (

7(€")>7(M")>7(G")~1,.

This ranking is not unusuat;*®-3'although there are cases
in which the dielectric and mechanical relaxation times are
equivalent?

The temperature at which the dielectric relaxation times
depart from a single VF dependence is the same as the valt 20
of this characteristic temperature determined from viscosity
measurements. This implies a conformance of the relaxatiol
times and viscosities to the Debye—Stokes relationgBgp
(2)], although subtle deviations become apparent with de-
creasing temperatul&ig. 2). These occur at temperatures at
which the peak breadth increases beyond that associated wi

(..

a Debye(noncooperative relaxation. Both phenomena re- 0 r r " T r r r ,
flect the development of intermolecular constraints, and the 270 300 330 360
concomitant dynamic heterogeneity, with decreasing

temperaturd® Temperature (K)

. The \{"’}Iue OfrB determ'.nEd d'E|eCtr!Ca”y doesn't change FIG. 5. The quantity—(d log 7/dT)"* vs temperature for the dielectric re-
with addition of PS-90k(Fig. 3). Invariance ofTg to the  [axation times of the neat PCB54, demonstrating that the determination of
presence of dissolved polymer can be rationalized, considethe characteristic temperature is independent of the functional form assumed
ing this characteristic temperature to reflect the temperaturf’ 7(T)- The straight lines are the respective best-its of @to the low

. . .. . temperature dat@l .=201 K andy=11.84, and to the measurements above
at which intermolecular cooperativity becomes manifest (T.—283.6 K andy—1.49,.
ing entirely absent only at sufficiently high temperatuds ~ ° " ¢
The structural relaxation times of PCB54 are virtually un-
changed by addition of the PS, and likewise the characterissome extent by addition of the PS-90k. Tisenal) increase
tic temperature associated with the onset of strong interman relaxation time of the PCB54 upon addition of PS-90k is
lecular cooperativity should be unchanged. due only to the larger local friction from the highgy solute.

As measured mechanically, the effect of PS-90k on thé=or mixtures whose components are much closéfjithan
dynamics of the PS-aj(In &ac=91 cc/g) is an order of mag- herein, these arguments can be quantifie using a rela-
nitude greater than its effect on PCB544l6&aoc  tionship for the coupling modéf**However, for the present
=10.8cc/g), notwithstanding the equivalent glass temperamaterials this requires an overly long extrapolation of the
tures of PS-o0 and PCB54. In terms of the glass temperatunelaxation times of the PS-90k.

(defined as the temperature at which the mechanical relax- Finally, there remains the interesting difference in the
ation time equals 100 sthe presence of PS-90k increa3gs relaxation behavior measured by dielectric versus by me-
by 16 and 2 degrees for PS-0 and PCB54, respectively.  chanical spectroscopy. Not only are the dynamics slower as

These results can be qualitatively explained by the conprobed dielectrically, but moreover, the addition of the high
sideration of the relative strength of the intermolecular coopTy PS has an order of magnitude smaller effectgM”)
erativity for the two solutions. The stretch exponents meathan on7(G"). We believe the differing influences of tem-
sured mechanically a4 for the PCB54 is 0.62 which is  perature and diluent on these relaxation times are related to
substantially larger than th@nolecular weight independent the different response of intra- and intermolecular motions to
value for polystyrene=0.461° This means that the inter- external variables. Such results are seen, for example, in
molecular constraints on local motion are stronger for PSimulations in which temperature and pressure are véfied.
than for the Aroclof® When PS-90k is added to the oligo- This divergence in properties as probed by different methods
meric polystyrene, the strong intermolecular coupling isis just one of many phenomena that makes structural relax-
maintained. This contributes, in combination with the largeation a challenging and unsolved problem in condensed mat-
friction coefficient of the highr'; PS-90Kk, to a large value of ter physics. Development of a complete, quantitative theory
the relaxation time and the mixturds . of the glass transition requires consideration of anomalous

However, the smaller, more symmetric Aroclor is not experimental results, such as those described herein.
expected to strongly interact with the nonpolar PS; hence, In response to a comment by the reviewer, we point out
constraints on local motion of the PCB54 are alleviated tahat althoughT was deduced herein from a Stickel pt6t,
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our determination of the characteristic temperature assoctK. J. McGrath and C. M. Roland, Macromolecul2g 2982(1995.
ated with a change in dynamics does not rely on the use o? P. G. Santangelo and C. M. Roland, Macromolec@s4581(1998.

Eq. (1) to describer(T). For example, both idealized mode-
coupling theor§* and a scaling-law mod# predict power
law behavior

(M) (T—=Te)~ (4)

where y is a constant. According to mode-coupling theory,
the critical temperature lies above the glass temperature

whereas for the scaling-law analysi$ . <T,. Recently,

H. Vogel, Phys. 2222, 645(1921); G. S. Fulcher, J. Am. Chem. Sc8,
339(1923.
15F, Stickel, E. W. Fischer, and R. Richert, J. Chem. Phgd, 2043(1996.
16F. Stickel, E. W. Fischer, and R. Richert, J. Chem. Pigg, 6251(1995.

7For the peak breadths measured herein, the most probable relaxation times

plotted in Fig. 1 are about 20% larger B than the average relaxation
time, 7,,,. These become progressively closer with increasing temperature
(since the breadth decreageand thus the temperature dependence,gf

'is somewhat weaker than that afHowever, the Stickel plot and thus the
determination ofT is insensitive to the particular definition of relaxation

Richerf® concluded that such power laws glve poorer fits to time used. This was demonstrated in reference 15 for salol, which has an
dielectric relaxation times than the Vogel-Fulcher equation, even more temperature- dependent peak breadth than the PCB54.

Nevertheless, in Fig. 5 we plot, as suggested by(Eyg.the
quantity — (dlog 7/4T) ! for the dielectric relaxation times
of PCB54. While Eq.4) is not capable of describing(T)

8R. Casalini and C. M. Rolantinpublishes
19p. Debye Polar Molecules(Dover, London, 1929
20R. Kohlrausch, Ann. PhysLeipzig) 12, 393 (1847).
21G. Williams and D. C. Watts, Trans. Faraday S66, 80 (1970).

over the entire measured range, this derivative does lineariZ&C. MzRoland and K. L. Ngai, Macromolecul@d, 5315(1991); 25, 1844
(1992.

the data separately for temperatures above and bg&low
Moreover, the valueTg=294 K, is unchanged from that ob-
tained in Fig. 1.
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