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Temperature dependence of local segmental motion in polystyrene
and its variation with molecular weight

C. M. Roland
Naval Research Laboratory, Chemistry Division Code 6120, Washington, D.C. 20375-5342

R. Casalini
Naval Research Laboratory, Chemistry Division Code 6120, Washington, D.C. 20375-5342
and Chemistry Department, George Mason University, Fairfax, Virginia 22030

(Received 5 March 2003; accepted 18 April 2D03

Dielectric measurements are reported for éheelaxation in polystyrenéPS of varying molecular
weights. Although the segmental relaxation dispersion was essentially invariakt,to the
T4-normalized temperature dependerifragility) increases systematically with molecular weight.

The latter result corroborates dynamic mechanical and light scattering studies, but is at odds with the
reported T —T,) superpositioning of the shift factors for the recoverable creep compliance of PS.
The failure of the dielectric relaxations time to superimpose when expressed as a funclion of

— T4 is consistent with the analysis of equation of state data for PS. We find that volume is not the
dominant control variable, and in fact, temperature exerts a stronger influence on the relaxation
times. © 2003 American Institute of Physic§DOI: 10.1063/1.1581850

INTRODUCTION Smooth, compact, symmetrical chains have smaller values of

The effect temperature has on the viscoelastic behavior” while largem is associated with polymers having more

of polymers is an issue of obvious significance, both forl‘lgld backbones or sterically-hindering pendant groups. Fra-

practical applications and in understanding the origin of theilg:c“tt{]e's riIIZiz:t(i);rrweIfitr?gi\(l)vé%hzIhvsittr)lreolziif?g;ﬁ)nne);?gggpt?s‘s“t)(; ¢
hysical properties. The time-temperature superposition prin- '
P prop s pl P per-cooled liquidé>?% and even with nonlinear behavior

ciple, which enables creation of master curves encompassir 226 . ) -
many decades of frequency, is based on the assumption thf the glassy stat€.”“* The terminology “fragile” and

the underlying molecular motions all have the same tempera-s‘trong for large and small values ofn derives from an

ture dependence. The observation of a breakdown of time2N€rgy landscape interpretation of the dynamics figa 1
temperature superpositioning evokes great interest, since ffagile glass-formers are presumed to exhibit a rapid change
can reveal new insights into the chain dynamics. In the field? liquid structure (local packing and positioningwith
of rheology, the effect long-chain branching has on the temchanging temperature, and hence a marked change in
perature dependence of the viscosity is a much studied proti{T¢/T). An alternative viewpoint, for which this terminol-
lem, that is yet to be satisfactorily resolvEd. At higher 09y is less apt, is that fragility is just one reflection of the
frequencies, the temperature dependence of a polyméffect intermolecular cooperativity has on the dynamics in
changes, as the response becomes governed more by o3 supercooled regimé?’
segmental motion than by the chain modes operative at Notwithstanding its utility in correlating various relax-
longer time<~8 This phenomenon was discovered over 35ational properties of glass-formers, the theoretical justifica-
years agd, and remains one of the intriguing problems of tion for fragility is problematic, being based on assumptions
polymer science. Our focus herein is the effect temperaturgbout the temperature dependence of the configurational en-
has on local segmental relaxation, in particular how this vartropy and the energy barriers to local reorientatitfhis.An
ies with molecular weight. alternative classification, less in vogue of late, is to plot re-
A problem in studying the effect of temperature is to laxation times as a function of the temperature difference,
select an appropriate basis for comparing polymers with difT—Tg. This method has its origin in free volume models of
ferent glass transition temperatures. With the exception opolymer dynamic$®?° The change in unoccupied volume
measurements at very Id%vor very high temperaturd$, accompanying thermal expansion of a polymer abodyes
local segmental relaxation times are non-Arrhenius, s@assumed to govern the viscoelastic properties; thus, compari-
that a direct comparison of activation energies cannot beons at equal — Ty is a first-order correction for differences
made. The *“fragility” classification scheme has gainedin glass transition temperature.
wide acceptance as a means to quantify relative temperature Obviously, inferences drawn from a lagversusTy/T
sensitivities;>™**> with the fragility index defined asm  representation differ from those based on plotting4ag a
=dlog(n)/d(Ty/T) |1 For the study of dynamicsTy is  function T—T,. Superposition of relaxation data for differ-
taken to be the temperature at which the relaxation time agent T, materials by one method necessarily implies the data
sumes some arbitrary long value, eg= 100 s. This fragil- diverge by the other method. Thus, it is important to assess
ity can be related to the chemical structure of polyrferS  these two approaches to interpreting temperature depen-
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dences, in particular their theoretical basis. The contributioFABLE I. Polystyrene samples.
of free volume to structural relaxation is minimized by some

. . TS T
workers?®~**although recent measurements of dielectric re-ygmoy My, /M. ® K
laxation using high pressure indicate the role of volume can 5

not be diSCOUnte&_SG 0.59 1.07 253.9 189.7
. . . 0.76¢ 1.12 280.7 233.3
The present work is concerned with the effect of chain , 3¢ 108 333.1 271.8
length on the temperature dependence of local segmental res g 1.09 346.1 296.7
laxation; that is, thex-process in the dielectric spectrum of 6.40 1.05 360.2 3227
polymers. While the temperature response of the chairf®-® 1.06 373.2 341.3
840! 1.04 373.4 344.3

modes of linear polymers is invariant to molecular weitht,
the behavior of the local segmental dynamics is more comeTemperature at which=100's.
plicated. It appears that the fragilities of some materials, sucPScientific Polymer Products.
as polyphenylmethylsiloxafé and polydimethylsiloxang  Jonnson Matthey.

. . Tosoh Corporation.
do not change with molecular weight, whereas for
polypropyleneglycof? fragility increases with chain length.
The situation for polystyren€PS is confused. An early ExpERIMENT
study’® of the mechanical creep of PS found that time-
temperature shift factors for the recoverable compliance of ~Samples are listed in Table I, along with the name of the
PS of different molecular weights could be described by thénanufacturer. Dielectric spectra were obtained with an
same function off — T,. However, the fragility of PS deter- IMASS time domain dielectric analyzer (16 to 10' Hz)
mined by dynamic mechanical spectroscopy was found t@nd @ Novocontrol Alpha Analyzer (16 to 10° Hz). The
increasewith molecular weight, up to molecular weights at Sample was contained between parallel plates, placed into an
which T, becomes invariantroughly M,,<40 kg/mol) 41 oven in a nitrogen atmosphere. The temperature control for
Subsequent results from photon correlation spectroééopy@ll €xperiments was at least0.1 K. Sample preparation
and calorimetry? although not corresponding to the identi- Varied depending of th&, . Low molecular weight PS could
cal frequency range, likewise indicated that theb_e directly inserted between the 'electrodjbspt.at a fixed
Tg4-normalized temperature dependence of PS varies witdistance by the use of a Teflon ring spacevhile for the
M,,. Conversely, from ultrasonic measurements on PS ofample having a higg, films were prepared in a press,
varying molecular weight®¥ it was concluded that the fra- @PPlying @ moderate pressure and heating the sample to a
gility decreaseavith increasing molecular weight. This latter ©€mperature slightly higher tha, .
study, however, definedy from the inflection point of
modulus versus temperature curves, yielding relaxation timeRESULTS AND DISCUSSION
at T, which are molecular weight dependent, rather than
fixed 7=100 s.

The successful superpositioning of creep data using In Fig. 1 are shown the dielectric loss], spectra for
T—T, scaling implies that free volume concepts may havetwo PS samples having the extremes in molecular weight,
some validity. This is important to present day interpretationdvl,,= 590 and 3.8% 10° g/mol, respectively. Thd, of the
of the glass transition. One possibly important difference befatter is 128 deg higher, and by measuring it at a temperature
tween the aforementioned studies is that different experiment14.5 deg higher, the relaxation times become equal to
tal quantities were utilized. The modulus includes any conwithin a factor of 2. Making a small adjustment in the fre-
tribution from the viscosity, whereas viscous deformation isquency, we can superimpose the two loss curves; that is, the
absent from the recoverable compliance, by virtue of howshape of the dielectric relaxation function is invariant to mo-
the experiment is carried offt.Since the viscosity contribu- lecular weight. This is also the case for the mechanical loss
tion to the dynamic modulus will be molecular weight de- modulus® Included in Fig. 1 is the fitted Kohlrausch—
pendent, at least in principle this could skew the apparenWilliams—Watts function. The best-fit value of the stretch
temperature dependences of the local segmental relaxatig@xponent is 0.44, in accord with previous resffts.
times. From the angular frequency of the maximum in the di-

In this work we present dielectric measurements on P®lectric loss, we can define a relaxation tine: 1/w
of varying molecular weights, analyzing specifically the tem-(roughly equal to the most probable relaxation finiEhese
perature dependence of the dielectricelaxation times. Di- ~are plotted in Fig. 2 versus the inverse temperature for all
electric spectroscopy is advantageous, since there is no cogeven samples. Belowl,, =90 kg/mol, the data shift to-
tribution from viscous flow. And since the dielectric strengthwards lower temperatures, reflecting the molecular weight
of PS is very low, the analysis is essentially the samelependence offy. The temperature dependences are de-
whether relaxation times or retardation times are utilizedscribed by the Vogel—Fulcher equatién
This is not the case for mechanical measurements, wherein
the modulus and compliance can yield different restfliale (T)=1, ex;{ ToT
also analyze equation of state data on PS to assess the extent 0
to which volume exerts a role on the local segmental relaxwherer,, B and T, are constants. The latter, referred to as
ation times. the Vogel temperature, are listed in Table I.

abielectric spectroscopy data

), (€

Downloaded 15 Aug 2003 to 132.250.151.235. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



1840 J. Chem. Phys., Vol. 119, No. 3, 15 July 2003 C. M. Roland and R. Casalini

10 T v T T T v T v T Ty T T
-0
375 _
] u dielectric
N 350 o T,+38 h
1 1 & dynamic mechanical
v light scattering
] — calorimetry
325 + T T T T -
S < sl m — §_
- o 1 v o 3 1
> 057 7 > 300 ¢ ]
- ] 120 H 4 ]
o ;
. 1l » *
; 2754 95 - é ] B ]
1 = :.
o ) 70 + Q -
250 " log M,
o PS 590 g/mol (-1.2 C) 1. ) i 4
.0- = PS 3840 kg/mol (113.3 C) | 2 3 4 5 8 7
m O T T T T
10° 10* 10° 10°
0.0 T . . r T T . M, [g/mol]
0 1 2 3 4

FIG. 3. Temperature at which the relaxation time for local segmental motion
equals 100 s for PS of varying molecular weight, as measured by dielectric,
FIG. 1. a-dispersion in the dielectric loss of polystyrenes having the indi- dynamlg mechanicalRef. 41, and.depo'larlzed photon cor_relatlon Spec-
cated molecular weights, at respective temperatures for which the segmenttr?SCOp.'eS(Ref' 42. In_ aII_ cases,7 is defined from thg maximum of the
relaxation times are almést equal. The frequencies for the highesample g‘lelectrlc loss. The solid lines represent the calorimetric fictive temperatures
s b ol by 3 t% su.perposeqthe data. The solid line reppresen?ﬁetermined at a heating rate of 10 deg/min, following cooling at 100 deg/
the transform of the Kohlrausch—William—Watts function, having a value of n (Ref. 43. The fragility index calculated from the dielectric relaxation

the stretch exponent equal to 0.44. measurements is shown in the inset.

log @ [rad/s]

tween the fictive temperature determined using a heating rate

The temperatures,T_g, at which the relaxation time of 10 deg/min, following cooling at 100 deg/min, and the
equals 100 s, are also listed in Table | and plotted as a fun(f'emperatures for which= 100 s

tion of molecular weight in Fig. 3. As seen in the figure, we From the slope of the Arrhenius curves in Fig. 2, the
can superpose the Vogel temperatures ontoTiheata, by fragility index is calculated for each PS; these results are

ﬂzg?l?re;oe;?é?.as-rv?/eIjeassugssir:rcl):ren daﬁﬁ%amgasr:;%hzn'Czlo_plotted in the inset to Fig. 3. There is a systematic increase
S 9 . oy P ~ with molecular weight, in qualitative agreement with results
ton correlation spectroscofi§,are also shown in the figure;

. ; ~43
theseT, are consistent with the dielectric results. Also in- from other expenm_ental _technlqué"s. .
9 In Fig. 4, the dielectric relaxation times are plotted ver-

cluded in Fig. 3 is a curve representing the fictive tempera-
tures measured by differential scanning calorimetry for PS of

various molecular weight§. There is good agreement be- L B LA
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FIG. 2. a-relaxation times PS having the indicated molecular weight in FIG. 4. Dielectric relaxation times from Fig. 2 plotted vs the difference
kg/mol. The lines represent fits to the Vogel—Fulcher equation, with thebetween the measurement temperature and the temperature at which
Vogel temperatures listed in Table I. =100 s. The symbols are the same as in Fig. 2.
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150 The relative degree to which volume and thermal energy
1.06 T, @ O A govern the relaxation times can be assessed from the ratio of
” o o the apparent activation energy at constant volume,
104 OOO o | Ey(T,V)=R(dIn7JT 1|, to that at constant pressure,
e 5 %0 Ep(T,P)=R(dIn #dT"Y)|p.32*3This ratio varies between 0
Cog 001 and 1, smaller values reflecting volume-dominated relax-
Cog P00 . R .
1.02 ©00g 04657 ation, and a value near unit indicating that temperature is the
1100 PIMPal| Looqq 80 o0 dominant control variable. AlthouglEp can be obtained
—_ | % 75125175 F00060606,200 | from data at ambient pressure such as in Fig. 2, determina-
o 1.00 0000005200 . . . .
3 70000060649 38 0 tion of Ey requires dielectric measurements at elevated pres-
E 3 8888880 31 sure. These are difficult for the weakly polar PS, and also
> 098 099 00 88888 %‘ require very high temperatureince dT,/dP is large.
: 29 29983 88§ 01 However, the ratio can be calculated from the relaffon
00Q0QOQO O
T Sy s o
1 O§§§88 1 VTP aT) NP
0.94 .
%g From the PVT data, we calculate dP/dT |y
] =0.9942 MPa/K. We have previously shown that Thede-
0.92 —— T T duced from PVT data is equal to the temperature at which
25 75 125 175 225

the relaxation time assumes a constant vafé.Thus,
dT/9P|,=dTy/dP, whereby Eq.(3) yields E,/Ep=0.64
FIG. 5. PVT data from Ref. 48. From top to bottom, the pressure ranges_—'_ 0.05. This is greater than one-half, indicating that while
from 0 MPa to 200 MPa, in 10 MPa increments. At atmospheric pressureyolume exerts an effect, the relaxation times are governed to
ap=6.08x10 % C™1. The glass transition temperatures shown in the inseta somewhat greater extent by temperature.
are obtqined f'rom th_e deviation of the liquid egpansivity. These are denoted The relative contribution of volume and temperature
by the filled circles in the/ of T plot, from which we calculater,=1.04 . L
«10-3 C L. can be also assessed from the ratio of the expansivity calcu-
lated for a fixed value of the relaxation time,
a(=—V 1(oV/dT),), to the isobaric expansivity,
ap(=—V Y(oVIdT)p).*® The ratio|a,|/ap will be much
larger than unity if volume exerts a negligible effect on the
Felaxation times; that is, if temperature is the dominant con-
Srol variable. The expansivity at atmospheric pressure is ob-
%ined directly from the datayp=—6.08<10* K. In the
inset to Fig. 5, the glass transition temperatures are denoted
by filled circles in theV versusT plot, with theV(T,) cor-
responding to the volumes at a fixed valuerofFrom this we
obtain &, =1.04x10 3 K1, and thus the ratio of the iso-
chronal and isobaric expansivities is equal to 1.7. The mag-
nitude of |a,|/ap reinforces the analysis of the activation
Pressure-volume-temperatuf2VT) measurements have energies. Thermal energy exerts a larger effect on the relax-
been reported for a PS with a molecular weight of 34.5ation times than does volume, although both quantities con-
kg/mol*® At this M,,, T is about 3 deg below the limiting  tribute. This conclusion is also consistent with the findings of
value for the high polymer. The PVT data are displayed inHuanget al.’’ that the fragility of polystyrene is sensitive to
Fig. 5. volume, and that the isochoric fragility is less than the iso-
The deviation at low temperature in the thermal expanbaric fragility, both indications that volume effects are not
sion coefficient of the liquid defines a pressure-dependeniegligible in PS.
transition temperature. These volumeffig's are shown in
the inset to Fig. 5. The pressure dependencd ptan be
parameterized using the Andersson equatfon,

1/b Dielectric spectroscopy results for PS of various chain
, (2 lengths corroborate previous results from other techniques,
showing that the fragility of PS increases with,,. In this
which can be derived from the Avramov structural relaxationrespect, PS is similar to polypropylene glycol, but distinct
model®® In Eq. (2), a, b, andc are constants. Fitting this from polymers such as the siloxanes. Attempting to superim-
expression to the data in the Fig. 5 inset yiewds 373 K,  pose the relaxation times by plotting them as a function of
b=6.79, andc=1,044 MPa. Thus, in the limit of zero pres- (T—T,) gives poor superposition of the data. This result
sure,dTy/dP=0.36+0.05 K/MPa, a very large value. It is differs from creep mechanical measureméfaithough the
intermediate between the pressure coefficientBafeported  data herein cover a significantly broader range of molecular
in the literature, for PS of different molecular weights? weights. Consistent with the failure @ T4 superposition-

sus the quantityT —T,. This only roughly superposes the
data. Although there is significant scatter, the deviations ar
systematic with molecular weight. Superpositioning of thes
curves would require adjusting the abscissa values by
much as 3 degrees. Nedy, this corresponds to about a
fivefold change in the relaxation times, which is well beyond
the experimental error.

Relative influence of thermal energy and volume on T

SUMMARY

b
1+-P
C

Tg=a
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ing, an analysis of equation of state data reveals that therm&c.M. Roland and K.L. Ngai, J. Non-Cryst. Soli@42, 74 (1997.
energy exerts a stronger influence on the relaxation time&K.L. Ngai and D.J. Plazek, Rubber Chem. Techifidl. 376 (1995.

than does volume. However, volume does exerts some effec

281.].D. Ferry,Viscoelastic Properties of Polyme(g/iley, New York, 1980,

ed

. . . I .
on 7, contrary to the idea that temperature alone is the domizg Zallen, The Physics of Amorphous Solit&iley, New York, 1981,

nant control variable for structural relaxation.
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