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Dynamic Shear Modulus of Tricresyl Phosphate and Squalane
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We have measured the shear modulus and viscosity of two supercooled liquids: tricresyl phosphate and
squalane. In both cases we find that the width of the peak in the imaginary part of the shear modulus narrows
as the temperature is lowered toward the glass transition temperature. For tricresyl phosphate, we find no
evidence for a decoupling of the viscosity and shear modulus relaxation times from the relaxation times

determined by dielectric spectroscopy.

As a liquid is supercooled toward its glass transition tem- rather than wider as is commonly found in the dielectric response
perature, its inherent relaxation times increase and its viscosity of nonionic glass formers. To test the generality of the results
rises! For many years it was commonly accepted that the presented on that liquid, we here present measureme@gpf
viscosity,n, was simply proportional to the relaxation time, on two other glass-forming liquids: tricresyl phosphate (obtained
as for example measured by dielectric response or light from Alfa Aesar with a 50/50 mixture of para and meta and
scattering. Such a relationship would be suggested by theless than 1% ortho isomers) and squalane (obtained from Aldrich

Einstein-Debye equatioh Chemical). These two glass formers are fragile, whereas di-
butylphthalate is intermediate, in the Angell classification
n=(kTNV)T (1) scheme for supercooled liquid.
Our procedure for measuring the shear modulus was reported
wherekg is Boltzmann’s constanT is the temperature, and previously® We used a Rheometrics RMS 800 mechanical
is the molecular volume. The proportionality betwepandz spectrometer in which the sample was contained between two

is also a consequence of the Maxwell mddel viscoelastic  parallel circular plates. The straip, was produced by rotating
|IC1UIdS, which gives the constant of prOpOI’tlonallty as the infinite the bottom plate while the Streas" was determined from the
frequency shear modulu: torque necessary to hold the top plate motionless. We measured
— G @) the dynamic shear modulu§(v) = o,(t)/y,(t), by applying an

n o oscillatory strain,y,(t) = y€2™t and measuring the resultant
. . ) stressp,(t) = 0€@+9). The amplitudes could be varied and
Thus, it was assumed that bojrands WOUI.d ncrease in the was kept small to ensure linear response. The torque produced
same manner as the temperature of the liquid was lowered. : - S .

at a given driving frequencyy, and oscillation amplitudey,

Angell* pointed out, however, that such a relationship is by . A S
. . y a low-molecular-weight liquid is much larger than it is by a
no means guaranteed and suggested the exciting possibility tha . .

polymeric system in the same geometry. One reason for the

it might be violated in supercogled |!QUIdS.If pertam relaxation rpaucity ofG(v) data on the simple liquids is that many machines

processes decouple from the viscosity. This idea has been take . he sh | ificall

up by several groups,” and some experiments have reported Qe3|gned to measure the shear m.Odl.J us were specilically
’ intended to study “softer” polymer liquids. To counter this

evidence of deviations from strict proportionality. In one such problem, we machined small transducer plates, down to 1 mm

experiment, the dewghong were suggesteq as providing 2 in radius, to hold the sample so that the torque produced at the
measurement of a diverging length scale in the cooperative O
transducer was within its measurement ran@v) was

dynamics as the glass transition temperatufg, was ap- measured over 4.5 decades in frequency (30~ Hz < v <

proached. 16 Hz). The viscosity, which for tricresyl phosphate we

Measurements of_the'real ar_1d’|'mag|nary parts 9f the_ dynamic measured over 11 decades, can be determined under both dc
shear modulusG(v) = G'(v) + iG"(v), can determine directly L . .
and ac conditions: under conditions of constant strain rate,

the time scale that appears in shear relaxation. However, such
measurements on simple (i.e., low molecular weight) liquids
are not widely availablé.A previous measurement on -
butylphthalat& indicated that the time scales measured from o
G(v) followed the same behavior as that measured in dielectric Wherey = dy/dt; and as the limit of the low-frequency shear
spectroscopy. However, it was found that the width of the shear Modulus,
modulus response became narrower on lowering the temperature

n =limo()/7]
y—0
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g T —————— 7 2 data for the relaxation time;. The data by Barlo¥ (on a
' ] sample with a different stated isomeric content) are shown by
6 [ 10 the crosses. The left and right axes are shifted so that the data
_ i 1., coincide in the upper right-hand corner, allowing a direct
g 4r n comparison of the viscosity and the dielectric relaxation time
T L 14 2 over the entire temperature range covered. The data do not fall
- r . - on a straight line on this graph (which would indicate Arrhenius
oL 1°° or activated behavior) but is significantly curved. The upper
\ i & @ 1 s solid line shows a VogelFulcher fit to the relaxation time data:
L . a )
N T =1, exp[AV(T — T))] 3)
3.0 3.5 4.0 4.5 5.0
1000/T The lower line is a similar fit fory/T. The Voget-Fulcher fits
8.0 are good in both cases. The valuesTgfare the same within
P ' ' ' ' experimental error of one another for the two quantities.
6.0 |- ?ZZ ] - In Figure 1b, we show a similar plot for legy/T versus
F oo o 1000/ for squalane. The circles are our data#6F measured
- 4.0 - § a0 e ) 7 by the dc method, and the squares are data taken from Barlow
T oLl BN ] | et al!? These data are also well fit by a Vogétulcher form.
§ T[T s e e s e In the inset we show the derivative of the curve in order to see
= o0L - if there is a reversion to an Arrhenius form at low temperatures
(b) as has been suggested by mode-coupling theories. The data in
2.0 - 7 the inset are monotonically increasing, which is inconsistent
40 1 ‘ ‘ ‘ i with Arrhenius behavior.
3.0 35 4.0 4.5 5.0 5.5 6.0 In Figure 2, we show the data for both the real and imaginary
1000/T part of G(v) = G'(v) + iG"(v) for tricresyl phosphate. At low

Figure 1. (a) Comparison of the temperature dependence of the frequencies,G'(v) varies quadratically withw, and at high
viscosity and dielectric relaxation time for tricresyl phosphate. The left frequencies, it approaches its high-frequency asymptaie,
axis shows logy([poise]/T[Kelvin]), and the right axis shows lagz- At low frequenciesG"(v) varies linearly, reaches a peak at
[second] for the dielectric data. The solid and open circles are data for frequencyv,, and then decreases. The lines are fits to the data
n/T determined by the dc and ac methods, respectively, and the squaress the empirical Cole-Davidson form. The form we use is

was a point determined with a capillary tube viscometer. The crosses modified to be applicable for a modulus representation:
(x) are data from Barlo¥ on a sample with a different isomeric pp P :

content. The trianglesy) are data forr. The solid lines are the best
Vogel—Fulcher fits to the data. Foy/T the fit is 5/T = 7.1 x 10°° Geo(v) =G, [1— 1 (4)
exp[1559/T — 168)]. For the relaxation time the fit is= 8.6 x 10715 cD 1+ i27ve )ﬁ

exp[1521/T — 168)]. The left- and right-hand axes have been shifted CcD

with respect to each other so that the data coincide in the upper right- )

hand corner. (b) Plot of lag(z/T) vs 10007 for squalane. The circles ~ For f = 1 this reduces to the Maxwell modeln the Cole-
are our data measured by the dc method, and the squares are data takdbavidson formG" (v) O v~# abovev, and the smaller the value
from Barlow et al? The curve is a best fit of the VogeFulcher B, the wider will be the peak ii&"(v). In all cases this form

form: /T = (1.0 x 10™) exp[1639/T — 119)]. The inset shows the fji5 oyr data very well but with an exponefisignificantly less
derivative of logo(r/T) with respect to 10007, indicating that there is than 1. We not%}/thatt is related tgu gﬁi 9 y
no temperature at which the viscosity reverts to Arrhenius behavior. ’ cb p DY

To measure accurately the magnitudé&g#) ands, one must Tep = 1 tar{ T ]
calibrate the spacing between the plates precisely. Owing to P 2w, |21+ B)
thermal contraction and expansion of the rods holding the plates,
this spacing changes with temperature and must be separately In Figure 3, we plot the best-fit value of the CelPavidson
measured at each value Bf(However, to get the shape of the fitting parameterg, versus temperature for tricresyl phosphate
G(v) curve—but not its magnitudeas a function of frequency,  (circles) and squalane (squares). To capitalize on the greater
such a measurement is not necessary. By concentrating on thestrength of theG'(v) signal at frequencies above the peak of
relative shape of the response curves rather than its magnitudeG'" (v) and of theG" (v) signal at frequencies below the peak, a
we are able to obtain good and reproducible data over a wide hybrid method is used to extract the characteristic valugs:
temperature range in a relatively short time.) Our technique for G., and 5. First, G'(v) is fit to the real part of the Cote
measuring the dielectric response has been presented elseDavidson form (a three-parameter fit) given in eq 4. The value
wherel! of G, from this fit is then used as a constraint in fitti@y (v)
Figure 1 shows the temperature dependence of the viscosityto the imaginary part of eq 4 (a two-parameter fit). The error
for the two liquids. In Figure 1a, the viscosity data for tricresyl bars on the high peak-frequency points are large because the
phosphate is presented and compared with data on the sam@eak of the spectrum is just entering our frequency window so
sample of the relaxation time measured by dielectric response.that there is only a small portion of the high-frequency tail in
This relaxation time is found from the frequency of the peak, the spectrum with which we can fit to the CelBavidson form.
vp, in the imaginary part of the dielectric response= 1/(2tvy). Our determination of in this region is governed by the shape
For purposes of comparison with eq 1, we plotilog/T on the of the spectrum near the peak. For both liquids, the valyg of
left axis and logo 7 on the right axis. The horizontal axis is increases as the peak frequency (and the temperature) decreases.
10001. The open and closed circles shaT determined by This indicates that the shear modulus curves are becoming
the dc and ac methods, respectively, and the triangles show thenarrower as the glass transition is approached from above. This
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Figure 2. Real (a) and imaginary (b) part &(v) = G'(v) +iG"(v)
for tricresyl phosphate. The circleS), inverted trianglesy), triangles
(2), and squared]) are forT = 211.8, 213.3, 215.1, and 217.9 K,
respectively.
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Figure 3. Exponents in the Cole-Davidson fitting form vs the peak
frequencyv, for the shear modulus spectra of tricresyl phosphage (
and squalanel) and for the dielectric spectra of tricresyl phosphate
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Figure 4. (a) Values ofv, determined from the shear modulus and
the dielectric data as a function of 10006r tricresyl phosphate. The
squares M) show the values of,, taken from the peak positions of
G'"(v). The triangles and solid line show the positiorvgftaken from

the dielectric data. The circles and dashed line show the shifted position
of the peaks in the dielectric datg,e./e., when converted to a modulus
representation. (b) Values of determined from the shear modulus as

a function of 1000T for squalane.

different from what has been found in many other relaxation
probes of nonionic glasses, such as the dielectric response or
specific-heat spectroscop§.In ionic glasses, however, the
electric modulus does have the same trend as we find here for
the shear modulu$~17 The electrical response of ionic glasses
has a pole in the dissipative part of the dielectric susceptibility
atv = 0. This is also the case for the shear compliance of
liquids: —iG"(W){[G' (»)]?2+ [G"(v)]% diverges ay approaches
zero. The presence of a pole at zero frequency in the compliance
implies the existence of a nonzero transport coefficient (such
as conductivity in the case of the electrical compliance and
viscosity in the case of shear modulus). We suggest that the

(®). The error bars on the high peak-frequency points are large becausepresence of this pole may be related to the difference between
the peak of the spectrum is just entering our frequency window. Thus, the temperature dependence for these two types of response;
for that data, there is only a small portion of the high-frequency tail in  there is a correlation between whether the peaks get narrower

the spectrum that can be used to fit with the Cdlvidson form. -y oager a5 the temperature is lowered and whether the
The straight lines through the data are meant as guides for the eye to

emphasize the narrowing &' with decreasing temperature. susceptibility diverges or remains finite at zero frt_equency.
From the shear modulus data (as shown in Figure 2b) we

is the same trend as was found in the shear modulus of di- can determine the variation of on temperature. This is shown
butylphthalaté. We also show in the figure the value @f in Figure 4a for tricresyl phosphate and Figure 4b for squalane.
obtained for the dielectric response for tricresyl phosphate, This frequency can be compared directly with the equivalent
which has the opposite trend and decreases with decreasingjuantity determined from the dielectric response. This is shown
temperature. We note, however, that the temperature dependenctor tricresyl phosphate in Figure 4a where the squares represent
observed in the dielectric data is abnormally small compared v, obtained from the shear modulus da&4(v), and the triangles
with that found for many other nonionic supercooled liguitls.  with the smooth curve show obtained from the dielectric data,
(Despite the presence of axtremelysmall Johari-Goldstein €"(v). The dielectric susceptibilitye(v), is the electrical
p-relaxation in the high-frequency tail, the dielectric data for compliance rather than the electrical moduldé(v) = 1/e(v).
tricresyl phosphate can nevertheless be fit onto the same mastelo get a valid comparison between the dielectric and the shear
curve as those other nonionic supercooled liquids.) data, we must use values of that both correspond to the
The increase in width of the response with increasing appropriate response moduli. This entails shifting the dielectric
temperature that we find in the shear modulus data is very data by a factor that is approximately the ratio of the zero-
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7 4 [T is in the conduction of small ionic species through glassy
= 72 A ., aat E matrices with very large viscosities. The ionic mobility may
~, & . Lt R 1 decouple to an arbitrarily large extent from the viscosity in the
O 70¢f 3 host. Since this type of decoupling is not connected with the
2 6.8 F B structural relaxation of the glass, it is not pertinent to the present

. ] discussion. The second example of large Stelesastein
R 66 . 3 deviations is found in comparisons of translational and rotational
% 6.4 L LI E diffusion of probe molecules in supercooled liquid3° Rota-
§Q s o ® e ° ] tional diffusion times follow the temperature dependence of eq
o e2rp®e ® e -, © B 1 with deviations comparable to those that we report; however,
2 eob ° 5 b translational diffusion can become up to a factor of 100 faster
- _ © at Ty than the StokesEinstein prediction. This rotatien
§.8 sl el sl translation decoupling has been explaifetf in terms of
10 10 10 107 10 10 e
v heterogeneous dynamics in the sample. It has been argued that

_ ) _ rotational measurements yield an average over local relaxation
Figure 5. RatiosR = 2zvyy/T andG./T vs v, for tricresyl phosphate.  times similar to that performed by viscosity and dielectric

The triangles are fon/T;_ the s_olld and open circles are for values of measurements, whereas the diffusion constant emphasizes
R computed using the viscosity measured by the ac and dc methods,

respectively. regions where dynamics is faster than the average.

In Figure 5, we also plot for comparison the value$sofT.
frequency to the infinite-frequency dielectric responsg/e.. We note that in the temperature range measured, the vaRe of
This can be seen by realizing that if the response is a simpledoes not coincide with the measured value<GefT. As the
Debye relaxation, temperature (andp) is decreased, the two values do approach

each other. This effect is less pronounced here than it was for
) =e, + o — € (5a) di-n-bu'tylphthalzflté. o . .
1+ i2nvt, As discussed in fé a variation with temperature in the shape
of G"(v) may cause a small dependence Rfon v, (or
then temperature) and a disparity betwdRandG./T. The argument

is that the Maxwell model (eq 2) assumes a single relaxation
1 M, — M, )i27vty, time, whereas the data show that there is a distribution of such
M) = c Mo — 1+ 2wz, (5b) times in the shear modulus that varies with temperature. As the

temperature is lowered, the shear modulus becomes narrower,
whereMo = 1/eo, Mo = Llew, andry = 7.€wleo. The imaginary whereas the dielectric spectrum broad&®s model calculation

part of M(v) thus also has the Debye form with a peak shifted Pased on the ColeDavidson form for the shear modulus of eq
by ede from that in e(v). For more complicated response 4_showed how a change in the valuefflike that shown in
functions, such as those found here with a G@avidson form, ~ Figure 3, could alter the relative valuesmfGe, 7, andvp, A

this is the approximate shift factor that should be applied as combination of the increase ifit (obtained from shear modulus
long as the width of the response is not too much broader thandat@) and’z (obtained from dielectric data) as temperature was
that of Debye relaxatioff The values of the peak frequency !owered was sufficient to account fo_r the observed var_latlor_ls
shifted by this factor is shown in Figure 4a by the solid circles N R- Thus, the small observed deviations from the Einstein
with the dashed line. As we can see, the temperature dependenc@'at'on could be explained in terms of a variation in the shape

of the peak frequencies is very similar for the shear modulus ©f the two spectra (shear modulus and dielectric) with temper-
and the dielectric data. ature. The connection between the temperature dependence of

We now return to the question of whether there is any the relaxation spectrum that we observe and the proposed growth

decoupling of the time scales as measured by the shear modulu§f regions of heterogeneous dynamfc? remains unknown.
and viscosity from that measured by the dielectric response in Since all the moduli that display a narrowing of the shear
tricresyl phosphate. As we have just noted above, the data omedU_|US Wl'fh dec_reasmg temperature alsq have gzero-frquency
Figure 4a show that the peak frequencies measured by the shedpole in the imaginary part of the compliance, i.e., there is a
modulus have a value and temperature dependence very similafransport coefficient associated with the modulus, we speculate
to the ones measured by dielectric response. This indicates thathat the experimentally observed separation of the translational
the shear modulus and dielectric measurements couple to theand rotational diffusion coefficients and the narrowing of the
same set of underlying time scales and that there is no strongModulus width are related.
decoupling of the time scales as measured by these two probes. Our new data on tricresyl phosphate likewise do not support
However, the data of Figure 1a does show a small systematica correlation length (extracted either frdRn= 2rvpny/T or from
deviation between/T and the dielectric relaxation timewhen G./T) increasing in the supercooled liquid as was suggested
measured over a wide temperature range. Such deviations havefor o-terphenyl’ Tricresyl phosphate and squalane have very
in the past, been used to imply a deviation from Einst&ebye similar behavior as was reported eaflien di-n-butylphthalate.
behavior as the glass transition temperature is approagcfied. A comment* on that earlier paper had asserted that there was
Following the earlier analysis of ref 9, we plot the raRo= time—temperature superposition in that liquid and that there was
2nvpnlT versusvy in Figure 5 with v, obtained from the no temperature dependence of the shape as had been claimed.
dielectric response. This ratR(T,v,) varies by at most only a ~ The results reported here on two different liquids are consistent
factor of 3.5 as the peak frequency is varied by close to 10 with the original dat&?>in that they do find a strong temperature
orders of magnitude. dependence of the shape of the spectra for both liquids and thus
There are two circumstances in which substantially larger corroborate the conclusion that timgemperature superposition
deviations from StokesEinstein behavior are seen. The first is not a valid assumption for supercooled liquids approaching
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their glass transition. These new data on tricresyl phosphate alsd®. J.; Magill, J. H.J. Chem. Phys1966 45, 3038;1968 49, 3678; Plazek,
imply that there is no strong decoupling between the shear P- J;; Bero, C. A, Chay, 1-CJ. Non-Cryst. Solidd994 172174, 181.

. . . 9) Menon, N.; Nagel, S. R.; Venerus, D. hys. Re. Lett. 199
modulus relaxation times and those derived from probes such;3 56)3. g Y 4

as the dielectric susceptibility. (10) Angell, C. A. InProceedings of the Workshop on Relaxations in
Complex System#gai, K. L., Wright, G. B., Eds.; National Technical
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