PHYSICAL REVIEW E 68, 021503 (2003
Changes in dynamic crossover with temperature and pressure in glass-forming diethyl phthalate
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Dielectric relaxation measurements have been used to study the crossover in dynamics with temperature and
pressure, onset of breakdown of the Debye-Stokes-Einstein law, and the relation betweeantthehe 3
relaxations in diethyl phthalate. The measurements made over 10 decades in frequency and a broad range of
temperature and pressure enable the dc conductivity and-thad thep-relaxations to be studied altogether.

The isobaric data show that therelaxation timer, has temperature dependence that crosses over from one
Vogel-Fulcher-Tammann-Hesse form to anotheFgt 227 K andr,~10" 2 s. The dc conductivityr exhibits
similar crossover at the sarig . At temperatures abovks, 7, ando have the same temperature dependence,
but belowTg they become different and the Debye-Stokes-Einstein law breaks down. The breadthaof the
relaxation is nearly constant for<Tg, but decreases with increasing temperature forTg. The time
dependence of; is Arrhenius, which when extrapolated to higher temperatures intersgcas T, nearly
coincident withTg . Isothermal measurements at various applied pressures when compared with isobaric data
show that the shape of therelaxation depends only on,, and not on thelT and P combinations. At a
constant temperature, while, increases rapidly with pressure, tiferelaxation timer, is insensitive to
applied pressure. This behavior is exactly the same as found 'irbis {p-methoxyphenyl cyclohexane. The
findings are discussed in the framework of the coupling model.
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INTRODUCTION relation [26—28. From extrapolation,Tg seems to be the
temperature below which the secondary relaxation emerges

Many molecular liquids can be supercooled to avoid crys-and splits off from thex relaxation.Tg is also the tempera-
tallization and eventually transformed to the glassy statdure above which the dispersion of theelaxation is narrow
[1-3]. For those that possess permanent dipole momen@nd below which the dispersion becomes brog@;30.
broadband dielectric spectroscopy can be used to probe di)p to now, most experimental works on the dynamics of
ferent molecular motions over a wide range of time scalesupercooled liquids are based on temperature variation at at-
from picoseconds in the liquid to hundreds of seconds in thenospheric pressurigt—6,11,12,19,20,24,25As an alterna-
vicinity of glass transition[4—9]. Typical relaxation pro- tive to temperature change, the dynamics of the relaxation
cesses observed by means of this spectroscopy method dreocesses also can be investigated by compression of a liquid
the cooperativen-relaxation and the local, noncooperative at constant temperature. The effect of pressure on the dynam-
secondaryg relaxation[4,5,7,10—1% The secondar re-  ics is determined by the activation volume, in analogy to
laxations are either of intramolecular or intermolecular inactivation energy in temperature variatif®,14,21—-23,31—
origin. The latter is best exemplified by the secondary relax39]. Of course, our understanding of the dynamics of various
ations in rigid molecules and often referred to as the Johariprocesses can be improved by measurements by varying both
Goldstein (J-G) relaxation. However, at the present time, temperature and pressure. In this paper, we present an experi-
there is no general agreement on the precise definition of Bnental study of dynamic glass transition at different pres-
J-G relaxation. In addition, there is the dc conductivity —sures and temperatures in diethyl phthaldPEP), a low
which originates from mobile ions commonly present in di- molecular liquid. This liquid has a resolved secondary relax-
polar liquids. As dc conductivity is related to viscosity of the ation at lower temperatures and Arrhenius temperature de-
liquid by the combination of Nernst-Einstein and Stokes-pendence forr;, which when extrapolated to higher tem-
Einstein equations, it also provides useful information abouperatures seems to indicate thgf merges with7, at a
the « relaxation[4,16-23. temperaturel 5, nearly the same &aBg. This behavior sug-

In recent years, the change in relaxation dynamics at gests that of a typical Johari Goldstein. However, the pres-
temperatureTg (about 1.7 for fragile liquids and even sure dependence of; indicates otherwise, as we shall see
higher for intermediate liquidsrom a simpler one at higher from the results to be presented.
temperatures to a more complex one at lower temperatures
has drawn considerable inter¢46,24,23. The temperature
dependence o#-relaxation timer, is well described by a
Vogel-Fulcher-Tammann-Hess¢VFTH) equation for T The molecular structure of the diethyl phthalate is dis-
>Tg, but conforms to another VFTH equation for Ty played in inset of Fig. 2. The sample was supplied by Aldrich
[24,26]. Above Ty the temperature dependences of the self-Chemicals. The temperature-dependent dielectric measure-
diffusion coefficient and viscosity are the same, but belowments were carried out using the experimental setup made by
Tg they differ leading to a breakdown of the Stokes-EinsteinNovo-Control GmbH. This system was equipped with a
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FIG. 1. The frequency dependence of the dielectric ksfor DEP at different temperatures. Left part of the figure presents evolution
of a relaxation forT>T,. Right part presents dependencegafelaxation process for temperatures lower tfign

Novo-Control GMBH Alpha dielectric  spectrometer behavior, while the primary relaxation time has stronger tem-

(10 2-10 Hz) and Agilent 4291B impedance analyzer Perature dependence. On extrapolating the Arrhenius tem-

(10°~1.8<10° Hz) for measurement of the dielectric per- Perature dependence of; to higher temperaturegdotted

mittivity e*(w)=¢'(w)—ie"(w). The sample was placed line in Fig. 2, 74 intersectsr,, at T;=227 K, the apparent

in a parallel plate celldiameter 20 mm, gap 0.1 mmiThe ~ Merging temperature. However, because the result relies on

temperature was controlled using a nitrogen-gas cryostagXtrapolation, an actual merging of theand 3 relaxations at

with temperature stabilization better than 0.1 K. Tz may not necessarily take placeTgf and in the manner as
For high-pressure measurements, we used a pressure sydicated in Fig. 211,24.

tem constructed by UNIPRESS with a home-made special Often the temperature dependencerpfcan only be de-

flat parallel capacitor. The pressure was exerted on th&cribed by more than one VFTH equation. This is conve-

sample by steel piston. The tested sample was in contact onfjiently brought out by the method proposed by Stickel and

with stainless steel and Teflon. The temperature was corf0-workers[11,24. They observed that any VFTH depen-

trolled to within 0.1 K by liquid flow provided by a thermo- dence of a measured quantitywill be transformed to a
static bath. linear dependence on Tl/when the new variableg,

RESULTS AND DISCUSSION 0 o-relaxation o

A. Isobaric measurements 24

o.0

The isothermal dielectric loss spectra of DEP are depicted p-relaxation 50"

in Fig. 1. The left panel shows the dominant primarye- = 41 Oooeoo
laxation forT>T,, which progressively slows down and the < 00

width becomes broader with decreasing temperature. The';é -6

right panel shows data taken at temperatures balgwAt o -
these temperatures, therelaxation is moved out of acces- 84 C

sible frequency range and the weal@relaxation becomes
the main feature in the spectra.

Figure 2 shows the dependences of the primary and the
secondary relaxation times on temperature at atmospheric 3 4 s 6 7 8
pressure. The results obtained from the spectra in Fig. 1 pro- 1000/T [K']
vide a complete relaxation map of both processes in the su-
percooled and glassy state. The most probable relaxation FIG. 2. A comparison of temperature dependencexofand
time 7, of the B relaxation follows an Arrhenius temperature p-relaxation times for DEP.
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FIG. 3. In the left part of figure is presented the derivative quamtitws temperature as obtained fragrelaxation times data. The solid

curve represents the Stickel representation of the Cohen-Grest fif4¥g#g. The right part presents the Stickel plot obtained from dc
conductivity data. The dotted lines represent VFTH behaviors; the arrow indicates the crossover tempgrature

=[d(In(x))/d(1000m)]~ 2 is considered, and the need for temperature regiond=ig. 6). For T>Tg, both quantities su-
two VFTH equations to fit the data becomes absolutely cleaiperpose well to indicate that they have the same temperature
We apply this method te, and the dc conductivity, and the dependence, but beloWy one can see that they decouple
results are shown in Fig. 3. For both measured quantitiefrom each other. It is remarkable that the same temperature
two different VFTH equations, valid respectively in two dis- Tg has been found for the crossover in the temperature de-
tinct temperature regimes separated by a temperagir@are  pendences of, ando as well as the onset of the breakdown
needed to fit the data. It is striking th@ig=227 K is the  of the DSE law.
same for¢, and ¢,, and is equal toT ;. This behavior The crossover behavior is also visible in the temperature
suggests a change of the dynamics of the sample on coolirdgpendence of the shape parameters of the primary relax-
pastTg=227 K. ForT>Tg, molecular motions move prac- ation absorption peaky and o8, determined by Havrilak-
tically in noncooperative fashion, whereas 1o Tz the mo-  Negami fits to the dielectric spectra:
tions are cooperativg29].

As a further evidence of occurrence of a crossover in

dynamics neaiTg, we make a crossplot of lag against 94 S=0.99+-0.007
log 7, in Fig. 4. The Debye-Stokes-Einste{®SE) relation 0] ey T
[22,23 ] Ro. /
-1 4 o,

oT=const., (1) 1 B
if valid, implies that the data would fall on a straight line ) 134 E"*Eﬁ‘ §=-0.92+/-0.004
with slope s equal to —1 in Fig. 5. This is true only at <% | B
temperatures higher than, (s=0.99). BelowTg, the slope & 144 '3‘*-.‘.&
is noticeably different from—1 and the DSE law break- 45 T
downs, as was found in many systems with high viscosity on ; m
approaching the glass transitijn8—-20,22,23 The frac- -16 4 g
tional Debye-Stokes-EinsteiiDSE) law [22,23 is 47

©
&
4
&
m.
A
&
)

o= const., (2 log, [t /s]

wheresis a fractional exponent less than 1, now replaces EqQ. FIG. 4. dc conductivity vsx-relaxation times on a log-log scale,
(1). For DEP,s=0.92 at temperatures belol . obtained from isobaric data in DEP. The arrow indicates the tem-

In Fig. 5, the dependences of ando on T are superim-  perature of transition from DSE to FDSE law. Error bars for all data
posed on the same plot. One can again observe two distinpbints are smaller than the used symbol size.
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FIG. 5. Temperature dependence of theelaxation times and 0g ol /5]

the rescaled dc conductivity superimposed on one curve. The arrow FIG. 7. Shape parametets af vs the a-

: . . relaxation times for
points out the temperatufgs, at which decoupling takes place.

T<Tg. In all presented temperature and pressure ranges time-
o temperature-pressure-superposition law is fulfilled.
e¥(w)=i—+e,+(eg—e)[1+(iomyn)*] 7, (3
@eo parametersy and o as functions of the primary relaxation

where o and ¢, denote dc conductivity and permittivity of time 7,, obtained from isobari¢at constantP=0.1 MPa)
free space, respectively,. represents the asymptotic value and isothermalat constantlT =293 K) measurements. The
of the permittivity at high frequencies, is the value of the ~data from both isobaric and isothermal measurements super-
opposite limit, 7,y is the characteristic relaxation time, and impose almost on top of each other. Hence, over the whole
« and B are parameters in the range between 0 afdd]. time range of about eight decades, isochronal temperature-
The parametere, which describes shape of the low- pressure superposition holds for therelaxation.(Note that
frequency flank of the peak, is almost constant and close tthe above behavior is valid below the crossover temperature
unity. The other shape paramete8 describing the slope of only) However, the entire spectrum, including both the
the high frequency wing is constant at temperatures belovnd 3 relaxations, does not obey isochronal temperature-
220 K. Above 220 K,ap increases monotonically with in- Pressure superpositioning. This is shown in Fig. 8 for two
creasing temperature. This means that it is only in the temcombinations ofl andP which have exactly the same shape
perature range beloWy that time-temperature superposition and location in ther-relaxation loss peak, but not in the
is fulfilled [41]. Above Tz, the loss peak narrows with in- relaxation. Ther of the two cases differs by more than an
creasing temperature and becomes almost a Debye proces$#der of magnitude. This lack of correspondence between the
the higher measurement temperatures. a and B relaxations of DEP is to be contrasted with that
found in sorbitol at lower pressure ran]. In sorbitol, 74
is the same for two differer® andT combinations that have

By comparing isobaric data with isothermal data, impor-the samer,. This difference between DEP and sorbitol in
tant conclusions can be drawn. In Fig. 7, we present shape

B. Isothermal measurements
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FIG. 6. Shape parametess a8 vs temperature. Vertical dotted
line indicates temperature at which decoupling takes place.

FIG. 8. A comparison of the dielectric loss spectra obtained
from isothermal and isobaric measurements for DEP.
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Yo Smasn® AN I o 7, calculated by Eq(4) from dielectric relaxation data of
Vo Vvvv sorbitol taken at ambient pressyd2,43 and at high pres-
Vvvv oY v 1.3GPa sureg[37] is consistent with Eq(6) for the location ofrg of
vy the secondary relaxation in the spectrum. This agreement
. . . e i, does not hold for DEP. The best KWW fit to tkepeak in
10 10 10 10 10 Fig. 8 givesn=0.36 and it follows from Eq(4) that In(f,
f [Hz] =(1/2m7,))=3.85. This value is about one decade and two

. . decades lower than the apparent peak frequency of the ob-
FIG. 9. A comparison of the pressure evolution of the served B8 relaxation atT=190.2K, P=0.1 MPa andT
B-relaxation loss spectra for three isotherms. The vertical dotted_ 293.6 K, P=1.05 GPa, respectively. This difference sug-
line points out maximum of thg-relaxation peaks. gests that the3 relaxation in DEP is of different kind than

) . o that in sorbitol and other glass formers, which hayaearly
the relation between the and g relaxations indicates that ha same as,. In some glass formers, two secondary relax-

the B relaxations in them are of different kinds, even thoughgions were observef5,44). At the glass transition tem-

both 8 relaxations when extrapolated seem to merge with theyo a1re, one secondary relaxation is located at a frequency
« relaxation. There is also another difference betweengthe ., ,cn higher than that calculated via Hd), while there is

relaxation in_DEP and sorbitol in relation to an interpretationgood agreement for the other secondary relaxdt.

of the coupling modelCM) [42,43. A key concept of the ™ \yjjg jsothermal data show thaf, changes rapidly with
CM is Fhe mdependent relaxation. Accordmg t.o the CM, 'tspressure, the opposite is observedrin The secondary re-
relaxation timer, is related to then-relaxation timer, by

- 320

To=tgrz ", (4) . e

_ _ 300 T

wheret.(~2 ps) is a temperature-independent constant and R
(1—n) is the Kohlrausch-Williams-Watts fractional expo- 280 - ik
nential functione(t) =exd — (t/7,)* "] used to fit the dielec-
tric loss peak by the one sided Fourier transform, 260 .

o > 240 4

€ (w)=A8f dtsin(wt)(—dg/dt). (5)
0 220
- dT JdP =121K/GPa
It was found that for many glass formers, certgirelaxation 2004 /
is closely akin to the independent relaxation in CAR,43. 180 1=
Such ag relaxation has its most probable relaxation time 00 02 04 06 08 10 12 14 16
located near the independent relaxation tirg®f the CM at P [GPa]
9

T4 [42] and temperatures aboy43], e.g.,

FIG. 11. Pressure dependence of the glass-transition tempera-
ture. T4(P) data were fitted by the second-order polynomial.

(6)

T‘B%to .
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TABLE I. The effect of pressure on the glass-transition temperature in the examined material and some
other substances.

Material dT4/dP)p—_0.1 mpa(KIGPa
Diethyl phthalate 121
Poly(bisphenol A-co-epichlorohydrnglicydyl end capped51] 141
Cresolphthalein-dimethyleth¢8] 300
BMMPC [50] 250
Polymethylphenylsiloxang33] 280
Poly(propylene glycol 400[38] 140
Poly(propylene glycol 4000[38] 192
laxation turns out to be insensitive to pressure. To show this, C. Conclusion

we depict in Fig. 9 six spectra, two spectra at different pres-  The jsobaric measurements show the crossover in dynam-
sures per isotherm dt=283, 293.5, and 313 K. The striking jcs of DEP atTz=227 K. The crossover is exemplified by
feature is that, for all the different combinations of pressurg1) the change of the temperature dependence of the
and temperature, the loss peak attributed togtrelaxation  qa-relaxation timer, from one VFTH dependence to another,
does not seem to move. The pressure dependences of t(® apparent merging of th@ relaxation with thea relax-
primary and the secondary relaxation times for two iso-ation atTg, (3) decoupling of the dc conductivity from the
thermsT =248.6 and 293.65 K are shown in Fig. 10. Since atrelaxation at temperatures beldls, and(4) rapid narrow-
293.65 K the DSE relation is valid, we can superimpose orning of the a-relaxation dispersion at temperatures abdye
one curver, ando [4]. The most remarkable feature in the Isothermal measurements at various applied pressure show
relaxation map is the independence f on pressure, in that the a-relaxation dispersion_by itself obeys isochronal
contrast to its strong dependence on temperdsge Fig. 2 témperature-pressure superposition, but not whertaed
Thus, theg relaxation process in DEP can be considered a# relaxations are taken together. This breakdown of isochro-
thermally activated46]. In contrast,s of the 3 relaxation nal temperature-pressure superposition is due to the sensitive
in sorbitol [37] and in 17.2 mol % of chlorobenzene in cis déPendence of,, to pressure but the independencergfto
+trans decalirf47] show some pressure dependence. pressure. The analogy of the_pre_ssure ln_dependeneg lof
Finally, we examine the effect of pressure on the glassDEP suggests that therelaxation in DEP is not of the same

o . kind as in sorbitol and 17.2 mol % of chlorobenzene in cis

g?\?vﬂ;[::%ntaeemrgle;ig:irgﬁ It-ilrireelgfv;/ﬁedef_l‘ﬁ@as a temperature Ftrans decalin, where some pressuremgfhas been ob-
f the primary process is equagerved.

to 10s. The results, presented in Fig. 11, show Thatf DEP
is strongly dependent on compressiptd,50. To param- ACKNOWLEDGMENTS
etrize the pressure dependencelgf we employed a qua-
dratic function fit to the data, and from which we estimate This work was supported by the State Committee for Sci-
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