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Correlation between nonexponential relaxation and non-Arrhenius behavior
under conditions of high compression
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Photon correlation spectroscopy was used to investigate the behavior of the dynamical properties of 1,1'-
di(4-methoxy-5-methyl-phenydyclohexang BMMPC) at elevated pressures. The fragility of BMMPC mea-
sured by the steepness index is decreasing and the nonexponentiality paramgigi is increasing with
increasing pressure. This result strongly suggests that the phenomenological correlation between the steepness
index and nonexponentionality is also preserved under high compression. The pressure dependence of the
structural relaxation times is well characterized by a simple activation volume form. The activation volume
continuously increases with decreasing temperature, which is probably due to the increase of cooperativity of
the structural relaxation process. Moreover, we found that the glass-transition temperature exhibits a significant
dependence on pressure.
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[. INTRODUCTION structure of the glass-forming liquid near glass transition and
are correlated to other liquid properties is still vitally debated
An important aspect of the liquid-glass transition is the[4,7—15. On the basis of theoretical considerations, Vilgis
effect of temperature on the structural-j relaxation time of  [16] pointed out, among other things, that the fragility pa-
a liquid near glass transition. It has been suggested by Angelameter can be mapped onto the fluctuation of the coordina-
that on the basis of the temperature dependence of the struiton number,Az. As a consequence glass formers wkh
tural relaxation time in the vicinity of the glass-transition =0 (network glassgsare always strong systems whereas
temperature one can simply identify the structure stability ofmaterials withAz>0 turn out to be fragile.
glass formers with regard to a temperature chafige3]. In the framework of the coupling model, the idea of “fra-
According to the above idea fragile liquids are structurallygility” takes a completely different sengé1,12,17,18 This
less stable because the temperature dependence of their reedel relates the degree of the cooperativity of local dynam-
laxation time is much stronger than the usual Arrhenius beics with the shape of the relaxation function. On the other
havior. On the other hand, strong liquids exhibit almosthand it is established that the steepness index correlates with
Arrhenius behavior and, thus, more stable structure. The frahe degree of deviation from the exponential relaxafiéh
gility parameter(or steepness indgxs usually quantified (Debye behavigrwhich is usually measured by means of the
from the slope of the Arrhenius plot at the glass-transitionstretching exponent in the Kohlrausch-Williams-Watts func-

temperaturg4], tion. Thus, the behavior of the temperature dependence of
the structural relaxation time also reflects the role, played by
_ dlogr 1 many-body interactiongcooperativity.
mT_laa(Tg/T) - ' (1) It is generally believed that fragility is an important ma-

terial constant since many correlations between the fragility
arameter and a number of other liquid properties have been
analyzed in terms of the Vogel-Fulcher-TammaNiFT) law gmonstratecﬂ4,11—;5. Probably_ the most speptacular and
L _ widespread correlation, as mentioned above, is that between
[5]: 7= 70exd B/(T—Ty)]=10exd D1 To(T—Ty)], the steep- . -
ness index can be also calculated using the VFT parametepge ste_epness index and the nonexponentle_ﬂhtyn-Debye
6] réelaxation [4]._ Unfortunately, some exceptions from the
above correlation were also reported recefdiyl 9. The di-
1 BT electric  measurements in  propylene  carbonate,
= -9 ) cresolphthalein-dimethylethgiKDE), and phenolphthalein-
In10 (Ty—Ty)? dimethylether(PDE) have shown that only on the basis of
the temperature dependencies of the dielectric relaxation
The question whether different patterns of temperature detime these materials can be characterized as fragile liquids.
pendence of the relaxation time in any way reflect localOn the other hand, analyzing the shape of the dielectric re-
laxation (DR) function one can classify them as strong ma-
terials due to a large value of the nonexponentiality param-
*Corresponding author. Email address: gapior@amu.edu.pl eter(stretching exponeptin a recent high-pressure study we
TAlso at Max Planck Institute for Polymer Research, Ackerman-have shown20] that for PDE this discrepancy is not ob-
nweg 10, 55128 Mainz, Germany. served in the dynamic light scatterifBLS) data: The non-

As temperature dependence of the relaxation time is ofte
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exponentiality parameter obtained from DLS is lower than
that obtained from the DR measurements as expected for . '52_8 "0 a2 aa | a8 | as

fragile glass-forming liquid. Different shapes of the dielectric
and light scattering correlation functions might result from
different coupling of the probe&lipole moment and optical FIG. 2. Isobaric temperature dependencies of the structural re-

anisotropy, respectivelyto the dynamics of the entire mol- |5xation time at labeled pressures. The solid lines represent fits us-
ecule and have been discussed2q]. ing the VFT law.

In the last decade there has been growing interest in the
effect of compression on the dynamics of glass-forming lig-Kohlraush-Williams-Watts formul§40],
uids close to the glass transitip81—39. It is well known
that the pressure variation brings about the changes in mo- )
lecular packing of a liquid and thus influences intermolecular g (t)=Aexp —
interactions. Since the glass-transition temperature usually
strongly depends on compression, therefore, temperature derom the analysis we obtained the values of the structural
pendence of the structural relaxation time is also a functionelaxation timer.y and the nonexponentiality parameter
of pressure. However, it is not clear whether pressure alsg, ., at various temperatures and pressures. The behavior
alters fragility and the degree of molecular cooperativity. Inof the structural relaxation time is most commonly discussed

particular one can put forward an important question whethef terms of the average KWW relaxation tindexyy), de-
the correlation between fragility and nonexponentiality iSfined as

still valid under the condition of high compression.

In this paper we examine the dynamics of a low molecular TKWW 1
weight glass-forming liquid: 1,1’-d#-methoxy-5-methyl- (Tkww) = IB—F(IBKWW)' 4
pheny)cyclohexane(BMMPC) over wide temperature and Kww
pressure ranges. The structural relaxation times are probq,q«,erer(lglz\kw) is the Gamma function.
using the dynamic light scattering technique. We found that To determine the behavior of fragility under high com-
the steepness inderagility) is correlated with the nonex- pression a standard procedure was applied. As a measure of
ponential behavior of the relaxation function also under theyagility we have chosen the steepness index defined by Eq.

1000/T [K"]

Brww

t

()

TKWW,

conditions of high compression. 2. The temperature dependence of the average structural re-
laxation time in our temperature range is well described by
Il. EXPERIMENT the Vogel-Fulcher-Tammann law. In Fig. 2 we present the

The experimental setup for high-pressure depolarized d))-S(.)ba”.C relaxation times plotted versus inverse temperature.
It is evident that an increase of pressure is accompanied by a

namic light scattering-photon correlation spectroscopy mea- ) : . ;
surements and the experimental procedures were describ pstantlal shift of the isobars towards h|gh_e_r temperatures.
us, one can expect that the glass-transition temperature

elsewhere[21]. This experimental setup consists of an ; ; .
Argon-ion laser, a high-pressure light scattering cell, an aVa§trong|y depends on pressure. A detailed discussion concern-

lanche diode detector and ALV5000 digital correlator. The'9 the pressure dependenceTgfyvilI be given 'atef in this
sample was pressurized using nitrog@r2000 bar. paper. Very recently, on the basis of the Adam-Gibbs model

BMMPC was synthesized in the laboratory of Professor{f.’l]' dCasallm and gciworkerbifZ] pgmted dout thatfttr;]e C?m't |
H. Sillescu at the Johannes Gutenberg University, Mainz INEd pressure and temperature dependence o the structura

: : .telaxation time in glass formers can be well described by
Sigmiany. The chemical structure of BMMPC is shown " means of the VFT law with a constafpressure independent

value of the strength parametBr and pressure dependent
To. Thus, we reanalyzed the isobaric data from Fig. 2 using
the VFT law and assuming th&@+ is now a common fit

The time correlation functiong!*)(t) measured in a pho- parameter for all analyzed isobars. Again a good agreement
ton correlation experiment were analyzed using the empiricabf the experimental data and the fits was achievedOfer

IIl. RESULTS AND DISCUSSION

011501-2



CORRELATION BETWEEN NONEXPONENTIA . .. PHYSICAL REVIEW E 66, 011501 (2002

65

—v— 345K
0.65 — —¥—336K
—A—325K
—A—316 K
—0—303K
—8—298 K
0.60
z
N
E g
o
0.55
50 4
0.50 T

M T M T T T T T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000
P [bar]

0 200 400 600 800 1000 1200 1400 1600 1800 2000
P [bar]
FIG. 5. The stretching paramet@ww determined from the

FIG. 3. The pressure behavior of the steepness irflagility) isothermal data versus pressure.

determined from the VFT fits with a commd@n; parameter and Eq.

iﬁzafg;tzll analyzed isobars. The solid line represents a linear fit tOISObaI’iC relaxation data versus reduced temperalebT. If

fragility were pressure independent all the data should col-
=27.5+2. It should be mentioned that on the basis of theIalose or)t.o a single mastgr pl(?t' Itis ewdent.from.Flg. 4 that
dielectric relaxation measurements Stickehl.[43] showed ~ the fragility parametemy is slightly decreasing with pres-
also a good agreement of the data with the VFT lawtfor SUre- It is noteworthy that a very similar behavior of the

>10"% s. Moreover, Meieet al. [44] found that the relax- steepness index, i.e., a small decreasenpfwith compres-

ation times measured by both experimental methods hav%ion in the Iow-p_resspre_ range was aiso observed in some
gPoxy glass-forming liquid§21,22.

nearly the same values at a given temperature. We also o T . :
served a coincidence of our data with the dielectric relax- '2King into account the correlation established between

ation times measured by Stickils]. nonegponential rela>.<ation and fragilift] it is of interest to

According to Eq.(2), the values of the fragility parameter €X@mine the behavior of thBxw parameter at elevated
at a given pressure were calculated using the fit parametefS€ssure. The effect of pressure on nonexponentiatitya-
of the VFT law. In order to eliminate errors related to ex- Suréd by the value oBxww) is shown in Fig. 5. Despite a
trapolation we have choseR, as the temperature at which substantial experimental error one can see thatARgw
the relaxation time is equal to 10 s. The behavior of the’@lUe is slightly increasing in the entire pressure range by
steepness index determined at different pressures is digPout 0.02. Inorder to relate this change to a corresponding
played in Fig. 3. These results show that the fragility ofSange of the fragiliym we can use the phenomenological
BMMPC is decreasing with pressure. Note that thanks to th&eationship[4],
assumptionDt=const the error bars ofn; are relatively
small. my=250(*30) — 3208k ww- )

To corroborate this result we also plotted in Fig. 4 the

Thus, the estimated change of the fragility paramater

2 N due to the pressure effects is given byjm(P)=
U m e =4 —32QA Byww(P). Taking ABxww(P)=0.02 for our pres-
1 o Sawear " sure range of 1-2000 bar(Fig. 5 we obtain
0| g ook e _AmT.(ZOOO bgr): —6.41in a good agreement W|'_th our data
= A 10 kbar & in Fig. 3. This result provides a strong indication that the
T | ¥ 12K & correlation betweem; and Byxww holds also under high-
A . 1‘; ';E;; af pressure conditions. An alternative explanation of our find-
55 -2 4 i 18 koar '39 ings is offered by the model developed by Vildis5]. The
=2 ' o decrease of the value af; with pressure suggests a narrow-
D 3] 5 . . . . . .
k<] ing of the distribution of the coordination numbgtecrease
ol <E%.{'F of Az). This might suggest that the local order is increasing
P upon compression. However, to support this idea structural
5 ' . . . ' ' studies have to be carried out at elevated pressures.
0.85 0.90 0.95 1.00 1.05 As structural relaxation times were measured with the
/T same temperature steps we can easily plot isothermal depen-

dencies. The behavior of lgg 7«ww) as a function of pres-
FIG. 4. The influence of compression on the fragility is demon-sure is shown in Fig. 6. It is seen that all presented data
strated by means of-scaled Arrhenius plots. exhibit nearly linear dependence indicating that at least in
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) ) and To. The second-order polynomial was fitted TQ(P) data
FIG. 6. The isothermal pressure dependenCIGS of the StrUCtUr@bhereaS pressure dependencé’@tan be well parameterized by a
relaxation time at given temperatures. The data are fitted by meangear function.
of a simple activation volume formulgolid lines.

) ) ] . quirements for relaxation, therefore its increase with lower-
this pressure range the relaxation time can be well descrlbqqg temperature is attributed to an increase in the

by means of a simple activation form cooperativity of the relaxation process.
PAVH Finally, we also examined the effect of pressure on the
r— froexp< ) 6) glass-transition temperature. Herein We_ldenﬁgyas a tem-
RT perature at which(7xyww)=10 s. This results inT,

=267 K (at atmospheric pressurelf we extrapolate our
where AV# denotes the activation volume amlis the gas  data to( rxww) = 100 s, as conventionally used to define the
constant. An analogous pattern of behavior is often observeglass-transition temperature, we obtdig(100 sy=262 K
in low molecular weight glass-forming liquids with nearly in a good agreement with the literature value of 26144]
spherical shape of the molecules. As an example one cafeasured by means of the differential scanning callorimetry.
mention KDE, PDE, ortho terphen¢®OTP) [19,20,46. From  The values ofT; determined from the isobaric dependencies
the analysis carried out for the data in Fig. 6 we determine@f the relaxation times are displayed in Fig. 8. The glass-
the values of the activation volume. The results &&* are  transition temperature of BMMPC is strongly dependent on
presented in Fig. 7. The plot shows that the activation volpressure. To parameterize this data we employed a quadratic
ume increases as temperature decreases. The data collectgiction. Consequently, the value of the slope at ambient
in the literature imply that such behavior is observed in manyyressure, was found to be equal to 25 K/kbar. It should be
other materials and can be considered as a specific feature géted that the behavior of the glass-transition line, i.e., the
the dynamics of supercooled liquids and amorphous polycurvature and slope are very close to that observed for other
mers. Since the activation volume reflects the volume retow molecular weight glass-forming liquids with similar mo-

lecular shape and interactions, such as OTP, KDE, PDE.

800 Thus, the pressure dependence of the glass-transition tem-
1 = perature reflects the molecular crowding generated by com-
2804 pression as well as the nature of the intermolecular interac-

tions. In Fig. 8 we also plotted the pressure dependentg of
which can be well parameterized by means of a linear func-
tion. It is noteworthy that the value of the slope at ambient
pressure determined for tAg(P) line is much smaller than
for T4(P) dependence. General dependence betWgemy,
their pressure derivatives and fragility will be discussed in a
separate papgn7].

260 -
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180 — IV. SUMMARY AND CONCLUSIONS

Photon correlation spectroscopy was used to investigate
the behavior of the dynamical properties of BMMPC at el-
evated pressures. The results of our analysis show that the

FIG. 7. Activation volume versus temperature. The straight linefragility of BMMPC measured by the steepness indexis
is a guide for the eye. decreasing with increasing pressure. Also the nonexponenti-
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ality parameteiBxw behaves in a consistent way, i.e., it is relaxation process. Moreover, we found that the glass-

increasing with increasing pressure. The changes of both paransition temperature exhibits a significant dependence on
rameteram; and By fulfill the phenomenological scaling pressure. These observations are in agreement with the re-

[4]. This result strongly suggests that the correlation betweenrults reported in the literature for other glass formers with
the steepness index and nonexponentionality is also presimilar molecular shape and intermolecular interactions.

served under high compression.

It was shown that pressure dependence of the structural
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