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Excess wing in the dielectric loss spectra of propylene glycol oligomers at elevated pressure
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Dielectric loss spectra at both ambient and elevated pressure are presented for propylene glycol~PG!,
dipropylene glycol, and tripropylene glycol. While in previous literature the excess wing~EW! was observed
only for PG, we show herein that under high pressure an EW~coexistent with a secondaryb relaxation! is
present for all these materials. Furthermore, at higher pressures the EW evolves into a well-separated peak. The
pressure sensitivity of the EW is very different from that of theb relaxation, being close to that of the structural
relaxation, whereas theb peak is virtually insensitive to pressure. These differences imply a very different
degree of intermolecularity of the underlying motions. A similarly small sensitivity to pressure has been
observed for theb relaxation in sorbitol. We have measured the spectrum of sorbitol at high pressure, and
likewise it indicates the presence of a submerged EW. Finally, the behavior observed for the EW in the glycols
is shown to be consistent with predictions of the coupling model, relating the most probably relaxation time for
the secondary process to a noncooperative relaxation time. This suggests that the EW may be the precursor to
the a relaxation and therefore of fundamental importance to understanding the vitrification process in super-
cooled liquids and polymers.

DOI: 10.1103/PhysRevB.69.094202 PACS number~s!: 64.70.Pf, 77.22.Gm, 65.20.1w
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INTRODUCTION

Glasses of every sort are found throughout modern l
nevertheless, the rich phenomenology of the glass trans
remains to be completely understood. Certainly the dive
aspects are hard to reconcile within a single theoret
framework. An important aspect is to better classify the p
cesses transpiring near the glass transition temperatureTg .
Prominent among these are the secondary relaxations
served by dielectric,1 mechanical,2 and photon correlation3

techniques. While the main focus of studies of the gl
transition has been the strong~greater than Arrhenius! in-
crease of viscosity and structural relaxation timeta on ap-
proachingTg from above, there are other, faster process
having a distinctive Arrhenius behavior belowTg . Some
of these can be attributed to intramolecular motions, for
ample involving pendant moieties in polymers;2 however,
as first shown by Johari and Goldstein,1,4 secondaryb relax-
ations are also present in rigid molecules which lack
ternal degrees of freedom. Such processes must have a
termolecular origin. The situation is confused by the not u
common practice of referring to allb relaxations as Johari
Goldstein ~JG! processes, whether or not they involv
intramolecular degrees of freedom.5,6 This may reflect the
idea that suchb relaxations are characteristic of liquids in
near the glassy state, and that, in principle, every molec
motion may be affected by neighboring molecules. A go
illustration of the problem can be found in experimental
sults on bis~methoxyphenyl!cyclohexane~BMPC!,7–11 which
has many of the features expected of a JG process, ye
been identified by NMR as involving intramolecula
motion.7 A discussion on this subject can be found in a rec
review,12 which suggested that ‘‘true’’ JG processes can
identified by the sensitivity of theirb-relaxation times to
pressure.

Another ‘‘class’’ of secondary relaxations comprises tho
0163-1829/2004/69~9!/094202~7!/$22.50 69 0942
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manifested as an extra contribution on the high-freque
flank of the structural relaxation peak. Referred to as an
cess wing~EW!, this secondary process is coupled to t
structural relaxation, and on the basis of successful scalin
thea peak and EW for several materials, the EW is regard
by some as part of thea relaxation.13 Contrary to this inter-
pretation, it has been found that materials having very si
lar a relaxations may not have the same EW,14 and that thea
peak and EW can be separated by physical aging15,16or with
high pressure.17 Such results indicate that the EW may be
submerged peak.18

Selected liquids under high pressure show a very differ
behavior for the EW and the secondary peak.10 At a fixed
temperature, while the relaxation times of the second
peak for di-isobutyl phthalate and BMPC are almost ins
sitive to a volume change~and therefore easily separab
from thea relaxation!, the EW for cresolphthalein dimethyl
ether and phenolphthalein dimethylether have volume se
tivities close enough to those of the respectivea relaxations
that the EW cannot be resolved as a separate peak. Sim
results have been found for the EW in salol, BMMPC, a
polychlorinated biphenyls.19 Since an intermolecular proces
is expected to be more sensitive to pressure than an intra
lecular process, it is useful to clarify this aspect of the b
havior of secondary relaxations. Potentially, pressure can
used to distinguish between these two types of dynamics

When the secondary relaxation is a JG process, an in
esting correlation is found between thetb of the secondary
relaxation and the primitive relaxationt0 of the coupling
model ~CM!.20,21 The CM predicts that

tKWW5@ tc
BKWW21t0#1/bKWW, ~1!

in which tc is a temperature-insensitive crossover time~equal
to about 2 ps! and tKWW is the correlation time for thea
©2004 The American Physical Society02-1



-
n

r

is

al
ou
l-

d

a
.
n

fu
in
x-
a

ea

c
tio
e
e

t-

e
y.
la
s

rio
5 °

R

ge
e
r
th

ten-

ir
m-

lar
tion
cent
al
in a
s-
res-

ed

ly
gh
f

s for
ob-
t
re
ng

o-
rm

ab-
the

R. CASALINI AND C. M. ROLAND PHYSICAL REVIEW B 69, 094202 ~2004!
relaxation having the Kohlrausch-Williams-Watts~KWW!
form22

f~ t !5exp@2~ t/tKWW!bKWW#, ~2!

wherebKWW is a fractional exponent.t0 gives a character
istic time for onset of cooperative dynamics, and in ma
materials it has been found thattb't0 .21,23,24The connec-
tion betweentb and t0 for not only some intermolecula
secondary relaxations~i.e., JG processes!, but also the EW
with tb then representing a characteristic time,18 suggests
that the two processes~EW and JG! are the same. The idea
that the JG is the precursor of thea relaxation, implying that
the JG~and EW! have a fundamental role in the structur
relaxation, and therefore in the glass transition. In the c
pling model,t0 is the relaxation time for the escape of mo
ecules from their liquid-structure cages.24

Propylene glycol~PG! and polypropylene glycols~PPGs!
of different molecular weights have been studied using
electric spectroscopy by various groups,6,25–36 including
measurements at elevated pressure.37–43 Recently, we re-
ported results for the trimer of propylene glycol~tri-PPG! at
high pressure. This liquid has a well-known secondary pe
which had previously been regarded as a JG process6,34

However, under high pressure, we discovered the existe
of an EW simultaneous with this secondary peak. Upon
ther increases in pressure, the EW evolves into a dist
relaxation peak.42 In this paper, we present dielectric rela
ation data on tri-PPG under high pressure, together with d
on propylene glycol, dipropylene glycol~di-PPG!, and sorbi-
tol. The different behavior of the EW and the secondary p
is discussed.

It is useful to clarify the nomenclature used herein, sin
the literature can be confusing. We adopt the designa
‘‘JG’’ for secondary relaxations which involve the entir
molecule, while the termb relaxation is used to refer to th
lowest-frequency process~excluding the EW! which is
higher in frequency than the primarya relaxation. Herein,
‘‘EW’’ refers to the secondary process closest to thea relax-
ation, whereby theb relaxation is no longer the lowes
frequency secondary process.

EXPERIMENT

Propylene glycol, dipropylene glycol, and tripropylen
glycol were obtained from Aldrich Chemical Compan
These materials have the chemical formu
H-(C3H6O)N-OH with N51, 2, and 3 respectively. Sample
were dried by using molecular sieves and, immediately p
to all measurements, were maintained for one hour at 12
in a nitrogen atmosphere. Thed-sorbitol, obtained from Al-
drich and used as received, was the same sample used in
44.

Dielectric spectra were obtained with a parallel plate
ometry using an IMASS time domain dielectric analyz
(1024– 103 Hz) and a Novocontrol Alpha Analyze
(1022– 106 Hz). For measurements at elevated pressure,
sample was contained in a Manganin cell~Harwood Engi-
neering!, with pressure applied using a hydraulic pump~En-
erpac! in combination with a pressure intensifier~Harwood
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Engineering!. Pressures were measured with a Sensotec
sometric transducer~resolution 150 kPa!. Temperature con-
trol was at least60.1 K.

RESULTS

Pressure effect on propylene glycol

An interesting property of PPGs is the ability of the
terminal groups to form hydrogen bonds, whereby the nu
ber of H bonds is inversely proportional to the molecu
weight. The pressure dependence of the structural relaxa
in PG and PPG oligomers has been the subject of a re
publication.45 More H bonds emphasize the effect of therm
energy on the structural dynamics and are also reflected
smaller sensitivity of the structural relaxation time to pre
sure. This pressure sensitivity can be quantified by the p
sure coefficient of Tg , which for PG is dTg /dP
533 K/GPa,45 comparable to that of other hydrogen bond
glass formers, like glycerol (dTg /dP535 K/GPa),17 sorbi-
tol (dTg /dP540 K/GPa),44 and xylitol (dTg /dP
534 K/GPa).44 The comparison with glycerol is especial
interesting, since like PG it has an EW. Under hi
pressure46 ~;910 MPa! the structural relaxation function o
glycerol is broader than at atmospheric pressure,47 which
suggests17 an increase of the separation ofa relaxation and
EW @viz. Eq. ~1!#.

PG spectra at atmospheric pressure~184 K! and at high
pressure~217 K and 865 MPa! are shown in Fig. 1. It is
evident that pressure broadens the peak, similar to result
salol19,48 although not as dramatic as the broadening
served for glycerol.17 We have previously pointed out tha
such changes in thea peak and EW under high pressure a
found only for H-bonded materials, with such broadeni

FIG. 1. Comparison of dielectric loss spectra for PG at atm
spheric and high pressure. The solid line is the fit of the transfo
of Eq. ~2! to the spectra at atmospheric pressure, withbKWW

50.72. The data at atmospheric pressure where shifted on the
scissa by a factor of 1.4 toward higher frequency to superimpose
peak maxima.
2-2
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EXCESS WING IN THE DIELECTRIC LOSS SPECTRA . . . PHYSICAL REVIEW B69, 094202 ~2004!
absent for simple van der Waals liquids.19 This difference in
behavior for associated and nonassociated glass forme
ascribed to the modification of the degree of H bond
caused by changes in temperature or pressure.19

Pressure effect on dipropylene glycol

The pressure sensitivity of di-PPG was found to
dTg /dP580 K/GPa, which is intermediate between those
PG and tri-PPG (dTg /dP5109 K/GPa).45 This reflects the
relative degrees of H bonding.

Representative dielectric loss spectra for di-PPG aT
5216.7 K and various pressures are shown in Fig. 2. At l
pressure, only the dc conductivity and thea-relaxation peak
are observed. At higher pressures, a virtually press
independent secondary peak and an excess wing emerg
shown in the spectra at higher pressure, with physical ag
the EW becomes more prominent, while the secondary p
is unaffected. Comparing spectra at atmospheric and h
pressure having the same relaxation timeta ~Fig. 3!, there is
broadening of the primary peak, with an increased separa
from the secondary relaxation, and the EW showing up a
deviation from the KWW function. To better quantify th
pressure dependence of the relaxation time for each proc
we analyzed the spectra using a Cole-Cole49 relaxation func-
tion to describe both the EW and theb peak, and a
Havriliak-Negami50 function for thea relaxation.51 For the
spectra at higher pressures, where only the high-freque
side of thea relaxation is present, a power law was used
describe thea relaxation. At lower pressures, the masking
the EW by the other two relaxations precludes its decon
lution, and only the secondary peak was considered. Th
parameters of the secondary peak belowTg were used as
starting parameters for the fits at lower pressure. All these
were carried out simultaneously on both the«8 and«9 spec-
tra. The relaxation times of the three processes, calcul
from the frequency of the maximum (t51/2p f max), are re-
ported in Fig. 4.

FIG. 2. Dielectric loss for PPG dimer~s! at the indicated tem-
perature and pressures~from right to left! of 67.6, 248.7, 335.7,
520, and 510 MPa. The last was measured after 12 h aging.
lines indicate the slopes of the high-frequency flank of thea pro-
cess.
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These results show that the sensitivity to pressure is c
parable for the EW anda relaxation, while that of theb peak
is much less. The activation volume

DV#5RT
] ln t

]P U
P

, ~3!

whereR is the gas constant, for the three processes is lis
in Table I. DVEW

# is about half ofDVa
# , while DVb

# is al-
most two orders of magnitude smaller.

Pressure effect on tripropylene glycol

As mentioned above, we recently showed that, under
evated pressure, the dielectric loss spectrum of tri-PPG
hibits simultaneously an EW and a secondary peak, the la

he
FIG. 3. Comparison of dielectric loss spectra for di-PPG at

mospheric and high pressure. The solid line represents the tr
form of Eq. ~2!, with bKWW50.67. The data at atmospheric pre
sure where shifted on the abscissa by a factor of 1.9 toward hig
frequency to superimpose the maxima.

FIG. 4. Relaxation times obtained from fitting the di-PPG sp
tra atT5216.7~triangles! and 225.6 K~circles!.
2-3
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TABLE I. Activation volumes for thea relaxation,b relaxation, and EW and their ratios fo
di-PPG and tri-PPG.

Sample T ~K! DVa
# DVEW

# DVb
# DVEW

# /DVa
# DVb

#/

di-PPG 216.7 9963 50610 361 0.5060.11 0.036
di-PPG 225.6 8562 56610 361 0.6660.13 0.036
tri-PPG 218.4 9664 4965 1.360.7 0.5160.07 0.016
tri-PPG 245.2 8562 4568 160.4 0.5360.11 0.016
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commonly regarded as a JG process.42 This is similar to the
results herein for di-PPG; however, at sufficiently high pr
sures and low temperature~.0.5 GPa,T5225.6 K), the EW
in the trimer becomes a distinct peak. In Fig. 5 the dielec
loss peak for tri-PPG is compared at atmospheric~193 K!
and high pressure~220.5 K, 373.4 MPa!. After scaling the
high-pressure spectra to superimpose thea relaxations, theb
peak can be seen to be further separated from thea relax-
ation, and, more interestingly, the EW has become m
prominent. Also included in Fig. 5 is the KKW function wit
bKWW50.63, which accurately describes thea relaxation at
atmospheric pressure.34

The spectra of tri-PPG at two different temperatures w
analyzed, using the same procedure as for the di-PPG.
obtained relaxation times are displayed for all three rel
ations in Fig. 6, which demonstrates the stronger pres
dependence of thea and EW relaxation in comparison to th
secondary peak. The corresponding activation volumes
given in Table I, and againDV# for the EW is about half tha
for the a relaxation, whileDVb

# is two orders of magnitude
smaller.

FIG. 5. Comparison of dielectric loss spectra for tri-PPG at
mospheric and high pressure. The solid line is the transform of
~2!, with bKWW50.63. The data at high pressure were shifted on
abscissa by a factor of 2.2 toward higher frequency, with«9 divided
by 0.78, to superimpose the maxima.
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Pressure effect on sorbitol

Sorbitol is a well-studied glass former which has a d
tinct secondary process.52–55The effect of pressure on thea
andb relaxations of sorbitol has been studied recently.44 Due
to the presence of H bonds, the structural relaxation for s
bitol, similar to that for PPG, has a rather small sensitivity
pressure (dTg /dP540 K/GPa). At low pressure, the relax
ation time of theb process is much less sensitive to press
than thea relaxation.44 The ratios of the activation volume
DVb

#/DVa
# at the two temperatures measured in Ref. 44

7.731022 and 0.11. This indicates that theb relaxation in
sorbitol has properties more similar to that of the second
relaxation than of the EW in di-PPG or tri-PPG. This rais
the question of whether an EW could be observed is sorb
simultaneously with theb peak. The dielectric loss spectr
for sorbitol measured at 270 K and 288 MPa are shown
Fig. 7. At low frequency, ionic conductivity is observe
which is found to be insensitive to pressure. At high freque
cies, there is a well-resolved peak, which has been identi
as a JG process.53–55 The low-frequency contribution wa
fitted to a power law@«9(v)5Av2n# and theb peak with a
Cole-Cole function~Fig. 7!. Comparing the experimenta
data with the sum of these two fits, it is evident that there
an extra contribution. By subtracting the fit of theb peak
from the experimental data, a second power law@«9(v)
5Av2m# becomes apparent, having an exponentm;0.2.
This exponent is much smaller than for thea relaxation (n
;0.5), but quite close to literature values for the EW

-
q.
e

FIG. 6. Relaxation times obtained from fitting the tri-PPG spe
tra atT5218.4~squares! and 245.2 K~triangles!.
2-4
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other liquids.56 This is at least an indication that an EW ma
be present in the dielectric loss of sorbitol.

DISCUSSION

Comparison with the CM predictions

As described in the Introduction, the EW for PG has be
found to have a temperature dependence in good agree
with thet0 of the CM.18 In light of the fact that in the spectr
in Fig. 1 thea relaxation and EW are only slightly separat
by pressure, we infer that the connection between the
relaxation time andt0 @Eq. ~1!# is maintained under high
pressure. We can assess whether this agreement is foun
di-PPG and tri-PPG. To do this, we note that if Eq.~1! is
satisfied, then from the definition of the activation volum
@Eq. ~3!#,

DVa
#5bKWW~T,P!DVt0

# , ~4!

where DVt0

# is the activation volume oft0 . Equation ~4!

implies that, if tEW;t0 , then the ratioDVEW
# /DVa

# should
be equal tobKWW . As shown in Figs. 3 and 5,bKWW
50.67 and 0.63 for di-PPG and tri-PPG, respectively, in
pendent of pressure and temperature.34 These are in rough
agreement with the corresponding ratios ofDVEW

# /DVa
#

~Table I! for the dimer and trimer. On the other hand, t
ratios ofDVb

#/DVa
# for di-PPG, tri-PPG, and sorbitol are a

very much smaller thanbKWW , indicating that theb peak in
these liquids is not a JG, at least according to the CM cr
rion. This conclusion is at odds with a recent interpretat
of the secondary process in sorbitol as a JG relaxation.53,55

What is the b process in PPG and sorbit ol?

The very small activation volume of theb process in di-
PPG and tri-PPG indicates that the motion is very localiz

FIG. 7. Dielectric loss spectra for sorbitol measured at h
pressure~open symbols!. The dashed lines are the fit of a Cole-Co
function to theb relaxation and of a power law to the loss at lo
frequency, respectively. The solid line is the sum of these two
The solid symbols are the differences between the data and
Cole-Cole fit to theb relaxation.
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Together with the fact that~i! this motion is not present in the
monomer PG and~ii ! it has been found to have a differen
relaxation time for PPG having different end groups,57 this
suggests that this relaxation is related to the reorientatio
the end groups. Such motion may be only weakly interm
lecular, contrary to the views of other authors.6,53,55,58How-
ever, the amplitude of the secondary peak and its depend
on temperature indicate some degree of sensitivity to ‘‘int
molecular surroundings.’’52,59,60While we believe restricting
the definition of JG relaxation to molecular motions that
volve intermolecular interactions4,12 is correct, confusion
arises because of the difficulty in making this assessm
solely on the basis of relaxation measurements at at
spheric pressure. As has been suggested by other auth12

one approach to distinguish these processes is by analys
their sensitivity to pressure, as well as the use of Eq.~1! from
the CM. Such information is especially required for the i
terpretation of the dynamics of glass formers exhibiting m
tiple secondary processes in their relaxation spectra.60,61

What is the EW?

The results herein and in our previous paper,42 together
with the results discussed in the Introduction, strongly s
gest that the EW is not a wing, but rather a separate, al
often submerged, process. Identifying the EW as a JG p
cess can be problematic, primarily, as discussed above,
cause of the somewhat vague definition of a JG proc
However, from the results it can be inferred that~i! the EW
has an intermolecular origin and~ii ! its characteristic time is
very close to that predicted for the primitive relaxation of t
CM ~i.e., the relaxation time for the escape of molecu
from their liquid-structure cages24!, similarly to what is ob-
served for an intermolecularb process. The verification tha
this process is the precursor of thea relaxation would make
it of fundamental interest for understanding the structu
relaxation process in glasses, but this requires further inv
tigation.

CONCLUSIONS

Dielectric relaxation spectra for PG, di-PPG, and tri-PP
were studied under high pressure. The data for di-PPG
tri-PPG reveal the simultaneous presence of an EW an
secondary process~the latter having been identified in prio
work as a JG relaxation!. In the trimer, the EW evolves into
a distinct peak at sufficiently high pressures. For all th
liquids, the EW exhibits an activation volume having th
same order of magnitude asDV# for the a relaxation, but
~for di- and tri-PPG! much larger than the activation volum
of theb process. Measurements on sorbitol similarly indica
the presence of an EW, which is masked at low press
however, the loss contribution from conductivity preclud
resolution of this EW.

From these results, we conclude that~i! the EW is a sub-
merged secondary peak, and~ii ! some secondary relaxation
have been erroneously classified as JG processes, at le
the criteria described herein are adopted. In particular, a la
difference in activation volume appears to be a facile meth
to distinguish between the two types of secondary proces

h

.
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intermolecular versus intramolecular, with the former inclu
ing the EW for the liquids herein. Moreover, since~by defi-
nition! the JG relaxation involves the entire molecule, it mu
be the slowest secondary process. Accordingly, the EW m
be the JG relaxation. A comparison with the prediction20,21of
the CM suggests that those secondary relaxations tha
intermolecular serve as precursors to thea relaxation. The
implication is they are of fundamental importance for t
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