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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 propylené€P@)col
dipropylene glycol, and tripropylene glycol. While in previous literature the excess (W) was observed
only for PG, we show herein that under high pressure an (E¥¢xistent with a secondayy 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 fheslaxation, being close to that of the structural
relaxation, whereas thg 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 thes 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.
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INTRODUCTION manifested as an extra contribution on the high-frequency
flank of the structural relaxation peak. Referred to as an ex-
Glasses of every sort are found throughout modern lifecess wing(EW), this secondary process is coupled to the
nevertheless, the rich phenomenology of the glass transitiogtructural relaxation, and on the basis of successful scaling of
remains to be completely understood. Certainly the diversée @ peak and EW for several materials, the EW is regarded
aspects are hard to reconcile within a single theoreticaby some as part of the relaxation:> Contrary to this inter-
framework. An important aspect is to better classify the pro{retation, it has been found that materials having very simi-
cesses transpiring near the glass transition temperare lar « relaxations may not have the same Etend that thex
Prominent among these are the secondary relaxations opeak and EW can be separated by physical dgitfer with
served by dielectri¢, mechanicaf, and photon correlatich ~ high pressuré! Such results indicate that the EW may be a
techniques. While the main focus of studies of the glas$ubmerged peakk
transition has been the strorigreater than Arrhenidsin- Selected liquids under high pressure show a very different
crease of viscosity and structural relaxation timeon ap- ~ behavior for the EW and the secondary péakt a fixed
proachingT, from above, there are other, faster processesiemperature, while the relaxation times of the secondary
having a distinctive Arrhenius behavior beloW,. Some peak for di-isobutyl phthalate and BMPC are almost insen-
of these can be attributed to intramolecular motions, for exsitive to a volume changéand therefore easily separable
ample involving pendant moieties in polyméréiowever, from the a relaxatior), the EW for cresolphthalein dimethyl-
as first shown by Johari and Goldstéihsecondarys relax-  €ther and phenolphthalein dimethylether have volume sensi-
ations are also present in rigid molecules which lack in-tivities close enough to those of the respectiveelaxations
ternal degrees of freedom. Such processes must have an ffiat the EW cannot be resolved as a separate peak. Similar
termolecular origin. The situation is confused by the not untesults have been found for the EW in salol, BMMPC, and
common practice of referring to a relaxations as Johari- Ppolychlorinated biphenyl§) Since an intermolecular process
Goldstein (JG) processes, whether or not they involve iS expected to be more sensitive to pressure than an intramo-
intramolecular degrees of freeddtfi.This may reflect the lecular process, it is useful to clarify this aspect of the be-
idea that suchB relaxations are characteristic of liquids in or havior of secondary relaxations. Potentially, pressure can be
near the glassy state, and that, in principle, every moleculd#¢sed to distinguish between these two types of dynamics.
motion may be affected by neighboring molecules. A good When the secondary relaxation is a JG process, an inter-
illustration of the problem can be found in experimental re-€sting correlation is found between thg of the secondary
sults on bismethoxyphenykyclohexandBMPC),’*which  relaxation and the primitive relaxation, of the coupling
has many of the features expected of a JG process, yet hawdel (CM).?>** The CM predicts that
been identified by NMR as involving intramolecular
motion. A discussion on this subject can be found in a recent

=[Bkww =1 _ 11Bkww
review!? which suggested that “true” JG processes can be Trww =L 7o ' @
identified by the sensitivity of theiB-relaxation times to
pressure. in whicht, is a temperature-insensitive crossover tif@eual

Another “class” of secondary relaxations comprises thoseto about 2 ps and rxyww is the correlation time for ther
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relaxation having the Kohlrausch-Williams-Watt&WW) PN I I i Atk e Rt B B
form?? : :

B (t)=exyd — (t/ meuw) Prww], 2

whereByww IS a fractional exponent. y gives a character-
istic time for onset of cooperative dynamics, and in many
materials it has been found thag~ 7,.%****The connec- .
tion betweenr; and o for not only some intermolecular _E10°1
secondary relaxation§.e., JG processgsbut also the EW = ]
with 74 then representing a characteristic tiflesuggests «
that the two process€éEW and JG are the same. The idea is ]
that the JG is the precursor of therelaxation, implying that | = 217k ses5MPa
the JG(and EW have a fundamental role in the structural o 184K 0.1MPa
relaxation, and therefore in the glass transition. In the cou- KWW (8. =0.72)
pling model, 7, is the relaxation time for the escape of mol- ] Kww :
ecules from their liquid-structure cagés. 102 10" 1 10 10% 10° 10* 10° 10°
Propylene glycolPG) and polypropylene glycoléPPG$
of different molecular weights have been studied using di-
eleciric spectroscopy by varlous7_gr30L?Ff§, * including FIG. 1. Comparison of dielectric loss spectra for PG at atmo-
measurements at elev_ated pres§uré. Rece”t',y' we fe- spheric and high pressure. The solid line is the fit of the transform
ported results for the trimer of propylene glydtli-PPG at Eq. (2) to the spectra at atmospheric pressure, WGy
high pressure. This liquid has a well-known secondary peak.-(.72. The data at atmospheric pressure where shifted on the ab-

which had previously been regarded as a JG Pr&&s- scissa by a factor of 1.4 toward higher frequency to superimpose the
However, under high pressure, we discovered the existenggak maxima.

of an EW simultaneous with this secondary peak. Upon fur-

ther increases in pressure, the EW evolves into a distingtngineering. Pressures were measured with a Sensotec ten-

relaxation peak? In this paper, we present dielectric relax- sometric transducefresolution 150 kPa Temperature con-
ation data on tri-PPG under high pressure, together with datgg| was at least-0.1 K.

on propylene glycol, dipropylene glyc@i-PPQ, and sorbi-

tol. The different behavior of the EW and the secondary peak

is discussed. RESULTS
It is useful to clarify the nomenclature used herein, since

the literature can be confusing. We adopt the designation ] . )

“JG” for secondary relaxations which involve the entire ~ An interesting property of PPGs is the ability of their

molecule, while the terng relaxation is used to refer to the terminal groups to form hydrogen bonds, whereby the num-

lowest-frequency procesgexcluding the EW which is ber of H bonds is inversely proportional to the molecular

higher in frequency than the primaw relaxation. Herein, Welght The pressure dependence of the structural relaxation

“EW'" refers to the Secondary process closest to theelax- in PG and PPG Oligomers has bee.n the SUbjeCt of a recent
ation, whereby theB relaxation is no longer the lowest- publication?> More H bonds emphasize the effect of thermal

frequency secondary process. energy on the structural dynamics and are also reflected in a
smaller sensitivity of the structural relaxation time to pres-
sure. This pressure sensitivity can be quantified by the pres-
sure coefficient of Ty, which for PG is dT4/dP

Propylene glycol, dipropylene glycol, and tripropylene =33 K/GPa{® comparable to that of other hydrogen bonded
glycol were obtained from Aldrich Chemical Company. glass formers, like glyceroldT,/dP=235 K/GPa)l’ sorbi-
These  materials have the chemical formulatol (dT,/dP=40 K/IGPa)™ ~and xylitol (dTy/dP
H-(C3HgO)n-OH with N=1, 2, and 3 respectively. Samples =34 K/GPa)** The comparison with glycerol is especially
were dried by using molecular sieves and, immediately priointeresting, since like PG it has an EW. Under high
to all measurements, were maintained for one hour at 125 °@ressur® (~910 MPa the structural relaxation function of
in a nitrogen atmosphere. Thksorbitol, obtained from Al-  glycerol is broader than at atmospheric presélrehich
drich and used as received, was the same sample used in Refiggests an increase of the separation @frelaxation and
44. EW [viz. Eq. (D)].

Dielectric spectra were obtained with a parallel plate ge- PG spectra at atmospheric press(t84 K) and at high
ometry using an IMASS time domain dielectric analyzerpressure(217 K and 865 MPrare shown in Fig. 1. It is
(10 4-10* Hz) and a Novocontrol Alpha Analyzer evident that pressure broadens the peak, similar to results for
(10"2—1¢ Hz). For measurements at elevated pressure, thealof**® although not as dramatic as the broadening ob-
sample was contained in a Manganin ogllarwood Engi- served for glycerol! We have previously pointed out that
neering, with pressure applied using a hydraulic pufgm-  such changes in the peak and EW under high pressure are
erpag in combination with a pressure intensifigdarwood  found only for H-bonded materials, with such broadening

Frequency [Hz]

Pressure effect on propylene glycol
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FIG. 2. Dielectric loss for PPG diméf)) at the indicated tem-

perature and pressurésom right to lefy of 67.6, 248.7, 335.7, FIG. 3. Comparison of dielectric loss spectra for di-PPG at at-
520, and 510 MPa. The last was measured after 12 h aging. Th@ospheric and high pressure. The solid line represents the trans-
lines indicate the slopes of the high-frequency flank of ¢hpro- form of Eq. (2), with Bxww=0.67. The data at atmospheric pres-
cess. sure where shifted on the abscissa by a factor of 1.9 toward higher

absent for simple van der Waals liquitfsThis difference in frequency to superimpose the maxima.

behavior for associated and nonassociated glass formers is
ascribed to the modification of the degree of H bonding
caused by changes in temperature or pressure.

These results show that the sensitivity to pressure is com-
parable for the EW and relaxation, while that of th@ peak
is much less. The activation volume

Pressure effect on dipropylene glycol aln 7

#_
The pressure sensitivity of di-PPG was found to be AVP=RT op |’ 3

dT,/dP=80 K/GPa, which is intermediate between those of

PG and tri-PPG T, /dP=109 K/GPa)*® This reflects the ~whereR is the gas constant, for the three processes is listed

relative degrees of H bonding. in Table I. AV, is about half ofAVY, while AV is al-
Representative dielectric loss spectra for di-PPGTat most two orders of magnitude smaller.

=216.7 K and various pressures are shown in Fig. 2. At low

pressure, only the dc conductivity and theelaxation peak Pressure effect on tripropylene glycol

are observed. At higher pressures, a virtually pressure-

independent secondary peak and an excess wing emerge. AsAS mentioned above, we recently showed that, under el-

shown in the spectra at higher pressure, with physical aglnﬁ vated pressure, the dielectric loss spectrum of tri-PPG ex-

the EW becomes more prominent, while the secondary peak'blts simultaneously an EW and a secondary peak, the latter

is unaffected. Comparing spectra at atmospheric and high

3
pressure having the same relaxation timegFig. 3), there is 10 1 DI-PPG
broadening of the primary peak, with an increased separation 10+ - A a\ ° A EW
from the secondary relaxation, and the EW showing up as a . 3 A o A .
deviation from the KWW function. To better quantify the 10 1 a L j.
pressure dependence of the relaxation time for each process,  1¢°4 a o o
we analyzed the spectra using a Cole-¢bielaxation func- W] a ° ¢
tion to describe both the EW and th@ peak, and a 107 °
Havriliak-Negami® function for thea relaxation®* For the ORISE W ° ¢
spectra at higher pressures, where only the high-frequency ° o a o °
side of thea relaxation is present, a power law was used to 1074 °
describe thex relaxation. At lower pressures, the masking of 1041: 0° B
the EW by the other two relaxations precludes its deconvo- i ¢ a A 4% s 0 0
lution, and only the secondary peak was considered. The fit 10'515
parameters of the secondary peak belbywere used as 10°4 S —
starting parameters for the fits at lower pressure. All these fits 0 100 200 300 400 500 600
were carried out simultaneously on both #eande” spec- P [MPa]
tra. The relaxation times of the three processes, calculated
from the frequency of the maximumr€ 1/27f ,,,,), are re- FIG. 4. Relaxation times obtained from fitting the di-PPG spec-
ported in Fig. 4. tra atT=216.7(triangles and 225.6 K(circles.
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TABLE I. Activation volumes for thea relaxation, relaxation, and EW and their ratios for
di-PPG and tri-PPG.

Sample T (K) AV# AVE, AVj AVE AV AVE/AVE
di-PPG 216.7 9¢3 50+ 10 3+1 0.50+0.11 0.03:0.01
di-PPG 225.6 852 56+ 10 3x1 0.66:0.13 0.03:0.01
tri-PPG 218.4 964 495 1.3£0.7 0.51x0.07 0.010.005
tri-PPG 245.2 852 45+8 1+0.4 0.53:0.11 0.01-0.004
commonly regarded as a JG proc&shis is similar to the Pressure effect on sorbitol

results herein for di-PPG; however, at sufficiently high pres-  gqpitol is a well-studied glass former which has a dis-
sures and low temperatufe-0.5 GPaT=225.6 K), the EW tinct secondary proce$8:%°The effect of pressure on the
in the trimer becomes a distinct peak. In Flg 5 the dielectri(éndﬁ relaxations of sorbitol has been studied rece‘H‘tDue
loss peak for tri-PPG is compared at atmosphét@3 K)  to the presence of H bonds, the structural relaxation for sor-
and high pressur€220.5 K, 373.4 MPg After scaling the bitol, similar to that for PPG, has a rather small sensitivity to
high-pressure spectra to superimposedirelaxations, thg8  pressure ¢ T,/dP=40 K/GPa). At low pressure, the relax-
peak can be seen to be further separated fromutihelax-  ation time of theB process is much less sensitive to pressure
ation, and, more interestingly, the EW has become mor¢han thea relaxation?* The ratios of the activation volumes
prominent. Also included in Fig. 5 is the KKW function with AVZ/AV’; at the two temperatures measured in Ref. 44 are
Brww=0.63, which accurately describes thaelaxation at  7.7x10 2 and 0.11. This indicates that th@relaxation in
atmospheric pressufé. sorbitol has properties more similar to that of the secondary
The spectra of tri-PPG at two different temperatures wergelaxation than of the EW in di-PPG or tri-PPG. This raises
analyzed, using the same procedure as for the di-PPG. THbe question of whether an EW could be observed is sorbitol,
obtained relaxation times are displayed for all three relaxSimultaneously with theg peak. The dielectric loss spectra
ations in Fig. 6, which demonstrates the stronger pressur@r sorbitol measured at 270 K and 288 MPa are shown in
dependence of the and EW relaxation in comparison to the Fig. 7. At low frequency, ionic conductivity is observed,

secondary peak. The corresponding activation volumes ar@hich is found to be insensitive to pressure. At high frequen-
given in Table I, and againV* for the EW is about half that cies, there is a well-resolved peak, which has been identified

- AN . as a JG procesS>® The low-frequency contribution was
for the « relaxation, whileAVy; is two orders of magnitude fitted to a power lawe" () = Ao "] and theg peak with a

smaller. Cole-Cole function(Fig. 7). Comparing the experimental
data with the sum of these two fits, it is evident that there is
Ty an extra contrlputlon. By subtracting the fit of thepeak
from the experimental data, a second power [afl(w)
© 193K  0.1MPa =Aw~ "] becomes apparent, having an exponsmt0.2.
® 220.5K 373;4MPa T This exponent is much smaller than for therelaxation €
KWW B, w063 ~0.5), but quite close to literature values for the EW in
14 7 10°
] ’ 1 Ti-PPG ——a A
%0 1031 - . \
A
] A
1 a
104 - EW., 4
N = 27 a EV.a
10" - : = 1079 ST a s
(53 1 n .'a A r-3
, 1043'i .I . A
L] A
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FIG. 5. Comparison of dielectric loss spectra for tri-PPG at at- 0 200 400 600 800 1000
mospheric and high pressure. The solid line is the transform of Eq. P [MPa]
(2), with Bxww=0.63. The data at high pressure were shifted on the
abscissa by a factor of 2.2 toward higher frequency, wftldivided FIG. 6. Relaxation times obtained from fitting the tri-PPG spec-
by 0.78, to superimpose the maxima. tra atT=218.4(squaresand 245.2 K(triangles.
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B i A Together with the fact thdt) this motion is not present in the
Sorbitol monomer PG andii) it has been found to have a different
T=279.2K, P= 288 MPa J relaxation time for PPG having different end grodpshis

suggests that this relaxation is related to the reorientation of
the end groups. Such motion may be only weakly intermo-
lecular, contrary to the views of other auth8r8:>>>*How-

ever, the amplitude of the secondary peak and its dependence
on temperature indicate some degree of sensitivity to “inter-
molecular surroundings >*°°®®While we believe restricting

the definition of JG relaxation to molecular motions that in-

\ &) = AL volve intermolecular interactioh$? is correct, confusion

1 T e ] arises because of the difficulty in making this assessment
e =AS""\ % " ColeColefunction ] solely on the basis of relaxation measurements at atmo-
10* 10° 10% 10" 1 10 10° 10° 10 10° 10° spheric pressure. As ha§ been suggested by. other aﬂﬁhqrs,
one approach to distinguish these processes is by analysis of
their sensitivity to pressure, as well as the use of(Egfrom

FIG. 7. Dielectric loss spectra for sorbitol measured at highth® CM. Such information is especially required for the in-
pressurdopen symbols The dashed lines are the fit of a Cole-Cole terpretation of the dynamics of glass formers exhibiting mul-
function to thep relaxation and of a power law to the loss at low tiple secondary processes in their relaxation spétfra.
frequency, respectively. The solid line is the sum of these two fits.

The solid symbols are the differences between the data and the What is the EW?
Cole-Cole fit to theB relaxation.

p-peak

Frequency [Hz]

The results herein and in our previous paffelpgether
with the results discussed in the Introduction, strongly sug-
gest that the EW is not a wing, but rather a separate, albeit
often submerged, process. Identifying the EW as a JG pro-
cess can be problematic, primarily, as discussed above, be-

DISCUSSION cause of the somewhat vague definition of a JG process.
Comparison with the CM predictions However, from the results it can be inferred tliatthe EW

has an intermolecular origin arti) its characteristic time is

As described in the Introduction, the EW for PG has been gy cjose to that predicted for the primitive relaxation of the
found to have a temperature dependence in good agreemesjy (je. the relaxation time for the escape of molecules

With_ the 7, of the CMP In light of the fact tha_t in the spectra 5m their liquid-structure cagé, similarly to what is ob-
in Fig. 1 thea relaxation and EW are only slightly separated seyeq for an intermolecula process. The verification that
by pressure, we infer that the connection between the EWis hrocess is the precursor of therelaxation would make

relaxation time andro [Eq. (1)] is maintained under high ' of fundamental interest for understanding the structural

pressure. We can assess whether this agreement is found {Qfiaxation process in glasses, but this requires further inves-
di-PPG and tri-PPG. To do this, we note that if Ed) is tigation.

satisfied, then from the definition of the activation volume
[Ea. (3], CONCLUSIONS

AV =Brww(T,P)AV] (4) Dielectric relaxation spectra for PG, di-PPG, and tri-PPG
were studied under high pressure. The data for di-PPG and

where AV is the activation volume of,. Equation(4)  tri-PPG reveal the simultaneous presence of an EW and a
implies that, if rgy~ 79, then the ratimv’éW/Avfi should secondary procegshe latter having been identified in prior
be equal toBxww. As shown in Figs. 3 and 5Bxww work as a JG relaxatignin the trimer, the EW evolves into
=0.67 and 0.63 for di-PPG and tri-PPG, respectively, inde2 distinct peak at sufficiently high pressures. For all three
pendent of pressure and temperatifr@hese are in rough liquids, the EW exhipits an activation volume having the
agreement with the corresponding ratios k%, /AV? ~ same order of magnitude asv” for the « relaxation, but
(Table ) for the dimer and trimer. On the other hand, the (for di- and tri-PPG much larger than the activation volume
ratios ofAV’;/AV’; for di-PPG, tri-PPG, and sorbitol are all ©f the B process. Measurements on sorbitol similarly indicate

very much smaller tha@y , indicating that the3 peak in the presence of an EW.’ Wh'Ch is masked at .Iow pressure,
these liquids is not a JG, at least according to the CM Crite_however, the loss contribution from conductivity precludes

rion. This conclusion is at odds with a recent interpretation©Solution of this EW.

of the secondary process in sorbitol as a JG relaxafion. From these results, we conclude tiiatthe EW is a sub-
merged secondary peak, afid some secondary relaxations

have been erroneously classified as JG processes, at least if

the criteria described herein are adopted. In particular, a large
The very small activation volume of the process in di- difference in activation volume appears to be a facile method

PPG and tri-PPG indicates that the motion is very localizedto distinguish between the two types of secondary processes,

other liquids>® This is at least an indication that an EW may
be present in the dielectric loss of sorbitol.

What is the B process in PPG and sorbit ol?
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intermolecular versus intramolecular, with the former includ-

ing the EW for the liquids herein. Moreover, sin@ey defi-

PHYSICAL REVIEW B 69, 094202 (2004

vitrification process.

nition) the JG relaxation involves the entire molecule, it must

be the slowest secondary process. Accordingly, the EW mu
be the JG relaxation. A comparison with the predictid of
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