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Excess wing in the dielectric loss of glass-forming ethanol: A relaxation process
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A detailed dielectric investigation of liquid, supercooled liquid, and glassy ethanol was performed, extending
the frequency and temperature range of previous investigations. The results reveal a third relaxation process, in
addition to the two processes already known. In this respect the relaxational behavior of ethanol resembles that
of other primary alcohols. The relaxation time of this process exhibits strong deviations from thermally
activated behavior. Most important, this process is the cause of the apparent excess wing, which was claimed
to be present in the dielectric loss spectra of glass-forming ethanol. In addition, marked deviations of the
spectra of ethanol from the scaling proposed by Dixon and Nagel have been detected.

[. INTRODUCTION relaxation peak becomes visible, thereby appearing as excess
wing. In addition, for the orientationally disordered phase of
Dielectric spectroscopy plays an important role in the in-cyclo-octanol, g3 relaxation was unmasked as the origin of
vestigation of the molecular dynamics in glass-forming ma-an apparent excess witfdy simply extending the frequency
terials. Due to the exceptionally wide frequency/time win-range of dielectric spectra to higher frequenéfe€onse-
dow accessible with this method, broadband dielectricquently, in Ref. 10 it was proposed thatrelaxations may
spectra reveal the large variety of processes governing therovide an explanation for the excess-wing phenomenon in
dynamic response above and below the glass temperatugeneral and that the difference between type A and type B
Tg.l Among these, the microscopic origin of the processsystems may simply be a different temperature evolution of
leading to the so-called excess wiriglso called “high- the B process.
frequency wing” or “Nagel wing”) is still unclear. In the In an effort to check this notion, we initiated a systematic
frequency-dependent dielectric los$%(v), the excess wing investigation of glass-forming materials that have been re-
shows up as an additional contribution to the high-frequencyorted to exhibit well-pronounced excess wings. In the
power law of thea-relaxation peak €”~v~#). It can be present work we report results on glass-forming ethanol.
reasonably well described by a second power lafw; v °,  There is a large variety of publications concerning the disor-
with b<8.2% The excess wing, which was already noted indered phases of ethanol in recent literattfré’ Aside from
the early work of Davidson and Cofayas found in a variety  the well-known common-life applications of this substance,
of glass-forming materias>®® In another class of glass- the recent scientific interest in ethanol was mainly triggered
forming materials, at frequencies above thepeak fre- by the fact that it can be prepared both in a structurally
quency »,, a shoulder or even a second peak shows updisordered and plastic-crystalline pha&e? In plastic crys-
giving clear evidence for a second faster relaxationtals the centers of mass of the molecules form a crystalline
procesS’ usually termeds proces$. By considering the lattice but the molecules are orientationally disordered. Stud-
detailed molecular structure of a materi@lprocesses some- ies in both disordered phases of ethanol have contributed to
times can be ascribed to intramolecular degrees of freedonour understanding of the importance of orientational degrees
especially in polymeric systems. But a systematic investigaef freedom in the supercooled state of matfett’ A variety
tion of various low molecular-weight glass formers whereof dielectric studies of this material have appeared’2°-2°
such contributions can be excluded, revealed that these st Refs. 16 and 17 dielectric loss spectra in ethanol were
called Johari-GoldsteirB relaxations may be inherent to shown that revealed a significant excess contribution at the
glass-forming materials in generaConsequently, more fun- high-frequency flank of ther peak. It was claimed as an-
damental reasons for their occurrence have been progdsedother example of the excess wing known from other glass
Commonly it is assumed that the excess wing @nte-  formers:® In the present work we report results of a detailed
laxations are different phenomerfand the existence of two dielectric investigation of liquid, supercooled liquid, and
classes of glass formers was proposed—-type A” without aglassy ethanol in a frequency rangeuBiz<»<500 MHz
[ process but showing an excess wing and “type B with aand at temperatures 40r <230 K. Compared to the earlier
B proces$. However, very recently, by performing dielectric publications®~*” we provide additional data at lower fre-
aging experiments beloW,, we found strong hints that in quencies and at temperatures which are difficult to access
glass-forming glycerol and propylene carbonate a second retue to an enhanced crystallization tendency. Most important,
laxation processcalled “g relaxation” in the following, but  we have obtained more precise results in the excess-wing
see the remarks belgvis the origin of the excess wing ob- region at high frequencies;>1 MHz. This allows for the
served in these material$Due to the fact that the relaxation unequivocal detection of a third relaxation process in etha-
time of this process is relatively close to tlaerelaxation nol, which is responsible for the excess-wing feature ob-
time ! only the high-frequency flank of the corresponding served in earlier works.
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FIG. 1. Frequency-dependent dielectric loss of glass-forming ethanol for various temperatures. The solid lines are fits with the sum of a
CD and a CC function, performed simultaneously §6¢v) ande”(v). For 86 K and 126 K, the dashed lines show the two constituents of
the fits. The inset gives a separate view of the low-temperature results.

Il. EXPERIMENTAL DETAILS ment with the findings in Refs. 16 and 17, B&110 K an

. . _:B_ .
High-precision measurements of the dielectric permittiv-exceSS contrl_butlon to the “power law of thea pe@k 'S
ity in the frequency range 10Hz<v<1 MHz were per- observed. This feature was interpreted as gxcess |Ag..
formed using a Novocontrol alpha analyzer. Results at lowefeMpPeratures belowy=97 K and frequencies above this

frequencies, down to 810 ¢ Hz, were collected with a “excess wing,” " (v) starts to rise again. Finally, below 60

time domain technique. For the frequency range above K. asecond relaxation peak shifts into the frequen%y window
MHz a Hewlett-Packard HP4291 impedance analyzer wa&nset of Fig. 1 in agreement with earlier reports!’ The
employed. For details the reader is referred to Ref. 26. Forpturn ofe”(v) observed at 100 K angd>100 kHz indicates
cooling, the sample capacitor was inserted into a closethat this relaxation process is presenffat T, too.
cycle refrigerator or a Ngas-heating system. The tempera- The most important result of the present work is revealed
tures were precisely measured by a Si diode, completely inat temperature$=126 K: At frequencies about two decades
serted into one of the capacitor plates. Ethanol with a purityabover, a shoulder shows up, i.es’(») exhibits a down-
of =99.9% was used for the measurements. In the region aivard curvaturegsee also Fig. @)]. This finding clearly in-
100-130 K ethanol exhibits an enhanced crystallization teneicates the presence oftlaird relaxation process in ethanol.
dency. Spectra ai<110 K were obtained after passing this This notion is confirmed by the observation of well-
region with rapid cooling rate$8 K/min) and subsequent developed additional relaxation steps dan(v) as demon-
heating to the desired temperature. In addition, during thetrated in Fig. 23). The loss spectra at temperaturés
cooling run, spectra at 114 and 118 K were collected with a=126 K, presented in Ref. 16 obviously do not provide suf-
reduced number of frequencies per decade and shorter intieient precision or sufficiently high frequencies to allow for
gration time. In this way the temperature drift during thesea detection of this relaxation. Instead only a feature resem-
frequency sweeps could be reduced to less than 0.5 K. bling an excess wing was observed. In Ref. 17 the data at
v>1 MHz are reported folf =160 K and in a semilogarith-

Ill. RESULTS AND DISCUSSION mic plot only, which prevented the observation of this relax-
ation. In the following this relaxation will be termedg’
relaxation” and the relaxation observed in the glass state

Figure 1 shows the dielectric loss spectra for the structurédenoted as B relaxation” in Refs. 16 and 27will be
ally disordered phases of ethanol. The dominatingcalled “y relaxation.” This nomenclature is simply intended
a-relaxation peak shifts through the frequency window withto take account of the succession of these relaxations in the
temperature. The overall behavior is in good agreement witirequency window, without making a statement about their
the findings in Refs. 15—17. However, at low temperaturesphysical origin.
T=<100 K, there is a discrepancy to the peak positions re- Figure 1 strongly suggests that tfSerelaxation, resolved
ported in Refs. 15 and 17 of up to one decade while a goods a shoulder at high temperatures, develops into an apparent
match with the results in Ref. 16 can be statedTAt110 K excess wing at low temperatures. Here the situation is similar
the « peak exhibits a shoulder at< v, and its amplitude is to that suggested by us for the explanation of the excess wing
reduced. This finding can be ascribed to a partial transition oin glycerol and propylene carbondftDue to the close vi-
the sample into the plastic crystalline phase which occurredinity of a- and 8-relaxation times, only the high-frequency
during the approach of this temperature from below, similarflank of the 8 peak shows up as an apparent excess wing.
to the observations made in Ref. 16 at 105K. In good agreefhe solid lines in Figs. 1 and 2 are fits with the sum of the

A. Spectra
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FIG. 3. Scaling plot of the dielectric loss in glass-forming eth-
anol after Dixon and NagéRef. 5 at selected temperaturésolid
lines). The symbols indicate the highest-frequency point for the
different temperatures. The'(v) data of the increase towards the
relaxation were not used for the scaling. The dashed line shows the
scaled spectrum of propylene carbonate at 158Rif. 29. The
inset gives a magnified view of the middle section.

Nagel-scaling plot of the present data is shown. In addition,
a curve for supercooled propylene carbonate is included,
which closely follows the master curve reported in Ref. 5
v (Hz) extending it to higher values of the abscié3ahe scaled
data for ethanol show marked deviations from this curve. For
T=126 K, the curves are located above the master curve,
%ue to the contributions from thg relaxation. Similar de-

FIG. 2. Dielectric constania) and loss(b) spectra of liquid and

supercooled ethanol at frequencies above 1 kHz. The solid lines a fi b d i ientati v disordered
fits with the sum of a CD and a CC function, performed simulta-//@tI0NS ~were - observed in - orientalionally —disoraere

neously fore’(v) ande”(v). For 126 K both components of the fit Cyclo-pctano?o where af relaxation was shown t(_) be re-
are shown separatelD: dashed line; CC: dotted line sponsible for the apparent excess wing reported in Ref. 12.
In contrast, the scaled curves for<102 K fall below the
empirical Cole-Davidson (CD) and Cole-Cole (CC) master curve, similar to our findings in various orientation-
functions?’ very similar to the approach in Ref. 17 where a ally disordered crystaf$. This behavior is of special signifi-
sum of two CD functions was used for fits at lower cance as spectra falling above the master curve may always
temperature®® Instead of the second CD function, a CC be explained assuming contributioirs addition to the ex-
function was chosen, which is known to often provide a satCess wing, but this is not the case for spectra falling below
isfactory parameterization ¢f relaxations. Indeed, good fits the master curve. The Nagel scaling seems to be clearly vio-
of the experimental data are possible in this way, includingated in glass-forming ethanol.
the lower temperatures, where no shoulder is obsetvid The width parameteBcp (Ref. 27 of the a relaxation,
1). For comparison we also performed fits with the sum ofobtained from the fits in Figs. 1 and 2, varies between 0.76 at
two CD functions which describes the experimental dat€26 K and 1 aff>130 K. The width parametercc (Ref. 27
with nearly equal qualitynot shown. At low temperatures it decreases from 0.7 to 0.4 with temperature. Howevef, at
is difficult to determine the8-relaxation time unequivocally >160 K a clear statement concerning its temperature devel-
and therefore it was fixed at values obtained from an extrapdg@pment is not possible, as the curves start to shift out of the
lation of the high-temperature data as explained in detailnvestigated frequency window. AT<110 K, B¢p and
below. At 102<T=<106 K deviations of fits and experimen- 1— acc are equal to the exponents of the two power ladss,
tal data show up av<w,, which can be ascribed to the andb observed atv>wv,. The predicted relation between
successive transition of the sample into the plastic-crystallinéhese exponentg+ 1/(8+1)~0.723 is not fulfilled in su-
state during heating, as mentioned above. percooled ethanol. This could be expected having in mind
A commonly used description of the excess wing is thethat this relation was deduced from the Nagel scaling, which
so-called Nagel scalingFor many glass formers, the/(v) ~ seems to be violated in glass-forming ethaffag. 3).
curves for different temperatures and materials can be scaled
onto one master curve by plotting:=1/Mwlog,d &" v,/
(Aev)] vs X:=1M(1+ 1w)log,o(v/v,). Herew denotes the
half-width of the loss peak normalized to that of a In Fig. 4@ the relaxation times of the three processes
Debye-peak’ and A« is the relaxation strength. In Fig. 3 a detected in the present work are shown in an Arrhenius rep-

B. Relaxation times
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TABLE I. Parameters of the fits of the temperature-dependent
relaxation times shown in Fig.(d).

Arrhenius VFT

Process 7o(S) E/kg(K) 7o(S) D Tye(K)
a 1.9x10°* 2110 5%10 1 84 76
B 5.0<10°* 1390 2.x10°1% 7.9 78
v 2.4x1071% 1150

D.*¥ Indeed at temperatur@s<T,=170 K, ,(T) of glass-
forming ethano[circles in Fig. 4a)] can be well described in
this way (the parameters of this and the other fits shown in
Fig. 4 are collected in Table.lAt high temperatures;,,(T)
shows deviations from a VFT law. In Fig.& they were
taken into account by assuming a transition to thermally ac-
tivated behaviofdashed ling?® This notion finds support in
the derivative plot after Stickedt al®® [Fig. 4(b)], whered
:=[ —d(log;gvp)/d(1/T)]~¥2 is plotted vs the inverse tem-
perature. This plot leads to a linearization of the VFT law
and to a constant for thermally activated behavior. A similar
analysis was performed in Ref. 25 whefg=165 K was
deduced in reasonable agreement with the present value.
However, one should mention that the use of derivatives for
the test of fitting formulas and theoretical predictions can be
criticized3* Based on various theoretical models of the glass
transition, many alternative descriptions 9f(T) curves in
glass-forming materials have been proposed, e.g., in Ref. 35.
They often lead to fits of similar qualiy®’ and often it is
difficult to arrive at a decision in favor or against a specific
1000/ T (K-1) model frqm the analysis of the—rellaxation time. In Fig. )

we also include results from microwaieand far-infrared

FIG. 4. (a) Relaxation times of the three processes detected ifnvestigation$® of liquid ethanol at room temperature. The
glass-forming ethanofthe y process is shown in the ingeffhe  SPectra in Refs. 22 and 23 were analyzed assuming a sum of
open stars denotg relaxation times as obtained from an extrapo- three Debye relaxations. The slowest relaxation time ob-
lation of the high-temperature fit results. The pluses and lozengekdined in this way is in reasonable accord with an extrapola-
are the results from Refs. 22 and 23, respectively. The upper solition of the high-temperature Arrhenius law used for the de-
line shows a VFT fit of7,(T) at T<T,=170 K and the upper scription of our data.
dashed line is an Arrhenius fit &t>170 K. The lower solid line is In the inset of Fig. 4 they-relaxation time is included. It
a VFT fit of 75(T) at T<170 K and the lower dashed line is an agrees reasonably with the results reported e&téand is
Arrhenius fit atT>170 K. The dash-dotted lines represent lower consistent with the fastest relaxation time reported in Refs.
and upper limits forr(T) as described in the text. The dashed line 22 and 23. The dashed line is a fit of the present data and the

in the inset is a fit with Arrhenius behavior. For the fit parameters,room-temperature point from Ref. 23 using an Arrhenius
see Table I(b) Derivative plot of thex-relaxation time after Stickel g

et al. (Re_f. 38 (the meaning ofl is noted_ in the teyt The solid and _ The filled stars in Fig. @) represent thg-relaxation time
dashed lines have been calculated with the same parameters asTlg(T) obtained from the fits 0" () with the sum of a CD
@. and a CC functior{Figs. 1 and 2 Again the present results

can be reasonably extrapolated to the relaxation times of the
resentation. In contrast to the earlier repofts]the tempera-  second-fastest process reported in Refs. 22 and 23 by assum-
ture range investigated in the present work is more completéng a thermally activated behavior above 170 (#ashed
allowing for a detailed analysis of the temperature dependenine). Towards lower temperatures,(T) significantly devi-
a-relaxation time in glass-forming ethanol. The averageates from an Arrhenius behavior and can be described by a
a-relaxation times shown in Fig.(@ have partly been de- VFT law (solid line). At low temperatures, where a shoulder
termined from the fits shown in Figs. 1 and [, s no longer observabléFig. 1), it is difficult to unequivo-
=7cpBep (Ref. 27], performed at selected temperaturescally determiner, from the fits. Therefore for the fits shown
only, and partly calculated fromz,~1/(27vy). The latter in Fig. 1 atT<106 K, 7, was fixed at values obtained from
estimation involves an error of less than 5% as long asin extrapolation of the VFT law towards low temperatures
Bcp>0.75. Often the Vogel-Fulcher-TammanFT) law,  [open stars in Fig.(@)]. However, it is possible to determine
7= 10 X DTye/(T—Typ)1,*? is employed to parametrize the a lower-limit value ofrg by performing fits withr, fixed at
a-relaxation timer,(T) in disordered materials, with the successively lower values, until intolerable deviations of ex-
Vogel-Fulcher temperatur@é,r and the strength parameter perimental data and fit occur. The lower dash-dotted line in
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Fig. 4(a) is the lowest possible VFT curve taking into ac- “ «’ relaxation” and assigned to distinct OH-group motions,
count these lower-limit values of. An upper-limit VFT  but also other explanations were propo8&tf Interestingly,
curve was deduced by assuming a maximum possible valuge present,(T) data of ethanol are of similar magnitude as
of 75=1, at T, [upper dash-dotted line in Fig(a)]. (but not identical tp the average molecular rotation times
Irrespective of these uncertainties at low temperaturesgetermined from NMR measuremenfs.However, they
75(T) exhibits clear deviations from a thermally activated clearly deviate from the results of mechanical
behavior. This result remains unchanged if instead of a CC gpectroscop§f® Also it is noteworthy that the slowest process
CD function is used to take account of terelaxation. One j, ethanol exhibits deviations from Debye behavior at low

may have objections to use the tefnrelaxation for the  emperatures, in contrast to taé relaxation in 1-propanol.
relaxation causing the excess wing in supercooled ethanol,

becausep relaxations are commonly found to follow an
Arrhenius behavior. However, there is no principle reason
that B8 processes always should behave thermally activated,
especially as their microscopic origin is still unclear. Already ~ We have performed a detailed dielectric investigation of
Joharl suspected that in systems without a well resol®d glass-forming ethanol, extending the temperature and fre-
process the relaxation times of and 8 process are closer quency range covered by earlier repdfts’ Clear evidence
together due to a uncommon temperature dependencg.of for a third relaxation process is found. In this respect, in
In some respects, in ethanol the situation is similar to that ingnirast to earlier assumptions, ethanol does not represent an
glycerol or propylene carbonate. In these materials, from agayception compared to the other primary alcohols. For the

ing experiments al <Tg, we also faﬁad @ relaxation as  ppysical origin of the three detected relaxation processes two
the probable cause of the excess winglere thef relax-  gigterent scenarios are possible: The similarity of the relax-
ation time also deviates from thermally activated behavior ation map of ethanol with that found in glass-forming

and the,B—rengation is difficult to detect due to the lack of a 1-propanol suggests a similar explanation of these processes

clear separation of, and 4. as promoted in Ref. 40, especially concerning the identifica-
In this context it is of interest that recently for glass form- i of the second process with the structusatelaxation.

ers with a well pronounceg relaxation a correlation ofs  Ajternatively, the second process may be simply a Johari-

and the Kohlrausch exponefikww (describing the width of  |qsteing process with an uncommon non-Arrhenius tem-

the a peak, both atTy, was found? logyo7(Tg) increases perature dependence. The recently found correlatiom0f
nearly linearly withBww(T). It was noted that those glass gnq g, |\ at T, (Ref. 9 is well fulfilled within this picture.
formers that show no well-resolvegl relaxation, e.9., glyc-  However, the main result of the present study remains unaf-
erol or propylene carbonate, have relatively large values Ofgcteqd by these open questions: The apparent excess wing in
Bkww{Tg). As the mentioned correlation implies that the  §jass-forming ethandi!is due to a relaxation process. Af-
and B time scales approach each other with increasinger glycerol and propylene carbondfesthanol is the third
Brww(Tg), itis easily rationalized that in those materials the glass former for which dielectric spectroscopy provides ex-
,(_3 relaxation is difficult to observe. Indeeq we find a rela- perimental evidence that the excess wing is caused by a sec-
tively large Bxww(Tg) =0.82 for glass-forming ethanol. Us- ond relaxation peak, submerged under ghpeak. This find-
ing the linear relationship of logrs(Tg) and Bkww(Tg)  ing further corroborates the notion that the excess wing is not
given in Ref. 9, leads to the prediction lggs(Tg)=15S, 3 separate feature in the spectra of glass formers, but can be
which agrees well with the extrapolated VFT law for tie  commonly ascribed to additional relaxation proceséds.
process, shown in Fig.(4). In Ref. 9 an explanation of this addition, we can state a clear violation of the Nagel scaling
relationship within the coupling mod€l was proposed, in glass-forming ethanol, at least if the parameters of the
which also may be consistent with the observed deviation o§jowest relaxation are used for the scaling. Of course this
75(T) from thermally activated behavior. may be unjustified, if the scenario analogous to 1-proff&nol
On the other hand, it should be mentioned that thgs correct. In this case it is difficult to make a statement about
relaxation-time plot of glass-forming ethanfFig. 4@]  the Nagel-scaling due to the interference of theelaxation
looks quite similar to that determined for 1-propafff' In ith the o' relaxation at low and the relaxation at high
this material(and other primary alcohd!¥ also three relax-  frequencies. Finally, in the light of our finding of the absence
ation processes have been detected by dielectrigf the excess wing in some orientationally disordered
spectroscop§”** Similar to the present results, the relax- crystals®® it certainly would be of interest to check also for
ation time of the second process in 1-propanol was found tgne presence of a third process in the plastic crystalline phase

exhibit marked deviations from thermally activated behavior.of ethanol. Such measurements are currently in progress and
In Ref. 40 the explanation for the observed relaxation behawyil| be reported in a future publication.

ior is quite different to the picture developed above: The
second process was interpreted as the “true’telaxation.
This picture is based on the finding that the relaxation dy-
namics of the second relaxation in 1-propanol is paralleled
by data obtained from methods coupling to the structural We thank S. Benkhof for calling our attention to dielectric
relaxation. The low-temperature/high-frequency proddss  measurements in ethanol. This work was financially sup-
noted asy relaxation in the present workvas assumed to be ported by the Deutsche Forschungsgemeinschaft, Grant Nos.
a Johari-Goldsteirg-relaxation. In Ref. 40 the dominating LO264/8-1 and LO264/9-2 and partly by the BMBF, Con-
Debye-type  low-frequency  process was  termedtract No. EKM 13N6917.
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