RESEARCH ARTICLE | AUGUST 06 2025

Relaxation spectra of molecular glass formers probed by
tandem Fabry—Perot interferometry and photon correlation
spectroscopy: A critical re-assessment

Ernst A. Rossler & © ; Manuel Becher

’ '.) Check for updates ‘

J. Chem. Phys. 163, 054510 (2025)
https://doi.org/10.1063/5.0273910

@ B

View Export
Online  Citation

Chemical Physics

T
o
4]
c
-
=)
O
ﬁ
Q
L
-

Articles You May Be Interested In

Light scattering study on the glass former o-terphenyl

J. Chem. Phys. (September 2010)

Glass spectrum, excess wing phenomenon, and master curves in molecular glass formers: A multi-method
approach

J. Chem. Phys. (February 2024)

Evolution of the dynamic susceptibility in molecular glass formers: Results from light scattering, dielectric
spectroscopy, and NMR

J. Chem. Phys. (January 2013)

N\ # Zurich
/' \ Instruments

Freedom to Innovate.
The New VHFLI 200 MHz Lock-in Amplifier.

Orchestrate pulses, triggers, and acquisition as the hub of your experiment.
Discover more - run every signal analysis tool, simultaneously.

AlIP
£ bublishing

6% 9% :2T 9202 AaN 80


https://pubs.aip.org/aip/jcp/article/163/5/054510/3357782/Relaxation-spectra-of-molecular-glass-formers
https://pubs.aip.org/aip/jcp/article/163/5/054510/3357782/Relaxation-spectra-of-molecular-glass-formers?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0001-5586-973X
javascript:;
https://orcid.org/0000-0002-2484-3315
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0273910&domain=pdf&date_stamp=2025-08-06
https://doi.org/10.1063/5.0273910
https://pubs.aip.org/aip/jcp/article/133/12/124512/955750/Light-scattering-study-on-the-glass-former-o
https://pubs.aip.org/aip/jcp/article/160/7/074501/3265722/Glass-spectrum-excess-wing-phenomenon-and-master
https://pubs.aip.org/aip/jcp/article/138/12/12A510/844383/Evolution-of-the-dynamic-susceptibility-in
https://servedbyadbutler.com/redirect.spark?MID=188841&plid=3656520&setID=1044501&channelID=0&CID=1691017&banID=524353489&PID=0&textadID=0&tc=1&rnd=3591422864&scheduleID=3877571&placementScheduleId=3877571&adItemScheduleId=0&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&metadata=%5B%5D&mt=1778244409323763&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjcp%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0273910%2F20630765%2F054510_1_5.0273910.pdf&request_uuid=d39b9055-3613-41e5-b79a-432035d88817&hc=fc4caa7f0e7d39161be74fd5bd9a0eafc90f3e94&location=

The Journal

of Chemical Physics ARTICLE

pubs.aip.org/aip/jcp

Relaxation spectra of molecular glass formers
probed by tandem Fabry-Perot interferometry
and photon correlation spectroscopy: A critical
re-assessment

Cite as: J. Chem. Phys. 163, 054510 (2025); doi: 10.1063/5.0273910 i D d—l @
Submitted: 2 April 2025 « Accepted: 14 July 2025 - -
Published Online: 6 August 2025

Ernst A. Rossler® and Manuel Becher

AFFILIATIONS
Nordbayerisches NMR Zentrum, Universitat Bayreuth, 95440 Bayreuth, Germany

2 Author to whom correspondence should be addressed: ernst.roessler@uni-bayreuth.de

ABSTRACT

Relaxation spectra of molecular glass formers measured by tandem Fabry-Perot interferometry (TFPI) and by photon correlation spec-
troscopy (PCS) are revisited from well above T, down to Tg. We scrutinize the claim that a generic relaxation stretching is found close to
T, while varying stretching is established at high temperatures. The TFPI spectra observed in this work reveal no change of the stretching
over a large temperature range, and a Cole-Davidson susceptibility yields stretching parameters within fcp = 0.39-0.80. The spectra display
a high-frequency excess wing contribution, which prohibits a single power law description of the high-frequency flank of the main relaxation.
Corresponding PCS decays measured close to Ty display no change in the stretching either. Yet, the PCS spectra are overall broader than
the TFPI spectra. They exhibit some variation and are superiorly described by a Kohlrausch function with Sk = 0.52-0.73. Three of the eight
systems significantly deviate from the previously reported generic relaxation function. We do not find indications that the spectral width
changes within a narrow temperature interval to bridge the different stretching monitored by the two techniques. In addition to other pos-
sible explanations, we consider a sharp transition of the dynamics in the ns range not covered by the two techniques so far. Comparing PCS
spectra of weakly polar liquids with their dielectric spectra, we find counterexamples of the claim that they become identical; the PCS spectra
are narrower in these cases. Still, in this limit, the dielectric spectra display identical spectral shapes.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0273910

I. INTRODUCTION recently has a systematic quantitative comparison of the relaxation
spectra provided by the different techniques started.
A comparison of twenty liquids showed that the spectra mea-

sured by photon correlation spectroscopy (PCS) close to the glass

The dynamics of supercooled molecular liquids was thor-
oughly investigated by many techniques. In particular, dielectric
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spectroscopy (DS),' ° depolarized light scattering (DLS),”” ™ opti-
cal Kerr effect (OKE),'""" and nuclear magnetic resonance (NMR)
relaxometry'” " accessed the reorientational dynamics upon cool-
ing. Along with a strong increase in the characteristic time con-
stant, the main (a-) relaxation spectrum displays a pronounced
non-Lorentzian shape manifested in a high-frequency broadening
approximated by a power law v with § < 1. Focusing on the
results from DS, the magnitude of 8 turned out to vary strongly; yet,
there is a trend that the lower the polarity of the liquid, the lower
the stretching parameter B."”"'" Moreover, 8 appears to become
lower upon cooling."'**’ Except for occasional reports,””' >’ only

transition temperature Ty display a “generic structural relaxation”
with a high-frequency power law exhibiting an exponent f§ ~ 0.5.”
Furthermore, from a comparison of PCS and dielectric spectra,
it was suggested that dipolar cross correlation effects are respon-
sible for the broad variety of the dielectric relaxation stretching,
whereas PCS appears to be free of such effects, thus probing
only self-correlations.” ** The important role of dielectric cross
correlation was confirmed by molecular dynamics simulations™"’
and substantiated by theoretical considerations.””> As the cross
correlation contributions change with temperature, this could also
explain the failure of frequency temperature superposition (FTS) in
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the dielectric case. Assuming that dielectric cross correlation effects
disappear in weakly polar liquids, PCS and dielectric spectra are
expected to agree in this case, and examples were given.” "’

The generic relaxation is assumed to hold deep in the super-
cooled state—and it has important consequences.””” Tt is well
established that at high temperatures, the stretching parameter mea-
sured by tandem Fabry-Perot interferometry (TFPI) significantly
varies among the different liquids.” Consequently, a generic PCS
relaxation close to Tg implies failure of FT'S when reaching high tem-
peratures. In other words, a qualitative change in the evolution of
the a-relaxation is to be expected in the supercooled liquid. Mea-
suring TFPI and NMR relaxation over a wide temperature range,
no indications of such a change were reported.'”*’ Yet, there are
studies that suggest a “jump” of the stretching parameter when
probed by TFPI and PCS, respectively,””” * possibly indicating a
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transition within a narrow temperature interval covered neither by
TFPI nor by PCS. To our knowledge, this phenomenon has not been
noted in the literature. In addition, the conjecture that DS and PCS
spectra become identical in the case of non-polar liquids deserves
further substantiation. Regarding weakly polar o-terphenyl, it was
found that the dielectric spectrum is broader compared to the TFPI
spectrum.”’

In the present contribution, we address all three points by revis-
iting the analysis of the spectra compiled previously by TFPI and
PCSin our group.”””'** Not all data presented here were reported
before. Whereas TFPI (together with a double monochromator) typ-
ically covers a frequency range of 300 MHz to 10 THz, PCS covers a
time window of 100 s-107% s. Interferometry probes the a-relaxation
peak at high temperatures, whereas PCS does at low temperatures;
a direct comparison of the a-peak at the same temperature is not

TABLE I. Molecular liquids investigated and parameters of the DLS spectral analyses: glass transition temperature Tg, stretching parameters Scp and Sk as obtained from TFPI
(or OKE) and PCS, and the difference ApB¢p in the stretching parameter cp obtained from TFPI and PCS; bold numbers: present work, non-bold numbers: results from the
literature; values in parentheses: converted along Ref. 44. Some entries differ from those in Ref. 9.

Stretching parameter f3 Stretching parameter f3
Name of liquid® Ty (K) determined from TFPI or OKE" determined from PCS® ABcp
Benzophenone (benzph)* 207 Pcp =0.71
Decahydroisoquinoline (DHIQ)’ 179 Bcp =0.56
Dimethyl phthalate (DMP)* 191 Bcp =0.73, Pk = 0.81 Px =0.72, Bcp ~ 0.64 0.09
ﬁK = 0.69, I;CD ~ 0.56zl
Ethyl benzene (ethylB)* 115 Bcp = 0.54
Glycerol 188 Bep = 0.48, Bx = 0.61 Bx = 0.52, Bcp = 0.39°° 0.09
Bep = bucr = 0.43"7
m-Tricresyl phosphate (m-TCP)* 205 Pk =0.63, Bcp = 0.49 Px = 0.60, Bcp = 0.46 0.03
2-Methyl tetrahydrofuran (MTHF)*’ 92 Bcp = 0.48, Pk = 0.61 Px =0.59; Bcp = 0.45 0.03
o-Terphenyl (OTP)*’ 245 Bep = 0.65; B = 0.77 Bx = 0.64, Bcp = 0.51 0.14
Bk = 0.78% (Bcp = 0.68) Bk = 0.59%
Bx = 0.80-0.85"" (Bcp = 0.75) Bx = 0.55-0.62°
ﬁCD =0.62 (ﬁK =0.75) OKE" ﬁK =0.57-0.61°"¢
Bx = 0.57-0.62"""
a-Picolin™’ 129 Bep = 0.50 (B = 0.63) PBx = 0.56, Bcp = 0.43”! 0.07
Propylene carbonate” 157 Bcp = 0.68 (Bx = 0.78) Px = 0.57, fcp = 0.44°*¢ 0.24
Bx = 0.77 + 0.05°
Salol”* 218 Bep = 0.80 (Bx = 0.86) Bk = 0.64, Bcp = 0.51°! 0.29
Bx = 0.80-0.87" (Bcp = 0.75) Bk = 0.68 = 0.02°"
Bx = 0.70-0.90 OKE>>"
4-Tert-butyl pyridine (4-TBP) 164 PBcp =0.56
Toluene’” 117 Bcp = 0.66
Trimethyl phosphate (TMP) 136 Bcp =0.39

*Reference number indicates the source of the original data.
PError of fcp: £0.01 (present work); fcp values refer to an analysis of the TFPI data in the frequency domain, and Bk values refer to an analysis in time.
“Error of Bx: +£0.02 (present work); fx and Bcp values refer to an analysis of the PCS data in the time domain.
dWithin the MCT, the critical exponent bycr is not necessarily identical with fcp,™ yet the identity was experimentally confirmed.””*”

“Own analysis.
fTwo values at the lowest temperature taken.
8Value at the lowest temperature excluded.
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BTwo values at the highest temperatures omitted.
'A continuous increase with temperature is observed.
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possible. For an effective experimental gap of about two to three
decades, a-relaxation is not accessible by either DLS technique, and
there are only a few liquids for which both TFPI and PCS data are
available. We extend our previous spectral analyses of the TFPI data
to temperatures close to Ty, where the slow dynamics spectrum is
characterized by the appearance of the “excess wing,” i.e., a high-
frequency contribution of the a-relaxation, which is approximately
described by a second power law with an exponent smaller than §, a
phenomenon well known from dielectric spectra,”'”***°

We demonstrate that a TFPI master curve construction includ-
ing a-peak and excess wing is possible for all temperatures for which
“glassy dynamics” in terms of a two-step correlation function with a
long-time stretched decay sets in, i.e., from temperatures well above
the melting point Ty down to Ty. The corresponding PCS spec-
tra are overall broader, and we do not find indications from either
technique that the different spectral widths merge within a narrow
temperature range. Some of the PCS decays depart from the generic
spectral shape. In addition, we find counterexamples to the claim
that dielectric spectra become identical with PCS spectra in the limit
of weakly polar liquids. Yet, in this limit, the dielectric a-relaxation
indeed shows an identical spectral shape.

Il. EXPERIMENTAL SECTION
The measurements applying TFPI and PCS were described in

detail before.” 7% Experiments with a TFPI (JRS Scientific) and
double grating monochromator (DM; Jobin Yvon, U1000) were
performed in parallel. As a light source, we used a horizontally polar-
ized Coherent Verdi-V2 laser at 532 nm. The TFPI was operating
at vertical polarization in almost backscattering geometry (HV-
depolarization geometry), and light scattered at 90° was directed,
without polarization selection, into the DM, thus utilizing a 90° HT
(horizontal-total, depolarized) scattering configuration. The spectral
density S(v) received after splicing together the spectral pieces from
the different free spectral ranges of TFPI and DM measurements was
converted to the susceptibility representation via

') = (1+n()7S(),

with 7n(v) being the Bose factor. The spectra of each molecular liquid
were normalized to an equal integrated intensity of Raman bands.
For the PCS measurements, the sample was mounted in
a cold-finger (Advanced Research Systems). The incident light
was vertically polarized. Scattered intensity was gathered in
vertical-horizontal geometry using a single mode fiber. The fiber
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was then connected via a 50/50-splitter with two avalanche photo-
diodes (Perkin Elmer). Both signals were cross-correlated with an
ALV 6010 correlator with a shortest lag time of about 6 ns. The mea-
sured intensity correlation function g2(t) was transformed into the
field correlation function g;(¢) utilizing the Siegert relation,

a(t) = (g(t) - 1)/a)',

with the coherence factor a.*’

g1(t) = (o).

For performing a Fourier transformation, an algorithm based
on the Filon algorithm was used because the arbitrarily spaced data
points are incompatible with the fast Fourier algorithm.*' In the time
domain, we interpolated the a-relaxation by a Kohlrausch function
or by an incomplete gamma function I'inc, which is the time domain
representation of the CD susceptibility; explicitly, the normalized
function reads"”"’

In the following, we denote

(I)CD(i’) =1- Fi,,c(t/ra,ﬁ).

The names of the systems investigated, together with their relaxation
parameters, are listed in Table I.

lll. RESULTS
A. Comparison of TFPI and PCS relaxation spectra

As mentioned, not many glass formers have been investi-
gated so far by both TFPI and PCS. In our previous studies, we
reported results on four liquids, namely, o-terphenyl (OTP),** m-
tricresyl phosphate (m-TCP),” dimethyl phthalate (DMP),* and
methyl tetrahydrofuran (MTHF).* In a different context, we inves-
tigated DMP, picoline, and salol.”' Except for OTP, the PCS datasets
were considered in the context of review articles or papers that focus
on determining the time constant of the a-relaxation. Generally, FTS
was found to hold within each dataset, TFPI and PCS. Regarding
OTP, our paper concludes, “the decay observed by PCS appears to
be somewhat more stretched compared to the result from DM/TFPI
but is not showing any temperature dependence. Whether there is
some change of stretching in a small interval around 300 K cannot
be said.”” Such a “jump” of the stretching parameter reported by
the respective technique was observed for OTP by other studies™”*
and also for salol.” In a recent paper, we stressed the high similarity
among TFPI, PCS, and NMR at high-frequency and attributed an
observed low-frequency broadening of some PCS spectra to possi-
ble instrumental artifacts.” However, the necessity of such a change
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of the spectral width is a consequence of the claim that a generic
relaxation stretching holds close to Tg, whereas diverse stretching is
found at high temperatures.

In Fig. 1(a), we display the TFPI results of OTP.** In a range
of 440-330 K, the evolution of the a-relaxation peak is observed
upon cooling. At high frequencies, a crossover to fast relaxations,
boson peak, and Einstein (“microscopic”) peak is recognized, mani-
fested by a susceptibility minimum. Below 330 K, the a-peak leaves
the frequency window, but its high-frequency wing is still observ-
able. In Fig. 1(b), we test the possibility of constructing a master
curve in terms of plotting y”/(w7a)/yo (“a-peak scaling”), where
Xo = Xmax is @ weakly and monotonously changing temperature fac-
tor chosen such to achieve best spectral overlap [see also Fig. 6(a)].
The time constant 74(T) needed for rescaling the spectra at tem-
peratures when the a-peak is beyond the TFPI frequency window
is taken from an independent source.””* From 440 to 290 K at least,
an envelope reproducing the high-frequency flank of the main relax-
ation can be constructed. The a-peak itself is well reproduced by a
CD function with ficp = 0.65. At the highest frequencies, the fit fails,
probably due to the onset of an excess wing. For the purpose of a
direct comparison with the results of the other liquids investigated,

ARTICLE pubs.aip.org/aipl/jcp

we constructed an envelope of a-peak and excess wing [red points in
Fig. 1(b)]. We added our PCS result™ [after Fourier transformation
(FT)]; we display only a single spectrum as FTS applies. The spec-
trum is scaled such to provide overlap with the TFPI data at high
frequencies. Clearly, the PCS spectrum is overall broader. Note that
the PCS spectrum is measured at a temperature close to that of the
TFPI spectrum at 270 K (orange dashed line) and appears to fit in
well.

In Fig. 2, the reorientational function C(t) derived from the
TFPI spectra (via FT) is shown together with the PCS decays. Clearly,
FTS holds for the TFPI data over an interval of about 130 K. Simi-
larly, FTS holds for the PCS decays. The TFPI decays are reproduced
by the time domain expression of the CD function with Scp ~ 0.65
[red dashed-dotted line as in the frequency domain—Fig. 1(b)]. Even
at 440 K, well above T, the extent of stretching can easily be deter-
mined in contrast to the frequency domain, where the interference
of the fast relaxation may hamper a clear-cut fit. All in all, 90% of
the correlation is lost due to the a-relaxation virtually not changing
its stretched shape. Yet, a direct comparison of the PCS decays with
the TFPI decay (colored dots shifted to agree with the TFPI decay
at 310 K) indicates that the PCS decays are more stretched at long
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for which Kohlrausch fits are performed with indicated values Bx; a CD fit underestimates the decay (see 265 K). For a direct comparison, PCS decays are shifted to provide

the best overlap with the TFPI decay at 310 K (colored dots).
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times, while they virtually agree at short times—corresponding to
the observation in the frequency domain [Fig. 1(b)]. A Kohlrausch
fit of the PCS decays is superior to a CD function; one finds fx ~
0.64, while a CD fit underestimates the long-time behavior. Vice
versa, a Kohlrausch fit of the TFPI data overestimates it (cf. Fig. 2).
At temperatures close to T, a weak trend appears in the PCS data
to become even more stretched. At such temperatures, one expects
traces of the excess wing,””" and determining fx depends on the
fitting interval. In addition, possible instrumental artifacts due to
problems stabilizing the PCS setup at the longest times may occur.

It seems that TFPI and PCS measure qualitatively differ-
ent relaxation spectra, although the corresponding high-frequency
flanks appear quite similar over the entire temperature range.
Importantly, there is no indication from either technique that the
different widths of TFPI and PCS spectra, respectively, approach
each other; the corresponding f values display a step Af confirming
our previous result (see Table ).%

In Fig. 3, we consider the a-peak scaling for the TFPI spectra of
DMP (a),” m-TCP (b),” and salol (c).”' Master curves can be con-
structed covering a wide temperature interval. Comparing with the
PCS spectrum, the high-frequency flank, including the excess wing
of the TFPI data, is well reproduced, but the PCS spectra of DMP
and m-TCP are again broadened on the low-frequency flank. Some
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FIG. 4. (a) Time domain representation of TFPI (lines, at 440, 420, 400, 385,
370, 355, 340, 325, 315, and 305 in K) and PCS data (open circles) of dimethyl-
phthalate (DMP). A CD function reproduces the TFPI decays (red dashed-dotted
line), a Kohlrausch overestimates the long-time decay (blue dashed line). (b) Cor-
responding data of m-TCP, TFPI data at 440, 400, 360, 320, 300, 290, 280,
and 270 in K. A CD function fails for the TFPI decays (blue dashed line), but a
Kohlrausch fit works (red dashed-dotted). PCS colored circles indicate the data
for which a Kohlrausch fit is performed; a CD fit underestimates the m-TCP decay
(see 227.5 K). Stretching parameters are indicated (color refers to corresponding
data). In panels [(a) and (b)], PCS decays are shifted (colored dots) to provide the
best overlap with the TFPI decay at 305 K (DMP) and 270 K (m-TCP), respectively.
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artifacts (slow oscillations) show up in the case of m-TCP, possibly
indicating again instrumental problems. In the case of m-TCP, the
TFPI spectra cannot be described by a CD function; a Kohlrausch
function works well. In the case of salol, one clearly recognizes the
emergence of an excess wing.

The corresponding time domain data are collected in Fig. 4.
The TFPI decays follow FTS and are well described by a CD func-
tion (DMP) or a Kohlrausch function (m-TCP) with the same
stretching parameter as in the frequency domain. Similarly, the PCS
decays follow FTS, but again they are more stretched at long times
while agreeing at short times; a systematic jump of the stretching
is observed, which, yet, in the case of m-TCP, is quite marginal
(Table I), and one clearly notices that a CD fit fails for the PCS data
(see T =227.5K).

We also mention the data of methyl tetrahydrofuran (MTHF)
(see Fig. 8, Appendix A). It is a low-Tg system, and the crossover
from a single-step correlation function close to the boiling point
to a two-step function at lower temperatures is well observable
(Fig. 8). The difference among the TFPI and PCS decays is
marginal. In Fig. 9(a) (Appendix B), we show TFPI decays of decahy-
dro isoquinoline, which display a particular spectral feature worth
showing.’

Finally, we discuss the case of glycerol and propylene carbon-
ate (PC), for which we published only TFPI data,””*” but PCS data
were recently reported.”"*° In the case of glycerol, the measurements
densely cover all temperatures down to Ty [as for salol, Fig. 3(c)].”
As shown in Fig. 5(a), the a-peak scaling encompasses the a-peak
and a widely covered excess wing. A temperature-independent enve-
lope is suggested down to the lowest temperatures (red dots). The
inset of Fig. 5(a) shows the temperature dependence of y,. At low
temperatures, yo becomes temperature independent, which corre-
sponds to a temperature independent amplitude of the microscopic
peak. Such behavior is found for all liquids studied. The high-
frequency dependency of the PCS spectrum follows the respective
TFPI spectrum, including the onset of the excess wing; however, the
spectrum is overall broader. Referring to Fig. 6(b), we find fk = 0.52,
while the TFPI data can be fitted with Scp = 0.48 (fx = 0.61).
In Fig. 5(b), we display the TFPI decays of PC compared to the
(shifted) PCS decay taken from Ref. 24. In this case, a strong dif-
ference between PCS and TFPI decays is observed, while TFPI and
PCS data each follow FTS.

In Fig. 6(a), we compare the envelope spectra extracted from
the different TFPI master curves X"(u)‘ra)/)(0 investigated. Clearly,
the spectral shape varies strongly; CD parameters in the range
Bcp = 0.48-0.80 are found (see Table I). Depending on the tem-
perature range covered, the emergence of an excess wing is more
or less recognized. The temperature for which master curves can be
constructed is indicated; in some cases, up to 220 K is covered. In
Fig. 6(b), we show the corresponding PCS time domain data. Decays
in the middle of each investigated temperature range are chosen
in order to consider decays fully covered and not spoiled by arti-
facts at the lowest temperatures. We added the results for salol and
picoline, which were investigated in a different laboratory, and liter-
ature data of glycerol and PC.”"”" Independent of the fact that the
PCS decays follow FTS in each case, their stretching exhibits some
variations. While five systems virtually follow the generic relaxation
recently published by Blochowicz and coworkers (red crosses),” "
three systems, namely, DMP, o-terphenyl, and salol, show significant
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departures. A Kohlrausch function interpolates the decay curves; the
stretching parameter varies in the range fx = 0.52-0.72 (Table I).
As demonstrated, these parameters correspond to a significantly
stronger relaxation stretching compared to the TFPI decays.

B. Comparison of depolarized light
scattering and dielectric spectra of weakly
polar glass formers

Following the hypothesis suggested by the Blochowicz group,
the dielectric spectra of low-polar molecular liquids are not expected
to be obscured by contributions from cross correlation effects and,
thus, should reflect the self-part of the reorientational correlations
with its generic stretching close to Ty.”*”" We show a collection of
type-A glass formers [Fig. 7(a)], systems that do not exhibit a dis-
cernible B-relaxation, as well as type-B glass formers, glass formers
with a more or less strong p-relaxation®” measured in our group
over time [Fig. 7(b)]. We included a broadband (BB) spectrum of o-
terphenyl (unpublished; see also Appendix C). All spectra exhibit a
relaxation maximum gmay < 1. As shown in parts before,'”** within
the scatter of the data, the spectra of type-A systems close to T
show indeed a very similar spectral shape, encompassing both the

a-peak and excess wing. The a-peak itself can be interpolated by
a Kohlrausch susceptibility with fx = 0.56. A comparison with the
PCS spectrum of OTP at a similar temperature, however, reveals
differences. It is significantly narrower. We included the generic
PCS spectrum.” It reproduces the relaxation peak over a somewhat
larger frequency range compared to the Kohlrausch function. This
is not surprising, as the generalized gamma distribution applied for
fitting the PCS data in Refs. 26 and 24 contains two spectral width
parameters.”” However, it does not cover the excess wing, the latter
being universally shared by all systems displayed in Fig. 7(a).

In the case of weakly polar type-B systems [Fig. 7(b]; sys-
tems with &’ max< 2), the spectral shape of the a-relaxation can
only be safely accessed if the relaxation strength of the p-relaxation
is relatively small and/or both relaxations are well separated, as
is the case for DMP, isopropyl benzene, 3-toluidine, and TPP. A
quite similar a-relaxation is observed. In the case of the other
systems, the limit of an unperturbed a-relaxation is more clearly
disclosed the lower the temperature is. For the systems presented,
no excess wing is observed. Spectra closest to T are displayed. The
a-peak can be approximated again by a Kohlrausch function with
Px = 0.56; deviations from the fit occur at high frequencies.
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Actually, the full high-frequency flank of the a-relaxation repre-
sented by that of TPP, for example, is reproduced by a power law
with an exponent quite close to 0.50, as also reported in Ref. 64 (we
find 0.48). Importantly, the a-relaxation is fully reproduced by the
generic PCS spectrum included in Fig. 7(b).** The PCS spectrum
of DMP measured at a similar temperature as the displayed dielec-
tric spectra is narrower, yet with a rather similar high-frequency
flank. In addition, it appears that the pronounced dielectric B-
relaxation of DMP is not discernible in either the TFPI or PCS
spectrum. We mention that the TFPI spectra of DHIQ [cf. Fig. 9(a)
(Appendix A)] and toluene (Table I) are much narrower compared
to their dielectric counterpart.

Finally, in Fig. 9(b) (Appendix C), we directly compare the
limiting dielectric spectra of type-A and type-B systems. Their high-
frequency flanks are not identical due to the emergence of an excess
wing in the case of type-A.

IV. DISCUSSION

Starting with the TFPI data, the emergence of a bi-modal relax-
ation spectrum reflecting a two-step correlation function with a
stretched long-time decay sets in well above Tr,. Even a non-glass
forming liquid such as benzene displays such “glassy dynamics.”®
An a-peak scaling x"’(wTq)/Xo may cover a temperature range of
about 150 K for some liquids, and in most cases, a CD function
reproduces the a-peak. The extent of relaxation stretching varies
strongly among the molecular liquids. There is no relationship
between stretching and fragility,” in contrast to persisting claims.
The master curve construction "’ (wTq)/yo can be extended to tem-
peratures down to Ty, for which the TFPI spectra no longer cover
the a-peak, yet its high-frequency wing. This suggests a temperature
independent high-frequency envelope, comprising also the excess
wing. As discussed before,”* the excess wing is nothing other than
the “intermediate power law” or “nearly logarithmic decay” identi-
fied in OKE experiments® and has to be understood as an integral
part of the a-relaxation since it scales with 7...7?** Due to the
continuous crossover to the excess wing, it is not possible to define a
clear-cut high-frequency power law exponent of the a-relaxation.

The corresponding PCS decays measured at low temperatures
also show no indication that FTS fails, except for the lowest temper-
atures very close to Ty, for which instrumental artifacts may occur.
Their stretching varies and is stronger compared to that of the TFPI
decays. Correspondingly, the PCS spectra turn out to be broadened
on the low-frequency flank, whereas they tend to agree with the TFPI
spectra on the high-frequency flank. A Kohlrausch fit is usually supe-
rior, yielding values fx = 0.52-0.73 (see Table I). This variation is
somewhat larger than previously reported (8k = 0.58 + 0.06)*° but
smaller than that of the TFPI data. Within the error margin, five of
the eight systems may be regarded as close to the generic relaxation
function suggested by the Darmstadt group,”’ whereas three sys-
tems significantly depart. The difference in the relaxation stretching
reported by the two techniques, i.e., Afcp, may be as large as ABcp
= 0.29 for salol or ABcp = 0.24 for PC [Table I and Fig. 5(b), respec-
tively]. Yet, there are also liquids for which Afcp is rather small (e.g.,
m-TCP); that is, the spectral shape virtually does not change over
the entire range of the glass transition. Importantly, we do not find
indications that the spectral width changes within a narrow temper-
ature interval to bridge the qualitatively different stretched decays
probed by each of the two techniques. Thus, we face the possibility
that a sharp transition occurs in a spectral gap currently not acces-
sible by either technique and, thus, failed to be noticed so far (see
also Ref. 28). The anticipated transition might occur in a time con-
stant interval of ns, which is in the moderately supercooled regime.
Or TFPI and PCS spectra reflect different contributions from fluctu-
ations, which potentially cause a depolarized light scattering signal
(see below).

Let us discuss the quality of our experiments. The TFPI tech-
nique was introduced in 1990,°” and the first experiments suffered
from artifacts at low intensity due to missing a narrowband filter
for the Fabry-Perot optics. Only by applying such a filter are the
higher orders of the TFPI spectrum sufficiently suppressed to allow
for measurements of the extremely broad spectra characteristic of
glass formers.”””" The TFPI spectra of glycerol, OTP, PC, and salol
were investigated by several groups. A comparison of the stretch-
ing parameters is included in Table I. High agreement is found and
confirms the trend that rather high f values are found. We note
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that in the case of an ionic glass former (CKN), the TFPI spectra
were comparably broad (Scp ~ 0.42, Bk ~ 0.55).”! All PCS studies, in
contrast, find stretching parameter systematically smaller than those
from TFPI. For a given glass former, the PCS stretching parameters
reported by different groups displays some scatter, which, however,
is less than the “jump” observed (Table I). We note that most PCS
studies did not apply the fast correlator employed by the Darmstadt
and our group (cf. Sec. IT). Still, the current precision of PCS experi-
ments does not allow us to fully resolve the excess wing contribution
(cf. Figs. 3 and 5).

Both techniques cannot easily be expanded to fill the gap in the
MH?z to GHz range needed to allow for a direct comparison of the
full spectra and, thus, to monitor a possible crossover of the spectral
widths. Employing a confocal FPI (CFPI), one is able to cover a fre-
quency range of 10-400 MHz; however, it was only rarely applied.”””
In the case of an epoxy resin, TFPI, CFPI, and PCS were combined to
cover the full dynamic range. No significant change of the stretching
parameter as a function of temperature was found; fx scattered in
the range 0.55-0.62.”> The spectral range can be extended by taking
recourse to OKE experiments (10 MHz to 10 THz). A direct com-
parison between TFPI and OKE spectra demonstrated good agree-
ment in the case of salol and benzophenone,'ﬁs‘"I and similarly for
OTP.* Another OKE study of salol reports a steady increase in the
stretching parameter with temperature (Table I).” The experimental
situation is not completely satisfying.

From a theoretical point of view, the question of what actually is
probed by DLS is not fully answered. First TFPI experiments by the
Cummins group analyzed the data in the frame of the mode coupling
theory (MCT), and the spectra were interpreted as arising from the
interaction-induced scattering mechanism (dipole-induced-dipole
(DID) mechanism), which allowed the spectra to be related to the
dynamics of density fluctuations addressed by MCT.”””" Generally,
in depolarized backscattering geometry, DLS originates from both
DID and orientational (self and collective) fluctuations. They cannot
easily be separated. Later on, it was concluded that the relaxational
part of TFPI spectra originates from the orientational fluctuations,
whereas the high-frequency part around the boson peak and higher
frequencies is dominated by the DID mechanism.”” This refers to the
a-peak; yet, regarding its high-frequency wing (excess wing) emerg-
ing at low temperatures, the situation was not addressed. Later on,
in the case of a non-polar liquid it was found that density fluc-
tuations are more important than orientational fluctuations. The
spectra showed a low stretching parameter Sk = 0.55 (Bcp = 0.42).7°
It seems that the theoretical situation is not fully settled either, and
it may be possible that the different contributions of the DLS signal
show different frequency dependences, i.e., TFPI and PCS spectra
may be differently affected.

Support that the TFPI spectra reflect the orientational self-
part comes from “H NMR relaxometry, ”'* which by its very
nature probes solely the orientational self-part.”” Plotting the single-
frequency spin-lattice relaxation rate R; as a function of the time
constant 7o, the such rescaled rate Ri(74) reproduces the TFPI
master curve y”(wTq)/Yo, both a-peak and excess wing.'”*’ For
the case of glycerol, this is again documented in Fig. 5(a).””” In
order to understand this intriguing result, we proposed an enve-
lope scaling extending strict FTS:”” The TFPI spectrum compiled
at the lowest temperatures, including the a-relaxation peak and
excess wing, provides an envelope of all spectra observable at higher
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temperatures up to well above Tr,. Alternatively, one could state that
indeed FTS holds with a temperature independent spectral func-
tion including an a-peak and excess wing, which, upon increasing
temperature, is more and more truncated at high frequencies by the
fast/microscopic dynamics. Given the possibility of a dynamic tran-
sition in the ns range, however, a generalization of the NMR result
has to be taken with caution. In the case of glycerol or m-TCP with
a rather small AB, the approach will work, but for systems such as
salol or PC, one would expect a failure (Table I): Ri(74) would not
reproduce the correct relaxation spectrum. In this case also, a master
curve construction of the TFPI data for time constants slower than
about 1 ns would be out of the question.

The claim stands that in the limit of low-polar liquids, PCS
and dielectric spectra are expected to agree and consequently exhibit
the generic relaxation stretching close to Ty.” """ This implies that
the spectral shape of the self-part of the orientational correlation
function is independent of the rank-1 and that cross correlations
do not appear in PCS. Plotting fx as a function of the dielectric
relaxation strength Ae on a log-scale, a saturation around Sk = 0.55
for low-polar liquids was indeed suggested.!” As demonstrated here,
the latter finding not only appears to hold for type-A glass form-
ers but also for weakly polar type-B glass formers [Fig. 7(b)]: The
a-relaxation peak exhibits an identical shape, yet its high-frequency
flank differs among type-B and type-A systems [Fig. 9(a)]. The latter
share an identical excess wing. In the case of the investigated type-B
glass formers, an excess wing is missing; yet, there are systems that
display both an excess wing and an a-peak.”””” The full a-relaxation
of the type-B systems investigated is well reproduced by the generic
spectrum reported by the Darmstadt group.”*”* In contrast, the cor-
responding TFPI spectra are narrower, and we found two systems
for which the PCS spectrum is narrower than their dielectric coun-
terpart. Moreover, the dielectric spectra of type-B glass formers show
a secondary relaxation of variable strength and time scale, but given
the current precision and a possibly smaller relaxation strength, it
may be difficult to probe by PCS (cf. DMP). Similar results were
reported for an epoxy resin.””> Yet, there are systems for which a
secondary relaxation is well identified by PCS.”

Molecular dynamics studies suggest that there may be a
l-dependence of the relaxation stretching; one finds a trend
B(1=1) > Bl =2).""" This is, however, at variance with the present
results: the DLS spectra of OTP and DMP are narrower than their
dielectric counterparts. Regarding cross correlation effects, they are
also documented for DLS; it is coherent scattering.j’”‘m Possibly,
their contributions may affect TFPI and PCS differently. Finally, one
expects that the manifestation of cross correlation effects in dielec-
tric spectra scales similarly with the dipole moment as does the
self-correlation. However, it was shown that dipolar cross correla-
tion contributions scale with both dipole density and the Kirkwood
factor if the latter is larger than 1.””" Low dipole moment liquids
tend to display gk values close to unity.””’" Thus, cross correla-
tion appears to be negligible in weakly polar liquids, as in diluted
systems.”

V. CONCLUSION

Relaxation spectra of molecular glass formers measured by tan-
dem Fabry-Perot interferometry (TFPI) and by photon correlation
spectroscopy (PCS) are re-investigated from above T, down to Ty
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to scrutinize the claim that a generic relaxation stretching is found
close to Ty while individual stretching is established at high temper-
atures. In addition, we test the assertion that close to Ty, dielectric
and PCS spectra of the a-relaxation become identical in the limit of
low-polar systems.

The TFPI spectra reveal no change in the relaxation stretching
covering a very large temperature range. They can be described by
a CD function with parameters varying along fcp = 0.39-0.80. The
corresponding PCS decays measured close to T;; show no indica-
tion that FTS fails. However, their relaxation stretching varies too;
a Kohlrausch fit is superior and provides fx = 0.52-0.73. Three
systems out of eight show larger deviations from the generic relax-
ation spectra recently reported. Compared to each other, TFPI and
PCS appear to measure qualitatively different relaxation spectra,
although the corresponding high-frequency flanks are quite similar
over the entire temperature range. We do not find, however, any
indication that the DLS stretching changes in a narrow tempera-
ture interval to bridge the different stretching reported by the two
light scattering techniques. We are faced with two possibilities: (i) A
sharp transition occurs in the ns range currently not accessible by
either technique, or (ii) TFPI and PCS reflect different contributions
from the different fluctuations potentially causing a depolarized light
scattering signal.

The TFPI spectra allow constructing master curves X"(a)ra)/xo
down to Ty, which include a-relaxation and excess wing. In the case
of glycerol, the master curve is reproduced by a single-frequency
*H NMR spin-lattice relaxation rate when plotted as a function of
the time constant 7. Explaining this finding, we re-iterate our pro-
posal of an envelope scaling extending strict FTS. Altogether, this
suggests that the excess wing appears as a genuine feature of the
a-relaxation and no clear-cut power law can be identified in its high-
frequency flank, and that the TFPI spectra reflect the self-part of the
orientational fluctuations.

Comparing dielectric spectra of weakly polar liquids, the a-
relaxation peak shows an identical spectral shape among the systems
investigated. Its high-frequency flank, however, appears to be differ-
ent for type-A and type-B glass formers: While type-A glass formers
exhibit a non-power law high-frequency flank encompassing the
excess wing, type-B systems show a clear-cut power law, and the
full a-relaxation is reproduced by the generic spectrum. We find
two systems for which the corresponding PCS spectrum is narrower
than their dielectric counterpart. Also, a secondary relaxation well
recognized in the dielectric spectra appears not to be probed by PCS.
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APPENDIX A: 2-METHYL-TETRAHYDROFURAN

In Fig. 8, we display the data of 2-methyl-tetrahydrofuran in the
time domain. While the TFPI decays follow FTS from 220 K down to
135 K and can be interpolated by a CD function, the typical two-step
correlation function with a stretched long-time decay disappears
at high temperatures (dashed lines), indicating the onset of “glassy
dynamics” only below about 220 K. The PCS decays virtually fol-
low FTS and can be fitted by a Kohlrausch function. The difference
among the TFPI and PCS decays is marginal but systematic.

APPENDIX B: DECAHYDROISOQUINOLINE

The glass former decahydroisoquinoline (DHIQ) exhibits some
spectral peculiarities. Its glass transition temperature is rather low
(Tg = 179 K), and one recognizes the disappearance of “glassy
dynamics” at the highest temperatures—see Fig. 9(a). Moreover, in
comparison with most other glass formers studied here, the ampli-
tude of the a-relaxation is low with respect to that of the fast
dynamics, including the microscopic peak—see the inset of Fig. 9(a).
To put it differently, the fast relaxations are relatively pronounced,
relaxing about 40% of the correlation function, while typically only
10% are found (cf. Fig. 4). In addition to a damped oscillatory behav-
ior at short times, one observes a very stretched decay extending over
about two decades at the lowest temperature. It is not part of the a-
relaxation, as it does not scale with the latter. Most analyses by the

2-methyl tetrahydrofuran ~ PCS EK:=0 4/;)'60/0‘59
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FIG. 8. Time domain representation of the TFPI (solid and dashed lines, at 440,
410, 380, 350, 320, 270, 240, 220, 200, 180, 170, 160, 150, 145, and 135 in K) and
PCS data (open circles) of 2-methyl tetrahydrofuran; red dashed-dotted line: CD fit
for T = 160 K (green data line); blue dashed line: Kohlrausch fit (orange data line);
at T > 220 K, the two-step character of the decays disappears (dashed lines).
PCS decays shifted to best coincide with TFPI decay at 135 K (colored crosses);
stretching parameters of CD and Kohlrausch fits are indicated (color refers to the
corresponding data and fit).
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FIG. 9. (a) Time domain representation of the TFPI data of decahydroisoquinoline (DHIQ). Dashed line: CD interpolation with Scp = 0,56. Note the extended fast relaxation,
which cannot be attributed to the a-relaxation. The inset shows corresponding spectra. (b) Comparison of the dielectric spectral shape of the a-relaxation of type-A and
type-B glass formers for the limit of weakly polar systems. In addition, we compare a broadband (BB) spectrum with data measured by a high-precision (HP) bridge. In the
case of the type-B system, we added the power law interpolation of its high-frequency flank; the exponent value is indicated.

MCT are hampered by a low amplitude of the fast dynamics. This is
different in the case of DHIQ.

APPENDIX C: LIMITING DIELECTRIC SPECTRA

In Fig. 9(b), the limiting dielectric spectra in the case of weakly
polar systems of type-A (OTP) and type-B (TPP), respectively, glass
formers are compared. The a-relaxation spectra close to T are simi-
lar but not identical. While type-A systems display a high-frequency
excess wing, type-B systems investigated exhibit a clear-cut power-
law behavior. The broadband (BB) spectrum of OTP was also mea-
sured by an Alpha-A analyzer (Novocontrol). It is compared to the
dielectric spectra measured by an ultra-precision bridge (HP) cover-
ing about three decades (Andeen Hagerling 2700A).”" No significant
difference is observed. In the case of type-B, we included a power-law
interpolation of the high-frequency flank of the a-relaxation.
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