
The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

Time-scale ordering in hydrogen-
and van der Waals-bonded liquids

Cite as: J. Chem. Phys. 154, 184508 (2021); doi: 10.1063/5.0049108
Submitted: 1 March 2021 • Accepted: 22 April 2021 •
Published Online: 14 May 2021

Lisa Anita Roed, Jeppe C. Dyre, Kristine Niss, Tina Hecksher, and Birte Riechersa)

AFFILIATIONS
Glass and Time, IMFUFA, Department of Science and Environment, Roskilde University, P.O. Box 260,
DK-4000 Roskilde, Denmark

a)Current address: Federal Institute of Materials Research and Testing (BAM), Unter den Eichen 87, 12205 Berlin, Germany.
Author to whom correspondence should be addressed: birte.riechers@bam.de

ABSTRACT
The time scales of structural relaxation are investigated on the basis of five different response functions for 1,2, 6-hexanetriol, a hydrogen-
bonded liquid with a minor secondary contribution, and 2,6,10,15,19,23-hexamethyl-tetracosane (squalane), a van der Waals-bonded liquid
with a prominent secondary relaxation process. Time scales of structural relaxation are derived as inverse peak frequencies for each investi-
gated response function. For 1,2,6-hexanetriol, the ratios of the time scales are temperature-independent, while a decoupling of time scales is
observed for squalane in accordance with the literature. An alternative evaluation approach is made on the squalane data, extracting time scales
from the terminal relaxation mode instead of the peak position, and in this case, temperature-independent time-scale ratios are also found for
squalane, despite its strong secondary relaxation contribution. Interestingly, the very same ordering of response-function-specific time scales
is observed for these two liquids, which is also consistent with the observation made for simple van der Waals-bonded liquids reported previ-
ously [Jakobsen et al., J. Chem. Phys. 136, 081102 (2012)]. This time-scale ordering is based on the following response functions, from fast to
slow dynamics: shear modulus, bulk modulus, dielectric permittivity, longitudinal thermal expansivity coefficient, and longitudinal specific
heat. These findings indicate a general relation between the time scales of different response functions and, as inter-molecular interactions
apparently play a subordinate role, suggest a rather generic nature of the process of structural relaxation.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0049108

I. INTRODUCTION

The dynamics of structural relaxation in amorphous matter
show tremendous temperature-imposed changes, resulting in struc-
tural response time scales, τ, spanning up to 15 orders of magni-
tude.1–3 In the liquid regime, structural relaxation times are in the
picosecond range, whereas deeply supercooled liquids, for which the
equilibrium state can barely be reached, have response time scales of
τ ≈ 1000 s.

From an experimental point of view, the time scale of struc-
tural response can be assessed in multiple ways, e.g., by dielectric and
mechanical spectroscopy, but also based on light-scattering,4 calori-
metric,5 or aging measurements.6 Time scales can be determined
from the loss-peak position in spectral data, from auto-correlation
functions based on time-domain data, or from the so-called termi-
nal mode, which reflects the slowest spectral response such as the
Maxwell relaxation time, τM .7 Interestingly, time scales obtained

from different response functions are not identical, even if deter-
mined the same way, e.g., via the spectral loss-peak position. The
relation of time scales for two different response functions X1 and
X2 is conveniently quantified by the following time-scale index:
log τX1(T) − log τX2(T).

If both sets of time scales have the same dependence on
temperature, T, the time-scale index becomes temperature-
independent. This coupling of time scales is observed for various
pairs of response functions for a range of molecular glass formers.8
Several experimental studies report this behavior on the basis of
data for the dielectric permittivity, ε, and the dc conductivity,
σ, for phenyl salicylate, propylene carbonate, phenolphthaleine-
dimethyl-ether, and various mono-alcohols,9 the viscosity, η, for
e.g., o-terphenyl, squalane, and glycerol,10–12 calorimetric data on
5-polyphenyl-4-ether (5PPE),5 and the dynamic shear modulus,
G(ω), for 5PPE, 1,3-butandiol, and other molecular liquids.13–15

Constant time-scale indices have also been reported for shear- and

J. Chem. Phys. 154, 184508 (2021); doi: 10.1063/5.0049108 154, 184508-1

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0049108
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0049108
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0049108&domain=pdf&date_stamp=2021-May-14
https://doi.org/10.1063/5.0049108
http://orcid.org/0000-0003-4672-2087
http://orcid.org/0000-0002-0770-5690
http://orcid.org/0000-0002-9391-0366
http://orcid.org/0000-0002-6048-6095
http://orcid.org/0000-0003-4437-9844
mailto:birte.riechers@bam.de
https://doi.org/10.1063/5.0049108


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

bulk-mechanical data on 5PPE, tetramethyl-tetraphenyl-
trisiloxolane (DC704), 1,2,6-hexanetriol, and more.16–18 Other
studies report dynamic response data that exhibit not only
temperature- but also pressure-independent time-scale indices.19,20

The observation of decoupling in a set of response-function-
specific time scales, i.e., the observation of a temperature-dependent
time-scale index, is often attributed to the influence from other
relaxation contributions rather than from the dynamics of the
structural-relaxation process itself.15,21,22 In the case of hydrogen-
bonded liquids, which exhibit stronger intermolecular interac-
tions than van der Waals (vdW)-bonded liquids, the formation of
supramolecular structures is presumably reflected by a slow relax-
ation process, which can also affect the overall peak position23,24 and
thus the coupling behavior.

While the aforementioned studies mainly reported on the cou-
pling tendencies that were observed for different sets of response
functions, Jakobsen et al.8 put the focus on the ordering of the
time-scale indices connected to the probed response functions.
In their study, time scales were determined for seven different
response functions for the two vdW-bonded glass formers, 5PPE
and DC704. These two materials exhibit simple behavior in terms
of a non-detectable secondary relaxation process and obedience to
time–temperature superposition.25 Time scales differ significantly
between response functions while their temperature-dependence is
the same, and obey a response-function-specific ordering that is
identical for both investigated liquids,

τG < τK < τε < ταl < τcl .

The time scales are based on measurements of the following
response functions: the shear-mechanical modulus G(ω), the bulk-
mechanical modulus K(ω), the dielectric permittivity ε(ω), the lon-
gitudinal thermal expansion coefficient αl(t), and the longitudinal
specific heat cl(ω).8

To test how general the response-function-dependent ordering
of time-scale indices is, more complex liquids have to be put under
investigation. Two aspects that are relevant in this context are (1)
the interference of additional relaxation processes with the primary
relaxation process as it has an impact on time scales derived from
spectral data and (2) the influence of inter-molecular interactions
on the different response functions.

Thus, in this study, the dynamics of two non-simple liquids
with significantly different properties regarding the bonding type
and relaxation processes are analyzed for five different experimental
response functions. These two liquids are 1,2,6-hexanetriol (hex-
anetriol), a hydrogen-bonded liquid with a weak secondary con-
tribution, and 2,6,10,15,19,23-hexamethyltetracosane (squalane), a
vdW-bonded liquid with a strong secondary relaxation. Time-scale
coupling, i.e., the observation of a temperature-independent time-
scale index, is reported for hexanetriol, while squalane shows decou-
pling of the time scales if these are determined from spectral loss-
peak positions. If time scales are derived from terminal modes of
spectra measured on squalane, response-specific time scales exhibit
less decoupling and identical response-specific ordering of time-
scale indices is observed for both vdW-bonded and hydrogen-
bonded liquids.

In this article, Sec. II describes briefly the methods used for
obtaining the five different response functions. In Sec. III, data that

were measured on these response functions for hexanetriol and
squalane are subdivided into three parts. Section III A contains spec-
tral data, Sec. III B presents time scales of structural relaxation,
and in Sec. III C, the time-scale indices obtained for hexanetriol
and squalane are discussed and compared to results for the simple
vdW-liquid DC704 as presented in Ref. 8.

II. EXPERIMENTAL METHODS
Temperature-dependent time-scale data were obtained for the

following five response functions: the shear modulus G(ω), the
bulk modulus K(ω), the dielectric permittivity ε(ω), the longitudi-
nal thermal expansion αl(t), and longitudinal specific heat cl(ω).
The transducers used for measuring these response functions are
customized for usage within the same cryostat (available tempera-
ture range from 100 to 310 K), ensuring comparable thermal con-
ditions involving a steady absolute temperature over weeks and
restricting temperature fluctuations to few mK.26 Response func-
tions are determined with the same electronics system on the basis
of electrical measurements.27 Shear-mechanical measurements were
conducted with the piezo-electric shear-modulus gauge that allows
for measurements at frequencies ν = ω/(2π) between 1 mHz and
50 kHz.28 Bulk-modulus data were obtained with a piezo-electric
bulk-modulus gauge (frequency range 1 mHz–10 kHz).29 Dielectric
permittivity data are based on measurements with a parallel-plate
capacitor (fixed spacing of 50 μm) within the available frequency
range (1 mHz–1 MHz). For squalane, the dielectric dataset was
supplemented by measurements with an Andeen Hagerling 2700A
high-resolution capacitance bridge (frequency range is 50 Hz to
20 kHz). Time-dependent thermal expansion data are based on
high-resolution dielectric dilatometry measurements at a fixed fre-
quency under fast temperature regulation using a parallel-plate
capacitor in which the sample material controls the spacing.30

Dynamic specific-heat data were measured using a negative
temperature-coefficient thermistor simultaneously serving as a tem-
perature gauge and heating device in the available frequency range
from ∼5 mHz to 20 Hz.31,32 The quantity derived from these mea-
surements is the longitudinal specific heat, cl(ω), which corresponds
to the heat needed to increase the temperature by one unit if
the associated expansion is restricted to be longitudinal instead of
isotropic.33 Short reviews of the different measurement principles
are given in the supplementary material.

Experimental data were acquired for the two different molec-
ular glass formers, hexanetriol and squalane. Hexanetriol is a
hydrogen-bonding trihydric alcohol (T g ≅ 200 K) with a secondary
process occurring in the form of an excess wing16,34 and simi-
lar properties to glycerol. The slightly higher glass transition tem-
perature, however, makes hexanetriol a more suitable candidate
for meeting the temperature limitation and the narrow frequency
window of the specific-heat measurement technique.34 The com-
plex, frequency-dependent shear modulus G(ω), bulk modulus
K(ω), dielectric permittivity ε(ω), and longitudinal specific heat
cl(ω) were measured for hexanetriol under identical experimen-
tal conditions, i.e., within the same cryostat and with the same
electronic setup. As hexanetriol has a significant dipole moment,
the determination of the thermal expansion coefficient based on
dielectric dilatometry is not feasible.30 Hexanetriol was purchased
from Sigma-Aldrich with a purity of 96% and used as received.
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The container was opened in a dry N2 atmosphere to avoid con-
tamination with water. The sample cells were prepared and filled
in a dry N2 atmosphere, with the exemption of the bulk-modulus
measurements, for which the transducer was filled in ambient air.

Squalane is a vdW-bonded liquid (T g ≅ 168 K) with a strong
secondary relaxation peak in both mechanical and dielectric data.
The complex dynamic shear modulus G(ω), bulk modulus K(ω),
and dielectric permittivity ε(ω) measured in one cryostat are com-
plemented by data of the longitudinal thermal expansion coefficient
αl(t) that was obtained in another cryostat. The temperatures of the
two cryostats were calibrated based on the peak positions of dielec-
tric data, which were available for both cryostats, resulting in a shift
of the expansivity data by 0.80 K. Note that the bulk-modulus dataset
was published in Ref. 35, and the dynamic thermal-expansion data
are from the experiment presented in Ref. 36.

III. RESULTS
A. Spectral data

In this section, the frequency-dependent response functions for
hexanetriol and squalane are presented. These are the real and imag-
inary parts of the shear modulus G(ω), the bulk modulus K(ω), the
dielectric permittivity ε(ω), and the longitudinal specific heat cl(ω)
in the case of hexanetriol. For squalane, the loss contributions of the
shear modulus G′′(ω), the bulk modulus K′′(ω), and the dielectric
permittivity ε′′(ω), are presented.

1. Hexanetriol
The storage and loss contributions of the dynamic shear

modulus are plotted in Fig. 1 for selected temperatures between

FIG. 1. Storage and loss spectra of the dynamic shear modulus G(ω) = G′(ω)
+ iG′′(ω) of the supercooled liquid state of hexanetriol at selected temperatures
ranging from 200 to 220 K. After quenching to 200 K, the shear modulus was mea-
sured in steps of 1 K from 202 to 214 K and steps of 2.5 K from 215 to 220 K. Points
correspond to the first and open circles to the second, subsequently measured
spectrum.

200 and 220 K. At each temperature, two spectra were measured
successively. As these data coincide within the accuracy of the mea-
surement technique, full equilibration of the sample material at all
depicted temperatures is assumed. Measurements of the dynamic
bulk-mechanical modulus were conducted in the temperature range
between 202 and 224 K measured in 1 K steps with a single spectrum
measured at each temperature (Fig. 2).

Both the shear- and the bulk-modulus data show the char-
acteristic features of a structural relaxation process. The storage
contribution of the shear modulus approaches zero for frequencies
ν≪ νlp, while the bulk modulus approaches the static contribution
K(0) in this limit. For both moduli, the loss contributions exhibit
a power-law behavior with exponent 1 on the low-frequency flank.
The spectra are rather broad, indicative of a slow relaxation pro-
cess as previously reported for glycerol.23,24 Based on the conclu-
sions drawn for glycerol, the relaxation feature of hexanetriol may
derive from supramolecular structure dynamics reflecting interac-
tions between the various OH-groups of adjacent molecules. Addi-
tionally, at all temperatures, the signature of a secondary process is
observed at high-frequencies, where both G′′(ω) and K′′(ω) exhibit
a shoulder. This shoulder is more separated from the main pro-
cess at low temperatures, but merges with the primary relaxation
process at higher temperatures. This aspect is also evident in the
high-frequency regime of the storage contribution, where the data
steadily increase instead of reaching a constant plateau.

The dielectric permittivity was measured at 25 temperatures
between 200 and 250 K. The loss and storage contributions are plot-
ted in Fig. 3 for selected temperatures. At most temperatures, two
subsequent spectra were measured and the collapse of these demon-
strates a well-equilibrated state of the material. The dielectric loss
spectra show the expected power law on the low-frequency flank

FIG. 2. Storage and loss spectra of the dynamic bulk modulus K(ω) = K′(ω)
+ iK′′(ω) of the supercooled liquid state of hexanetriol for selected temperatures
between 202 and 223 K. Spectra were measured from 223 to 203 K in steps of −2
K and from 202 to 222 K in steps of 2 K.
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FIG. 3. Storage and loss spectra of the dynamic dielectric permittivity ε(ω)
= ε′(ω) − iε′′(ω) of the supercooled liquid state of hexanetriol at selected tem-
peratures ranging from 200 to 250 K. After a quench to 200 K, the spectra were
measured in temperature steps of 1 K up to 215 K, steps of 2.5 K from 217.5 to
225 K, and steps of 5 K from 230 to 250 K. Points correspond to the first and open
circles to the second, subsequently measured spectrum.

with an exponent of 1, as well as the power law behavior with
an exponent of −1/2 on the high-frequency flank, indicating that
the influence of the secondary relaxation contribution is negligi-
ble within the measured range of dielectric data. As is the case
for glycerol, hexanetriol is expected to form a branched network
of OH-bonds that gives no directional preference for an effective
dipole moment,23 reflected by the absence of a slow process on the
low-frequency flank.

Figure 4 shows loss and storage contributions of the dynamic
longitudinal heat capacity cl(ω) at ten temperatures in the super-
cooled liquid, measured at two different temperature amplitudes.
Both amplitudes yield a response within the linear regime and devia-
tions between spectra at a given temperature indicate the uncertainty
of the data. Two distinct artifacts are observed for cl(ω), emphasiz-
ing that the accuracy of the details of the measured spectra of the
longitudinal heat capacity is limited compared to the other measured
response functions: first, the spectra measured at low temperatures
exhibit slightly negative values of the imaginary part in the frequency
range around 1 Hz. Second, both storage and loss contributions
show increasing values at high frequencies. If the increase in c′′l was
solely due to a secondary contribution, c′l would show a stepwise
decrease toward a high-frequency plateau based on Kramers–Kronig
relations. Despite these issues, normalizing the loss spectra to the
amplitude and position of the maximum results in a reasonable col-
lapse [see Fig. S2(d) in the supplementary material]. This emphasizes
that the spectra obey time–temperature-superposition despite the
limited accuracy in details of their shape. Thus, it seems reasonable
to extract νlp for comparison to other time scales.

FIG. 4. Storage and loss spectra of the dynamic longitudinal heat capacity cl(ω)
in the supercooled liquid state of hexanetriol at temperatures ranging from 203 to
212.5 K. Crosses and circles reflect measurements at two different temperature
amplitudes.

FIG. 5. Loss spectra of the dynamic shear modulus G(ω), bulk modulus
K(ω), and dielectric permittivity ε(ω) of squalane from 164 to 190 K for shear-
mechanical data, and from 172 to 198 K for dielectric and bulk-mechanical
data.
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2. Squalane
For a range of temperatures, Fig. 5 shows the loss contribu-

tions ε′′(ω), G′′(ω), and K′′(ω) of squalane as functions of fre-
quency. All three response functions show qualitatively compa-
rable features: a primary relaxation contribution with a strongly
temperature-dependent loss-peak position and a secondary con-
tribution at higher frequencies with a comparably static loss-peak
position, which merge upon increasing temperature.

However, details of the loss spectra of these three response
functions differ significantly in their low-frequency behavior. The
shear-mechanical data exhibit a power law behavior with an expo-
nent close to unity (see Fig. S2 in the supplementary material),
which thus resembles the rather universal behavior reflected by the
response functions measured on hexanetriol. In the case of the bulk-
mechanical and dielectric responses of squalane, however, the expo-
nent of the low-frequency flank is significantly reduced to values
around 0.3–0.4. This behavior might be a consequence of the rather
small signal amplitudes of the two datasets, especially in the case of
the dielectric data.

B. Time scales of structural relaxation
Loss spectra of the four response functions G(ω), K(ω), ε(ω),

and cl(ω) recorded at 210 K are plotted as functions of frequency for
hexanetriol in Fig. 6(a). In this direct comparison, it can be seen that
the specific heat and dielectric loss-peaks are narrower than those of
the mechanical data. Both bulk- and shear-mechanical moduli show
rather rounded features on the low-frequency flank, indicating the
existence of an additional, slow relaxation process as reported for
glycerol.23,24

The maximum-loss frequency νlp,X was identified as the loss-
peak frequency for each frequency-dependent response function X.

Assuming that the slow process proposed for hexanetriol has a
negligible influence on the peak position, and as the spectra only
show a minor secondary process, τX = (2πνlp,X)

−1 reflects the time
scale of structural relaxation. From G(ω), the Maxwell time scale
τM was determined based on the relation τM = η0/G∞, in which
the viscosity η0 = G′′(ω)/ω∣ω→0 was deduced from the mechanical
data and G∞ was found from fits of the shear-mechanical data to
an electrical-equivalent-circuit (EEC) model (see the supplementary
material for details on the fitting function and parameters, as well as
the temperature-dependence of G∞). The temperature dependence
of the five response-function-specific time scales for hexanetriol is
depicted in Fig. 6(b). Note that the order of these time scales at a
given temperature, as shown in Fig. 6(a), is maintained throughout
the temperature range over which all response functions were mea-
sured (203–212.5 K), covering changes in τ of more than two orders
of magnitude. The time scales determined from the two mechanical
measurements are very similar, with shear-mechanical data showing
slightly faster response behavior than the dynamic bulk-mechanical
data. The dielectric and specific heat data exhibit a significantly
slower relaxational response at a given temperature compared to
the other response functions. Thus, hexanetriol exhibits the same
ordering as simple vdW-bonded liquids.8

For squalane, the loss spectra of G(ω), K(ω), and ε(ω) mea-
sured at 178 K are plotted in Fig. 7(a). For all three response func-
tions, a secondary relaxation contribution is seen as an onset of
a second peak on the high-frequency part of the spectra. In con-
trast to the shear-mechanical response, the low-frequency flanks
of bulk-mechanical and dielectric data are broadened. These fea-
tures might be connected to the small dielectric response amplitudes
for squalane and a presumably non-ideal match of bulk-mechanical
data with its reference measurement, emphasizing that the data
acquisition with these two methods is pushed to its limits due to

FIG. 6. (a) Loss contributions of four complex frequency-dependent response functions: the shear modulus G(ω), the bulk modulus K(ω), the dielectric permittivity ε(ω),
and the longitudinal specific heat cl(ω), as functions of frequency at 210 K for hexanetriol, normalized to the individual loss-peak height. (b) Time scales based on the
spectral loss-peak positions of the four response functions depicted in (a) and Maxwell time scale as functions of the inverse temperature for hexanetriol. Specific heat data
measured at two different temperature amplitudes are depicted as triangles pointing left and right.
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FIG. 7. (a) Loss contributions of three complex frequency-dependent response functions: the shear modulus G(ω), the bulk modulus K(ω), and the dielectric permittivity
ε(ω), as functions of frequency at 178 K for squalane, normalized to the individual loss peak height. (b) Strong colors: time scales based on the spectral loss-peak positions
of the three response functions depicted in (a) and time scales derived from expansivity data, plotted as functions of the inverse temperature for squalane. Light colors: time
scales based on the spectral shift of the low-frequency flank relative to a low-temperature loss-peak-position derived time scale. The dashed line corresponds to a fit of the
dielectric data between 172 and 180 K to a parabolic function with the parameters log10 τ0 = −2.13, J = 4051 K, and T0 = 185.0 K.

the low response amplitudes of squalane. The squalane time scales
extracted from the spectral positions of the loss peaks are plotted
against the temperature in Fig. 7(b). The time scales connected to the
thermal expansion coefficient, ταl , were determined from Laplace-
transformed time-domain data measured by dielectric dilatome-
try (data are included in the supplementary material). As for hex-
anetriol, the mechanical data show smaller time scales than the
dielectric measurements. The observed shift by one order of mag-
nitude is in accordance with the data reported in Ref. 11. The expan-
sivity data exhibit the largest time scales based on an extrapolation
of the temperature dependence of dielectric data toward lower tem-
peratures by a parabolic function τ(T) = τ0 ⋅ exp(J2

(1/T − 1/T0)
2
)

[dashed line in Fig. 7(b)]8,37 as there is no overlap in temperature for
dielectric and expansivity data.

When comparing τM and the loss-peak-derived τG, a devia-
tion between the two is observed at high temperatures. A second
approach was applied to extract the time scales of squalane, which
focuses on the spectral position of the terminal mode. To do so,
the spectra were manually shifted along the frequency-axis to col-
lapse on the low-frequency flank. Relative to a loss-peak-derived
time scale in the low-temperature regime of a dataset, the time scales
were determined from the time–temperature-superposition related
shift [light-colored symbols in Fig. 7(b)]. The error bars indicate the
range of uncertainty for the shift factor and result from scatter of the
spectral data in the low-frequency range. A visualization of the col-
lapse of the spectral data based on the manual shift is included in the
supplementary material.

C. Time-scale indices
To evaluate the temperature dependence of the time scales for

the different response functions of hexanetriol and squalane, in the

following, we define the time-scale index as the logarithm of the ratio
of the dielectric time scale and the time scale of another response
function X, log τε − log τX . The normalization utilizes an interpola-
tion of measured values of τε within the temperature range of dielec-
tric data for each material. At temperatures below this range, an
extrapolation by a parabolic function based on the low-temperature
dielectric data is applied.8,37 Thus, in the case of squalane, time-scale
indices for expansivity and low-temperature shear-mechanical data
are based on extrapolated dielectric dynamics and will depend on the
function used for extrapolation. A parabolic function was applied
as it resulted in the most robust extrapolation of the experimen-
tal time-scale data in Ref. 8. Deriving ταl from time-domain data
and extrapolating the low-temperature dielectric time scale lead to
a higher uncertainty of the time-scale index for expansivity data
and thus do not allow for detailed conclusions on the coupling
tendency.

In Fig. 8(a), the time-scale indices are plotted for hexanetriol.
While τG is based on the spectral position of the loss peak max-
imum, τM reflects the position of the terminal mode at the low-
frequency flank of the relaxation spectrum. Both time scales exhibit a
temperature-independent time-scale index close to 1 for hexanetriol,
suggesting only minor influence on the temperature dependence
from the slow relaxation mode that is observed in the mechani-
cal spectra.23 τG and τK are approximately one order of magnitude
smaller than τε, which is half a magnitude smaller than the time-
scale index of the heat capacity. The error on τcl is determined
based on the spectral positions of the loss-peak maximum before
and after correction for method-specific temperature-independent
features of the specific-heat data (see Ref. 32 for details). From
this set of response functions, it becomes obvious that the specific
time scales can differ by as much as 1.5 orders of magnitude at a
given temperature. The general behavior of the time-scale indices
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FIG. 8. Time-scale index for several response functions for hexanetriol in (a) and squalane in (b) based on the spectral loss-peak position (strong colors) and terminal modes
(light colors) plotted as functions of the dielectric loss-peak frequency (bottom x-axis) and temperature (top x-axis). Dashed lines represent average values of the time-scale
indices, based on the time scales derived from the loss-peak maximum for hexanetriol and the terminal mode for squalane with the exception of the expansivity data. Error
bars were added in case the connected uncertainty exceeds the depicted symbols.

for hexanetriol resembles that of DC704 (see Fig. 9). For both
materials, the time-scale indices are temperature-independent and
the ordering of response-specific time scales is identical, suggesting
that the intermolecular interactions of vdW- and hydrogen-bonded
materials affect the coupling of time scales in a similar fashion.
These findings are in accordance with the data reported for other
alcohols.12,16,22,23,34

FIG. 9. Time-scale index for several response functions for DC704 plotted as func-
tions of the dielectric loss-peak frequency (bottom x-axis) and temperature (top
x-axis) from Ref. 8.

In contrast to the behavior observed for hexanetriol and
DC704, time scales derived from loss-peak positions for squalane
lead to temperature-dependent indices for the mechanical and
dielectric response functions, as shown in Fig. 8(b). In previous
studies, the apparent decoupling of time-scale indices for squalane
was attributed to the influence of the secondary relaxation contri-
bution on the position of the loss-peak maximum. Similar behavior
was observed for other glass-forming liquids with a significant sec-
ondary relaxation contribution.15,21,22 The index based on τM , how-
ever, related to the terminal relaxation mode, shows temperature-
independent behavior. In analogy to τM , and in order to diminish the
effect of the secondary contribution, time scales for dielectric, shear-
mechanical, and bulk-mechanical data were extracted from their
terminal mode [light-colored symbols in Fig. 8(b)]. The time scales
based on the terminal mode lead to less temperature-dependent
time-scale indices for all tested response functions. This strength-
ens the view that the secondary relaxation contribution is the origin
of the time-scale decoupling reported in the literature for squalane.
When considering the time-scale indices derived from the terminal
mode, squalane clearly conforms to the same ordering of time scales
as hexanetriol and DC704.

IV. SUMMARY
This study presents time-scale data based on five different

response functions with a focus on the coupling tendency and the
ordering of time scales. It is based on two liquids, hexanetriol
and squalane, representing hydrogen-bonded liquids with a minor
secondary relaxation contribution and vdW-binded liquids with a
prominent secondary relaxation process. These data are set into
context to results on the simple vdW-bonded liquids from Ref. 8.
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The two major findings of the present study are (1) the gen-
eral observation of time-scale coupling if the structural relaxation
process dominates the response behavior and (2) identical order-
ing of response-function-specific time-scale indices. These obser-
vations are made for all the aforementioned liquids despite their
fundamentally different inter-molecular interactions (vdW-bonded
or hydrogen-bonded liquids) and the varying degrees of contribut-
ing relaxation processes (non-detectable, minor, strong secondary
relaxation, or slow process) that occur in addition to the primary
relaxation process.

In more detail, the poly-alcohol hexanetriol exhibits coupling
of the time scales of structural relaxation over the full investigated
temperature range based on the data from four response functions.
This is in accordance with the observations on other poly-alcohols
with minor secondary contribution, and it strengthens the view that
the type of inter-molecular bonding has negligible effects on the cou-
pling tendency for the investigated liquids. Continuing the discus-
sion of the coupling behavior, squalane seems to oppose the observa-
tion made on hexanetriol on the first glance, as it shows clear signs of
decoupling for time scales determined from spectral loss peak posi-
tions. This observation has also been observed for other materials
with a dominant secondary relaxation contribution.15,21 However,
this behavior can be attributed to the influence of the secondary
relaxation contribution rather than the dynamics of structural relax-
ation itself. This is confirmed by time-scale indices determined from
the dynamics of the terminal mode, which is much less affected by
the secondary relaxation contribution and result in approximately
temperature-independent, i.e., constant time-scale indices.

Moreover, hexanetriol and squalane display the same order of
response-function-specific time-scale indices as the simple vdW-
bonded liquids from Ref. 8, indicating generic behavior for vdW-
and hydrogen-bonded liquids,

τG < τK < τε < ταl < τcl .

This finding, together with the observed time-scale coupling,
indicates that the time scale ordering may be a more general fea-
ture of viscous liquids, extending beyond the simple liquids. It is
especially surprising given that, for the more complex liquids stud-
ied here, the spectral shapes of the different response functions are
vastly different. For the simple liquids studied in Ref. 8, the spec-
tral shapes were nearly identical, and it was conjectured that these
features are connected to the concept of simplicity.25 As time-scale
coupling and ordering hold for more complex vdW- and hydrogen-
bonded liquids as well, it is reasonable to assume that the key char-
acteristics of structural relaxation are of similar nature in all these
types of liquids and are explicitly not dominated by the type of
inter-molecular bonding. However, in complex materials, the struc-
tural relaxation is often obscured by additional relaxation processes,
which lead to more complicated spectral shapes and differences
in spectra obtained from different response functions. In agree-
ment with this assumption, a comparison of spectral data based
on light-scattering and dielectric spectroscopy for glycerol shows
that self- and cross-correlated responses can be disentangled and
strongly suggest comparable spectral shapes for the primary relax-
ation contributions measured by the two different response func-
tions.24 This view is further supported by the fact that, in many cases,
the relaxation spectra can be fitted by assuming several spectral

contributions, while shape parameters of the function describing the
alpha relaxation are kept fixed.23,38

SUPPLEMENTARY MATERIAL

See the supplementary material for descriptions of experimen-
tal methods, time-domain expansivity data, normalized spectral
data, details on electric-equivalent circuit models, and spectral data
fitted to electric-equivalent circuit models.
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