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Isochronal superposition and density scaling of the α-relaxation from pico- to
millisecond
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Italy

(Dated: September 7, 2018)

The relaxation dynamics in two van der Waals bonded and one hydrogen-bonding molecular liquids is studied
as a function of pressure and temperature by incoherent neutron scattering using simultaneous dielectric
spectroscopy. The dynamics is studied in a range of alpha relaxation times from nano- to milliseconds,
primarily in the equilibrium liquid state. In this range we find that isochronal superposition and density
scaling work not only for the two van der Waals liquids, but also for the hydrogen-bonding liquid, though the
density scaling exponent is much smaller for the latter. Density scaling and isochronal superposition are seen
to break down for intra-molecular dynamics when it is separated in time from the alpha relaxation in close
agreement with previous observations from molecular dynamics simulations.

Keywords: density scaling, isochronal superposition, isomorph theory, glass transition, dynamics, neutron
scattering, dielectric spectroscopy, high pressure

I. INTRODUCTION

A full understanding of the dynamics in liquids is still
a pending challenge in chemical physics research1,2. A
better understanding of the dynamics has implications
not only for small organic molecular liquids as will be
presented in this paper, but also for other materials such
as polymers, proteins and metals3–5. The dynamics in
liquids spans many orders of timescales from the equilib-
rium liquid above the melting temperature, where relax-
ation times are shorter than nanoseconds, to the viscous
slowing down in the supercooled state as the glass tran-
sition is approached and the α-relaxation reaches 100 s.

Slowing down of the liquid dynamics and the glass
transition are traditionally observed by cooling a liq-
uid, but they are also seen upon compression. New in-
sight into liquid dynamics has been gained in the past
decades by introducing pressure as an additional variable
to temperature6.

Tölle et al.7 observed isochronal superposition of neu-
tron spectra on picosecond timescales. Isochronal super-
position is the observation of an invariance of the spec-
tral shape and linewidth along lines in the temperature-
pressure phase diagram of constant relaxation time8.
The observation of isochronal superposition implies that
the spectral shape is determined by the relaxation time
or that they are controlled by the same underlying
mechanism9.

Density scaling is another experimental observation
from pressure experiments, based on the ideas from the
soft repulsive potential7,10. It was shown for several sys-
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tems that the viscosity or the relaxation time as a func-
tion of temperature and pressure could be brought to col-
lapse when expressed in terms of the parameter Γ = ργ/T
(Refs. 6, 11, and 12), where γ is a material specific con-
stant. Density scaling has since been shown to apply
to numerous different systems and implies that in these
systems the relaxation time is governed by the parameter
Γ.

A complete understanding of the dynamics in liquids
must encompass pressure behaviour, and therefore also
the observations of density scaling and isochronal super-
position from pressure experiments. One proposed ap-
proach is to assume the existence of isomorphs as sug-
gested by isomorph theory13,14. The basic idea is that
two thermodynamic state points are isomorphic if they
have the same potential energy landscape upon scaling.
This gives rise to curves in the phase diagram along which
dynamics on all timescales presented in reduced dimen-
sionless units are invariant. The dynamics in this view is
on all timescales determined by the same control param-
eter, Γ, which in the simplest case is given by Γ = ργ/T .
Density scaling and isochronal superposition are there-
fore natural consequences of isomorphs. A conjecture
of isomorph theory is that it only works for R-simple
systems, i.e. systems that in molecular dynamics simu-
lations show a strong correlation between the potential
energy and the virial15–18. From an experimental point of
view, the conjecture is that the idea of R-simple systems
is manifested in systems without directional bonding or
competing interactions. Moreover, isomorph theory only
describes inter-molecular interactions and to be certain
to exclude intra-molecular modes we consider experimen-
tal candidates for simple liquids to be those with no large
secondary relaxations.

From dielectric spectroscopy, it has previously been
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shown that isochronal superposition works better for van
der Waals liquids than for hydrogen-bonding liquids19,
although several other studies also with dielectrics20–23

and molecular dynamics simulations24 have shown that
density scaling and isochronal superposition apply to
hydrogen-bonding systems as well.

In a recent paper, we showed that the picosecond dy-
namics along the glass transition as a function of temper-
ature and pressure, i.e. fast relaxations and vibrations
that are completely separated from the α-relaxation,
measured with neutron spectroscopy were invariant for
two simple van der Waals liquids25. For these simple
liquids, we observed isochronal superposition of the dy-
namics separated by 14 orders of magnitude, which was
interpreted as a genuine signature of these liquids hav-
ing isomorphs. The implication of this finding is that
for simple liquids with isomorphs, the phase diagram
can be reduced to just one dimension with the control
parameter Γ, in contrast to an experimentalist’s nor-
mal temperature-pressure phase diagram. A hydrogen-
bonding liquid with directional bonding was chosen to
test a more complex system in contrast to the simple van
der Waals liquids. We showed how the relation between
picosecond dynamics and the glass transition broke down
for the hydrogen-bonding complex liquid, in agreement
with the predictions from isomorph theory.

Most previous experimental studies of glass-forming
liquids, also the ones at short timescales as probed for
example by neutron spectroscopy, take place in the vis-
cous or supercooled liquid, thus, in the proximity of the
glass transition. In this paper, we focus on the dynamics
in the liquid state with fast α-relaxation times. We ex-
pand the test of density scaling and isochronal superposi-
tion to experimental timescales in the equilibrium liquid
when the α-relaxation is on the same timescale as neu-
tron spectroscopy. Timescales that also coincides with
those accessible with computer simulations.

We apply for the first time systematic inelastic fixed
window pressure studies from the backscattering instru-
ment IN16B at the Institut Laue-Langevin and use those
to test density scaling. Most of the data presented in this
paper have been measured in a newly developed pressure
cell for performing simultaneous dielectric and neutron
spectroscopy as a function of temperature and pressure26,
thereby expanding the accessible neutron scattering to
include longer timescales, while assuring that the data
are collected under exactly the same experimental condi-
tions.

In this paper, we present scaling of the α-relaxation
on pico- to millisecond timescales for three different sys-
tems, two simple van der Waals liquids and a more com-
plex hydrogen-bonding sample, studied with neutron and
dielectric spectroscopy. We begin by introducing exper-
imental details in the next section. Data are presented
in the Sec. III containing three subsections, one for each
sample, followed by the discussion in Sec. IV.

Tg(Pamb) m γ dTg/dP Refs.
[K] [K/MPa]

cumene 126 70 4.8 0.085 25,30

PPE 245 80 5.5 0.18 25,31,32

DPG 195 65 1.5 0.075 21,25,33

Table I. Details on the three samples: cumene (isopropyl ben-
zene), PPE (5-polyphenyl ether) and DPG (dipropylene gly-
col). The fragility, m, is a measure of the super-Arrhenius

behaviour introduced by Angell34: m = d log10 τ(T )

d(Tg/T )

∣∣∣∣
Tg

.

II. EXPERIMENTAL DETAILS

The three samples presented in this paper are two van
der Waals liquids, isopropyl benzene (cumene) and 5-
polyphenyl ether (PPE), and the hydrogen-bonding liq-
uid dipropylene glycol (DPG) (Fig. 1). Cumene and
DPG were purchased from Sigma Aldrich and PPE from
Santolubes, and all three samples were used as acquired.
The two van der Waals liquids are considered simple
in the sense that they do not possess pronounced sec-
ondary relaxations or intra-molecular motion visible on
either subnanosecond timescales in the neutron signal
or in the dielectric signal27, and have previously been
shown to have behaviour in agreement with predictions
from isomorph theory19,25,28. The hydrogen-bonding
liquid DPG represents a complex system with direc-
tional bonding, a clear excess wing visible in the di-
electric signal29 and methyl-group rotation observable on
nanosecond timescale with neutron spectroscopy, and has
a high pressure response for a hydrogen-bonding liquid.
The molecules are sketched in Fig. 1 and details about
the samples can be found in Table I.

Figure 1. Sketches of the molecular structure of the three
samples studied in this chapter. DPG and PPE are mixtures
of isomers.

The data presented in this paper have been measured
at the Institut Laue-Langevin (ILL) at the backscatter-
ing instrument IN16B and IN13 and the time-of-flight
instrument IN535,36. The timescale of the neutron ex-
periments is determined by the energy resolution and the
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energy transfer of the neutron instruments; the coarser
the energy resolution, the faster the timescale. We mea-
sured cumene and DPG on IN16B, accessing nanosec-
ond dynamics with the standard Si(111) setting with

λ = 6.271 Å in the Q-range from 0.4 to 1.8 Å
−1

with
an energy resolution of ∼ 0.75 µeV corresponding to
nanosecond timescales in the energy range ±30 µeV. The
elastic intensity of cumene was also measured at the
backscattering instrument IN13 with an energy resolu-

tion of 8 µeV in the Q-range 0.2− 4.9 Å
−1

, i.e. an order
of magnitude faster than IN16B. Cumene and PPE were
both measured on IN5 with a wavelength of 5 Å with an
energy resolution of 0.1 meV corresponding to a timescale
of ∼ 10 ps, i.e. two orders of magnitude faster than

IN16B, in the Q-range from 1.2−1.9 Å
−1

binned in steps

of 0.1 Å
−1

in the energy range ±2 meV . Full spectra of
cumene were also measured at IN5 with wavelength 8 Å
with energy resolution 0.015 meV accessing a timescale

of roughly 0.1 ns in the Q-range from 0.5 − 1.2 Å
−1

in
energy range ±1 meV. All data reduction, subtraction
of background, normalisation to monitor and vanadium,
corrections for cell geometry and instrument efficiency,
have been done in LAMP37. Except for the IN16B data
on cumene, all data were measured in a newly devel-
oped pressure cell for doing simultaneous dielectric and
neutron spectroscopy under high pressure26. The tem-
perature range for the high-pressure cell is 2−320 K and
is controlled by the standard orange cryostat available at
the ILL. The pressure range is 0.1− 500 MPa. Both the
temperature and pressure range are determined by the
aluminium alloy of the high-pressure cell, which is used
because of its low background in the neutron signal. This
new sample cell is a unique tool for combining techniques,
thereby accessing dynamics on different timescales with
high precision, making sure that data are collected under
exactly the same sample conditions.

We utilise fast switching between the elastic and in-
elastic fixed window scans unique for the backscattering
instrument IN16B (Ref. 38). These scans offer a fast
overview of how a parameter such as temperature or pres-
sure in the full Q-range affects the dynamics. The IFWS
data presented in this paper were measured with an en-
ergy offset at 2 µeV and a maximum is observed when
the spectral weight at the offset energy is highest as a
relaxational process passes through the instrument win-
dow, for example caused by an increase of the quasielas-
tic broadening. The nature of the dynamics, whether it
is a local process or of translational character, can be
determined from the Q-dependence. That is, if a relax-
ation shows change in the Q-dependence as a function of
temperature or pressure it is a delocalised translational
motion, whereas a local process will be independent of Q
as a function of pressure or temperature39. All spectra
are shown summed over Q for better statistics since we
generally observe the same trend for all values of Q, un-
less otherwise stated. More data and details on samples
and data are available in Ref. 40.

Equations of state to calculate the density at various
state points for cumene is from Ref. 30, for PPE from
Ref. 32, and for DPG from Ref. 41. The scaling expo-
nents used for testing density scaling for the three sam-
ples were found in previous publications: Ransom et al.30

measured the glass transition temperature of cumene in a
large pressure range, up to ∼ 4 GPa, and found γ = 4.8,
and used this to density scale light scattering data42 and
viscosity data43,44. The scaling exponent for PPE was
found from dielectric data to be γ = 5.5 (Ref. 32) and
used in scaling of dielectric spectra28. The two van der
Waals liquids complement each other in terms of ex-
perimental accessibility: cumene has a low glass tran-
sition temperature which means that the α-relaxation
reaches subnanoseconds, probed by our scattering exper-
iments, within the (T, P )-range accessible by our sample
cell, and furthermore, cumene crystallizes easily in the
range between the melting point and the glass transition.
PPE, on the other hand, does not crystallize and we can
therefore easily study dynamics in the viscous dynamic
range, whereas the α-relaxation is too slow within the
(T, P )-limits of our equipment compared to the neutron
timescales. The hydrogen-bonding liquid DPG was found
to have a scaling exponent of γ = 1.5 (Ref. 33), a quite
low value of γ compared to the two van der Waals liquids,
but typical for hydrogen-bonding liquids6,11,45. This scal-
ing exponent allows for scaling of the α-relaxation in the
range from microseconds to milliseconds21, while it does
not provide a satisfactory collapse for dynamics close to
the glass transition.

As mentioned earlier, according to isomorph theory,
the relevant quantities to investigate are in reduced units,
which are per definition dimensionless (presented with a
tilde). Examples of length and time units, l0 and t0,
respectively, used in this paper are:

l0 = ρ−1/3

t0 = ρ−1/3(mp/kBT )1/2,
(1)

wheremp is the average particle mass and ρ is the number
density. For length, wave vector and frequency, respec-
tively, the reduced dimensionless units denoted with a
tilde are then given by,

r̃ = r/l0 = rρ1/3

Q̃ = Q l0 = Qρ−1/3

ω̃ = ω t0 = ω ρ−1/3(mp/kBT )1/2.

(2)

The frequency unit ω multiplied by ~ corresponds to the
energy transfer. We assume the average particle mass is
constant and set mp = kB = 1. Effectively, the reduced
unit for energy transfer thus becomes

ω̃ = ωρ−1/3T−1/2, (3)

where ρ is now the volumetric mass density. In the dy-
namic range investigated in this paper, the change in
density is in the percent range, thus, the inverse of the
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cubic root of the density will only have a small effect
on the scaling of the energy transfer. Plotting data in
reduced energy units will therefore mainly be affected
by temperature changes. The scaling has a visible effect
only for higher energy transfer, and we will therefore ig-
nore the reduced units for the low frequency IFWS in
the next section. Expressing Q in reduced units will re-
sult in changes of around 1%, which will be within the
uncertainty of the data and is therefore also neglected.

III. RESULTS

In this section, we present high-pressure neutron scat-
tering data from the two van der Waals liquids, cumene
and PPE, and the hydrogen-bonding liquid, DPG, pre-
sented in three subsections according to sample.

A. van der Waals liquid – cumene

First, we present the fixed window scans from IN16B
on cumene in Fig. 2. In the top panel, the elastic and
inelastic fixed energy window scan (EFWS and IFWS)
intensity are shown as a function of pressure for three
isotherms. From the EFWS (∆E = 0 µeV), the intensity
is observed to increase on compression as the mobility de-
creases moving towards the glass transition. In the IFWS
(∆E = 2 µeV), a maximum is observed in the intensity as
a function of pressure as the α-relaxation moves through
the instrument window upon compression.

Density scaling predicts that the control parameter of
the dynamics is Γ = ργ/T and we therefore plot the
three isotherms from the FWS on IN16B as a function
of ργ/T in the bottom panel of Fig. 2, using the scal-
ing exponent γ = 4.8 determined by Ransom et al.30.
We observe how the data collapse to just one curve for
both the EFWS and the IFWS. The same is observed
for the elastic intensity from IN13, also a backscattering
instrument, with an energy resolution that corresponds
to a timescale one order of magnitude faster than IN16B.
We are able to express the nanosecond dynamics along
three isotherms in the equilibrium liquid with the α-
relaxation on nanosecond timescale as a function of the
control parameter Γ = ργ/T using a γ value found in the
supercooled liquid at the glass transition. The scaling
exponent, γ, is according to isomorph theory allowed to
change with temperature and density and to depend on
the dynamic range, and it has, of course, itself an un-
certainty. With this type of experiment and uncertainty,
we are not able to determine whether γ is state-point
dependent. In fact, the data can be made to collapse
using values of γ in the range from 4.2 − 4.8. This type
of analysis does not offer a precise way of determining γ.
However, within the experimental uncertainty that we
have for this kind of experiment, e.g. knowing the exact
temperature, we note how well the value found by Ran-
som et al.30 in the highly viscous liquid using completely

different experimental techniques works here in the equi-
librium liquid and therefore use γ = 4.8 throughout this
paper for cumene.
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Figure 2. EFWS (left) and IFWS (right) from IN16B on
cumene summed over Q. Intensity of EFWS and IFWS plot-
ted for three isotherms (200 K, 222 K, 231 K) as a function of
pressure (top) and as a function of Γ = ργ/T with γ = 4.8
(bottom).
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Figure 3. Elastic intensity of cumene from IN13 summed over
Q. Left: three isotherms (200 K, 222 K, 231 K) as a function
of pressure. Right: Density scaling of left plotted as a function
of Γ = ργ/T , γ = 4.8.

For the interpretation of the fixed window scans, we
assume that by knowing the intensity of the elastic peak
(∆E = 0 µeV) and the intensity at some offset energy,
in this case, ∆E = 2 µeV, we have enough information
to interpret how the overall spectral shape and linewidth
or quasielastic broadening changes with some variable,
in this case T and P . Therefore, an indirect assump-
tion of isochronal superposition goes into this interpre-
tation, i.e. we assume that the linewidth of the spec-
tral shape changes in a similar way for temperature and
pressure. This assumption can be tested by determin-
ing an isochrone from the EFWS and IFWS of the three
isotherms from IN16B by identifying the same place in
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intensity on the curves for the three isotherms and in-
vestigating the full spectra. In Fig. 4, we present full
spectra from IN16B measured along the isochrone deter-
mined from the FWS and an isotherm for comparison.
The studied state points are shown in the (T, P )-phase
diagram. We observe an invariance of the spectral shape
and quasielastic broadening along the isochrone. For the
isotherm, we observe less elastic intensity and more relax-
ation in the instrument window on decreasing pressure as
the α-relaxation time becomes faster on decreased pres-
sure. This means that just one spectrum at a given (T, P )
gives the spectral shape and the FWS, which give the
temperature and pressure dependence of the width, we
are able to predict the spectral shape and linewidth along
all state points that are isochronal to that spectrum.

cumene

IN16B

∼ 10−9 s
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Figure 4. Spectra of cumene from IN16B summed over Q.
The (T, P )-phase diagram shows the studied state points for
the isochrone as determined from fixed window scan on IN16B
and an isotherm at 231 K. The blue dashed line in the spectra
corresponds to an energy offset of 2 µeV used for the inelastic
fixed window scans.
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Figure 5. Fourier transform of combined cumene spectra from

IN16B and IN5 with λ = 5 Å and 8 Å for Q = 1.2 Å
−1

. Full
line is a stretched exponential fit to data from IN16B and IN5
with λ = 5 Å and 8 Å.

At the same state points as presented in Fig. 4 for
IN16B, spectra were measured on IN5 at two different
resolutions, where we observed the same trend. In Fig. 5,
we show the Fourier transformed combined spectra of

cumene from IN16B and IN5 with λ = 5 and 8 Å at
Q = 1.2 Å

−1
. The Fourier transformed data have been

corrected for resolution by merely dividing by the low-
temperature spectrum of cumene for each spectrometer
and wavelength. The total dynamic range spans close to
four decades, and we observe a good degree of invariance
for the intermediate scattering funtion, I(Q, t), along the
isochrone determined from the FWS on IN16B that are
shown on the same scale as the isotherm for comparison.
For the isotherm, we observe as expected the relaxation
time decreasing as pressure is released.

-0.4 -0.2 0 0.2 0.4
-13

-12.5

-12

-11.5

-11

-10.5

-10

-9.5

-9

-0.4 -0.2 0 0.2 0.4
-13

-12.5

-12

-11.5

-11

-10.5

-10

-9.5

-9

Figure 6. The relaxation time τw as a function of Q for
cumene obtained from a stretched exponential fit to the
Fourier transformed combined spectra from IN5 and IN16B
along an isochrone and an isotherm. An example of the fit is
shown as black lines in Fig. 5. The dashed lines correspond
to a Q−2 dependence of the relaxation time.

Relaxation processes in disordered systems are typi-
cally fitted with a stretched exponential as a phenomeno-
logical fitting function. We fitted the intermediate scat-
tering functions with a stretched exponential as a func-
tion of Q:

I(Q, t) = Ae
−
(

t
τw(Q)

)β
, (4)

where A is the amplitude, τw is the Q-dependent re-
laxation time and β is the stretching parameter. The
stretching parameter was fixed at β = 0.5 for all spectra
as this gave the best fits, which indicates that the shape of
all the spectra, independent of temperature and pressure,
is the same, which means that isochronal superposition
of the α-relaxation becomes an evident observation.

The Q-dependence of the relaxation time is shown
in Fig. 6 for the isochrone determined from the FWS
on IN16B and for comparison, the Q-dependence of an
isotherm. The relaxation time is observed to be fairly in-
variant along the isochrone, while the relaxation time is
observed to slow down with increased pressure along the
isotherm. For both the isochrone and the isotherm, the
relaxation time is observed to become faster with increas-
ing Q, showing a Q−2-dependence in a large part of the
accessible Q-range. This behaviour suggests a Gaussian
behaviour which is observed to deviate for high Q, i.e.
short distances, where the relaxation time is observed to
flatten out away from the Gaussian behaviour. At low
Q, there might be a slight tendency for the relaxation
time to bend off into a Q−2/β behaviour as suggested in
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Ref. 46, although this is not clear from these data sets.
The Q-dependence observed for cumene suggests trans-
lational motion typical for structural relaxation.
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Figure 7. Comparison of the simple model in Eq. 6 (full lines)
based on the relaxation times obtained from the full cumene
spectra, and data on three isotherms from IFWS on IN16B.
The density scaled IFWS data are shown to the left and as a
function of pressure to the right.

Using the mode-coupling parameters reported in
Ref. 42, and an expression for the temparature depen-
dence of the relaxation time reported in Ref. 47, then
substituting Γ = ργ/T for the temperature dependence
and Γc = ργc /Tc for the critical temperature, we end up
with an expression for the relaxation time:

τ =
τ0

((Γ− Γc)/Γc)n
, (5)

where n is the MCT critical exponent. Only the pref-
actor τ0 is fitted to data in the equilibrium liquid above
the critical temperature, which is reported to be ∼ 160 K
at ambient pressure. We use this expression of the α-
relaxation time and then suggest a simple model for our
neutron data with a single relaxation process moving
through the instrument window at a fixed energy, 2 µeV,
similar to the IFWS from IN16B. If the relaxation process
was an exponential process, this would correspond to a
Lorentzian, we therefore add a phenomenological stretch-
ing to account for the stretched exponential behaviour.
The simple model is then given by

I ∝ τβ

1 + (ω2τ2)β
. (6)

In Fig. 7, we have used this model with the expression for
the relaxation time as a function of ργ/T given in Eq. 5
to recreate the IFWS shown as a function of ργ/T and
finally, as a function of pressure. This model suggests
only one distribution of relaxation times and is in qual-
itative agreement with our data, recreating the position
of the maximum of the IFWS from the relaxation time
obtained from fits to the full spectra and Eq. 5, thereby
supporting our interpretation of the FWS.

B. van der Waals liquid – PPE

The second van der Waals liquid is PPE, which only
barely shows relaxation in the IN16B instrument window

in the temperature and pressure range accessible with
this setup. Instead, PPE data are reported from IN5
at 5 Å in the combined dielectric and neutron sample
cell, i.e. accessing dynamics with neutrons on picosec-
ond timescale. Two pairs of isochronal state points were
found with high precision from the dielectric loss peak in
the simultaneous dielectric and neutron measurements.
The two pairs of isochronal state points are shown in
Fig. 8 with relaxation times of roughly 10−2 s and 10−6 s
for isochrone (A) and (B), respectively. The dielectric
spectra are shown both as a function of frequency on
an absolute frequency scale and in reduced frequency
units. We observe that within the experimental uncer-
tainty there is no influence on the relative position of the
state points, i.e. isochronal state points on an absolute
scale are also isochronal in reduced units. This observa-
tion supports the idea of identifying possible isomorphs
by isochrones, an approach that was also taken studying
the ultraviscous liquid in Ref. 25.
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Figure 8. Two pairs of isochronal state points determined
from the dielectric loss peak on PPE measured on IN5, λ =
5 Å. Relaxation time for isochrone A is τα ≈ 10−2 s and for B
τα ≈ 10−6 s. Dielectric loss plotted as a function of frequency
on an absolute scale (left) and as a function of the reduced
frequency unit (right).

The IN5 neutron spectra are shown in Fig. 9 for the
two pairs of isochronal state points (A) and (B). The re-
laxation times of PPE covered here on isochrones and
isotherms are located between the relaxation time found
for cumene in the previous subsection and the glass tran-
sition, a dynamic range not accessible in cumene because
of crystallization. For the isotherm, we observe the dy-
namics slowing down as the liquid is compressed, i.e. less
quasielastic broadening. For the isochronal state points,
we observe an invariance of the spectral shape and the
quasielastic broadening. This collapse is far from triv-
ial; what we see on picosecond timescales is interpreted
as the tail of the α-relaxation stretching over many or-
ders of magnitude, with vibrations and fast relaxation are
here merged with the α-relaxation27, suggesting that the
whole relaxation curve is invariant for isochronal state
points also in the liquid state25.
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Figure 9. Spectra on PPE from IN5 at λ = 5 Å summed over
Q. Top: The phase diagram shows the studied state points
as a function of temperature and pressure and indicates the
two pair of isochronal state points. Bottom: Two pairs of
isochronal state points found from dielectrics (left) and an
isotherm at 315 K for comparison (right).

C. Hydrogen-bonding liquid – DPG

The third set of data that we present is measured on
the hydrogen-bonding liquid DPG at IN16B. We present
fixed window scans, full spectra and simultaneously ac-
quired dielectric data, securing the precision of the mea-
surements. In Fig. 10, we show the measured EFWS
and IFWS intensity at ∆E = 0 µeV and ∆E = 2 µeV,
respectively, as a function of pressure and as a func-
tion of ργ/T , using γ = 1.5, for five isotherms, and a
similar plot with the dielectric loss signal at a fixed fre-
quency of 105 Hz. We observe an increase in the EFWS
intensity upon compression as the mobility is decreased.
From the IFWS, we observe that the high-temperature
isotherms go through a maximum, similar to what was
observed for cumene (Fig. 2), i.e. the α-relaxation passes
through the neutron instrument window. Equivalently,
for the low temperature isotherms, the α-relaxation is
observed to pass through the fixed frequency of the di-
electrics. As the α-relaxation moves out of the dielectric
window, we observe DC-conductivity, also evident from
the full frquency range in Fig. 11. We observe how the
respective intensities can be made to collapse to a master
curve for the dynamics on neutron nanosecond timescale
when plotted as a function of ργ/T , and to some degree
for the dielectric signal measured at roughly microsecond
timescale.

Just as for cumene, an isochrone was determined from
the EFWS and IFWS intensity, but in this case also from
the DC-conductivity and the wing of the relaxation ob-
served in the dielectrics. A temperature-pressure phase
diagram illustrating the studied state points is shown in
Fig. 11 along with the full spectra from IN16B and the di-
electric signal at those state points. The isochrone deter-
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Figure 10. FWS from IN16B on DPG summed over Q. Inten-
sity of EFWS (top) and IFWS (middle) and fixed frequency
dielectric loss (bottom) plotted for five isotherms (240 K,
270 K, 280 K, 300 K, 315 K) as a function of pressure (left)
and as a function of Γ = ργ/T (right).

mined from the fixed window neutron signal is observed
also to be invariant in the dielectrics where mainly the
DC-conductivity is observed and just the tail of the α-
relaxation at high frequencies. The full spectral shape
and quasielastic broadening of the IN16B data is ob-
served to be invariant for the isochrone. An isobar is
shown for comparison, where we observe the dynam-
ics speeding up as the temperature is increased, causing
more broadening and less elastic intensity.

The spectra from IN16B shown in Fig. 11 are all from
state points where the α-relaxation is near the timescale
of the backscattering instrument window of IN16B, i.e.
nanoseconds. In Fig. 12 (top), we present fixed win-
dow scans from two isobars, at ambient pressure and at
300 MPa, carried out from the high temperature region,
where the α-relaxation is in the instrument window, and
all the way into the glassy state. On cooling at IN16B,
DPG is observed to have a distinct signal with a max-
imum close to the glass transition, Tg(Patm) = 195 K.
This signal is well separated from the α-relaxation on
IN16B which is roughly 100 K higher at ambient pres-
sure. While the α-relaxation with a maximum at ∼ 300 K
is observed to move upon increased pressure, the second
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Figure 11. Top: (T, P )-phase diagram with the studied state
points of DPG on IN16B. Centre: dielectric loss as a func-
tion of frequency. Bottom: Spectra on DPG summed over Q
showing an isochrone (left) determined from FWS on IN16B
and the dielectrics and an isobar for comparison (right).
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Figure 12. Top: EFWS and IFWS from IN16B on DPG along
two isobars at ambient pressure and 300 MPa. Bottom: Den-
sity scaling of the EFWS (left) and IFWS (right) that are
shown above and in Fig. 10, i.e. for both the isobars and
isotherms.

Figure 13. Q-dependence of the IFWS of two isotherms from
IN16B on DPG at 300 K (left) and 240 K (right).

bumb at lower temperatures does not respond to pres-
sure, also visible in the pressure scans in Fig. 10, which
indicates that this contribution is from intra-molecular
dynamics.

If we compare the Q-dependence for the isotherm at
240 K to that at 300 K (Fig. 13), we see that for the high
temperature isotherm, there is a clear shift on compres-
sion in the relaxation process towards higher Q, indicat-
ing that this is of translational character, whereas there is
noQ-dependence observed for the isotherm at 240 K, sug-
gesting a local process with a higher intensity at higherQ.
This signal most likely stems from the methyl-group rota-
tion of DPG and is manifested in the IFWS as the second
broad bump at lower temperatures than the α-relaxation
with a maximum around 200 K (Fig. 12). By combining
the two isobars with the five isotherms in Fig. 10, we
observe that when the EFWS and IFWS are plotted as
a function of ργ/T , density scaling breaks down for the
methyl-group rotation dynamics and the dynamics can
no longer be expressed solely by Γ = ργ/T .

IV. DISCUSSION

In the previous section, we showed how dynamics of
the α-relaxation taking place on timescales accessible
with neutron and dielectric spectroscopy can be made to
collapse into one curve when performing density scaling
in the equilibrium liquid. The dynamics involved cov-
ers timescales from picoseconds to milliseconds and sug-
gests that the timescale of the α-relaxation is determined
by the control parameter Γ = ργ/T . We have shown
isochronal superposition over several decades in time ac-
cessed by different spectrometers for the simple van der
Waals liquid PPE, i.e. an invariance in the quasielastic
broadening on picosecond timescale along isochrones de-
termined from dielectrics. Also for DPG, we observed
that the DC-conductivity visible from dielectrics and the
full spectral shape and linewidth were invariant along
the isochrone determined from the FWS on IN16B and
the dielectric spectra. For cumene, that was measured on
two different spectrometers and combined to cover almost
four orders of magnitude in the time domain, allowed for
a more careful analysis of the relaxaton.

The spectral shape of the Fourier-transformed cumene
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data was fitted with the same stretching exponent β =
0.5 for all temperatures and pressure, which suggests
time-temperature-pressure superposition, i.e. that the
shape of the α-relaxation is always the same in the equi-
librium liquid far from the glass transition. This ob-
servation implies an extra level of simplicity that seems
to apply to some liquids that makes the observation of
isochronal superposition an evident observation.

Most density scaling studies have been performed in
the viscous liquid close to the glass transition. In this
study, we move away from the slow-flowing liquid and
into the liquid state. The α-relaxation times for cumene
and DPG were in this study mainly in the instrument
window of IN16B, i.e. on nanosecond timescale. Density
scaling for the α-relaxation dynamics was shown for the
two liquids with very different values of γ, both reported
elsewhere and found in different dynamic range measured
with different techniques. While the scaling exponent γ
is allowed to vary, we observe that for cumene γ = 4.8
(Ref. 30) works well within the experimental uncertainty
that we have to work with. The γ-value of cumene is
fairly high, meaning that density plays a much larger role
for the dynamics, as compared to the hydrogen-bonding
liquid DPG, where the scaling exponent is just γ = 1.5
(Ref. 33), meaning that the dynamics therefore mainly is
affected by temperature.

In agreement with previous observations22–24, we ob-
serve density scaling to work well also for the tested
hydrogen-bonding liquid when it comes to the α-
relaxation. But we observed density scaling to break
down for the intra-molecular dynamics of the methyl-
group rotation that was identified from the lack of pres-
sure response and theQ-dependent signal. Previously, we
have observed isochronal superposition to break down for
the hydrogen-bonding liquid DPG along the glass transi-
tion when fast relaxation and vibrations were completely
separated from the α-relaxation25.

The fact that we observe density scaling to break down
in this study for the intra-molecular motion in DPG is
in agreement with observations from molecular dynam-
ics simulations48,49. Spring-like bonds were introduced
as intra-molecular motion and what was referred to as
pseudo-isomorphs were recovered when only the inter-
molecular dynamics were treated, i.e. the scaling only
worked for intermolecular motion. A partly deuterated
DPG sample that would mask the methyl-group rotation
in the neutron signal would therefore be an obvious next
approach to test whether density scaling in this way can
be restored for the full dynamic range.
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