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Density scaling and isodynes in glycerol–water
mixtures†

David B. Noirat,ab Bernhard Frick, b Bo Jakobsen, a Markus Appel b and
Kristine Niss *a

This paper presents dielectric and neutron spectroscopy data on two different glycerol–water mixtures

at elevated pressures. Glycerol–water liquid mixtures have a high concentration of hydrogen bonds

which usually is expected to lead to complex dynamics. However, with regard to the pressure depen-

dence of the dynamics we reveal a surprisingly simple picture. Different aspects of the dynamics have

the same pressure dependence, in other words the phase diagram of the liquids have so-called

isodynes, density scaling is also observed to hold reasonably well and there is even some reminiscence

of isochronal superposition. This suggests that these aspect of liquid dynamics are very general and hold

for different types of intermolecular interactions.

I. Introduction

Both the properties of liquids and the transition from the liquid
state into the non-equilibrium amorphous solid – the glass –
are governed by the liquid dynamics. It is therefore important
to understand liquid dynamics both from an application and a
fundamental point of view. Some key features of liquid
dynamics are universal: all liquids have a relaxation seen in
the fluctuation and in the linear response and the characteristic
time scale of this relaxation increases with decreasing tempera-
ture as well as with increasing pressure. In the low-viscosity
liquid the relaxation is merged with vibrations and happens on
the picosecond time scale while in the deeply supercooled
liquid the relaxation can be as slow as a kilosecond. When
the liquid gets slower than this a glass is formed because the
relaxation no longer happens on the time scale we can practi-
cally observe.1–4 While the above scenario is completely general
there are also a lot of dynamical features that are specific for
each liquid. The exact form of the temperature and density
dependence differs from liquid to liquid and the spectral shape
of the relaxation differs. In fact the relaxation is often (but not
always) multi-modal exhibiting relaxation that can be both
faster and slower than the main relaxation. A point of focus
in research on liquid dynamics is to determine which features
of liquid dynamics are general and which are specific either to a

class of liquids or to one specific system. In this context
hydrogen bonding liquids and specifically water are believed
to have specific features connected to the network formation
and directional character of the hydrogen bonds. The motiva-
tion for this study on glycerol–water mixtures is to add to the
knowledge on how the hydrogen bonding network affects the
pressure dependence of the dynamics.

Glycerol (propane-1,2,3-triol) is a molecular liquid with very
good glass-forming ability and is readily studied by many
experimental techniques, for example it yields a prominent
signal in dielectric spectroscopy. It is probably for these reasons
that it has become one of the most used liquids in fundamental
studies of glassy dynamics.5–10 Glycerol also has important
applications, particularly in use as a cryoprotectant,11–13 which
means that understanding glycerol and glycerol in interaction
with water is not only of fundamental scientific interest. There
is a three dimensional hydrogen-bonding network in glycerol14

and it is via hydrogen bonds that glycerol has its dominant
interaction with water.15–18 Glycerol has earlier been consid-
ered to be an archetypical glass-forming liquid, however today
it is regarded as an example of a liquid with complicated
dynamics, where the influence of the hydrogen bonding net-
work plays an important role.19,20

Both the structure and dynamics of glycerol–water mixtures
have been studied with a number of techniques.16–26 It is well
established that there is an eutectic point at a 0.28 molar
fraction of glycerol. At lower glycerol concentrations the mix-
ture is no longer a good glass-former and the liquid tends to
phase separate and crystallize. It has also been claimed to have
a liquid–liquid phase transition in this water rich regime.25 In
this work we focus on mixtures in the glycerol rich part of the
phase diagram where the liquid is easy to supercool all the way
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into the glass. Previous studies of the shear mechanical
response in glycerol rich water mixtures have shown that there
is a dynamic transition around 0.5 molar fraction of glycerol.19

In neat glycerol as well as in the mixture with glycerol concen-
tration above 0.5 molar fraction the shear mechanical data
reveal a dynamical mode slower than the alpha relaxation. This
mode is believed to be due to the dynamics of the hydrogen
bonding network and disappears quite abruptly with higher
water concentration. The slow mode is not seen directly in the
dielectric signal, though it has been suggested based on
comparing light scattering and dielectric data that the main
peak in the dielectric signal is in fact a slow mode from the
hydrogen bond dynamics merged with the main alpha peak.20

In the dielectric data there is a mode faster than the main
relaxation appearing as water concentration increases.19,25 This
mode appears around the same point where the slow mode
disappears in the shear mechanical signal, i.e. around 0.5 molar
ratio. In this work we will extend the studies of glycerol–water
mixtures with high pressure dielectric spectroscopy and quasie-
lastic neutron scattering. Due to the qualitative change in
behavior at 0.5 molar fraction glycerol we have chosen a
concentration below and one above this threshold (0.4 molar
fraction glycerol and 0.7 molar fraction glycerol).

Over the past two decades it has been established that the
dynamics of liquids measured at high pressures is simplest to
understand by viewing it as a function of temperature and
density (rather than pressure).27–29 For a large class of liquids it
is found that the relaxation time and viscosity depend on a
single scaling variable G = rg/T where r is density, T is
temperature and g is a material specific constant.28,30,31 This
result is referred to as density scaling or thermodynamic
scaling. In addition it is also found that the spectral shape of
the relaxation is invariant along lines in the thermodynamic
phase diagram where the relaxation time is constant.32–34 This
is referred to as isochronal superposition. Since the relaxation
time only depends on G in many liquids isochronal super-
position also means that the shape parameters describing the
relaxation function depend only on G.

In the first papers that were based on quasielastic neutron
scattering on ortho-terphenyl,35,36 a van der Waals bonded glass-
forming liquid, density scaling and isochronal superposition were
interpreted in terms of a soft sphere intermolecular potential. In a
soft sphere model liquid these results can be shown analytically
and are exact. Later they have been explained in terms of isomorph
theory, which is a more general framework in which the soft
sphere model is contained as a special case.37,38 The main predic-
tion of isomorph theory is the existence of isomorphs. Isomorphs
are lines in the phase diagram along which all structural and
dynamical quantities are invariant, and isochronal superposition
and density scaling follow as a consequence. Neither the soft
sphere picture nor isomorph theory is expected to work in liquids
where the intermolecular interactions are strongly directional as it
is the case in hydrogen-bonding liquids.

Density scaling and isochronal superposition has been
shown to break down to some extent in hydrogen-bonding
systems39,40 for example in glycerol at very high pressures.41

However, these simple results appear to work surprisingly well
also in hydrogen-bonding33,42 liquids particularly far from the
glass transition in the non-viscous liquid.34 The largest differ-
ence between hydrogen-bonding liquids and van der Waals
bonded liquids seems to be that the density scaling exponent, g,
has a much lower value in the hydrogen-bonding liquids where
it is often close to 1, while it is usually above 4 in van der Waals
bonded liquids.28

A result which is related to isochronal superposition is the
finding that different relaxation processes and transport proper-
ties are constant along the same lines in the phase diagram – they
have the same iso-lines. Sometimes this is shown by demonstrat-
ing that different properties obey density scaling with the same
scaling exponent g32,43,44 or it is shown by tracking out the
different isochrones in the phase diagram and showing that they
collapse.45,46 Recently, it has been suggested to refer to ‘‘iso-
dynes’’ when several (or all) dynamical properties and transport
coefficients of a system are constant along the same lines in the
phase diagram.46 If a system has isomorphs then these iso-
morphs are also isodynes – but as for density scaling and
isochronal superposition, isodynes appear to exist also in systems
that are not expected to obey to isomorph theory. Particularly in
the example of an ionic liquid in ref. 46 it has been demonstrated
that the structure changes along the isodynes which clearly shows
that the isodynes are not isomorphs.

Water models have been used in simulations as the arche-
typal example of a liquid that does not obey isomorph theory,37

thus if density scaling and isochronal superposition work for
water it suggests that there is either a different or a more
general explanation. Due to the crystallization it is not feasible
to study density scaling of water close to the glass transition,
but glycerol–water mixtures represent a highly complex system
with large hydrogen-bonding concentration in which isomorph
theory is not expected to work. Thus, the purpose of this work is
to study the degree of density scaling, isochronal superposition
and the existence of isodynes in glycerol–water mixtures.

II. Experiments

The two samples studied in these experiments are different
mixtures of water and glycerol. The first has a glycerol molar
ratio of 40% (xgly = 0.4), and the second a glycerol molar ratio of
70% (xgly = 0.7). Glycerol was sourced from Sigma (purity
Z99.5, water r0.1%), water is taken from a Milli-Q system.
Mixtures were prepared in batches of ca. 10 mL in a glove bag.
The amount of sample in the cell is ca. 1.5 mL.

The sample cell used for both neutron scattering and
dielectric spectroscopy is a specific simultaneous dielectric and
neutron scattering high pressure cell for pressures up to 4 kbar.47

It contains the sample in an annular geometry with 12 mm diameter
and a total thickness of 0.3 mm, of which a layer of 0.15 mm is used
as cylindrical capacitor for the dielectric measurement. The tem-
perature was controlled using a standard orange cryostat.

Dielectric spectroscopy data was recorded using a Novocon-
trol Alpha-A analyzer and a ZG4 extension. The total length of
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cable from the analyzer to the capacitor in the cryostat is
about 2.5 m.

Neutron scattering and dielectric data shown in Section III C
are obtained on the cold neutron backscattering spectrometer
IN16B at the Institute Laue-Langevin (Grenoble, France), using
its standard setup with Si 111 crystal analysers and Doppler
monochromator during several measurement campaigns.48–50

The instrumental energy resolution was about 0.7 meV and the
accessible Q-range 0.2 Å�1 to 1.8 Å�1. Combined elastic and
inelastic fixed window scans51 enable to efficiently record the
scattered neutron intensity at 0 meV and 3 meV energy transfer at
counting times of 30 s and 2 min per point, respectively, while
continuously cooling the sample along different isobars at a
rate of 0.4 K min�1. The measurement protocol applied in this
case was to increase pressure at room temperature and then
record data in cooling at constant pressure. Subsequently, full
energy transfer spectra within �30 meV are recorded for 4 h at
selected state points (T, p).

The dielectric data recorded simultaneously during neutron
experiments serves mainly as additional observable of the
sample state, e.g. to detect unwanted crystallization or identify
technical problems with the pressure cell. More extensive data
using dielectric spectroscopy as shown in Sections III A and III
B are recorded separately with 90 minutes stabilisation times
ensuring thermal equilibrium of the pressure cell and the
sample.

Density was measured in Roskilde in a range 0.1–400 MPa
and 245–315 K using a Unipress pressure vessel and a linear
variable displacement transformer, see ref. 52. The values were
extrapolated to lower temperature and to different pressures
using the Tait equation with temperature given in K and
pressure in MPa:

r ¼ r0

exp a T � T0ð Þð Þ � 1� A� ln 1þ p

b0� b1� T

� �� �� �:
(1)

The Tait-equation parameters are shown in Table 1.

III. Results
A. Dielectric relaxation time – density scaling

Dielectric spectroscopy was performed along 7 isobars from
ambient pressure to 300 MPa on the two glycerol–water mix-
tures xgly = 0.4 and xgly = 0.7. Fig. 1(a) and (b) show examples of
the imaginary part of the dielectric constant as a function of
frequency for different temperatures of an intermediate isobar.
Each of the dielectric spectra exhibit a peak which is associated
with the main relaxation in the liquid. The power law seen at

low frequencies for the spectra taken at high temperatures is
due to DC conductivity in the sample.

Fig. 1(c) and (d) show the frequency of the main peak, fmax,
as a function of temperature for each of the isobars. It is seen that
water has a plasticizing effect which corresponds to the glass
transition decreasing by approximately 15 K when going from
xgly = 0.7 to xgly = 0.4 consistent with ambient pressure results.25

The dynamics of both samples slow down as expected upon
increased pressure. The effect of pressure is relatively moderate as it
is often seen in hydrogen bonded liquids. By interpolating the data
it is possible to estimate the position of isochrones, that is lines in
the pressure–temperature phase diagram with the same relaxation
time (or equivalently peak frequency) of the main relaxation. The
glass transition line is an example of an isochrone, typically defined
by the relaxation time being 1000 s. We find that the slope of the
slow isochrones close to the glass transition is 0.04 K MPa�1 in both
samples which is the same order as reported for pure glycerol
(0.047 K MPa�1 in ref. 53) while it is a factor 2–3 lower than the
typical isochrone slope in van der Waals bonded liquids.

In Fig. 2 we show the relaxation time defined as t =
1/(2pfmax), where fmax is the position of the maximum of the
main relaxation seen in the imaginary part of the dielectric
spectrum. Fig. 2(a) shows the so-called Angell plot where
inverse temperature along each isobar is scaled with the
pressure dependent glass transition temperature. We have
pragmatically defined the glass transition at t = 10 s to avoid
extrapolation (rather than using the standard value t = 1000 s).
Glass forming liquids are traditionally characterized by the
Fragility index which measures the slope in the Angell plot as
the glass transition is approached from higher temperatures. It
is seen in Fig. 2 that all the data collapse, which means that
fragility is the same in the two samples and that it does not
change significantly as a function of pressure. The fragility is
42 at 0.1 MPa and 47 at 400 MPa for a Tg of 10 s. For neat
glycerol, literature gives a fragility of 52 at 0.1 MPa and 68 at
1.8 GPa for a Tg of 100 s.41 Fig. 2(b) shows the relaxation times
as a function of the density scaling parameter G = rg/T. The
exponent g is adjusted to get the best overlap of the data from
different isobars. We find g = 1.4 for xgly = 0.7 and g = 1 for xgly =
0.4. The g-value is determined by manually adjusting until the
best overlap is found. The precision from this procedure is
�0.1. With these g-values the overlap of the data is good which
indicates that these mixtures obey density scaling. It should be
noted that the pressure range is limited, and the density range
even more so, with a density difference between the highest and
lowest density of 6.4% for xgly = 0.4 and 6% for xgly = 0.7. It is
possible that this power law density scaling breaks down at
higher pressures, yet it is nevertheless a striking and practical
representation of the data. The density scaling representation
gives a direct measure of how big a role density plays compared
to temperature in controlling the relaxation time, with a small
value of g indicating that the density is not very important. It is
characteristic for hydrogen-bonding liquids that the scaling
exponent values are around 1 while the value in van der Waals
bonded liquids is generally above 4 and sometimes as high as 8.
The reported scaling exponent of pure glycerol is g = 1.4 (ref. 53),

Table 1 Tait equation parameters for the two water glycerol mixtures
studied in this work. T0 = 315 K

xgly a A b0 b1

0.4 4.1 � 10�4 0.1349 786 0.0748
0.7 3.89 � 10�4 0.0782 763 1.319
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and this could indicate that the exponent decreases as the water
concentration, and hereby the hydrogen bonding concentration,
increases.

B. Dielectric spectral shape – isochronal superposition

It is seen directly from the raw data in Fig. 1 that the dielectric
spectra are broader in the sample with higher water content

which is also well known from literature.19,25 It is also clear,
especially in the xgly = 0.4 sample that the spectral shape
broadens as the relaxation slows down upon cooling. The next
question is what happens to the spectral shape when increasing
pressure along an isochrone by keeping the relaxation time
constant by simultaneously increasing temperature. To address
this we have identified near-isochrone state points in our data

Fig. 1 Dielectric data of glycerol water mixtures with xgly = 0.4 and xgly = 0.7. (a) Imaginary part of the dielectric constant at 200 MPa and temperature in
the range 180–215 K of the xgly = 0.4 mixture. (b) Imaginary part of the dielectric constant at 200 MPa and temperature in the range 195–235 K of the xgly

= 0.7 mixture. (c) Position of the main peak in the imaginary part of the dielectric spectra, fmax, as a function of temperature along the isobars for the xgly =
0.4 sample. (d) Position of the main peak, fmax, as a function of temperature along the isobars for the xgly = 0.7 sample.

Fig. 2 The dielectric relaxation time defined as t = 1/(2pfmax) of glycerol water mixtures with xgly = 0.4 and xgly = 0.7. (a) Angell plot where temperature
along each isobar is scaled with the pressure dependent glass transition temperature. We have pragmatically defined the glass transition at t = 10 s to
minimize extrapolation. (b) The relaxation times as a function of the density scaling parameter G = rg/T, where r is density, T, is temperature and g is a free
parameter. The parameter g is adjusted to get the best visual overlap of the data from different isobars. We find g = 1.4 for xgly = 0.7 and g = 1 for xgly = 0.4.
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and plot the spectra of these in Fig. 3. The frequency axis is
scaled with the peak position because the points are not exact
isochrones (but isochrone within �0.2 decades). It is immedi-
ately seen that the spectra do not collapse, which means that
these mixtures do not obey isochronal superposition. Instead
the spectra broaden on the high frequency flank as pressure is
increased. This appears most pronounced in the xgly = 0.4
sample and mainly at long relaxation times (low values of fmax),
where the broadening evolves into a high frequency shoulder at
high pressures (Fig. 3a). The evolution of a shoulder indicates
that the broadening could be due to a process which can be
considered to be separate from the main relaxation. Since the
shoulder appears more pronounced in the sample with highest
water content it is obvious to speculate that it could be the
water dynamics separating from the glycerol dynamics. Another
interpretation is that it may be a so-called Johari–Goldstein
beta relaxation, which is an intrinsic faster relaxation found in
many super-cooled liquids.4

We do not believe it is meaningful to fit these highly merged
spectra, as it would require at least 6 parameters to capture two
processes while the curves are rather featureless. To quantify
the deviation from isochronal superposition we therefore move

on in a model free direction by determining the width, W1/2 of
the spectra as defined in ref. 54. That is in terms of the
logarithm of the half-width at half-maximum normalized to
the half-width at half-maximum of a Debye relaxation and only
including the high frequency side of the spectra because this is
where the broadening is seen and to avoid any influence from
DC conductivity.

Fig. 4(a) and (b) shows the W1/2 value of the two mixtures
along all the studied isobars as a function of temperature and
relaxation peak frequency respectively. If there was isochro-
nal superposition then the W1/2 data should collapse when
plotted as a function of peak frequency. While there is clear
deviation from isochronal superposition it is also clear that
the breadth measured in terms of W1/2 changes less on
an isochrone than it does on an isobar or an isotherm.
Specifically for the xgly = 0.4 sample, the W1/2 value is seen
to change by approx 2 along the isobars and up to 1.5 on the
isotherms while the change is well below 1 on the isochrones
and gets as low as 0.5 for the isochrones with short relaxation
times/high fmax-values. In addition it appears that the xgly = 0.7
sample is closer to having isochronal superposition than the
xgly = 0.4.

Fig. 3 Scaled dielectric spectra along isochrones (defined by fmax = 1/(2pt) = constant within �0.2 decades) of xgly = 0.4 and xgly = 0.7. (a) Imaginary part
of the dielectric constant of xgly = 0.4 at state points where fmax E 0.1 Hz at pressures from 0.1 MPa to 300 MPa. (b) Imaginary part of the dielectric
constant of xgly = 0.7 at state points where fmax E 0.1 Hz at pressures from P = 0.1 MPa to 300 MPa. (c) Imaginary part of the dielectric constant of xgly =
0.4 at state points where fmax E 10 Hz at pressures from P = 0.1 Mpa to 250 MPa. (d) Imaginary part of the dielectric constant of xgly = 0.7 at state points
where fmax E 3 Hz at pressures from p = 0.1 MPa to 300 MPa.
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C. Combining dielectric and neutron spectroscopy

The main relaxation of the liquid moves out of the window of
dielectric spectroscopy (which in our case stops at 1 MHz) at
high temperatures where the liquid is non-viscous. In this
range we can see the alpha relaxation by quasi elastic neutron
scattering, which in the case of the backscattering instrument
IN16B accesses the dynamics on the nano second time scale.

Fig. 5 shows elastic and inelastic fixed window scans51

summed over all wave vectors, Q, of both samples at ambient
pressure and at 400 MPa. Fig. 5(a) and (b) show the data as a

function of temperature. The elastic intensity decreases as
temperature increases due to the increased mobility of the
molecules. The inelastic intensity, which is measured at an
energy transfer of 3 meV, has a peak at the temperature, where
the relaxation is at a time scale of approximately 0.2 ns.

The data in Fig. 5 show that the dynamics on the nanose-
cond time scale is shifted to lower temperature when water
content increases, which means that water has the expected
plasticizing effect. Applying pressure slows down the dynamics,
which is seen by a shift to higher temperature. This is of course

Fig. 4 (a) The W1/2 value of xgly = 0.4 and xgly = 0.7 as a function of temperature. (b) The W1/2 value of xgly = 0.4 and xgly = 0.7 as a function of frequency
of the maximum in the imaginary part, fmax.

Fig. 5 Elastic and inelastic fixed window scans measured in IN16B in cooling summed over all wave vectors, Q. (a) Data from xgly = 0.4 as a function of
temperature. (b) Data from xgly = 0.7 as a function of temperature. (c) Data from xgly = 0.4 as a function of the density scaling variable rg/T using the value
g = 1 found from dielectric data in Fig. 2b. (d) Data from xgly = 0.7 as a function of the density scaling variable rg/T using the value g = 1.4 found from
dielectric data in Fig. 2b.
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also expected and it was also seen in the dielectric data in
Section III A.

In ref. 34 it was found that the fixed window scan data
obeyed density scaling with the same exponent as that dielectric
data both for the van der Waals bonded liquid cumene and for
the hydrogen bonding liquid dipropylene glycol. In Fig. 5(c) and
(d) this approach is tested for the glycerol water samples, again
using the scaling exponents found from density scaling of the
dielectric data. It is found that this works quite well in collap-
sing the relaxation data for both samples. This indicates that the
density scaling description of the super cooled dynamics can be
extended to the fast dynamics at high temperatures.

The relaxation is, as mentioned, not in the window of the
dielectric spectrometer at the temperatures and pressures
where there is a quasielastic signal in the IN16B data. However,
the dielectric data does show a clear conductivity signal. Con-
ductivity is almost always seen in liquids, particularly hydrogen
bonding liquids, at high temperatures and low frequencies. It is
probably related to impurities which is indicated by the fact
that it is not very reproducible when comparing two samples of
the same liquid. In our data we also find that the conductivity is
not reproducible in the sense that we get different results each
time the cell is loaded. Yet, with one specific filling of the
pressure cell the conductivity is reproducible when returning to
a specific temperature–pressure point after cooling–heating
and compression–decompression and we therefore only com-
pare conductivity between measurements done on the exact
same sample. Fig. 6 shows examples of the measured conduc-
tivity and illustrates how conductivity decreases when moving
towards the more viscous liquid by increasing pressure or
decreasing temperature. The figures also show examples of
data from isoconductivity points – that is points in the tem-
perature–pressure phase diagram where the conductivity is
constant while temperature and pressure are different.

Fig. 7 shows quasielastic IN16B spectra taken simulta-
neously with the dielectric data in Fig. 6. It is immediately
seen that the spectra taken on isoconductivity lines collapse. In
the data of the xgly = 0.4 sample the collapse is so good that the

data from the two state points can not be distinguished from
each other. In the case of the xgly = 0.7 sample there is good
overlap in the quasielastic signal while the elastic intensity is
higher for the high pressure, high temperature, state point.
However, in this case the conductivity is also slightly lower,
indicating that we have not perfectly identified isoconductivity
points. All in all we find that the isoconductivity points deter-
mined from data in the kHz range are also the isochrones in the
nanosecond alpha relaxation seen in the incoherent neutron
scattering signal. Conductivity is governed by the mobility of
the ions which in turn is coupled to the viscosity of the liquid.
For many electrolytes it is found that the molar conductivity
and the inverse viscosity are either proportional or connected
with a fractional exponent, referred to as the Walden Rule or a
fractional Walden Rule. There are also examples where this has
been found to hold as a function of pressure.55,56 The result we
find here may be related to the Walden Rule as the alpha
relaxation, which we measure with neutron scattering, and the
viscosity also are known to be closely coupled.57 In this view it is
expected that the conductivity and the alpha relaxation follow
the same pressure dependence. It is however, worth noticing
that we are comparing the microscopic alpha relaxation mea-
sured in a Q-range of 0.2 Å�1 to 1.8 Å�1 and a time scale of
nanoseconds to the macroscopic conductivity measured at a
time scale of milliseconds. Moreover, the neutron data do not
only contain information of a time scale, but also a spectral
shape. In other words, the collapse of the isoconductivity
neutron scattering data in Fig. 7 can be seen as a generalization
of isochronal superposition, since we find that both the relaxa-
tion time and the spectral shapes collapse for isoconductivity
state points. This supports the finding in the dielectric data
that the behavior moves towards a higher degree of isochronal
superposition as the liquid becomes less viscous. From this we
conjecture that these glycerol water mixtures have isodynes, in
the low viscosity region of the phase diagram. ‘Isodyne’ is a
term recently coined, as described in the introduction, to
describe lines in the phase diagram along which several differ-
ent dynamical properties are invariant.

Fig. 6 High temperature dielectric data taken simultaneously with the neutron scattering data. The data is shown as the real part of the complex
conductivity. The value at the plateau is the dc-conductivity. The bend down at low frequencies stems from electrode polarization. (a) xgly = 0.4. Note
that the two dark red sets of data from different pressure and temperature collapse indicating that these are isoconductivity state points. (b) xgly = 0.7. The
two green sets of data from different pressure and temperature (almost) collapse indicating that these are (near) isoconductivity state points.
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D. Analysis of neutron spectroscopy data

For further insight into the Q-dependent data from neutron
spectroscopy experiments, we analyse the data in terms of a model
function for the incoherent dynamic structure factor comprising
the Fourier transform of a single stretched exponential process,
also known as Kohlrausch–Williams–Watt (KWW) function:

SðQ;o;TÞ ¼ A1ðQÞFT exp �ðt=tðQ;TÞÞb
� �� �

¼ A1ðQÞKWWtðQ;TÞ;bðoÞ (2)

where b is the stretching exponent, and t(Q, T) the time constant of
the process which depends both on scattering vector Q and
temperature T. Given the fact that the temperature range where
dynamics is probed in our neutron spectroscopy experiment (T 4
200 K) is well above the glass temperature of both samples, we
approximate the temperature dependence of t(Q, T) with a simple
Arrhenius law:

t(Q, T) = t0(Q)exp(EA/kBT) (3)

where EA is the activation energy and t0(Q) a Q-dependent
prefactor. We then fit the model from eqn (2) to multiple
datasets at once in a global fit approach. Each dataset contains
spectra for 15 different values of the scattering vector Q
between 0.4 Å�1 and 1.85 Å�1 for fixed window scans at two
energy offsets (3 meV and 6 meV) and full QENS spectra at 1–2
temperatures. Activation energy EA and stretching parameter b
are treated as global parameters with a unique value for the
entire dataset, while prefactor t0(Q) and amplitude A1(Q)
depend on the value of Q. Each spectrum is allowed to have
an additional flat background, and the model function used for
QENS spectra is further added a residual elastic contribution
A0d(o) and convoluted with the experimentally measured reso-
lution function of the instrument. Values of the KWW function
are obtained using the numerical open-source implementation
by Wuttke.58

We start by analysing each of our 4 datasets separately (xgly =
0.4 and xgly = 0.7, both at 0.1 MPa and 400 MPa), and find that b
cannot reliably be obtained for higher pressures as the peak in

the fixed window scan moves partially out of our accessible
temperature range (see Fig. 5). Therefore, the value for b is
obtained from the dataset at ambient pressure and fixed for the
fit of the high pressure datasets. The fits of the above model
describe the data exceptionally well (reduced w2 between 0.98
and 1.04), and while the resulting parameters for t0(Q) show a
strongly dispersive behavior, they are very similar for both
pressures (see Fig. 8). Guided by this observation, we decide
to join the datasets for ambient and high pressure and ulti-
mately fit all data for each sample simultaneously in a single fit
by using only one set of parameters for t0(Q), but independent
activation energies for ambient pressure and 400 MPa. An
overview of the spectra for this final fit of both samples are
shown in Fig. S1 and S2 (ESI†).

Our observation of pressure independent values of the pre-
factor t0(Q) in eqn (3) can also be related to the conjecture that
density scaling works within the pressure–temperature region of

Fig. 7 Quasielastic neutron scattering data from IN16B taken simultaneously with the dielectric data in Fig. 6. (a) xgly = 0.4. Note that there are two sets
of dark red data taken at different pressures and temperatures with the same conductivity. These data collapse to a degree that makes it impossible to
discern two curves. (b) xgly = 0.7. There are two sets of green data taken at different pressures and temperatures with the same conductivity. These data
collapse to a very high degree.

Fig. 8 Q-Dependence of prefactor t0 of the Arrhenius law governing the
time constant of the KWW function as obtained from fit of neutron
spectroscopy data. Results are shown for fits analyzing the datasets for
different pressures individually (black and grey curves), and for global fit of
both pressures simultaneously (red or blue curve).
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our experiments. From the density curves r(p, T) obtained for
our samples using eqn (1) (see Fig. S3, ESI†), we can approx-
imate the effect of pressure by a constant scaling factor between
200 K to 320 K, corresponding to the temperature range where
dynamics is probed by our neutron spectroscopy experiments.
Assuming that dynamics in our sample only depends on G = rg/
T, a uniform scaling of the density r by the factor s would lead to
an effective ‘stretching’ of the temperature scale by sg. This in
turn means that in our fits using an Arrhenius law according to
eqn (3), we can expect an increase in EA by the factor sg, and no
change in prefactor t(Q) when pressure is applied. Table 2
shows the resulting parameters of our fit, as well as the ratios
of activation energies between ambient pressure and 400 MPa,
and values for sg obtained from the ratio of r at 300 K. Within
the experimental errors in determining the activation energy, we
find very good agreement of both ratios.

This agreement could in principle be expected given the
collapse of the data in density scaling representation (cf. Fig. 5),
but the fits described in this section show that the scaling also
holds for the full set of Q-dependent data, i.e. resolved on
length scales ranging from 4 Å to 15 Å.

IV. Discussion and conclusion

Studying the dielectric relaxation of glycerol water mixtures of
concentration xgly = 0.7 and xgly = 0.4 in a pressure range up to
300 MPa we find that density scaling describes the behavior of the
relaxation time well. We find scaling exponents to be g = 1.4 for xgly =
0.7 and g = 1 for xgly = 0.4. These scaling exponents are low as it is
often found in hydrogen bonding systems. It does not seem mean-
ingful to interpret these exponents as connected to the steepness of a
repulsive potential as it has been done when connecting density
scaling to soft sphere behavior or to isomorph theory.37 This
suggests that density scaling in hydrogen bonding liquids may either
be due to a different mechanism or that there is a more general
overlaying principle leading to density scaling. It is worth noticing
that the data also collapse in the Angell plot (Fig. 2), and it may be
possible that other phenomenological scalings could give a good
collapse of the data. This suggests that the density scaling, found
here in a limited density range, should not be overinterpreted.

Nevertheless density scaling represents a practical and interest-
ing way of representing the data. It allows us to express the standard
isobaric fragility, mp, in these liquids in the following manner

mp ¼ mr 1þ Tgapg
� �

¼ mr 1þ d logr
d logT

����
Tg

g

 !
(4)

where mr is the isochoric fragility and ap is the isobaric expansion
coefficient.59

The effect of pressure on the relaxation time is relatively
moderate for the glycerol water mixtures studied in this work
and for hydrogen bonding liquids in general. This also means
that isochoric and isobaric cooling leads to very similar beha-
vior and thus that the two fragilities are close to each other. In
terms of the expression in eqn (4) the explanation for this is
that the effect of density on the relaxation time, which is
quantified in the value of the density scaling exponent g is
small in these liquids.

The width of the dielectric spectra increases as a function of
pressure along isochrones for both the studied glycerol–water
mixtures but the effect is more pronounced in the xgly = 0.4
sample than in the xgly = 0.7 sample. Broadening in the spectra
with increasing pressure along isochrones has also previously
been reported for glycerol and 1,2,6-hexanetriol39 and it is
particularly pronounced in glycerol data obtained in the GPa-
range.41

In the case of the xgly = 0.4 sample, it is found that spectra
collapse better at high temperatures and low pressures. In other
words, isochronal superposition appears to work best in the low-
viscosity liquid. As the liquid approaches the glass transition, the
spectra broadens and this eventually develops into a high fre-
quency shoulder, suggesting that the broadening is due to an
additional process entering the signal. It is in these broad spectra
that there is the strongest deviation from isochronal superposition.
This could indicate that the main relaxation itself does obey a
relatively high degree of isochronal superposition which would be
in line with the findings in ref. 33 where isochronal superposition
is found to hold for the main relaxation but not the beta relaxation
in a hydrogen bonding system.

The dielectric spectra of hydrogen bonding liquids are in
general narrow compared to the spectra of other liquids as well
compared to the spectra of hydrogen bonding liquids them-
selves when measured with other techniques. An interpretation
of this is that the narrow spectra are indeed a signature of the
slow relaxation of the hydrogen bonding network similar to the
Debye relaxation found in mono-alcohols.20 In this interpreta-
tion, the narrowing of the spectra as the relaxation becomes
faster is a signature that the alpha relaxation as well as possible
beta relaxations get merged with and dominated by the Debye
relaxation of the hydrogen bond network. Following this logic,
the broadening of the spectra as pressure is applied could be
due to the breaking up of the hydrogen bond network which
means that the Debye signal from the relaxation of the hydro-
gen bond network becomes relatively weaker at high pressures.

In addition to a higher degree of isochronal superposition as
the liquid relaxation gets faster, it is also seen in the low-
viscosity liquid that isoconductivity lines collapse with iso-
chrones of the dynamical structure factor. In other words, the
non-viscous glycerol–water mixtures have isodynes. This again
points to the dynamics getting simpler in the low-viscosity
liquid where the main relaxation is dominating. The simple
dynamics in the low-viscosity liquid is further substantiated by
the fact that the neutron scattering data including both fixed

Table 2 Resulting values of stretching exponent b and activation energy
EA from fits of neutron spectroscopy data for both glycerol–water samples.
The last column shows the scaled density ratios between ambient and high
pressure at 300 K (using g = 1 for xgly = 0.4 and g = 1.4 for xgly = 0.7)

xgly b EA(0.1 MPa)/kB EA(400 MPa)/kB

EAð400MPaÞ
EAð0:1MPaÞ

rð400MPaÞ
rð0:1MPaÞ

	 
g

0.4 0.59 5132(17) K 5432(17) K 1.059(5) 1.060
0.7 0.79 4399(22) K 4726(23) K 1.074(8) 1.085
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window scans and QENS spectra can be described by a global fit
with a single Arrhenius KWW-function, with a sample specific
stretching parameter and a pressure dependent activation energy.

In conclusion, we find that density scaling works for the two
studied glycerol–water mixtures in the limited density range we
access, but with low values of g as it is often seen in hydrogen
bonding liquids. While isochronal superposition does not hold in
the glycerol–water mixtures there is some reminiscence of it,
particularly in the non-viscous liquid, which indicates that iso-
chronal superposition may hold for the main process. Moreover,
we find that isoconductivity lines in the non-viscous liquids are
also isochrones of the dynamical structure factor on the nanose-
cond timescale which suggests that the system has isodynes.
Glycerol–water mixtures are liquids dominated by hydrogen
bonds and their dynamics. The finding of simple features4 such
as the existence of isodynes, reasonably good density scaling as
well as some degree of isochronal superposition is therefore quite
surprising. The finding cannot be explained by isomorph theory
and it suggests that this behavior in hydrogen bonding systems is
either due to a different mechanism or that there is a more
general underlying principle governing the density and tempera-
ture dependence of dynamics in liquids.
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