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We employ a combined computational and experimental approach to system-
atically assess the hydrostatic properties of methanol-ethanol (MeOH-EtOH)
mixtures of varying compositions, with the aim of evaluating their suitability as
pressure-transmitting mediums (PTMs). PTMs are essential for enabling the
characterization of materials properties at high pressure, perhaps most promi-
nently in the context of diffraction measurements, to provide uniform
compression and avoid strain on the sample. Molecular dynamics (MD) simu-
lations indicate that the hydrostatic limit and several structural and dynamic
properties of the widely used 4:1 MeOH-EtOH volume ratio do not exhibit any
significant deviations from the monotonic trends observed as a function of
MeOH content within the mixture. These findings are in agreement with X-ray
pair distribution function measurements, which show no peculiar structural
behaviour for the 4:1 composition. Experimental measurements of the hydro-
static limit confirm this result and demonstrate that, as previously reported, the
role of ethanol is primarily to delay MeOH crystallization. However, we find
that the same role can be fulfilled by other small molecules, such as propan-2-ol.
Additional simulations of several MeOH-X binary mixtures suggest that these
results might hold for a variety of similar mixtures. Thus, our findings indicate
that the 4:1 ratio is neither peculiar nor optimal in terms of PTM performance;
instead, its popularity seems to be mostly due to the influence of previous
literature. Indeed, we find that the 9:1 MeOH-EtOH mixture is characterized by
a hydrostatic limit which is superior (by nearly 1 GPa) to that observed for the
4:1 ratio. These findings offer a promising alternative PTM composition which is
readily available, and pave the way towards future work aimed at the rational
design of novel PTMs.

1. Introduction

Understanding the behaviour of materials under pressure can
reveal novel and exotic states of matter, including high-
pressure superconductors, high-energy-density materials and
new porous materials suitable for high-pressure gas storage
(Xu et al., 2022; Sun et al., 2021; Li et al., 2018; ErdGs et al.,
2021). Structural changes at high pressure also have significant
implications for drug processing (Gasol-Cardona et al., 2025)
and can enhance our understanding of geophysical and
astronomical processes (Maynard-Casely, 2017). Supported by
recent advances in laboratory-based high-pressure equipment
and the development of dedicated experimental beamlines,
high-pressure research is one of the most rapidly expanding
areas of crystallography (Motaln er al., 2025; Wilson et al.,
2022).
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Experimental methods using opposed-anvil cells to study
materials at high pressure apply pressure in only one direction.
A full description of a high-pressure experiment can be found
in the work of Katrusiak (2008). Although pressure is
fundamentally a scalar quantity by definition, it can be asso-
ciated with forces acting at specific positions and in specific
directions (Lewin, 2015; Richards, 2001; Oertel, 2004). Within
the formalism of classical mechanics, the ‘pressure tensor’ is
defined as the Cauchy stress tensor taken with the opposite
sign, i.e. P;j = —0gm (Shi et al., 2023). More precisely, pressure
is described using a tensor where each component P;; repre-
sents a force acting in direction j on a surface normal to
direction i (Richards, 2001; Oertel, 2004). Alternatively, the
forces contributing to the pressure can act in multiple direc-
tions and locations. For example, thermodynamic pressure
accounts for all normal forces acting on the surface of a
thermodynamic system (Lewin, 2015). Thus, if the goal is to
ensure a given value of thermodynamic pressure, studying a
material under high pressure requires the sample to be
surrounded by a pressure-transmitting medium (PTM). The
PTM ensures that all normal pressure components P; are
equal, mitigating against the uniaxial geometry of the cell and
providing uniform pressure from the diamond anvils as it is
progressively increased during the experiment (Katrusiak,
2019). When a PTM allows for the P; components to remain
equal, it is said to be hydrostatic.

The choice of PTM presents several experimental chal-
lenges. It must not interact with the sample (reaction or
solvation), contamination of the diffraction signal should be
minimal, it must not enter any pores in the sample, and it must
deliver isotropic (hydrostatic) compression over the entire
pressure range of interest. Commonly used PTMs include
liquids and gases, but the difficulties and cost associated with
using specialist gas-loading equipment often leave liquid
PTMs the preferred choice (Motaln et al., 2025). The upper
pressure limit at which a PTM is able to impart isotropic
compression is referred to as its hydrostatic limit, and is often
associated with solidification. Manifesting as either crystal-
lization or vitrification of the liquid, solidification remains the
dominant limitation in currently available liquid PTMs.
Despite the importance of PTMs in high-pressure experi-
ments, surprisingly little work has been devoted to the
discovery of new PTMs, largely due to the technical difficulty
and time-consuming nature of the experiments. Improved
understanding at the molecular level of the behaviour of
PTMs at their hydrostatic limit could significantly simplify this
process.

The most common choice of PTM is a 4:1 volume ratio of
methanol (MeOH) and ethanol (EtOH) (Piermarini, 2001).
With a hydrostatic limit of 10.5 GPa, it remains the state-of-
the-art PTM for non-porous materials (Klotz et al., 2009). The
origins of the specific ratio, however, are not clear from the
literature. MeOH was first reported to undergo a ‘sluggish’
crystallization at a pressure of 2.94 GPa, which could occa-
sionally be bypassed, while EtOH was first reported to crys-
tallize at 1.96 GPa — both at 25°C (Bridgman, 1942). These
values have been re-evaluated several times since. For EtOH,

crystallization pressures fall in a narrow range, between
1.78 GPa (Mammone et al., 1980) and 1.9 GPa (Shimizu et al.,
1990). For MeOH, a greater variation has been reported. It
was next reported to crystallize at a slightly higher pressure of
at least 3.8 GPa, through linear extrapolation of shifts in the
absorption band of nickel dimethylglyoxime (Davies, 1968).
This was again revised to 3.58 GPa (Piermarini et al., 1973)
and then more recently to 3.5 GPa (Mammone et al., 1980).
Through the various reported crystallization pressures for
MeOH, Piermarini et al. (1973) realized the ease with which
the crystallization point of MeOH could be suppressed. Under
rapid compression they reported that the crystallization of
MeOH can be suppressed entirely, observing what was
believed to be a glass transition at 8.6 GPa. Piermarini et al.
were the first to suggest the use of MeOH-EtOH mixtures;
they aimed to inhibit crystallization of pure MeOH by intro-
ducing a hydrogen-bond competition. Their choice of the 4:1
ratio was found to extend the glass transition of the mixture to
10.4 GPa.

Later contributions cast into doubt the reported glass
transition of MeOH. The structure in this pressure range was
shown through viscosity measurements to be inconsistent with
a glass (Cook et al., 1993). Their measurements predicted that
the glass would not be observed until 11.0 GPa, while repro-
ducing the glass transition in the 4:1 mixture at 10.5 GPa.
These findings were further supported by Brugmans & Vos
(1995) who, through optical microscopy and diffusion
measurements, found that crystals nucleate most effectively
between 5 and 10.5 GPa, with a maximum at 7.0 GPa. They
observed the formation of a glass only above 10.5 GPa, and
only provided the nucleation range was passed quickly
enough, in good agreement with the viscosity measurements.
In turn, this argument was used to conclude that the
previously reported glass transition at 8.6 GPa was probably a
delayed crystallization.

The glass transition of 4:1 MeOH-EtOH has since been
measured in several additional reports in the range 9.8
10.8 GPa (Angel et al., 2007; Piermarini et al., 1973; Klotz et al.,
2009; Eggert et al., 1992). The role of water in the mixture has
also been previously investigated, following a claim that a
16:3:1 ratio of MeOH-EtOH-H,O increases the hydrostatic
limit to 14.5 GPa (Jayaraman, 1983; Fujishiro, 1982). This has
since been disproven and a 16:3:1 mixture was measured to
have a hydrostatic limit, within error, of 10.5 GPa (Klotz et al.,
2009; Angel et al, 2007). The role of deuteration was also
found to have no impact on the hydrostatic limit of either the
4:1 or 16:3:1 ratios (Klotz et al., 2009). Rather, the glass
transition of a mixture is largely dictated by the glass transi-
tion of its most abundant component. Thus, as previously
reported, the role of EtOH in the PTM mixture is merely to
hinder the crystallization of MeOH, as originally intended,
without providing any improvements to the vitrification
pressure (Cook et al., 1993). Despite this, the benefits of this
ratio are still widely reported within the literature. It has been
suggested that slight inaccuracies in solution preparation may
cause minor deviations in the actual mixing ratio, which could
in turn reduce the glass-transition pressure and help explain
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the range of hydrostatic limits reported in the literature, but
this possibility has not been thoroughly investigated (Take-
mura, 2021; Fujishiro, 1982). The importance of the ratio itself
remains unclear, as it is not currently understood whether it
corresponds to a peculiar set of structural or dynamic prop-
erties of the mixture, or if its usage is purely down to historical
precedent.

In this work, we investigate the hydrostatic properties of
MeOH-EtOH mixtures in various compositions by means of a
joint computational and experimental approach. To guide
experimental investigations, molecular dynamics (MD) simu-
lations were first performed on MeOH-EtOH mixtures to
explore whether any unique structural behaviour or hydro-
static limit is associated with the 4:1 volume ratio. Structural
results stemming from these simulations were validated using
experimental X-ray pair distribution function (XPDF)
measurements and the hydrostatic limits of selected compo-
sitions were subsequently determined experimentally. The
relevance of EtOH as a component of the mixture was
assessed by replacing it with propan-2-ol (i-PrOH). Further
MD simulations across a broader range of ethanol substitutes
show that these conclusions might also be applicable to a
variety of similar MeOH-based mixtures.

2. Methods
2.1. Molecular simulations

MeOH-EtOH mixtures in volume ratios of 1:9, 1:4, 3.7, 2:3,
1:1,3:2,7:3,4:1 and 9:1, as well as pure MeOH and pure EtOH,
were investigated by means of classical MD simulations. Each
system was first studied at ambient temperature (300 K) and
pressure (1 atm), aiming to see whether any particular
composition displays exceptional behaviour under these
conditions. Subsequentially, the systems were then subjected
to progressive isothermal uniaxial compression up to 12 GPa,
with the aim of mimicking the experimental setup described
below. Starting from ambient pressure, the normal pressure
component in the arbitrarily chosen z direction, P,,, was
increased abruptly by 0.2 GPa every 2 ns. Several force fields
were considered in the study to ensure the robustness of the
results. Specifically, four different force fields, namely
CGenFF, OPLS-AA, TraPPE and the force field proposed by
Guevara-Carrion et al. (2008), were considered in the study
under ambient conditions (Vanommeslaedhe et al., 2010;
Jorgensen et al., 1996; Chen et al., 2001; Guevara-Carrion et al.,
2008; Schnabel et al., 2007; Schnabel et al., 2005). However,
only CGenFF and OPLS-AA were used for the study under
uniaxial compression, since the TraPPE and Guevara-Carrion
et al. (2008) force fields include intramolecular constraints that
may prevent meaningful simulations at high pressure. The
TraPPE and Guevara-Carrion et al. (2008) force fields are still
valuable in the investigation under ambient conditions,
though, as these are more specifically parametrized towards
EtOH and MeOH than are OPLS-AA and CGenFF.

Configurations sampled from the last nanosecond of the
trajectories at each given pressure were used to calculate the

properties of interest. Under ambient conditions, we have
computed continuous hydrogen-bond lifetime, angle distri-
bution functions, coordination numbers, pair distribution
functions (PDFs), densities and self-diffusion coefficients.
Under uniaxial compression we have computed PDFs, densi-
ties and self-diffusion coefficients. Average values of the
normal pressure components in the x and y directions, P,, and
P,,, respectively, were additionally estimated to evaluate
whether they are equivalent to the enforced value of P,, and
thus to determine whether the system is hydrostatic. This is
quantified by the parameter oy

P.—P. ) +(P.—P,)
Osim(Pzz):\/( 2z xx) —;( 2z yy) . (1)

We chose this method to assess hydrostaticity as it assesses it
fundamentally on its definition (i.e. its ability to transmit
pressure per se) without any assumption on phase transitions.
Specifically, we are enforcing a given component P; of the
pressure tensor and evaluating the ability of the system to
respond to such pressure by reaching a new corresponding
equilibrium state, where other Pj;; components are equal to the
enforced P; Naturally, however, loss of hydrostaticity is
linked to solidification: liquids and gases, as stated by Pascal’s
law, can redistribute pressure thanks to molecular motion,
whereas solids cannot, due to the absence of significant
translational motion. Thus, the method can be regarded as an
indirect evaluation of the pressure at which solidification
occurs. Three different values of o, were used as the
threshold for determining when hydrostaticity is lost upon
compression. Further details of the MD simulations and of the
estimation of the different properties can be found in the
supporting information.

Finally, to study the relevance of EtOH within the mixtures,
additional MeOH-based binary mixtures were also studied via
MD. The volume ratio for these mixtures was fixed to that
yielding the highest hydrostatic limit among those investigated
for the MeOH-EtOH mixtures. Compounds of different
molecule sizes, chemistry and hydrogen-bond propensity were
chosen. These were propan-2-ol, acetone, propanal, acetic
acid, formic acid, acetonitrile, ethylene glycol, 1,2-dimeth-
oxyethane, benzene, pyridine, dimethyl sulfoxide, octanol,
cyclooctanol, tetrahydrofuran and N-methyl-2-pyrrolidone.
The same MD simulation protocol as deployed for studying
MeOH-EtOH at high pressure was used, but only the values
of P,, and P,,, and ultimately o, were calculated for these
mixtures to assess their hydrostatic limit.

2.2. Experimental determination of hydrostatic limits

Due to concerns raised in the literature about the role of
water in MeOH-EtOH mixtures, efforts were made to ensure
the highest possible purities of all starting solvents while
retaining practical relevance. In each case, new solvent stocks
were used. Absolute EtOH (VWR), MeOH (> 99.8%, Fisher
Chemical) and propan-2-ol (>99.8%, Sigma Aldrich) were
used as supplied. MeOH is highly susceptible to water uptake,
and therefore the water content was continuously mapped by
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hydrometry (Brannan), remaining within error of 0%
throughout this study. The experimentally studied PTMs were
MeOH, EtOH and MeOH-EtOH mixtures in volume ratios of
1:1, 4:1 and 9:1, as well as a 9:1 MeOH—-i-PrOH mixture. To
improve resolution and repeatability in the determination of
the hydrostatic limit of the promising 9:1 MeOH-EtOH
mixture, an additional loading of this mixture was performed.
All mixtures were prepared using a micropipette.

High-pressure measurements were completed within
Almax easyLab Diacell Bragg-Mini diamond anvil cells
(DACs) with an opening angle of 85°. The cell design is based
on the standard Merrill-Bassett design (Merrill & Bassett,
1974). The DACs consisted of conical tungsten carbide
backing plates (Moggach et al., 2008) and Boehler—Almax type
ITas design (Boehler & De Hantsetters, 2004) conical diamond
anvils featuring 500 pm diameter culets. Tungsten gaskets of
200 pm diameter were indented to 60 pm in all experiments. It
was found that a 60 pum indent provided better pressure
control and greater resistance to deformation of the gasket
than a shallower indent. The sample chamber was drilled with
a BETSA MH20M electric discharge machine with a 250 pm
diameter electrode.

The measurements of the hydrostatic limit presented here
closely follow the method of Klotz et al. (2009), whereby the
onset of non-hydrostatic conditions is mapped by the increase
in the standard deviation o of pressure values measured from
a distribution of rubies across the sample chamber. In each
experiment the sample chamber was loaded with seven poly-

9:1 MeOH—i-PrOH

Figure 1
DAC sample chambers. (Left to right, top to bottom) MeOH, EtOH, 1:1
MeOH-EtOH, 4:1 MeOH-EtOH, 9:1 MeOH-EtOH and 9:1 MeOH-
i-PrOH.

crystalline ruby spheres [(Al,O3):Cr’*, 3-50 pm, supplied by
BETSA] spaced across the upper culet, as shown in Fig. 1 (an
image of the sample chamber for the second loading of 9:1
MeOH-EtOH can be found in the supporting information).
The ruby spheres supplied had undergone previous heat
treatment to provide sharper R; and R, lines for more accu-
rate pressure calibration. Measurement of Ry, i.e. the ambient-
pressure fluorescent wavelength of each ruby, and all subse-
quent wavelength measurements were performed with an
Almax easyLab Optiprexx photoluminescence device, a stand-
alone spectrometer featuring a 532 nm 50 mW laser. The
cumulative error in the pressure measurements is equivalent
to £0.045 GPa. The R, values varied between 694.289 and
694.320 nm. Individual R, values were used for each ruby to
calculate the pressure using the ruby fluorescence method
(Chervin et al., 2001).

The PTM being investigated was added via syringe and,
once the absence of bubbles in the sample chamber was
confirmed, the cell was rapidly closed. Uniaxial pressure was
applied in the smallest achievable increments. A minimum of
15 min was allowed to elapse after each pressure increase
before measurements were made. Measurements were then
repeated at regular intervals until cessation of the pressure
drift, at which point another pressure increase was made. At
each pressure point the fluorescent wavelength of each of the
rubies was measured in turn, the temperature recorded and
the pressure calculated. The average pressure was then
mapped against the standard deviation o in the pressures,
calculated as previously described (Klotz et al., 2009). After
initial optical centring, the signal was maximized for the
highest quality fit (further details of the experimental method
are available in the supporting information).

When the highest pressure of any ruby within the cell was
within an error of 20 GPa, the highest safe loading pressure
for the DACs in use, the cell was decompressed. Decom-
pression points were used to demonstrate a recovery of
hydrostatic conditions within the cell, such that any loss of
hydrostaticity could be attributed solely to the PTM and not to
irreversible damage to the gasket or cell. Motaln et al. (2025)
observed changes in the ruby fluorescence signal which were
attributed to the prolonged exposure of rubies to non-
hydrostatic pressure, and therefore in our study ruby spheres
were not reused between experiments.

2.3. Experimental PDF analysis

XPDF measurements were completed on beamline I115-1 at
Diamond Light Source at a wavelength of 0.161669 A at room
temperature. Liquid samples of MeOH, EtOH and MeOH-
EtOH mixtures with ratios 4:1, 3:2, 1:1, 2:3 and 1:4 were
prepared in 2 mm borosilicate glass capillaries with an inner
diameter of 1.56 mm. Data were processed using GudrunX
(Soper, 2011) and consistent parameters were used for all
samples. A top hat convolution was applied with a width of
3A7" and a minimum radius for the Fourier transform of
0.8 A. Using this correction, and due to the weakly scattering
nature of the samples, the range of Q was cut to a Q. of 18 A
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to remove data which suffered a significantly poorer signal-to-
noise ratio and did not benefit the overall PDF.

3. Results and discussion
3.1. MeOH—-EtOH mixtures: the importance of composition

Fig. 2(a) presents the values of oy, at each imposed P, as
obtained from the MD simulations for all investigated
MeOH-EtOH compositions. The corresponding hydrostatic
limits, obtained considering the P_, value at which a value
osm = 0.1 is first reached, are presented in Table 1. Only the
results obtained using CGenFF are shown. The same conclu-
sions hold when using OPLS-AA to model the interactions
(see the supporting information for an equivalent plot
obtained using the OPLS-AA force field and hydrostatic limits
with a wider range of o values for both force fields). In Table 1,
the simulations point towards the 9:1 and 4:1 MeOH-EtOH
mixtures having a higher hydrostatic limit than pure MeOH.
However, as can be seen in Fig. 2(a), the evolution of o, with
P_, for MeOH near o, = 0.1 oscillates. This suggests that
pure MeOH might have a higher hydrostatic limit than both
the previously mentioned mixtures, despite first reaching the
Osim = 0.1 threshold at a lower P, value. Thus, these results
support the trend that the hydrostatic limit increases with
MeOH content. No unique features relative to any particular
composition are visible. Note that these systems will never
crystallize within the timescale explored by unbiased MD
simulations and thus we can only computationally probe the
vitrification of the mixtures.

Table 1
Hydrostatic limits of MeOH-EtOH mixtures and 9:1 MeOH-i-PrOH.

P, represents the glass transition pressure and P, represents the crystallization
pressure. Results are presented for experimental (exp.) and simulated (sim.)
data using the same standard deviation cut-off of 0.1. Simulated results are
scaled to match the experimental data, as described in the text.

Py sim. Py sim. scaled Py exp. P exp.
Composition (GPa) (GPa) (GPa) (GPa)
EtOH 3.37 8.28 - 2.71
1:9 3.93 8.84 - -
1:4 4.17 9.08 - -
3.7 4.04 8.95 - -
2:3 3.93 8.84 - -
1:1 3.98 8.89 9.36 -
3:2 4.40 9.31 - -
7:3 5.09 10.00 - -
4:1 5.99 10.90 10.56 -
9:1 6.36 11.27 11.37 -
MeOH 5.82 10.73 - 6.70
9:1 MeOH-i-PrOH 5.79 10.70 10.45 -

To validate these results, we have experimentally investi-
gated the hydrostatic limits of pure MeOH, pure EtOH and a
number of their mixtures. Figs. 2(b)-2(f) display the evolution
of o with uniaxial compression and again Table 1 summarizes
their hydrostatic limits. Figure panels are presented on the
same axes for direct comparison (a graph displaying all
measured pressure points for MeOH is available in the
supporting information). Both loadings of 9:1 MeOH-EtOH
are presented on the same graph but in different colours. The
hydrostatic limit reported in each case corresponds to either
the crystallization pressure or the pressure that occurs

a b . c .
(@)1.2 15— 14 (b) 1.2 MeOH (c) 1.2 E1OH
1.04 37 ——23 11 1.0 1.0
32 —73 411 /
08_—9:1 —— MeOH 0.8 A 0.8
& 0.6 7 & 0.6 / & 0.6
© 0.4 © 0.4 1‘ © 041
0.2 0.21 iy 0.2
A ﬂA
0.0- h 0.0 AsTat 0o le
0 2 4 6 8 0 2 4 6 8 1012 14 16 18 0 2 4 6 8 10 12 14 16 18
P, target (GPa) P, (GPa) P,, (GPa)
(d)1.2, (e) 1.2, (f)1.2,
211:1 MeOH—-EtOH 4:1 MeOH—-EtOH 9:1 MeOH-EtOH
1.0 1.0 1.04
0.8 0.8 0.8
P & x
® 0.64 Y ® 0.6 (30.6-
© 041 © 0.4 © 041
0.2 v 0.2 0.2

0.0 R
0 2 4 6 8 1012 14 16 18
P,, (GPa)
Figure 2

0.0
0 2 4 6 8 101214 16 18
P,, (GPa)

0.0
0 2 4 6 8 1012 14 16 18
P,, (GPa)

Hydrostatic limits of different MeOH-EtOH mixtures. Values of the standard deviation o obtained at different pressures in (@) the simulated pure
MeOH, pure EtOH and their mixtures, and experimentally for (b) MeOH, (¢) EtOH, (d) 1:1 MeOH-EtOH, (e) 4:1 MeOH-EtOH and (f) 9:1 MeOH-
EtOH. In the experimental plots, black upward triangles represent compression points and red downward triangles represent decompression points. In
panel (f) orange upward triangles represent the second loading. All experimental plots are presented on the same axis scale for direct comparison.
Dashed lines are used in panels (a), (d), (¢) and (f) to indicate the consistent value at which o is observed to increase sharply.
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immediately before a steep increase in o is observed, using the
same criterion as described above. In the latter case, the loss of
hydrostaticity is assumed to be related to vitrification. Pure
MeOH was observed to crystallize unambiguously by optical
microscopy at 6.70 GPa, very close to the pressure where the
maximum nucleation rate is observed, as reported by Brug-
mans & Vos (1995). Fig. 3 shows the sample chamber before
and after crystallization. Crystallization of the methanol is
obvious from the striations across the sample and the
increased opacity of the sample chamber. This indicates a
super-press of MeOH (Piermarini et al., 1973; Reeves et al.,
1964; Gelles, 1968), as is widely reported in the literature,
given its slow compression crystallization pressure is 3.5 GPa
(Mammone et al., 1980; Piermarini et al., 1973; Davies, 1968;
Bridgman, 1942). A small deformation of the gasket occurred
at 13.10 GPa, and here an increase in volume of the sample
chamber resulted in a small drop in average pressure to
12.91 GPa. On decompression from 15.62 to 4.90 GPa, the
MeOH remained frozen, and it was only on returning to
0.46 GPa that it was first observed to have melted. At this
point, o returned to its previous level, indicating that any loss
in hydrostaticity could be solely attributed to the PTM and not
to the gasket deformation.

Pure EtOH was observed to crystallize at 2.71 GPa,
analogously to MeOH, again by optical microscopy (Fig. 3).
There have been fewer studies of EtOH under compression
(Bridgman, 1942; Mammone ef al., 1980; Shimizu et al., 1990),
but it probably follows the profile of crystallization of a super-
pressed liquid (Piermarini et al, 1973; Reeves et al., 1964,
Gelles, 1968), very similar to MeOH, as the crystallization
pressure of EtOH under slow compression is reported to be
1.96 GPa. A further discontinuity at this pressure reflects a
decrease of 0.15 GPa on crystallization of the sample. For

EtOH- Crystallized

Figure 3

Single-component PTMs which crystallized on compression. (Top left)
Pure MeOH at ambient pressure and (top right) frozen at 6.70 GPa.
(Bottom left) Pure EtOH at ambient pressure and (bottom right) frozen
at 2.71 GPa.

EtOH, the increase in the standard deviation was initially
more subtle before more rapidly increasing above 4.43 GPa.
At the highest pressure point, 16.54 GPa, the o value reduced.
This is similar to the behaviour seen by Klotz et al. (2009) and
Motaln et al. (2025) and is attributed here to instabilities
within the cell rather than genuine features. On decompres-
sion to 0.91 GPa, hydrostatic conditions were recovered.

All MeOH-EtOH mixtures investigated experimentally
displayed very similar behaviour under compression, with the
steep increase in o being associated with vitrification of the
sample. All ratios display a hydrostatic limit in a relatively
narrow range (Table 1). In the second loading of the 9:1
mixture, the cell failed upon compression beyond the hydro-
static limit observed in the first loading. Accordingly, this
loading serves predominantly to improve the resolution in the
determination of the hydrostatic limit. Notably, the hydro-
static limits computed by MD simulations are consistent with
the experimental results. Due to the fact that the compression
rates we are forced to use in our simulations are several orders
of magnitude higher than those utilized in the experimental
protocols, the computational estimates of the hydrostatic limit
for any system are bound to be underestimated. However, we
argue that this might very well be a systematic error, on the
basis of similar considerations on the vitrification of molecular
glasses upon supercooling (as opposed to compression)
(Barnard & Sosso, 2023). In the results presented here, we see
an average offset of 4.91 GPa between the experimental and
simulated data, and this has been used to scale all simulated
vitrification pressures in Table 1. The 1:1 ratio has an experi-
mental hydrostatic limit of 9.36 GPa and the 4:1 ratio has an
experimental hydrostatic limit of 10.56 GPa, the latter in very
good agreement with the literature. The 9:1 ratio displays the
best hydrostatic behaviour, showing a 0.8 GPa improvement
in hydrostatic limit over the 4:1 ratio. Remarkably, it appears
that by using a 9:1 ratio instead of a 4:1 ratio almost an entire
additional 1 GPa of hydrostatic conditions can be gained
without compromising the ability of the mixture to stall
crystallization. Further stability tests against the crystallization
of the 9:1 mixture can be found in the supporting information.
While we note that, on the basis of the trend observed in this
work, mixtures even richer in MeOH may offer a further
improvement in the hydrostatic limit, we stress the importance
of keeping the EtOH content high enough to ensure that the
mixture remains liquid at high pressures.

3.1.1. Structural analysis

Analysis of both simulated and experimental PDFs reveals
a lack of structural anomalies for any of the investigated
mixtures. Fig. 4(a) shows the experimental PDFs overlaid with
the simulated PDFs for EtOH, MeOH, and the 1:4, 1:1 and 4:1
MeOH-EtOH mixtures at ambient pressure and temperature.
All data are normalized using the G(r) convention (Keen,
2001). Curves for different compositions have been vertically
offset for clarity. Similar results obtained via the OPLS-AA
force field can be found in the supporting information. At
physically meaningful distances (>0.9 A), all experimental
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PDFs are reasonably well reproduced, validating the quality of
the force field. The experimental PDFs suffer peak broad-
ening due to a limited Q,,,, range, whereas the computational
PDFs do not. Fig. 4(b) overlays all the experimental PDFs,
including those for the 3:2 and 2:3 MeOH-EtOH mixtures.
The PDFs exhibit mostly a monotonic trend, with each
mixture’s profile closely resembling that of its dominant
component. As the MeOH fraction increases, the PDFs
progressively shift from resembling EtOH to resembling
MeOH.

The computational PDFs provide insights into the contri-
butions of atom pairs to the individual peaks of the PDFs
shown in Figs. 4(a) and 4(b). Hydrogen atoms are generally
not observed in XPDF measurements due to the small scat-
tering cross section of hydrogen to X-rays. Despite this, some
of the peaks observed experimentally can only be assigned to
pairs of atoms involving hydrogen. Tests performed to ensure
that these peaks cannot be attributed to artefacts of the
Fourier transform using different Q. values did not cause
these peaks to shift until a significant degradation of the entire
PDF occurred. These peaks are the result of the absence of
strongly scattering atoms in the mixtures, the reduced inter-
molecular pair distance contributions of the liquids and the
high concentration of H in the samples.

The peak at ~0.9 A corresponds to O—H and C—H
intramolecular bonds (lengths of approximately 0.98 and
1.12 A, respectively) in both MeOH and EtOH. Any deviation
from monotonic behaviour with respect to this peak as the
composition changes in the experimental PDF can be attrib-
uted to the sensitivity of the technique. The most intense peak

in all the PDFs can be found at approximately ~1.45 A.
According to the labelling scheme illustrated in Fig. 4(c), for
EtOH-containing systems this peak has its origins in the
C2—01 (142 A) and C1—C2 (1.53 A) intramolecular bonds,
while in MeOH-containing systems only the C1—01 (1.43 A)
intramolecular bond contributes to it. The peak reduces in
intensity and shifts from right to left as the fraction of MeOH
increases. The peak at ~1.95 A is similar for the two
compounds and stems primarily from intermolecular
hydrogen bonds. In EtOH this is the H6- - -O1 hydrogen bond
and in MeOH it is the H4- - -O1 hydrogen bond, where the O1
atom in both cases can be from either an MeOH or an EtOH
molecule in the mixtures. These have average bond lengths of
approximately 1.89 A. In addition, longer H---C, H: - -H and
H.- - -O pair distances also contribute, albeit to a lesser extent,
to this peak in both pure compounds. Given the importance of
hydrogen bonds for these systems, the fact that this peak
reveals no structural abnormality for 4:1 MeOH-EtOH, but
rather a monotonic trend, suggests a lack of peculiar features
for the 4:1 ratio. Note that the peak at 2.46 A is present in
EtOH-contaning systems but completely absent from pure
MeOH. This corresponds primarily to the intramolecular
Cl1---0O1 pair distance in EtOH, which is not present in
MeOH. The peaks beyond 2.7 A are weaker and mostly carry
a contribution from intermolecular pair distances. The same
conclusions concerning the atomistic origins for the peaks in
the experimental PDFs hold when the interactions are
modelled using OPLS-AA (see the supporting information).

Fig. 5(a) shows the simulated PDFs of the 3:2, 7:3, 4:1 and
9:1 MeOH-EtOH mixtures at 4, 5, 6 and 7 GPa with the

0 2 4

6
r(A)

Figure 4

MeOH
4:1
141 0 1 2 3 4 5
r(A)
(c) He
1:4 H3 H4 o1
H2
. c1 o1 c2 c1 H
EtOH
H4"
H5 H3
H2
12

Structural properties of MeOH-EtOH mixtures at ambient pressure. The PDFs for different MeOH-EtOH mixtures under ambient conditions obtained
from (a) simulations and experiments and (b) experiments only, overlapped for comparison. Panel () shows the change in the simulated G(r), from red
to blue curves, as the MeOH fraction increases. Experimental G(r) are represented by black dashed lines. The different systems are offset vertically for
better visualization and the heights of the peaks in the simulated PDFs were truncated for clarity whenever they extended beyond the experimental PDF
for the given system (i.e. peaks with r < 2 A). Panel (c) illustrates the naming convention used for each atom in the MeOH and EtOH molecules.

Molecular diagrams drawn using Mercury (Groom et al., 2016).
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Structural properties of MeOH-EtOH mixtures upon compression. (a)
Simulated PDFs for selected MeOH-EtOH mixture compositions under
uniaxial compressions of 4, 5, 6 and 7 GPa, obtained via the CGenFF
force field. Dashed vertical grey lines serve as a guide to the eye. (b) and
(c) Self-diffusion coefficients D for (b) MeOH and (c) EtOH for different
values of uniaxial compression. The plots shown in panels (b) and (c)
feature the same y-axis range so as to highlight the difference between the
self-diffusion coefficients of the two components.

interactions modelled using CGenFF. These values were
chosen to encapsulate the range of hydrostatic limits predicted
by the simulations for these systems. All intramolecular 1-2,
1-3 and 1-4 neighbours were excluded from the PDFs, thus
ensuring that they describe primarily the intermolecular pair
distances. This is particularly useful as specific features
involved in phase transitions such as vitrification should
originate from specific strutural features — such as the spatial
arrangement of intermolecular (and not intramolecular) pairs.
A similar figure for OPLS-AA is presented in the supporting
information and leads to the same conclusions as discussed
herein. Assuming that the quality of the models in depicting
the structure under ambient conditions is retained at higher
pressures, the plots indicate that no anomalous behaviour
emerges near the onset of hydrostaticity loss for any specific
composition, including the 4:1 volume ratio.

3.1.2. Origins of vitrification: self-diffusion coefficients

Figs. 5(b) and 5(c) illustrate the evolution of the self-
diffusion coefficient D of MeOH and EtOH, respectively, as a
function of the imposed P, at different compositions. While
the results in Figs. 5(b) and 5(c) feature simulations using
CGenFF, similar figures can be found in the supporting
information for OPLS-AA, for which the same conclusions
hold. The values of the self-diffusion coefficients are only
presented up to values of P,, where no further decrease in D
with pressure was observed; deviations from this behaviour
are assigned to the limitations of the methodology used to
assess the diffusion (see details in the supporting information).

Given the link between the loss of hydrostaticity and the
onset of vitrification, evaluating trends in dynamic properties

can be valuable for assessing the degree of translational
motion, which is significant in the liquid/gaseous state but not
in the solid state. In the case of vitrification, D behaves like an
order parameter. As the pressure increases, D is expected to
drop by several orders of magnitude as the system becomes
closer to the stability domain of the solid phase and draws
away from that of the liquid phase, tending towards zero to
signal a transition from a fluid to an arrested/glassy state. In
Figs. 5(b) and 5(c) it is clear that the molecules of both MeOH
and EtOH move progressively more slowly as the pressure
increases. There is also a much greater variation in the diffu-
sion rate of MeOH molecules than there is for EtOH mol-
ecules. As the mixtures become richer in MeOH, the diffusion
rate of MeOH increases. At low MeOH content, the diffusion
of MeOH molecules approaches the values observed for
EtOH. Here, a weaker trend is observed with respect to the
MeOH content, and the diffusion of EtOH also seems to be
faster as the mixture becomes richer in MeOH. This indicates,
perhaps intuitively, that it is easier to diffuse through a sea of
methanol than it is a sea of ethanol, as the smaller size of the
former outweighs the stronger bonds it forms. The weaker
dependency of Dgoy on composition is such that some scatter
in the trend is observed. Together, these results suggest that
mixtures richer in MeOH are expected to remain hydrostatic
at higher pressures than EtOH-rich mixtures, in agreement
with the o data. Again, no significant result for the 4:1 EtOH-
MeOH mixture is observed relative to other compositions
assessed.

3.2. MeOH-based binary mixtures: the irrelevance of EtOH

Having illustrated that there is nothing special about the 4:1
ratio, we now seek to investigate further the role of EtOH in
the mixtures. If its only role is to stall the crystallization of
MeOH, then it follows that other liquids that could provide a
similar hydrogen-bond environment should be equally effec-
tive. To this end, a 9:1 mixture of MeOH—-i-PrOH was inves-
tigated experimentally. The 9:1 volume ratio was chosen for
direct comparison with the 9:1 MeOH-EtOH ratio, which
experimentally exhibited the highest hydrostatic limit.
Fig. 6(a) shows the evolution of the standard deviation with
uniaxial compression. Using the same criterion of o = 0.1
defined previously, the hydrostatic limit of the 9:1 MeOH-
i-PrOH mixture is 10.45 GPa, although a linear interpolation
between the highest pressure point in the hydrostatic liquid
(0 <0.1) and the point just above (o = 0.12) suggests that the
hydrostatic limit (o = 0.1) may fall even slightly above 11 GPa.
As the value is very close to the hydrostatic limit for 9:1
MeOH-EtOH, the experiment suggests that i-PrOH is just as
effective as EtOH at stalling the crystallization of MeOH
without compromising the vitrification pressure.

Additional MeOH-X binary mixtures at a 9:1 volume ratio,
where X = propan-2-ol, acetone, propanal, acetic acid, formic
acid, acetonitrile, ethylene glycol, 1,2-dimethoxyethane,
benzene, pyridine, dimethyl sulfoxide, octanol, cyclooctanol,
tetrahydrofuran or N-methyl-2-pyrrolidone, chosen specifi-
cally to span molecule sizes, chemistry and hydrogen-bond
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Hydrostatic limits for additional binary mixtures. (a) Evolution of the standard deviation with uniaxial compression for the 9:1 MeOH-i-PrOH mixture
observed experimentally, presented on the same axes as Fig. 2 for direct comparison. Black upward triangles represent compression points, red
downward triangles represent decompression points and the dashed line indicates the consistent value of o at which it is observed to increase sharply. (b)
Hydrostatic limits observed for all the 9:1 volume ratio MeOH-based mixtures that were simulated (the component in the smaller fraction is indicated on
the x axis). The data were determined using as criterion o, = 0.1, 0y, = 0.15 or oy, = 0.2 for the hydrostatic limit. The measurement for o, = 0.1 has
also been rescaled to match the expected experimental data, as described in the text.

propensity, were also investigated computationally. Fig. 6(b)
shows the values of the theoretical hydrostatic limits obtained
when using CGenFF and considering different o, values as a
threshold for hydrostaticity. The values obtained using o, =
0.1 as the hydrostatic limit threshold have additionally been
rescaled to match the experimental data via the same rescaling
procedure described above. Following this, it is clear that the
hydrostatic limits of all the binary mixtures fall within a very
narrow range. The MeOH-EtOH mixture remains the one
with the highest hydrostatic limit according to the o, = 0.1
criterion, while all the other binary mixtures are within
1.5 GPa. A larger spread in hydrostatic limit was both
observed and predicted for different volume ratios of MeOH-
EtOH mixtures than was predicted for any of the binary
mixtures at a 9:1 ratio. The results suggest that the quantity of
MeOH in the mixture is much more influential on the vitrifi-
cation pressure than the identity of the secondary component.
The same conclusions can be drawn from the results obtained
when using OPLS-AA, and a figure analogous to Fig. 6(b) can
be found in the supporting information. Importantly, however,
since MD simulations only capture vitrification rather than
crystallization, they do not account for the effectiveness of
secondary components with varying hydrogen-bonding abil-
ities in delaying the crystallization of MeOH. Nevertheless, for
secondary components with hydrogen-bonding characteristics
similar to those of EtOH and i-PrOH, such as formic acid,
acetic acid, ethylene glycol, octanol and cyclooctanol, all of
which can function as both hydrogen-bond donors and
acceptors, this opens the door to a broader range of potential
PTMs with subtly distinct chemical behaviours.

4. Conclusions

MeOH-EtOH mixtures, along with the two pure components,
have been investigated using both computational and

experimental approaches. MD simulations reveal that the
pressure at which hydrostatic conditions are lost increases
monotonically with MeOH content, approaching the value
observed for pure MeOH. Across all compositions studied,
both at ambient pressure and under compression, no struc-
tural or dynamic property identified the commonly used 4:1
volume ratio as unique or exceptional.

Experimental results support this conclusion: the vitrifica-
tion pressure increases consistently with MeOH content. Thus,
as previously reported, EtOH appears to serve primarily to
inhibit the crystallization of MeOH. We have shown experi-
mentally that this is a role that is equally well performed by
i-PrOH. Computational studies of a broader set of MeOH-X
binary mixtures at a 9:1 volume ratio suggest that this beha-
viour extends beyond just MeOH-EtOH/i-PrOH systems.
Mixtures with a wide range of secondary components
demonstrate that the composition of this component has very
little effect on the vitrification pressure. The requirement to
stall the crystallization of MeOH probably restricts appro-
priate candidates further, but mixtures containing formic acid,
acetic acid, ethylene glycol, octanol and cyclooctanol, which
provide a similar hydrogen-bond competition, in a 9:1 ratio are
promising candidates for PTMs with subtly different chemical
behaviours.

Although the 4:1 MeOH-EtOH mixture is currently the
most widely used PTM, our findings indicate that this ratio is
not optimal but rather a by-product of the previous literature
in the field, in conjunction with the limited exploration of the
compositional space due to the time-consuming nature of the
experiments. Higher hydrostatic limits can be achieved by
increasing the MeOH content, provided a sufficient amount of
a secondary component remains to inhibit crystallization.
Notably, a 9:1 MeOH-EtOH mixture demonstrated an
extension of nearly 1 GPa in the hydrostatic pressure range
compared with the 4:1 MeOH-EtOH mixture, making it a
promising and, crucially, readily available alternative PTM.

J. Appl. Cryst. (2025). 58, 1967—1977

Cameron J. G. Wilson et al.

1975

+ MeOH-EtOH mixtures as pressure-transmitting medium


http://doi.org/10.1107/S1600576725008349

research papers

5. Related literature

For further literature related to the supporting information,
see Frenkel & Smit (2002), Gowers & Carbone (2015), Hoover
(1985), Jo et al. (2008), Kim et al. (2017), Lee et al. (2016), Lee
et al. (2020) and Thompson et al. (2022). For the computational
MD modelling, extensive use was made of the LAMMPS
software (https://www.lammps.org/). Tools used to assist on
generating initial configurations and to get CGenFF and
OPLS-AA force field parameters to run the simulations in this
work are available online at https://charmm-gui.org/, https://
cgenff.com/ and https://trappe.oit.umn.edu/.
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