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temperature T up to P= 3000 MPa. At P= 2000 MPa, all mixtures
are found to be in the HDA-like form. Hence, to study the HDA-
to-LDA transformation, we decompressed the mixtures from
P0 = 2000 MPa to negative pressures until the tension in the
system is large enough that the glassy mixtures ‘sublimate’.
Specifically, at these pressures the volume during the simula-
tion increases abruptly and the glass fractures, meaning that
molecules in the glass are not able to withstand the tension.
MD simulations of pure water2,3,14 show that the temperature at

which the glass fractures connects smoothly with the liquid-to-
gas spinodal as the compression–decompression temperature
increases. The same protocol was used previously in MD
simulation studies of the LDA–HDA transformation in pure
water.2,3,16 This is also a common protocol followed experimentally
to study glass polymorphism in water (see, e.g., ref. 17–19
and references therein); the same compression/decompression
protocol was used recently by Suzuki and Mishima36 to study
glass polymorphism in water–glycerol mixtures (in this case,
however, the preparation of the starting glassy mixtures
involves slow isobaric cooling of the mixture at P = 300 MPa,
followed by decompression to P= 0.1 MPa at low temperatures).
As discussed below, it is indeed remarkable that even at the
present compression rates, MD simulations of atomistic models
can reproduce qualitatively the phenomenology associated with
the LDA–HDA transformations.

4.1 Density versus pressure

One of the most common properties accessible in experimental
studies of glass polymorphism is the density of the glass as a
function of pressure, r (P), during the pressure-induced LDA–HDA
transformations at constant temperature. Recently, Suzuki and
Mishima36 reported 1/r (P) for glycerol–water mixtures during com-
pression/decompression cycles at wg = 2–12% and T E 140–155 K.
Their main findings are that (i) the LDA–HDA transformation is
observable for approximately wg o 10–12%, and that (ii) the density
change and hysteresis in r (P) during the LDA–HDA transforma-
tions become less pronounced as the concentration and/or the
compression/decompression temperature increases. In this section,
we show that MD simulations can reproduce qualitatively the
experimental observations (i) and (ii), even when the rates
accessible in simulations are many orders of magnitude larger
than the rates employed in experiments.2,18

First, we confirm that the LDA–HDA transformations are not
sensitive to the glycerol FF employed. To this end, we show in
Fig. 4 the density of the BC+TIP4P/2005 and R+TIP4P/2005
mixture models during the pressure-induced LDA–HDA trans-
formations. For simplicity, we limit the discussion to the case
T = 120 K and wg = 3.06%. In all these cases, a sharp increase in
density occurs during the compression process which signals
the LDA-to-HDA transformation. Upon decompression from
P0 = 2000 MPa, the mixture remains in the HDA form at
P = 0.1 MPa and hence, the LDA–HDA transformation in our
simulations is not reversible at positive pressures. This
is consistent with the results of our companion paper,53

where it is shown that, upon decompression of the HDA-like
mixtures, no transformation back to a less dense state occurs
at 77 K and P 4 0 MPa. In contrast, the experiments of ref. 36
indicate that HDA transforms back to LDA at P 4 0 MPa and
higher temperatures, e.g., 150 K. In our simulations, at the
present compression/decompression rates, HDA does not
seem to convert back to LDA at T r 120 K even if negative
pressures are considered. Instead, the density of HDA
decreases continuously until the glass finally fractures at
P E �800 MPa. Slower decompression rates are needed in
order to determine whether the HDA-to-LDA transformation

Fig. 3 Glycerol conformations in the BC+TIP4P/2005 model mixture
during cooling at P = 0.1 MPa with cooling rate qc = 1 K ns�1. Concentrations
are (a) wg = 3.06% and (b) wg = 7.01%. (c) The same as (a) for the case of the
R+TIP4P/2005 mixture model. In all cases, no changes in glycerol conforma-
tions occur at approximately T r 140 K where the system is in the glassy state
[see also Fig. 1]. Interestingly, the conformations of glycerol are different in the
BC+TIP4P/2005 and R+TIP4P/2005 model mixtures.
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case of the BC+TIP4P/2005 glassy mixture. The RDFs of LDA
and HDA are obtained at T = 80 K, averaging over 10 snapshots
(covering a pressure-interval of 100 MPa) around P E 0.1 MPa.
For comparison, we also include the Ow–Ow RDF of the LDA and
HDA forms of the mixtures. These Ow–Ow RDFs are practically
identical to the corresponding RDFs of pure water LDA
and HDA.

The structural changes accompanying the LDA–HDA trans-
formation in pure water are well-known (see, e.g., ref. 18).
Briefly, during the LDA-to-HDA transformation [black curves
in Fig. 7(a), (b) or (c)] the HB network collapses with roughly
one molecule displacing from the second hydration shell
of LDA molecules (r E 4.5 Å) towards the first hydration shell
(r E 2.8 Å), filling the first interstitial shell (r E 3.5 Å). These
structural changes are consistent with the Ow–Ow RDFs shown
in Fig. 7(a); see also ref. 2. One may wonder, if similar structural
changes occur next to glycerol’s OH groups. Next, we show
that indeed analogous changes in the water structure around
glycerol OH groups occur, suggesting that glycerol OH groups
may also contribute to the collapse of the HB network at the
water–glycerol ‘interface’.

Fig. 7(a) and (b) show the Ow–Og RDFs for LDA and HDA (red
curves) forms of glycerol–water mixtures with wg = 3.06%,

obtained from MD simulations using the BC+TIP4P/2005 and
R+TIP4P/2005 models. The main difference in the Ow–Og RDFs
of these mixture models is that the first hydration shell of
water, at approximately r o 3.5 Å, is characterized by a single
maximum in the R+TIP4P/2005 mixture, as for the case of pure
water, and by two maxima in the case of the BC+TIP4P/2005
mixture. The presence of a double-peak in the Ow–Og RDFs of
the BC+TIP4P/2005 mixture is fully consistent with ref. 73 that
finds a similar double-peak (at the same locations) in the RDFs
of glycerol–water solutions at T = 300 K, P = 0.1 MPa, and
wg = 42.9% and 60%. The glycerol model employed in ref. 73 is
the BC model modified to include non-rigid CH and OH
covalent bonds. We note that the differences in the Ow–Og

RDFs of the BC+TIP4P/2005 and R+TIP4P/2005 mixture models
are not unexpected. Indeed, in previous work we studied pure
glycerol and water–glycerol mixtures in the liquid state using
various glycerol and water models and found that the micro-
scopic structure of the system is sensitive to the model
employed.61,62

We note that regardless of the differences in the RDFs of
LDA and HDA in the two models studied, both mixture models
exhibit (water-like) structural changes during the LDA–HDA
transformations. Specifically, Fig. 7(a) and (b) show that during

Fig. 7 Radial distribution function of water (Ow) and glycerol (Og) oxygen atoms around water oxygens Ow from MD simulations using the (a) BC+TIP4P/
2005 and (b) R+TIP4P/2005 mixture models at T = 80 K and P E 0.1 MPa. wg = 3.06%, N = 729, and Ng = 23. (c) The same as (a) for a larger system,
N = 5832 and Ng = 184 (wg = 3.06%). During the LDA-to-HDA transformation, the main change in both Ow–Og and Ow–Ow RDFs (red and black lines,
respectively) is the decrease of the peak located at r E 4.5 Å (second hydration shell of water) and decrease in the depth of the minimum located at
r E 3.2–3.5 Å (first interstitial shell of water). Insets are magnifications of the corresponding main panel.
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