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Using a combination of neutron diffraction and EPSR computational modelling, the interactions in a 30
mol% aqueous solution of propylene glycol (PG), which govern both the hydration and association of this
molecule in solution, have been assessed. From this work it appears that PG is readily hydrated, where
the most prevalent hydration interactions were found to be through both the PG hydroxyl groups but also
alkyl groups typically considered hydrophobic. Hydration interactions of PG dominate the solution, over PG
self-self interactions and there is no evidence of more extensive association. This hydration behavior for PG
in solutions suggest that the preference of PG to be hydrated rather than self associate may translate into a
preference for PG to bind to lipids rather than itself, providing a potential explanation for how PG is able to
enhance the apparent solubility of drug molecules in vivo.

PACS numbers: 61.20.-p

I. INTRODUCTION

Propylene glycol (1,2-propanediol; PG) is a viscous
liquid used in a diverse range of industrial applications
including the pharmaceutical, cosmetic and food indus-
tries. With a chiral carbon centre, propylene glycol is
able to exist in both R- and S- enantiomeric forms and
has two -OH groups by which it can, in principle, partic-
ipate in hydrogen bonding interactions. Whilst it is the
R- form commonly produced by micro-organisms and the
S- variant arises naturally from the conversion of sugars,1

the commercial product is a racemic mixture of the two,
which can be easily synthesised from propylene oxide2 or
glycerol.3

Like similar polyols, propylene glycol is able to de-
press the freezing point of water, appproaching -60◦ C
at a eutectic composition of 60:40 weight percent ratio of
propylene glycol to water.4–6 This property allows propy-
lene glycol to be used as a less toxic option for antifreeze
solutions, whilst much research is investigating its poten-
tial role in cryopreservation of tissues.7–10 Recent neutron
diffraction studies on cryoprotective solutions at 77 K
suggest that solutions containing propylene glycol as a
constituent are arranged such that the water molecules
are segregated into percolating clusters, preventing the
formation of ice crystals.11 How propylene glycol specifi-
cally contributes to this microsegregation of water is not
clear as methanol - which is thought sequester water into
small percolating strings and clusters12,13 and dimethyl
sulfoxide (DMSO) - which is thought to form tightly
bound globular clusters with water, leaving the tetrahe-
dral network of water largely intact,14,15 were also present
in this cryoprotective solution.
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In the pharmaceutical industry, propylene glycol is
used as a solvent to increase the apparent solubility and
the permeation of drugs through lipid membranes16–20

and as such is used commonly as a co-solvent in oral,
intravenous21–23 and topical preparations.18,24 Interest-
ingly, encapsulating drugs into PG containing liposomes
results in a substantial increase in drug-solubility which
increases with PG concentration.25 The addition of PG to
distearoylphosphatidylcholine containing lamellar phases
results in an decrease in lamellar thickness and with in-
creasing PG concentrations.21,26 Furthermore, computa-
tional studies have suggested that PG induces pore for-
mation in DOPC bilayers at concentrations ≥ 15 mol%.27

Despite its importance in a range of industrial applica-
tions, limited structural information exists for propylene
glycol, in comparison to ethylene glycol.28–30 The present
work explores the structural interactions between propy-
lene glycol and water in solution at a relative molar con-
centration of 3 propylene glycol : 7 water (∼ 64 wt%; sim-
ilar to the eutectic point) using neutron diffraction with
isotopic substitution and Empirical Potential Structure
Refinement31, to produce a model of the system that fits
the experimental data. The primary focus of this work
is to assess the hydration and association of propylene
glycol molecules through both its hydrophilic and hy-
drophobic groups on the atomic scale in solution.

II. METHODS

A. Neutron diffraction

Neutron diffraction experiments were performed on
aqueous propylene glycol solutions (Fig. 2 at a relative
molar concentration of 3:7 propylene glycol:water using
the SANDALS diffractometer at the ISIS neutron facility
(STFC, UK). All experiments were performed at a tem-



2

FIG. 1: The F (Q) fits (blue line) to the measured
diffraction data (grey circles) and the difference

between the fit and the data (grey line) for each of the
measured propylene glycol/water solutions. Each

dataset has been offset by 0.5 for clarity.

perature of 298±2 K and a pressure of 1 bar. Ten iso-
topomers of the solution were prepared, listed in Table I,
using combinations of 1,2-propanediol-h8 (PG-H8), 1,2-
propanediol-d6 (PG-D6; where only the alkyl hydrogens
are deuterated) 1,2-propanediol-d8 (PG-D8), H2O and
D2O. PG-H8, PG-D6 and D2O (99.9% D) were purchased
from Sigma Aldrich and used without further purification
and PG-D8 was purchased from C/D/N isotopes. The
propylene glycol isotopomers were all a racemic mixture
of R- and S-1,2-propanediol.

The samples were measured in flat-plate cans con-
structed from a Ti/Zr alloy with a sample thickness of
1 mm, to minimize multiple scattering for the protiated
samples. Diffraction data for each solution in Table I
were collected for an average of ∼ 8 hours (∼ 1000µA)
and were corrected for background, multiple scattering
and absorption effects, and normalised using to a vana-
dium standard to obtain the total static structure fac-
tor for each sample, F (Q) using the GUDRUN software
available at ISIS.32

TABLE I: Isotopomers of 30 mol% propylene glycol
solutions measured by neutron diffraction

Sample Number Propylene Glycol Water
I PG-H8 H2O
II PG-D6 H2O
III PG-D8 H2O
IV PG-H8 HDO
V 50% PG-H8 : 50% PG-D8 HDO
VI PG-D8 HDO
VII PG-H8 D2O
VIII 50% PG-H8 : 50% PG-D8 D2O
IX PG-D6 D2O
X PG-D8 D2O

F (Q), which is the sum of all of the pair correlations
in the system, can be written as:

F (Q) =
∑
α,β≥α

(2 − δαβ)cα cβ bα bβ (Sαβ(Q) − 1) (1)

where c is concentration of α and β, b the coherent neu-
tron scattering length of each,33 and Q is the difference
between the incident and scattered vector of the neutron
probe. F (Q) is the sum of all of the partial correlation
functions, S(Q):

Sαβ(Q) = 1 +
4π ρ

Q

∫
r [(gαβ(r) − 1)] sin(Qr) dr (2)

From S(Q), the individual radial distribution function,
gαβ(r) can be obtained via Fourier transformation and
integration of this function within distances r1 and r2
provides the relevant coordination number for the pair-
wise interactions:

nβα = 4πρcβ

∫ r2

r1

r2gαβ(r) dr (3)

F (Q) for each measured isotopomer listed in Table I
are shown in Fig. 1 and the corresponding Fourier trans-
formation of this total scattering data G(r) which is the
summation of all of the g(r)s weighted by concentration
and scattering length are shown in the Supplementary
Information.

B. Empirical Potential Structure Refinement

In order to extract a full set of correlations be-
tween propylene glycol and water, Empirical Poten-
tial Structure Refinement (EPSR) simulations34 were
performed on a box containing 750 propylene glycol
molecules, 375 R-isomers and 375 S-isomers, and 1750
water molecules and the molecular structure and la-
belling of these molecules are shown in Fig. 2. The cen-
tral carbon and hydroxyl groups have been labelled dif-
ferently for each enantiomer. There are fifteen unique
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FIG. 2: Molecular structures of (a) R- and (b) S-
propylene glycol and (c) water with the atomic labels

used in the EPSR simulation.

atomic site for the propylene glycol molecules, combining
labels from both enantiomers, and two for water which
gives 153 g(r)s, which are impossible to extract from the
data alone and as such computational modelling allows
for the extraction of the individual site-site correlations.

EPSR has been specifically designed in order to pro-
duce a computational model constrained to fit the ex-
perimental neutron diffraction data.34,35 The use of
EPSR to analyse neutron diffraction data has been fre-
quently exploited to study the solution properties of a
range of organic liquids,11,12,14,36–46 biological and drug
molecules47–62 and ionic species.63–66 A set of refer-
ence potentials are used to start the EPSR process and
these potentials are subsequently modified to provide
a fit to the neutron diffraction data through a reverse
Monte Carlo process. The Lennard-Jones potentials and
Coulombic charges for each atomic component are listed
in Table II for both R- and S-propylene glycol molecules,
which were obtained from the CHARMM forcefield67 and
their intramolecular geometry optimised using the Avo-
gadro software68 and the SPC/E model was used for the
water molecules.69 Within the simulation while the an-
gles and bond information was used to define the PG

TABLE II: Lennard-Jones potentials and Coulombic
charges for propylene glycol and water used as the

reference potential in the EPSR simulation.

Atom ε (kJ mol−1) σ(Å) qe
Cr 0.13389 3.56360 0.140
Cs 0.13389 3.56360 0.140
Cc 0.32635 3.65269 -0.273
Co 0.23430 3.58141 -0.053
Or1 0.80375 3.14487 -0.649
Or2 0.80375 3.14487 -0.650
Os1 0.80375 3.14487 -0.649
Os2 0.80375 3.14487 -0.650
H 0.18828 2.38761 0.090
Hc 0.10042 2.38761 0.090
Ho 0.14644 2.38761 0.090
Hr1 0.19246 0.40001 0.420
Hr2 0.19246 0.40001 0.419
Hs1 0.19246 0.40001 0.420
Hs2 0.19246 0.40001 0.419
Ow 0.65000 3.1660 -0.8476
Hw 0 0 0.4238

molecules, there were no additional constraints imposed
upon the molecular structure of PG - such as dihedrals
or rotational groups. It should be noted, however, that
in EPSR molecules are not held rigid as they are in
many MD simulations but are rather have highly flex-
ible bonds in order to satsifactorily reproduce the exper-
imental neutron diffraction data.70 However, the molec-
ular conformation of the PG molecules showed that both
enatiomers remained largely in the ’gauche’ conforma-
tion, which is the energetically most stable configuration
of PG molecules (see Supporting information). It should
be noted that EPSR does not provide the only possible
model for the liquid in question however it does provide
a model which is consistent with a set of measured data
- where in this case there are 10 unique data sets - and is
physically reasonable. It should be noted that the final
model is somewhat dependent on the seed potential val-
ues, especially in the case where some of the correlations
are not well represented in any measured data set. It is
for this reason that a wide range of isotopomers are mea-
sured, to ensure the most reliable model possible within
the constraints of the measurement.

C. ANGULA

Supplementary to the g(r)s, three-dimensional ar-
rangements of the molecules around propylene glycol
were extracted from the EPSR simulation box using the
program ANGULA.48,71 For the ANGULA analyses, or-
thonormal coordinates have been assigned to the water
and specific sites on the propylene glycol molecules, by
determining a representative centre of mass for the co-
ordinate system. For propylene glycol, these coordinate
systems were centered on the oxygen atoms (O1 and O2)
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to characterise hydroxyl interactions and on the methyl
carbon (Cc) for alkyl interactions (see Section III of the
Supplementary Information). From this analysis, the dis-
tribution of the neighboring water molecules or other
propylene glycol molecules can be plotted relative to spe-
cific sites on a central propylene glycol. By accumulat-
ing ∼4000 different snapshots of the simulation box, the
nearest neighbor contacts made with functional groups
on propylene glycol have here been plotted as a Spa-
tial Density Map (SDM), where the density represent the
positions where molecules can be found around a given
group.48,72 The scale bar for each SDM represents the
density of nearest neighbors around a central propylene
glycol for all the SDMs presented, which has been nor-
malised according to the number of R- or S- propylene
glycol molecules in the simulation box.

III. RESULTS AND DISCUSSION

A. Water-water interactions

Fig. 3 shows the g(r)s for interactions between water
molecules in aqueous propylene glycol and Table III gives
the coordination numbers for these functions at the min-
ima after the first peak. These functions have been com-
pared to EPSR simulations on pure water.73 For each
g(r) in Fig. 3 there is an increase in the peak height for
all coordination shells. This can be, in part, attributed to
excluded volume effects, where the local density around a
given water molecule in a short distance range is different
than the average bulk density of the solution.14,74

Compared to pure water, there is a decrease in the
number of hydrogen bonding interactions. For the Ow-
Hw interaction, the coordination number has decreased
by ∼40% to 1.1, similar to what occurs in concentrated
solutions of sorbitol38, acetone and DMSO,14. While the
peak positions of the first coordination shell are similar
to those for pure water in Fig. 3, the second coordination
shell for the Ow-Ow function occurs at a shorter distance
of 4.25 Å, compared to 4.56 Åin pure water.43,73 A slight
shift in this peak is also observed in the water struc-
ture for a number of molecules in aqueous solution, such
as methanol12,13, glycerol43, tertiary butanol,37 DMSO,
acetone14 and the amino acid proline.48,53 However, shifts
in this peak position are not necessarily indicative of a
change in the tetrahedral structure of water,14,75 and in
the present case there appears to be only a slight per-
turbation of the bulk water structure, which is likely due
to both density effects and possibly slight preference for
self-interactions between water molecules.

B. Hydrophilic hydration

With two hydroxyl groups, propylene glycol can form
hydrogen bonds with water molecules both as a donor
and as an acceptor.The g(r)s for the interactions of both

FIG. 3: The g(r)s for water-water interactions in a
30 mol% aqueous propylene glycol solution (blue) and

pure water (black).

PG hydroxyl groups for the R-enantimomer with water
are shown in Fig. 4, the S-enantiomer shows virtually
identical g(r)s for these functions and these are included
in the Supplementary Information. From this figure there
is a direct hydrogen bond from the water hydrogen to
both both O1 and O2 groups and between the PG hy-
droxyl hydrogen atoms with the water Ow. All of these
g(r)s have a peak distance of 1.86 Å, which is indicative of
a short, strong hydrogen bond.76 The location of nearest
neighbor water molecules around the hydroxyl groups are
shown in the 3-dimensions by the SDMs in Fig. 5 for 30%
of those molecules classed as a nearest neighbor around
each of the hydroxyl groups and the cut-throughs show
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TABLE III: Coordination numbers for the first shell of
the water-water g(r)s.

gαβ(r) nβα r2 (Å)
Ow −Ow 2.5 3.39
Ow −Hw 1.1 2.40
Hw −Hw 3.2 3.04

TABLE IV: Coordination numbers for the first shell of
the hydroxyl-water g(r)s.

gαβ(r) (nβα) r2 (Å)
O1 −Ow 1.6 3.60
O2 −Ow 1.6 3.60
O1 −Hw 0.7 2.47
O2 −Hw 0.7 2.47
H1 −Ow 0.4 2.50
H2 −Ow 0.4 2.50

the absolute density of the water molecules around the
hydroxyl groups. Both SDMs show two nearest neighbor
water locations - where for one water is accepting a hy-
drogen bond from the -OH group and the other shows
the nearest neighbor water molecules acting as hydrogen
bond donors, below the hydroxyl oxygen. For the second
hydroxyl group - located distally on the molecule (Fig. 2)
- the density cloud is suggestive of less molecules being
present within this shell compared with the central (Or2)
hydroxyl group. However both the cut-throughs and the
coordination numbers for the g(r)s in Table IV show a
similar number of molecules within this nearest neighbor
shell.

In order to probe whether self-self interactions between
propylene glycol molecules are prevalent over propylene
glycol-water interactions, a preferential binding coeffi-
cient, B(r), which removes any dependence on concen-
tration, can be determined. For a given group on a cen-
tral propylene glycol that could preferentially bind to wa-
ter (w) or other propylene glycol molecules (p) within a
given distance range, r, B(r) can be measured using the
following relation;

Bp(r) = npp(0, r) −
cp
cw
nwp (0, r) (4)

where nwp signifies the coordination number for water
around propylene glycol and cp and cw are the relative
atomic concentrations of the chosen atoms for propylene
glycol and water, respectively. The value of B(r) will
be negative if propylene glycol is preferentially hydrated
by water, whilst it will be positive if it is more likely
to self-associate. B(r) is linked to the Kirkwood–Buff
theory of liquids77 and has been used to characterise the
preferential binding of chloride ions versus water to the
tripeptide glycyl-propyl-glycinamide.72

Fig. 6 shows the affinity of each hydroxyl oxygen to
bind to a hydroxyl hydrogen of another PG molecule ver-

FIG. 4: The g(r)s for interactions of the first (blue)
and second (red) hydroxyl groups of the R-propylene
glycol enantimomer with water in a 30 mol% aqueous

propylene glycol solution.

sus a water hydrogen, using B(r) over a distance range
of 10 Å. In the nearest neighbor distance range, below
∼3 Å, the B(r) curves are relatively flat, signifying no
clear preference of the PG hydroxyl groups to bind to ei-
ther water or other PG molecules. However, at distance
ranges greater than around 4 Å all of the propylene gly-
col hydroxyl groups show a clear preference to interact
with water rather than through self-self electrostatic in-
teractions. This is likely due, in part, to the fact there
are a larger number of water molecules compared with
propylene glycol molecules in the solution but also sug-
gests that there is an absence of large scale aggregation
between propylene glycol molecules by virtue of their hy-
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(a)

(b)

FIG. 5: SDMs showing the nearest neighbor analyses
for the hydration of the (a) first and (b) second

hydroxyl groups for R-propylene glycol. The isopycnic
surface represents the location of 30% of the water

molecules considered a nearest neighbour contact. The
scale bar shows the density of nearest neighbors around

a central propylene glycol in Å3

droxyl groups.
Additionally, Fig. 6 (3rd column) shows the B(r) curve

for PG self-interactions via the hydroxyl group, where
these curves suggest a distance dependent interaction,
where at larger distances a PG hydroxyl is more likely to
bind to the central hydroxyl hydrogen, H2, whilst O1 is
preferred in shorter distance ranges. Relating this back
to Fig. 5, the preference for propylene glycol interactions
with the first hydroxyl could explain why there is a subtle
decrease in hydration of this group.

C. Hydrophobic hydration

Figure 7 shows the interactions between water and PG
methylene atoms. Despite being a typical ‘hydropho-

FIG. 6: The preferential binding coefficient, B(r), for
both -OH groups for water versus proplyene glycol.

FIG. 7: The g(r)s for methyl-water interactions in a
30 mol% aqueous propylene glycol solution.

bic’ group, the g(r) for Hc-Ow shows a fairly significant
first coordination shell interaction at 2.70 Å between
the methyl hydrogen and the surrounding water solvent,
which is within a distance range to be considered a weak
hydrogen bonding motif.76 As a comparison, whilst aque-
ous tertiary butanol (mole fraction between 0.06 – 0.16)36

shares a similar methyl carbon – water first coordination
shell peak, it does not have the distinct hydration in-
teraction shell seen for methyl hydrogen atoms in Fig. 7.
The coordination numbers for these functions in Table V,
shows that each -CH3 hydrogen atom is, on the average,
coordinated to 0.8 water oxygens. This value is compa-
rable to those observed previously for hydrogen bonds
between the PG hydroxyl groups and water molecules
(Table IV). The extent that hydration is observed here
could, in part, be a consequence of the starting model,
where for the current set of potentials there is a charge of
-0.273 on the methyl carbon, and the Hc-Ow correlation
is only around 3-5% of the scattering signal in most of
the measured data sets.

What is unclear from the one-dimensional g(r) is
whether this hydrogen bonding interaction is in fact due
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TABLE V: Coordination numbers for the first shell of
the alkyl-water g(r)s shown in Fig. 7.

gαβ(r) (nβα) r2 (Å)
Cc−Ow 2.7 4.00
Hc−Ow 0.8 3.12

to a Hc-Ow hydrogen bond or is merely due to the
presence of water hydrogen bonding to the central -OH
group of PG. The SDM for the nearest neighboring wa-
ter molecules around the -CH3 group (Fig. 8) shows that
the closest contacts between the methyl group and wa-
ter are not by virtue of direct Hm–Ow hydrogen bonds
but rather show that the nearest neighbor density is lo-
cated between the methyl hydrogens. This is potentially
a result of the charge on the central carbon atom and
it may be that the methyl carbon forms an electrostatic
interaction with the Ow water atoms. This would also
account for the fact that the Cc-Hw g(r) is relatively
flat compared with the Cc-Ow g(r), that is these nearest
neighbor waters are fairly disoriented with respect to the
Cc-Hw interaction. Moreover this Cc–Ow contact would
allow for a more direct hydrogen bonding interaction be-
tween Ow and the Hc methyl hydrogen. That the Cc-Ow
interactions are more ordered is also supported by the
presence of a more highly localized first nearest neighbor
density in the cut-throughs of the SDM (Fig. 8) in the
+y-direction, directly in front of the methyl Cc atom.
This suggests that there is tangential orientation of wa-
ter around the methyl group, similar to the hydrophobic
hydration of methane in water.78

The presence of hydrophobic hydration is not an un-
common phenomenon, where it is the hydration of such
alkyl groups that influences the stability with varying
temperature for proteins.20 Previous neutron diffraction
studies have elicited the occurrence of hydration of hy-
drophobic groups in molecules such as lipids,79,80 amino
acids59 and neurotransmitters,60 which are potentially
influenced by the electrostatics of a nearby polar group.
For example, research by Foglia et al in the C3-PC lipid
revealed that the hydrogen atoms methylene group ad-
jacent to the N(CH3)3 were also able to coordinate ap-
proximately 1 water molecule each.79

D. Propylene glycol association

While the B(r) curves do not show any large-scale self
association of propylene glycol molecules, these molecules
will likely still have some degree of self association
through hydroxyl group interactions. The g(r)s for
the O· · ·H interactions between the -OH groups on R-
enantiomers for propylene glycol are shown in Fig.9 (see
Fig. SI.6 for interactions for other enantiomer combina-
tions), where direct hydrogen bonding interactions can
be found between hydroxyl oxygen atoms and the -OH

FIG. 8: SDMs showing the nearest neighbour analyses
for the hydration of the methyl group. The isopycnic
surface represents the location of 30% of the water

molecules considered a nearest neighbour contact. The
scale bar shows the density of nearest neighbors around

a central propylene glycol in Å3

FIG. 9: The g(r)s for propylene glycol -OH self
interactions in a 30 mol% aqueous propylene glycol

solution.

hydrogens on adjacent propylene glycol molecules at dis-
tances of around 1.95 Å. The coordination numbers for
these functions (Table VI), regardless of which hydroxyl
group or enantiomer is 0.4, which is lower than the co-
ordination observed for -OH interactions with water. A
clustering analysis, used to determine the size of any clus-
ters within the solution, showed that through all hydroxyl
group interactions only clusters of up to 10 molecules
could be formed (Fig. SI.9a), with a less than 1% prob-
ability of clusters with 3 or more molecules.

Fig. 10 shows the SDMs of the interactions between
both hydroxyls for the R-enantiomer. These show 10%
of the methyl groups considered nearest neighbor con-
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TABLE VI: Coordination numbers for the first shell of
the hydrophilic propylene glycol - propylene glycol
interactions. The numbers correspond to the values

attained for all enantiomer combinations; R-R, R-S, S-R
and S-S.

gαβ(r) (nβα) r2 (Å)
O −O 0.4 3.65
O −H 0.1 2.60
H −O 0.1 2.60

TABLE VII: Coordination numbers for the first shell of
the alkyl-alkyl g(r)s shown in Fig. 11.

gαβ(r) (nβα) r2 (Å)
Cc− Cc 2.3 5.00
Hc−Hc 1.2 3.15

tacts and a lower density range in the surrounding cloud
for clarity. The equivalent plots for S- can be found in the
Supplementary Information (Fig. SI.5). For each combi-
nation, it is clear that the molecule coordinates hydroxyl
groups through the hydrogen, represented by density in
the +z direction, and the oxygen atoms, where the den-
sity for the latter is in the +x direction. For the interac-
tions between two R- enantiomers, the density is highly
localised for O1-O2 and O2-O1 interactions, compared
to the more diffuse distribution observed for O1-O1 and
O2-O2 interactions. What is more interesting is that this
localisation is no longer observed the same when the in-
teraction is between an R- and S- enantiomer. Whilst
interactions are possible for all combinations, this dif-
ference suggests that there could be a slight preference
propylene glycol molecules to interact through certain
enantiomer combinations. Although no change in coor-
dination number is observed for each combination, the
results for the SDMs may correlate to a small decrease
in peak position for the interactions showing localisation.
Indeed, the density levels in atoms/Å3 for these isopyc-
nic surfaces are below 0.1, so the analyses completed here
are only subtle differences between the interactions.

As well as hydrophilic interactions, it is also possi-
ble that association could occur through the hydropho-
bic groups between PG molecules. In fact, the Hc-Hc
g(r) shows a peak at 2.64 Å (Fig. 11), with each atom
coordinating just over 1 hydrogen from the -CH3 of an-
other PG molecule. Related SDMs for the R-R and R-S
methyl interaction are shown in Fig. 12, where the clos-
est contacts are not over the hydrogen atoms, but in
between them, similar to the hydration of the methyl
groups shown in Fig. 8. The S-S and the S-R interactions
are similar and are shown in the Supporting Information.
However, whilst these interactions do show some cluster-
ing (Fig. SI.9a), the probability of this is extremely low,
with hydration interactions generally preventing any ex-
tensive association from occurring.

FIG. 10: SDMs showing the nearest neighbour analyses
for the hydrophilic propylene glycol - propylene glycol

interactions. The isopycnic surface represents the
location of 10% of the hydroxyl groups considered a
nearest neighbour contact. The scale bar shows the

density of nearest neighbors around a central propylene
glycol in Å3

IV. CONCLUSIONS

In the present aqueous PG solutions the water-water
coordination observed suggest that the bulk water struc-
ture is largely intact, similar to the water structure ob-
served in DMSO/water,14 methanol,13, glycerol43 and
sorbitol38 solutions. A shift of the second peak in the
Ow-Ow water g(r) to lower r-values also occurs, simi-
lar to what for aqueous solutions of sorbitol38 and both
methanol and glycerol solutions81 at low solute concen-
trations, and has been suggested to indicate a slightly
compressed tetrahedral coordination of water as it is a
similar effect observed in pure water under pressure.82
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FIG. 11: The g(r)s for methyl-methyl interactions in a
30 mol% aqueous propylene glycol solution.

This change in the bulk water structure has been postu-
lated to contribute to the mechanism by which cryopro-
tectants, such as PG, prevent ice formation.81

With two hydroxyl groups, the results here show that
PG is readily hydrated by surrounding water molecules,
through both hydrogen bond donation and acceptance,
with the SDM plots in Fig. 5 showing the nearest neigh-
bor water molecules in similar highly localized posi-
tions about both -OH groups. PG molecules can also
clearly self-associate electrostatically via their hydroxyl
groups where, for the most part, the PG nearest neigh-
bor hydroxyl-hydroxyl interactions are similar to that of
the hydration of both of these groups as can been seen
in Fig.10. However, interestingly the hydroxyl-hydroxyl
interactions seem to be more localised for the case where
the first and second hydroxyl groups co-join when the
enantiomer is the same (R-R and S-S), suggesting a sub-

(a)

(b)

FIG. 12: SDMs showing the nearest neighbour analyses
of methyl-methyl interactions for (a) R-R and (b) R-S

molecules. The isopycnic surface represents the location
of 10% of the methyl groups considered a nearest

neighbour contact. The scale bar shows the density of
nearest neighbors around a central propylene glycol in

Å3

tle preference for certain interactions to take place be-
tween PG molecules. Using the preferential binding co-
efficient, it was determined that the hydration of both hy-
droxyl groups supersede those governing self-association,
preventing the formation of larger-scale PG structures
through these hydrophilic interactions.

In the present solution, the hydrophobic methyl group
on PG also appears to form strong interactions with the
surrounding water solvent as evidenced by a relatively
sharp first peak in the Hc-Ow g(r) (Fig. 8, albeit it at rel-
atively long distances, ∼2.7 Å), where these water oxygen
appear to be located between the hydrogens on the -CH3

group rather than as a result of a direct hydrogen bond.
It should also be noted that the seed potential for the
Cc atom on the PG methylene group carries a charge of
-0.273 and as such the methyl-water interactions may, in
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part, be somewhat over-emphasized in the current EPSR
model. Although there is a somewhat preferential in-
teraction with the methyl group, this is not necessarily
evidence for the increased ordering of water, as was sim-
ilarly concluded for other alcohol solutions.83 Given that
the nearest neighbor hydration shows a fairly delocalized
cloud of density surrounding this group (Fig. 8). More-
over, that the water hydrogen atoms show a largely dis-
ordered interaction around that group showing that they
are not participant in hydrogen bonding to this group
also indicates that the methyl groups are not ’enhancing’
the bulk water structure. The slight electrorestrictive ef-
fect on water, as evidenced by a shift in the second shell
Ow-Ow peak, is more likely to be a result of OH-water
interactions as has been observed previously for alcohols.

Interestingly, methyl-methyl interactions between PG
molecules also occur at comparable locations and at sim-
ilar radial distances as the methyl hydration interactions.
Even with the presence of these methyl-methyl interac-
tions the competing hydration levels still make the prob-
ability of the formation any large-scale PG structures
extremely low.

The preference for hydration of the -OH groups over
PG self-self interactions could still account for the ten-
dency for propylene glycol solutions to remain amor-
phous, whereby its dispersion throughout the solution
prevents formation of a continuous network of PG. In
more complex systems, this preference may translate into
an increase PG-water interactions, such as is thought to
occur for DMSO in aqueous solutions containing lipids.84

In addition, this behavior may have implications for how
PG acts to enhance the apparent solublity of compounds
in lipid-containing systems. Recent simulations of lipid
bilayers in aqueous propylene glycol have speculated that
propylene glycol may form a surface over the lipid head
groups to enhance penetration of pharmaceuticals20 and
it may be that the preference of PG to be hydrated rather
than associate with itself may also extend into a prefer-
ence of PG to interact with lipids rather than either itself
or the surrounding lipid environment.

V. SUPPLEMENTARY INFORMATION

Supplementary material, which has been referred to in
the main text, can be found via the following link.
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