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The interactions of lipid molecules with various solvent molecules is of utmost importance in the formu-
lation of various drug delivery and personal care formulations. In this manuscript, a series of all-atom
molecular dynamics simulations were used to investigate how the structural and interfacial properties
of a DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) monolayer change when interacting with a
range of diols that have varying carbon chain lengths and patterns of hydroxylation. In comparison to
water, we find that all of the diols studied result in a more disordered and thinner monolayer.
Additionally, we find that the shorter diols with the hydroxyl groups on neighbouring carbons (1,2-
ethanediol and 1,2-propanediol) are able to penetrate deeper into the head group region of the lipid
monolayers and as a result significantly disorder and thin the monolayers. Like water, we find that the
diols also form hydrogen-bonded networks that connect the DMPC head groups in neighbouring mole-
cules. Interestingly, we find that the number of butanediol molecules that form these solvent-
mediated interactions between the DMPC head groups is directly affected by the distribution of the
hydroxyl groups within the diol molecules. The results presented here provide a mechanistic description
of how the chemistry of diol solvent molecules will affect the structural and interfacial properties of lipid
structures in solution.

� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The effect that solvents and co-solvents have on the structural
and dynamic properties of lipid molecules in self-assembled struc-
tures is of significant interest for a variety of applications ranging
from drug delivery and personal care formulations to cryopreser-
vation. As water is the most biologically and industrially relevant
solvent, there have been a large number of investigations of the
interactions between water and lipid head groups [1–9]. There also
have been numerous studies of the effects of a range of co-solvents
on the interfacial behaviour and structural properties of lipid
monolayers and bilayers [10–26].

Polyhydroxylated co-solvents such as 1,2-propanediol, 1,2-
ethanediol and glycerol have all been used as cryoprotectants with
less toxicity than dimethyl sulfoxide [27]. Likewise, polyols, also
known as sugar alcohols or hydrogenated carbohydrates, are
widely used in formulations in the food, pharmaceutical and cos-
metic industries in order to impart a variety of functionalities
[28–34,22,35,36]. While a large number of studies investigating
the interactions between lipids and amphiphilic compounds can
be found in the scientific literature, there has been a relatively lim-
ited number of studies of the effects of polyhydroxylated com-
pounds with lipids. The majority of the studies that have been
published exploring the interactions of polyhydroxylated com-
pounds and lipids have consisted of aqueous solutions of polyhy-
droxylated compounds. Budziak et al. studied the effect of
varying the chain length of the polyols (e.g. erythritol, xylitol and
mannitol) in aqueous solution on their interactions with 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) monolayers
[25]. They found that these polyols do not incorporate into the
hydrophobic part of the lipid monolayer and they thus have little
effect on the molecular organisation within DMPC lipid monolay-
ers, and minimal effect on the main phase transition temperature
of the DMPC monolayer.

Dickey and Faller investigated how alcohols (e.g. ethanol, 1-
propanol and 1-butanol) at various concentrations in water affect
the properties of DPPC lipid bilayers [37]. They showed that the
length of the alkyl chains of the alcohol molecules has a greater
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impact than the concentration of the alcohols on the nature of the
hydrogen bonding between the lipid molecules and the alcohol
molecules, which is consistent with the small-angle neutron study
conducted by Kondela et al. [38]. In these studies, they showed
that the alcohol molecules inserted their tails into the hydrophobic
core of the lipid bilayers which suggests that the amphiphilic alco-
hols preferentially orient themselves such that their tails are paral-
lel to the lipid acyl chains. As a result, they found that the insertion
depth of the alcohol molecules is more dependent on the alkyl tail
length of the alcohol than its concentration.

While there have been systematic investigations of the chain
length dependence on the interaction between aqueous mixtures
of monoalcohols and polyols with PC lipid membranes, there has
been no such investigation for diols. In this manuscript, we use
all-atom molecular dynamics (MD) simulations to elucidate the
interactions between pure diol solutions ranging from 1,2-
ethanediol to butanediol with DMPC monolayers. Through this,
we investigate how the distribution of hydroxyl groups within
propanediol and butanediol affects these interactions. In doing
so, we explore the effect of these solvents on the structural and
interfacial properties of the lipid monolayers. Finally, we investi-
gate the hydrogen bonding between the diols and the lipids as well
as the solvent mediated hydrogen bonded structures that form at
the lipid interface, which have a direct impact on the structural
properties of the membranes.
2. Methods

A series of all-atomMD simulations have been used to study the
effects of various diols on the structural and interfacial properties
of a DMPC lipid monolayer. For each solvent, we have created
two monolayers containing 100 lipid molecules which are sepa-
rated by a layer of the solvent. In doing so, we have studied seven
different solvents: (i) water (12030 molecules), (ii) 1,2-ethanediol
(4142 molecules), (iii) 1,2-propanediol (3165 molecules), (iv) 1,3-
propanediol (3226 molecules), (v) 1,2-butaneldiol (2570 mole-
cules), (vi) 1,3-butanediol (2596 molecules) and (vii) 1,4-
butanediol (2621 molecules). In order to create these monolayer
systems we first equilibrated a DMPC bilayer solvated by each sol-
vent, and then separated the two leaflets such that they created
two isolated monolayers (as shown in Fig. 1).
Fig. 1. Representative snapshots of (a) DMPC bilayer in contact with 1,2-ethanediol and (
the carbon (cyan), oxygen (red), hydrogen (white), nitrogen (blue), and phosphorus (
represented as a blue molecule.

2

2.1. Simulation Protocol

The CHARMM-GUI Bilayer Builder was used to generate an ini-
tial DMPC bilayer with 100 lipids per leaflet.[39–42]. Then Packmol
[43] was used to generate a slab of each solvent such that the inter-
faces of the two leaflets were separated by� 60 Å. Each bilayer was
then equilibrated as prescribed by the input files produced by the
CHARMM-GUI Membrane Builder [44]. After the various stages of
equilibration, the production simulation prescribed by CHARMM-
GUI was performed for 500 ns in order to equilibrate the area
per lipid of each membrane/solvent system.

The bilayers were divided into two monolayers separated by
each of the respective solvents (Fig. 1B). The potential energy
was again minimised using the steepest descent algorithm, then
the systems were run under NVT for 100 ns using a 2.0 fs timestep
with a Nosé-Hoover thermostat with a target temperature of 300 K
and a time constant of 1.0 ps. All simulations used a cutoff of
1.2 nm for Lennard-Jones forces and a switching function with an
inner cutoff of 1.0 nm to ensure the interactions go to zero contin-
uously. The particle–particle-particle mesh algorithm was used to
calculate the electrostatic interactions with a real-space cutoff of
1.2 nm.

For the monolayer simulations, the unit cell was periodic only
in the x and y dimensions. As such, to produce a pseudo-2d Ewald
summation, force and potential corrections were applied in the z
dimension. All simulations were run using the CHARMM36 force
field as it is implemented within the LAMMPS molecular dynamics
package. [45] The production simulation of the monolayers was
used for the analysis reported in this manuscript.
2.2. Simulation Analysis

All analyses were performed with in-house Python scripts using
MDAnalysis[46,47], Lipyphilic[48] and Freud.[49]. The hydrogen
bond analysis tool of MDAnalysis was used for finding hydrogen
bonds, such that a hydrogen bond is defined by the distance
between donor and acceptor atoms being less than 3.0 Å and the
angle formed by the donor atom, the hydrogen atom and the
acceptor atom is greater than 150�.[50].

In order to investigate if the different solvents encourage the PC
headgroups of the lipid molecules to take a unique conformation,
we have measured the angle (h) that is formed by the vector con-
b) DMPC monolayers in contact with 1,2-ethanediol. The lipids are shown such that
brown) atoms are all coloured differently. The 1,2-ethanediol molecules are then
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necting the phosphorus and nitrogen atoms within the PC head
group and the vector normal to the monolayer/solvent interface
(ð0;0;�1Þ for the top monolayer, ð0;0;1Þ for the bottom
monolayer).

The MD trajectories for all monolayer systems were further
analyzed using the software ANGULA.[51,52] Here, a set of
orthonormal coordinates was assigned to the solvent molecule
hydroxyl atoms (see Figure S2) to assess the 3-dimensional
arrangement of solvent molecules through the production of Spa-
tial Density Maps (SDMs). The results were obtained through ana-
lyzing frames of number comparable to those used in ANGULA
analyses on previous studies of 1,2-propanediol[53] and other lipid
molecules[6,23,7], with the orthonormal axes used the same as
those incorporated in the study of the solvation of the C3-PC lipid
head group.[23] The number of frames used were: water - 5000,
1,2-ethanediol - 5810, 1,2-propanediol - 5032, 1,3-propanediol -
5335, 1,2-butanediol - 3388, 1,3-butanediol - 5541 and 1,4-
butanediol - 5507. The maps show the location of molecule
hydroxyls around a central group, with the scale bar representing
the density of atoms per Å3 found within the distance covered by
the first coordination shell and at a specified percentage.
3. Results

3.1. Area per lipid

We have used a Voronoi tessellation of each monolayer to cal-
culate the interfacial area occupied by each DMPC molecule when
interacting with the various solvents. The probability distribution
of the area per DMPC molecules is shown in Fig. 2, and the average
and standard deviation of the area per DMPC in each system are
shown in Table 1. The DMPC monolayers interacting with 1,2-
butanediol, 1,3-butanediol and 1,4-butanediol all have quite simi-
lar areas per lipid, averaging ca. 58 Å2. The distribution of the area
per lipid values has larger tails for the 1,2-butanediol than for 1,3-
butanediol and 1,4-butanediol, while the monolayers interacting
with 1,3-butanediol and 1,4-butanediol have nearly identical dis-
tributions of area per DMPC. The average area per DMPC in the
1,3-propanediol system is slightly larger (� 60 Å2) than that found
for the butanediol systems, and the peak of the distribution is
shifted slightly to larger values but the width of the distribution
is the same as in 1,3-butanediol and 1,4-butanediol. The largest
average areas per DMPC we observe are in the 1,2-ethanediol
and 1,2-propanediol systems (� 80 Å2). In the distributions of the
area per lipid values, we observe that while 1,2-propanediol shares
the same location for the peak in its distribution as 1,2-ethanediol,
the distribution for 1,2-propanediol is significantly more broader
than for 1,2-ethanediol.
Fig. 2. Probability distribution of the area per DMPC molecule in the monolayers in conta
1,2-propanediol, 1,3-propanediol and water.

3

3.2. Monolayer thickness

In order to describe the thickness of the monolayers, we deter-
mined the minimum and maximum z-coordinates of the atoms in
each DMPC molecule, and then took the difference of these two
values. Then we averaged this thickness of the DMPC molecules
over all molecules in the monolayers and over all configurations
in the trajectory. Similarly we calculated the thickness of the
sub-layers within the monolayers that are occupied by the lipid
head groups and the hydrocarbon chains. The probability distribu-
tions of the DMPC monolayer thicknesses are shown in Fig. 3. We
see that there is an inverse relationship between the area per lipid
molecule and the thickness of the lipid monolayers on the various
solvents (see Table 1). The difference in the thickness of the mono-
layers in the different diols is due to differences in thickness of the
hydrocarbon tails sub-layer. This is due to the fact that when the
lipid molecules are close packed, the tails are relatively vertical
in relation to the z-axis. Meanwhile, those solvents (1,2-
ethanediol & 1,2-propanediol) that result in the lipid molecules
exhibiting larger areas per lipid also result in the thinner monolay-
ers (� 19 Å, see Table 1) as there is more free volume within the
monolayers to allow the lipid tails to tilt. Therefore the hydrocar-
bon tails of the lipid molecules with these solvents are less
extended in the direction normal to the monolayer’s interface.
3.3. Lipid order

In order to measure the internal structure of the monolayers,
we have calculated the average lipid order parameter, Scd, for the
DMPC molecules comprising the monolayers interacting with the
various solvents. The average lipid order parameter hScdi for the
DMPC molecules is calculated as
hScdi ¼ 1
2
h3 cos2 hCD � 1i ð1Þ
where hCD is the angle formed between the vector consisting of a
carbon and its bonded hydrogen in the lipid tail and the vector nor-
mal to the water/monolayer interface. Fig. 4 shows the average val-
ues for each carbon in the sn1 and sn2 tails of the DMPC lipids in
each system. From these plots we see that the lipid monolayers
which were found to have the smallest area per lipid and largest
lipid monolayer thickness (1,2-butanediol, 1,3-butanediol, 1,4-
butanediol, 1,3-propanediol & water), also are found to be the most
ordered. In the thinner monolayers that are formed in contact with
1,2-ethanediol and 1,2-propanediol, however, where the DMPC area
per molecule is larger, the lipid acyl chains are less ordered.
ct with (a) 1,2-butanediol, 1,3-butanediol and 1,4-butanediol and (b) 1,2-ethanediol,



Table 1
Physical properties of the DMPC monolayers interacting with the various solvents. Average and standard deviation of the area per DMPC (Å2) & the thickness (Å) of the DMPC
monolayer, head group and tail.

Thickness (Å)
Solvent Area (Å2) Monolayer Head group Tail hPN (�)

Water 51� 12 23:4� 2:7 7:6� 1:8 15:8� 1:9 90:2� 34:7
1,2-ethanediol 79� 16 19:3� 2:8 6:5� 1:6 12:8� 2:3 90:0� 26:3
1,2-propanediol 80� 22 19:4� 3:1 6:1� 1:7 13:3� 2:5 90:7� 28:5
1,3-propanediol 60� 13 21:2� 2:4 6:7� 1:7 14:5� 1:9 89:7� 26:5
1,2-butanediol 59� 20 21:1� 2:7 6:5� 1:6 14:6� 2:1 90:0� 26:5
1,3-butanediol 58� 12 21:5� 2:2 6:6� 1:5 14:9� 1:8 90:0� 24:5
1,4-butanediol 58� 12 21:5� 2:3 6:7� 1:6 14:8� 1:8 90:0� 26:7

Fig. 3. Probability distribution of the thickness of the DMPC monolayers in each
solvent system.

Table 2
Diffusion coefficients (in x� y plane) of the DMPC molecules interacting with the
various solvents. Average and standard error of the diffusion coefficients are reported.

Solvent Diffusion coefficients (10�7 cm2 s�1)

Water 37:0� 0:1
1,2-ethanediol 8:6� 1:1
1,2-propanediol 5:6� 0:9
1,3-propanediol 2:4� 0:4
1,2-butanediol 5:4� 0:6
1,3-butanediol 8:2� 0:9
1,4-butanediol 2:2� 0:4
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3.4. Diffusion of DMPC lipid molecules

Figure S4 shows the mean-square displacement in the x� y
plane for the DMPC lipids in each of the solvent systems. Table 2
shows the diffusion coefficients that have been measured from
each of those plots. The value of the diffusion coefficient that has
been calculated for the lipids in the DMPC monolayer in water is
consistent with that found experimentally for pure DLPC monolay-
ers [54].

The DMPC lipid molecules move significantly slower in the var-
ious diols than in water. Generally, the diffusion coefficient of the
lipids within the various diols increases as the area per lipid of the
DMPC in the solvents increases.

3.5. Orientation of the DMPC head groups

The distribtuion of the orientation of the P-N vector within the
DMPC head group for each system is shown in Figure S3, and the
Fig. 4. Lipid order parameters for the (a) sn1 and (b) sn2 tails of the DM

4

average tilt angles are displayed in Table 1. The average orientation
of the P-N vector in each solvent is approximately 90�. Similar
headgroup tilt angle distributions have been reported in previous
simulation studies of DMPC bilayers at 25�C [55,56] and for previ-
ous simulation [57] and experimental [58–61] studies of DPPC
monolayers.

The distribution of angles is significantly broader for the DMPC
lipids interacting with water than with any of the diols. The distri-
bution of hPN for the diols are such that they have heavier tails for
the angles representing the head groups being more extended into
the solvent phase (hPN < 90�).
3.6. Solvation of the DMPC head groups

In order to quantify the solvation of the DMPC head groups in
each system, we have calculated radial distribution functions (rdfs,
gðrÞ) of the nitrogen (NTL, Fig. S1) within the choline group, the
phosphorus atom in the phosphate group (PTL, Fig. S1) and the
double bonded oxygen (OE2, Fig. S1) in the ester groups of the
DMPC lipids with the various oxygens and hydrogens of the vari-
ous solvent molecules. These rdfs are shown in the SI (Figs. S5 -
S35) and the nearest and second neighbour distances and coordi-
nation numbers are summarised in tables in the SI (Tables S1 -
S9). Additionally, we have calculated the spatial density maps for
the interactions of the various solvents around the same three
PC lipid molecules in the monolayers for the various diol systems.
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parts of the DMPC head groups, and those are also presented in the
SI (Figs. S36 - S49). In Fig. 5, we summarise these interactions with
the rdfs for the oxygen atoms in the hydroxyl groups of the differ-
ent solvent molecules around the three reference atoms in the
DMPC head group. In general, one can gain information about the
structure of the solvation shells around a reference atom from
the co-ordinates of the maxima and minima in the gðrÞ distribu-
tions. Additionally the amount of solvent present within a given
shell can be determined by integrating the rdfs between a pair of
distances representing the extent of that solvation shell.

In Fig. 5a, the magnitudes of the first peaks of the various sol-
vents vary, however the most notable difference in the various sol-
vents is the location of the first minimum, which is the definition
commonly used to define the maximum distance from the refer-
ence atom that is still considered part of the first solvation shell.
As can be seen in Tables S1, S2 & S9, the distance to the first min-
imum, rc;1, ranges from 5.25 Å for 1,2-ethanediol to 5.85 Å for 1,4-
butanediol and 5.95 Å for water. As can be seen by looking at the
rdfs for the individual oxygen atoms in the two hydroxyl groups
in each of the diols that we have investigated (Figs. S5a, S10a,
S15a, S20a, S25a & S30a), the spacing between the two hydroxyl
groups within the molecule has a direct effect on the first mini-
mum of each oxygen. Therefore when averaged together in
Fig. 5a, these differences manifest in the differing values for the
first minima observed. The electrostatic interaction between the
negatively charged oxygen of the water molecule and the postively
charged choline group results in a larger first solvation shell and
therefore more water molecules on average within that solvation
shell than any of the polar solvents (Fig. 6).

The interactions of the various solvents with the phosphate
groups in the DMPC head group are summarised in Fig. 5b. The
magnitude of the first solvation peak varies amongst the various
solvents, however the distance to the first minimum is identical
for all of the diols (4.55 Å), which is very similar to that for water
(4.45 Å). In this case, hydrogen bonding will be an important type
of interaction between the solvents and the oxygens in the phos-
phate group, which leads to all solvents having very similar first
solvation shell distances. However, there are interesting differ-
ences when considering the second solvation shell for the various
solvents. The diols which have their hydroxyl groups on adjacent
carbons (1,2-ethanediol, 1,2-propanediol and 1,2-butanediol) all
have second solvation shell distances out to 7.55 Å, while 1,3-
propanediol and 1,4-butanediol, which are longer diol molecules
and have their hydroxyl groups on the terminal carbons, both have
a second solvation shell distance of 7.05 Å. Therefore there is a cor-
relation to the spacing and position of the hydroxyl groups on a
diol molecule and the arrangement of the solvent molecules within
the second solvation shell around the phosphate groups.

Finally, the solvation of the double-bonded carbon in the ester
groups of the DMPC lipids is summarised in Fig. 5c. In this case,
we can see a clear correspondence between both the length of
the hydrocarbon chain of the diols and the distribution of the
hydroxyl groups within the molecules and the magnitude of the
first peak of the rdfs. Both 1,2-ethanediol and 1,2-propanediol,
which are two of the smallest diols we have studied, and have their
hydroxyl groups on adjacent carbons, have the two largest peaks,
followed by 1,2-butanediol, which, while being amongst the lar-
gest diol molecule we have studied, has its hydroxyl groups on
adjacent carbons. The other three diols, which all have at least
one carbon separating their hydroxyl groups, all have nearly iden-
tical magnitudes of the first peak of their rdfs. As was the case for
their interactions with the phosphate group, the first minimum for
all of the diols are identical. Also of note is that around the ester
groups it seems that while there are differing amounts of the var-
ious solvents in the second solvation shells the definition of the
5

second solvation shell (e.g. distance corresponding to the second
minimum) is very similar for all of the diols. However, the interac-
tion of water with the ester group is significantly different. One dif-
ference is that there is a first hydration shell found in the rdf of
water found at 3.45 Å. At this same distance in the rdfs of 1,2-
ethanediol and 1,2-propanediol, we see a slight shoulder in the
curve, and for the other diols we see a significant change in slope
of the rdfs. Then the second minimum of the water rdf is found
at the same distance as the first minimum of the rdfs for the diol
molecules.

In order to attempt to summarise the relative solvation of each
of the different groups when interacting with the various solvents,
we measured the coordination number of solvent molecules
around the nitrogen atom in the choline group (at a distance of
5.25 Å), around the phosphorus atom in the phosphate group (at
a distance of 4.55 Å) and around the carbonyl oxygen in the ester
groups (at a distance of 5.35 Å) for the DMPC molecules in the
monolayers interacting with each solvent. We have plotted these
results in Fig. 6. In this figure, we see the expected trend that the
number of solvent molecules around the various groups reduces
as we get closer to the hydrophobic/hydrophilic interface of the
monolayers, as the volume available to the solvents decreases.
Also, we find more water molecules within the first solvation shell
of each of the different regions of the lipid head group than are pre-
sent when considering any of the diol molecules. In terms of the
diols, 1,2-ethanediol seems to solvate all parts of the lipid head
group more than any of the other solvents we have investigated.
Amongst each of these three groups of the lipid head group, the lar-
gest difference in the amount of solvation by 1,2-ethanediol and
the other solvents is observed around the ester group (where there
are about twice as many 1,2-ethanediol molecules than any other
solvent). Interestingly, we see that 1,2-propanediol, which results
in a monolayer that has a structure similar to that observed for
lipids in 1,2-ethanediol, has the second largest amount of solvation
around the ester groups. When considering the solvation by 1,2-
propanediol around the other groups, we observe the smallest
number of molecules around the choline group and the phosphate
group within the PC head group of any of the solvents investigated.
Whereas the second largest number of solvent molecules found
around the choline and phosphate groups amongst the diols is
due to 1,3-propanediol. Therefore the ability to solvate the two
charged groups of the lipid head group appears to be dependent
not only on the size of the solvent molecule but also the location
of the hydroxyls within the molecule. While 1,2-ethanediol, 1,2-
propanediol and 1,2-butanediol all have hydroxyls on adjacent car-
bons, 1,2-ethanediol and 1,2-propanediol are smaller than 1,2-
butanediol and therefore are found to be most present around
the various parts of the DMPC head group. Meanwhile, the ability
of a diol to penetrate the head group region of a lipid membrane
results in the potential disruption of the membrane itself.

The orientations of the solvent molecules have been measured
by determining the angle that the vector connecting the two oxy-
gen atoms in each diol and the vector normal to the interface of the
DMPC monolayers, h. Meanwhile for the water molecules we have
calculated the angle between one of the O-H bond vectors and the
vector normal to the interface of the DMPC monolayers. Fig. 7
shows the distribution of the cos h as a function of the distance
in the z-dimension from the double bonded oxygen in the ester
groups of the tails of the DMPC lipid molecules, where positive
Dz values would represent the solvent being in the hydrophobic
tails of the monolayer and negative values represent moving fur-
ther into the solvent phase. Generally, we observe that the diols
with hydroxyl groups on the terminal carbons (1,4-butanediol,
1,3-propanediol and 1,2-ethanediol) have two preferred orienta-
tions, one at cos h � 1 and the other at cos h � �1 which corre-
spond to them being aligned parallel to the normal vector with



Fig. 5. Radial distribution functions of the oxygen atom in the hydroxyl groups of the various solvent molecules around the (a) choline, (b) phosphate and (c) ester groups of
the DMPC head group.

Fig. 6. Average number of solvent molecules around the choline, phosphate and ester groups within the DMPC head group region for the monolayers interacting with each of
the different solvents.
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either hydroxyl group oriented nearest the ester groups. Mean-
while those diols with a hydroxyl group on one of their terminal
carbons have a preferential orientation such that the solvent mole-
cule is oriented parallel to the normal vector with the hydroxl
group nearest to the ester group. In water, the molecules have a
preference once again to orient such that their O-H groups are ori-
ented near the ester groups. Therefore, as expected, in all cases the
solvent molecules prefer to orient such that they can form hydro-
gen bonds with the double-bonded oxygens in the ester groups.
Note, that due to the choice of a single O-H bond as the definition
of the angle there is an assymmetry as a function of cos h within
the plot. Also the larger densities of water and 1,2-ethanediol
observed in their orientation plots are consistent the solvation
results shown previously.
6

3.7. Chains of hydrogen bonded solvent molecules

In order to investigate the role that the solvent molecules play
in the interactions of the head groups of the DMPC molecules,
we have mapped out the hydrogen bond networks that exist
between the various solvent molecules which form continuous
paths between head groups. Fig. 8 shows the probability distribu-
tion of how many of each of the different solvent molecules are
found to link head groups within the same monolayer. In general,
the common trend is that those solvents which result in more com-
pressed and ordered membranes (water, 1,2-butanediol, 1,3-
butanediol, 1,4-butanediol & 1,3-propanediol) are able to form
short paths (less than 5 molecules) that link the different parts of
the lipid head groups. Whereas for those solvents which result in
less compressed and more disordered membranes (1,2-
ethanediol and 1,2-propanediol), we see the least amount of short



Fig. 7. Orientation of the various solvent molecules with respect to the z-axis as a function of distance in the z-dimension from the ester moieties of the DMPC lipids.

N.H. Rhys, D.J. Barlow, M. Jayne Lawrence et al. Journal of Molecular Liquids 364 (2022) 119963
paths between any of the pairs of atoms within the PC head groups,
and we see a first peak in the probability at� 15 solvent molecules.

Water has a strong preference to form short hydrogen bonded
chains of molecules between the various regions of the PC head
group in neighbour lipid molecules, and there is a significant decay
in the probability of chains existing containing larger numbers of
water molecules. For the diols, however, as noted above, we see
the occurance of small hydrogen bonded chains for some of the
diols, but they all also form longer chains of molecules that connect
the various head group regions. In the case of the diols with 2 or 3
carbons, we see that the most common number of molecules in a
hydrogen-bonded chain is approximately the same for 1,2-
ethanediol and 1,2-propanediol but then is larger for 1,3-
propanediol. Therefore, as the hydroxyl groups become further
apart the solvents need to include more molecules in chains con-
necting the various parts of the lipid head group. However, in the
butanediols, we observe that the most probable hydrogen bonded
7

chain length is largest for 1,3-butanediol, second largest for 1,2-
butanediol, and then shortest for 1,4-butanediol, such that the
most probable chain length for 1,4-butanediol is quite similar to
that for 1,2-propanediol and 1,2-ethanediol, while the value for
1,2-butanediol is quit similar to 1,3-propanediol.

Of those solvents that lend themselves to forming small chains
of solvent molecules between the various parts of the DMPC head
groups, 1,3-butanediol has the largest probability to form small
chains while also forming the longest long chains. In order to
understand the cause of this behaviour we have taken a closer look
at the interactions between the different butanediol solvent mole-
cules, and have generated spatial density maps of the interactions
between the two alcohol groups in the three different butanediol
species (Fig. 9). (The SDMs for the three other diols are shown in
Fig. S47). In these plots, it is clear that all three solvents see inter-
actions between the two alcohol groups in the same spatial
regions. However, 1,3-butanediol interacts with each other



Fig. 8. Fraction of chains formed of hydrogen-bonded solvent molecules that are a given number of solvent molecules long for the interactions between the (a) & (b) OPL -
OPL and (c) & (d) OEL - OEL groups in the DMPC head groups. Each of the different solvents is represented within each plot.
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through OH1-OH2 hydrogen bonds almost exclusively whereas
1,2-butanediol and 1,4-butanediol have a more even distribution
of OH1-OH2, OH1-OH1 and OH2-OH2 hydrogen bonds. Interest-
ingly 1,4-butanediol which forms the shorter paths of these three
diols shows equal probability of forming hydrogen bonds between
any pair of diols, whereas 1,2-butanediol which forms chains of
solvents of lengths in between those oberved with the other two
butanediols, shows a slight preference for forming hydrogen bonds
between OH1-OH1 and OH2-OH2 pairs. Therefore 1,3-butanediol
will form much less branched networks of hydrogen bonded mole-
cules whereas the 1,4-butanediol species will be able to form a sig-
nificantly branched network, and this results in the various chain
lengths of hydrogen bonded solvent molecules that mediate the
interactions between neighbouring PC head groups.
4. Conclusions

We have carried out a series of all-atom molecular dynamics
simulations in order to investigate how the chain length and distri-
bution of hydroxyl groups within diol molecules affect the interfa-
cial and structural properties of DMPC lipid monolayers. We
showed that 1,2-ethanediol and 1,2-propanediol have the largest
impact on the structure of the lipid monolayers, causing the area
per lipid to increase, the monolayer thickness to decrease, and
the lipid order to decrease, in comparison to that observed when
the DMPC monolayers interacted with the other diols. A previous
molecular dynamics simulation investigation of the effect of
increasing concentrations of 1,2-ethanediol and 1,2-propanediol
in an aqueous solution reported that at higher concentrations both
solvents increase the area per lipid and decrease the thickness of a
DPPC bilayer [17], which generally agrees with what is observed
here.

In an attempt to gain an understanding of what leads to 1,2-
ethanediol and 1,2-propanediol disrupting the DMPC membranes
while the other diols do not, we explored the solvation properties
for each solvent around the lipid head group. Generally, we find
that all of the diol solvents studied interact twice as much with
8

the choline group in the PC head group than with the phosphate
group. Then in the case of 1,3-propanediol, 1,2-butanediol, 1,3-
butanediol and 1,4-butanediol there is a further reduction in inter-
action with the ester groups of the lipids. However, 1,2-ethanediol
and 1,2-propanediol are the only two solvents which have on aver-
age at least one solvent molecule interacting with the ester groups
of the DMPC molecules. So it would seem that their smaller size
and the distribution of the -OH groups on neighbouring carbons
allows them to penetrate that much deeper into the head group
region than the other solvents.

We also explored the nature of the hydrogen bonded networks
of solvent groups in between the PC head groups for each of the
solvents. We found that those solvents which do not disrupt the
lipid membranes (1,3-propanediol, 1,2-butanediol, 1,3-
butanediol, 1,4-butanediol) are able to form short (less than 5
molecule-long) hydrogen bond chains between the lipid head
groups, much like water does. Meanwhile we found that for those
solvents that increased the area per lipid, the short hydrogen
bonded networks are not prevalent and in general there is a lot lar-
ger network which forms between the lipid head groups.

Our results show a significant dependence of the structural and
interfacial properties of the DMPC monolayers on the chain length
and distribution of -OH groups on diols. In a previous experimental
investigation of the effect of polyols on DMPC lipid monolayers,
Budziak et al. also found that the shorter polyols have the largest
effect on the area per molecule and thickness of the monolayer
and provided evidence that this was due to their ability to pene-
trate deeper into the head group region of the monolayers. [25]
In addition to size, our results suggest that if the -OH groups are
covalently closer to one another it also provides a greater ability
for the solvent molecules to penetrate the head group region of
the monolayer and thereby to disrupt the membrane stability.
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Fig. 9. Spatial density maps of the interactions between the different alcohol groups within the 1,2-butanediol, 1,3-butanediol and 1,4-butanediol molecules (from left to
right): (a)-(c) OH1-OH1, (d)-(f) OH1-OH2, (g)-(i) OH2-OH1 and (j)-(l) OH2-OH2. The isopycnic surface represents 30% of solvent molecules in the first coordination shell,
where the scale bar represents the density in atoms per Å3.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.molliq.2022.
119963.
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