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Aqueous glycerol mixtures are investigated over the whole concentration range of glycerol xgy =
0.1-0.9 via molecular dynamics (MD) simulations at ambient pressure and temperature. Two glycerol
force fields are used: an all-atom (AA) and a united-atom (UA) model. Structural changes upon different
mixing ratios are discussed through the site—site radial distribution functions (RDFs), coordination num-
bers and cluster analysis. As both species are hydrogen bonded, they form an almost perfect H-bonded
network, with no observed clusters. There are, however, noticeable changes in the RDFs. Glycerol
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correlations grow stronger with increasing glycerol content, as do water correlations. There is significant
transformation in dynamics as well, as evidenced by the self-diffusion coefficients, the velocity
DOI: 10.1039/d4sm00741g autocorrelation functions and the rotational autocorrelation functions. Diffusion of both species slows

down with increasing glycerol content. Rotational relaxation is also altered depending on the mixture
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1. Introduction

Glycerol is a widely used compound known for its effect of
cryopreservation,"* which is a process where biological materials,
such as cells and tissues, remain frozen for a certain period of
time, thus avoiding any metabolism-caused damage and allowing
safe transportation of the material. Studies have been conducted
on low temperature water-glycerol mixtures where different forms
of ice were observed, especially in the low glycerol-in-water
region,>* commonly used in cryopreservation techinque.” During
freezing, high viscosity was detected in the solution, which
hindered water diffusion.” Moreover, protein solvation in water
can be greatly affected by adding cosolvents®” such as glycerol.
A recent MD study has shown that the solvation of lysozime
depends on the glycerol content.” Protein solvation shells do not
differ appreciably from the bulk solvent in solutions with the
glycerol volume fraction less than 0.50.” This is attributed to the
steric effects, since large glycerol molecules don’t have easy access
to protein binding sites as compared to water. A previous study®
has found that glycerol in water acts to prevent protein unfolding,
thereby keeping the protein structure more stable. Glycerol-based
deep eutectic solvents have many industrial applications in addi-
tion to being safe and eco-friendly.” ™
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composition and there is a slow-down at the lower end of glycerol content.

As a glass forming molecule, glycerol has been studied by
both experiments'*™*® and computer simulations, the latter
being mostly focused on the validation of the existing force
fields."®° A spectroscopic study on aqueous glycerol by Haya-
shi et al.™® has revealed the existence of a critical glycerol
concentration at mole fraction x = 0.40 below which water
and glycerol domains appear. Furthermore, at below x = 0.20
they observe ice nanocrystals and interfacial water between
the crystals and the water-glycerol domains. Puzenko et al.>'
analyzed dielectric relaxation for different temperatures and
glycerol mole fractions in an attempt to clarify the so called
“excess wing” in the high frequency range of the dielectric loss
¢’, found also in other glass-forming liquids, such as plastic
crystals®®* and polymers.>® They attribute this to the hydrogen
bonded network of glycerol and water, with glycerol-glycerol
interactions as the dominant mechanism.

A thorough thermodynamic study of this mixture was per-
formed by Marcus.** He has reported the Gibbs energy, heat
capacity, enthalpy and other thermodynamic quantities, while
conveniently comparing these results with those of aqueous
1,2-ethanediol, which is a molecule with one hydroxyl group
less than glycerol. His data suggest near ideal mixing of glycerol
and water. In an MD study, Yongye et al'® examined the
conformational properties of glycerol in water and discovered
excellent agreement with NMR results. Towey and Dougan®
performed a combined neutron diffraction study and compu-
tational modeling on dilute aqueous glycerol, which showed
that water structure is almost unaltered by the insertion
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of glycerol, at least in the first neighbour shell. However, water
undergoes structural changes upon addition of glycerol and
other cryoprotectants, similar to those of water under high
pressure.

Particular interest has been shown by various researchers
towards the analysis of hydrogen bonding in both pure*® and
aqueous glycerol.>*”° Chen et al.*’ reported that water oxygen
atoms on average make more hydrogen bonds than glycerol
oxygen atoms in the mixture of the two liquids, while the
hydrogen atoms of water are less likely to form hydrogen bonds
than glycerol hydrogen atoms. They reported that the hydrogen
bond lifetime is in the 1-1.5 ps regime and there are no
significant differences between water-water and glycerol-water
lifetimes. Another hydrogen bonding analysis of glycerol-water
mixtures was conducted by Zhang et al.?® These authors inves-
tigated the effect of both temperature and concentration on
water self-diffusion and found that it decreases with increasing
glycerol concentration or decreasing temperature. Water cre-
ates more hydrogen bonds on average with increasing glycerol
concentration and the average hydrogen bond lifetimes are
found to be larger. Spectroscopic results combined with MD
data in the work of Dashnau et al.® support the notion that
higher glycerol content in water leads to ice-like formations of
hydrogen bonds and make a more stable H-bond network.
Egorov et al.’® described the structure of aqueous glycerol as
H-bonded glycerol strings connected to the broken 3D water
network, with few monomers left. As far as the rotational and
translational dynamics are concerned, water is found to pro-
mote the mobility of glycerol, which is exactly the opposite
effect that glycerol has on water. It is also shown that the
presence of water molecules has a large influence on the
glycerol molecular conformation.®'®'%?” In their paper, Naka-
gawa and Oyama’®' measured the water activity in water-gly-
cerol mixtures and analyzed the results by using different
experimental techniques. Their results have indicated that
there are changes in the OH stretching of water at the low
glycerol end of the solution. They also studied the translational
and rotational dynamics in space and time by using the
incoherent quasi-electron neutron scattering (IQENS) techni-
que and found that the diffusive motion of water is slowed
down due to the presence of glycerol. Some QENS experiments
indicate that the rigidity of the hydrogen bond network
increases with increasing alcohol mole fraction, as in the case
of ethanol.*

In the present study, we revisit the structural and dynamical
effect of water on glycerol and vice versa for two different
glycerol GROMOS force fields: united atom (UA) and all-atom
(AA) and over the whole glycerol concentration range xgry =
0.1-0.9, with a step of 0.1. Structural changes are analyzed
through the radial distribution functions (RDFs), the coordi-
nation numbers and the cluster distributions. Diffusion and
rotational dynamics are discussed in terms of the self-diffusion
coefficients, the velocity autocorrelation functions, the rota-
tional autocorrelation functions and the integral correlation
times. Both force fields exhibit qualitatively similar results,
with the AA model showing slower molecular rotation.
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2. Theoretical and
computational details

2.1. Theoretical details

Structural and dynamical quantities calculated herein include
the following: site-site radial distribution functions (RDFs),
coordination numbers, self-diffusion coefficients, velocity auto-
correlation functions and rotational autocorrelation functions.
RDFs are considered to be the best structural descriptors of any
liquid.>® From this quantity, one can calculate the running
coordination number, n,p(r) as:

"

Hap (1) = 4npbj P2 gap(r)dr (1)
0
where the integration involves the RDF g,(r) and the number
density pp,, with a and b as the site indices. The coordination
number as a physical observable is calculated by taking the
integration up to the position of the first minimum r = r,,;;, of
the g.p(7) and it corresponds to the number of nearest neigh-
bors of a selected molecular site.

The self-diffusion coefficient D is calculated via Einstein
relation:

(Ir(0) = r(0])

D = lim & (2)

1—00
where r(¢) is the atom position in time ¢ and the term in the
numerator is known as the mean square displacement (MSD).
For the description of rotational diffusion in liquids, one uses
the rotational autocorrelation functions defined as:

Ca(t) = (Pa(e(t)-€(0))) ®)

where P, is the Legendre polynomial of rank 2 and e(¢) denotes
a unit vector corresponding to molecular orientation in time ¢.
In the case of glycerol rotation, we chose the unit vector which
is perpendicular to the plane spanned by the three carbon
atoms. For water rotation, on the other hand, the unit vector is
the cross-product of the two unit vectors along OH bonds. This
quantity can be measured in NMR experiments.>* Graphical
representations of glycerol and water molecular rotations are
given in Fig. 1 and 2.

Integral correlation time is defined as the integral of Cj(t):*

(r2) = J*Q@dt (@)

0

This quantity can be measured in the NMR spectroscopy
experiments.>® Velocity autocorrelation function C,(t) of an

a) b)

= \
6\03:;} so-Jor

Fig.1 Two selected rotations (a) and (b) of the UA glycerol molecule.
The arrow corresponds to the unit vector.
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B

Fig. 2 Two selected rotations (a) and (b) of the SPC/E water molecule.
The arrow corresponds to the unit vector.

a)

atom (or a molecular site) is defined by:**

(v(0)¥(1))
(v(0)v(0))’

where v({) is the atom (site) velocity at time ¢ and the average is
taken over different time origins. This quantity is used to
describe the molecular vibrational dynamics. For the cluster
analysis, we use the definition by Stillinger*®> where the two
particles are considered to belong to the same cluster when the
cutoff distance is the minimum of the corresponding site-site
radial distribution function. The probability P(s,) for the cluster
formed of n sites is defined by:

Cv(l) = (5)

(6)

where s(k,n) is the number of clusters of size n in the configu-
ration k. We use the cutoff distance r. = 0.35 nm between two
oxygen atoms on neighboring molecules, which corresponds to
the position of the first minimum in the oxygen-oxygen RDF of
the SPC/E water model.

2.2. Computational details

Glycerol-water mixtures in the range of glycerol mole fractions
Xgry = 0.1-0.9 (with step size 0.1) were analyzed via molecular
dynamics simulations. Two different force fields were used for
glycerol: GROMOS 54A7%¢ UA and AA. The GROMOS force field
has been vastly used in biomolecular simulations, especially for
electrolyte solutions, proteins and bilayers.’” The SPC/E water
model®® was used for water. We prepared initial configurations
by using the PACKMOL?® package and used GROMACS package’
version 5.1.4. for all simulations. The topology files were generated
with the help of the automatic topology builder (ATB).*"*?
Temperature and pressure were fixed at 7= 300 K and p = 1
atm, where we used a modified Berendsen thermostat®® for the
former and Parinello-Rahman barostat**** for the latter. Time
constant was 0.1 ps in both algorithms. For each mixture,
a simulation box of 2048 molecules was enough to provide
reliable results for the statistical parameters. This is shown in
the (ESIt) as follows: Fig. S1 of the ESIt shows the density versus
glycerol concentration for both forcefields, compared with
experimental values from ref. 46, and in Fig. S2 (ESIt), we show
density versus time for two concentrations xgry = 0.2 and 0.5 of
the UA glycerol-mixture. The simulation procedure was as
follows: the system was equilibrated in the NVT ensemble for
1 ns, then in the NPT ensemble for another 1 ns after with the
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production run ensued for 2 ns. The time step was 1 fs. The
rotational autocorrelation function C,(¢) was evaluated from the
final trajectory by cutting it into 4 pieces, each 500 ps long. We
note that the integral correlation time value (t,) is affected by
the trajectory length.

3. Results

3.1. Radial distribution functions and coordination numbers

In this subsection, we discuss the structural quantities, such as
the radial distribution function and the corresponding coordi-
nation numbers. Fig. 3 shows 3 RDFs and the corresponding
running coordination numbers between a pair of O atoms in
glycerol: one in the molecular center (denoted as O,) and one
on the side (denoted as Og). At first glance, all the first peak
positions match for the two force fields. However, the correla-
tion trends differ. For the Og-Og, the AA RDFs exhibit minimal
differences with glycerol concentration, while this is not true
for the UA model, where correlations clearly become stronger
with the increasing amount of glycerol in the mixture. This effect is
even more obvious for the O,—O, pair correlations, which indicates
that glycerol molecules create a hydrogen bonded network rather
than clusters. Let us now examine the correlations between OO
atoms of different species combinations, as shown in Fig. 4.
For both force fields, water-water correlations are the strongest.
However, the trend is different when compared to that of glycerol-
glycerol RDFs because the correlations grow as water becomes
rarefied in the mixture. It is known that in some hydrogen-bonded
mixtures, such as those with alcohols, water molecules create
clusters at high concentration of the solute.*’ >° We also note that
glycerol-water correlations are higher than those of glycerol-
glycerol, which is due to the fact that glycerol molecules are more
likely to create hydrogen bonds with the water molecule than with
another glycerol molecule.

The micro-structural organization of these systems is further
depicted by the results for coordination numbers, which give
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Fig. 3 OgLy—OgLy RDFs and running coordination numbers for all-atom
(AA) and united-atom (UA) force fields. Pictorial representation of the
molecule is seen on the left with tags indicating two oxygen sites in
glycerol. Left panels: Og—Og, middle panels: Oa—Og, right panels: Op—Oa.
Color convention: xgy = 1.0 (black), xgy = 0.8 (blue), xgLy = 0.5 (green)
and xgLy = 0.2 (red).
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Fig. 4 O-O RDFs and running coordination numbers for all-atom (AA)
and united-atom (UA) force fields. Left panels: Oa—Oa, middle panels: Oa—
Ow, right panels: Oyw—Oy. Color convention: xgy = 1.0 (black), xg.y = 0.8
(blue), xgLy = 0.5 (green) and xgLy = 0.2 (red).

the number of nearest neighbors for a single molecular site.
As observed from Fig. 5, a water molecule has an average of
almost 4 water neighbors at the low glycerol end of mixture,
which is the same as in pure SPC/E water.”" Water-water and
water—glycerol coordination numbers are slightly exaggerated
for the UA model of glycerol which is largely due to the fact that
it is easier to accommodate the molecule when hydrogen sites
are not explicitly represented. Overall, both models follow the
same trend. The water H-bonded network becomes largely
disrupted upon the addition of glycerol. Since a glycerol mole-
cule is about 10 A,* which is 3 times bigger than the water
molecule, it becomes a challenge to accommodate such a large
entity inside the water H-bonded network. Having this in mind,
it is not a surprise that glycerol has more water neighbors than
its own kind and this number progressively diminishes as
water becomes the minority specie. The coordination number
between glycerol and glycerol raises slightly upon the addition
of glycerol, but not so dramatically as in the water-water case.
This can be attributed to the difference between the two
H-bonded networks, where that of glycerol is more robust.
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Fig. 5 OO coordination numbers for water—water, water—glycerol and
glycerol—-glycerol. We chose the central O atom in glycerol. Color con-
vention: Gromos AA (red triangles) and Gromos UA (black dots). Lines are
just guidelines for the eye.
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3.2. Cluster analysis

Cluster distribution functions of O atoms are analyzed in Fig. 6.
As seen from this figure, the distribution functions in both
panels decay monotonuosly which is compatible with the fact
that the probability for finding higher-order clusters is smaller
than for monomers and dimers. The same cluster scenario
occurs in simple disordered liquids, like the Lennard-Jones
liquid, but also in some associated liquid mixtures, such as
aqueous ethanol.* In the OO cluster distribution functions on
the left panel, larger P(s) values are observed in the low
concentration region, which trivially results from eqn (6). How-
ever, this is not the trend for water, as seen from the right
panel, where the highest probability values are for the equi-
molar concentration, close to the percolation threshold of
water in ideal binary mixture.>® Given that both glycerol and
water distributions appear monotonous, we note that there are
no specific clusters. This picture is previously corroborated by
Egorov et al.'® who find that glycerol molecules form strings
connected to the water network, leaving few water monomers.
We show snapshots of 3 selected configurations for glycerol
mole fractions of xgry = 0.2,0.5 and 0.8 in Fig. 7 where the water
molecules are depicted in opaque blue and glycerol in semi-
transparent red color. Although it might appear that there
are water clusters at xgry = 0.2, the reality is that glycerol as
the minority species is insinuated into the water network,
thus rendering the surrounding water molecules the look of a

1 10100 1000 10000
il T T il T T
& A
\ —X 0.2
o1} I\ ] [T
“\ — Xy =08
—~ . \ -
Z 00k Oy + T
\ ) XoLy 8?
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0,001 1) E3 ! | |- =08
| \ \ :
0 0001 ul \\ ul vk \{.I 'l 1
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Cluster size

Fig. 6 Cluster distribution functions for OO atoms of glycerol (left panel)
and water (right panel). Full lines, UA model: xgy = 0.2 (red), xgLy = 0.5
(green), xgLy = 0.8 (blue). Dashed lines, AA model: xgy = 0.2 (orange),
XaLy = 0.5 (dark green), xgLy = 0.8 (cyan).

xG = 0.5 xG = 0.8

Fig. 7 Simulation boxes for xgy = 0.2 (left panel), xg.y = 0.5 (middle
panel) and xgLy = 0.8 (right panel). Water molecules are shown in blue and
glycerol molecules in semi-transparent red.

xG = 0.2
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“cluster”. As the glycerol content increases, we see that water
inserts itself into the glycerol network, which is in line with
previous reports.'>**?*! However, contrary to some experi-
mental results’® we do not observe any domains at the low
glycerol end of the mixture.

3.3. Self-diffusion, translational and rotational dynamics

We investigate the dynamics in aqueous glycerol by analyzing
the self-diffusion and molecular rotation. Our calculated self-
diffusion coefficients provide an excellent match with the
experiments, as shown in Fig. 8. Again, the UA force field is
closer to experimental values for glycerol self-diffusion, thus
giving an additional argument for the accuracy of the UA
model. Clearly, the diffusion of both species becomes slower
with the increase of glycerol in the mixture. The trend is more
dramatic for water whose self-diffusion coefficient drops from
Dy =2.90 10> ecm? s * for pure SPC/E water> to almost half of
the value for only xgry = 0.10 of glycerol in the mixture.>*™>® It is
easy to conclude that the water dynamics is highly sensitive to
the insertion of glycerol molecules which causes an exponential
reduction of Dy below xgry = 0.20. Water diffusion is known
to be modified by other H-bonded molecules, such as urea,
but the change is more linear.>” We attribute this effect to the
higher H-bonding ability of glycerol, which creates more bonds
with water than urea. On the glycerol-rich side of the mixture,
a small addition of water barely changes the glycerol diffusion
so higher mole fractions are needed to accelerate the solute
molecules. Our results are consistent with those previously
reported by Zhang et al®® In Fig. 9, we show the velocity
autocorrelation functions C,(¢) for the O atom in glycerol UA
model and the O atom in water. As seen in the left panel of
Fig. 9, the vibrational motion of O atoms in glycerol is almost
unaltered by the changes in glycerol mole fraction, which is not
true for water O atoms. The velocity correlation functions of
O in water (right panel of Fig. 9) have a more pronounced
minimum when there is more glycerol in the mixture. This can
be attributed to the differences in the local HB network, where
water as a minority component, can make more H-bonds with
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Fig. 8 Self-diffusion coefficients of glycerol (top panel) and water (bot-
tom panel) versus glycerol mole fraction xg y. Black dots are for the UA
model, red triangles are for the AA model and green squares are for
experimental data.
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Fig. 9 Velocity autocorrelation function C,(t) for O in glycerol UA model
(left panel) and O in water (right panel). Color convention is the same as
in Fig. 3.

the surrounding glycerol. Skarmoutsos, Guardia and Samios>®
analyzed hydrogen bonding and dynamics of a supercritical
CO,—-ethanol mixture and observed modifications of the etha-
nol hydrogen vibrational spectra with respect to the number of
hydrogen bonds. In the ESI,{ we show the velocity autocorrela-
tion functions for the O AA glycerol model and water O atom in
Fig. S3 (ESIT). C,(¢) for H UA glycerol and water H atom is given
in Fig. S4 (ESIt). Fig. S5 (ESIt) shows C,(¢) of H in AA glycerol
and of H in water. Again, more changes are observed for the
water H atom than for the glycerol H atom, indicating that
water molecules are more sensitive to changes in the local
environment.

Next, we show the rotational correlation functions C,(t) for
glycerol and water in Fig. 10. As seen from the top panel of this
figure, glycerol C,(t) functions decay slower when there is more
glycerol in the mixture, suggesting that the molecular rotation
of glycerol slows down. This trend is observed also in the case
of water rotational dynamics, as seen from the bottom panel of
Fig. 10. Clearly, changes in the mixture concentration affect the
rotational dynamics of both species. As water becomes more
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Fig. 10 Rotational autocorrelation functions Cy(t) for glycerol (top panel)
and water (bottom panel). Full lines: UA model, dashed lines: AA model.
Color convention: xgy = 0.1 (purple), xgLy = 0.2 (red), xgLy = 0.3 (dark
green), xgLy = 0.4 (orange), xgLy = 0.5 (light green), xg.y = 0.6 (magenta),
XaLy = 0.7 (cyan), xgLy = 0.8 (blue), and xgy = 0.9 (gray).
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Fig. 11 Integral correlation times (t,) for glycerol (left panel) and water

(right panel). Black dots are results for the UA glycerol mixture and red
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hydrogen bonded with increasing glycerol content, its rotation
slows down. When the two force fields are compared, we
observe slower relaxation dynamics for the AA glycerol mixture
(dashed lines) than for the UA glycerol mixtures (full lines), as
the AA C,(¢) has slower decay.

Further conclusions can be made by inspecting the integral
correlation times presented in Fig. 11. Our results show that
these times grow with the increase in glycerol content, starting
with a sharp raise at the low glycerol end, but saturating around
Xgry = 0.60. A similar trend is seen for water (7,) values on the
right panel of Fig. 11. However, glycerol correlation times are
larger than those of water, indicating slower rotational relaxa-
tion than in water. Differences are observed when comparing
the AA and the UA glycerol relaxation times, where we observe
slower dynamics for the AA model. As expected, additional
H atoms on glycerol molecules produce a more pronounced
slowdown in rotational dynamics, which also affects the water
rotation. In the UA model, there is an unexpectedly large value
for water (1,) at xgry = 0.20. This result can be explained by the
fact that at low glycerol content, water appears to be crystal-
lized, thus affecting the rotational dynamics, which is similar to
that of water under high pressure.” In the AA model mixture,
however, we don’t see this kind of slowdown at the low glycerol
end as the values increase almost monotonously. These results are
consistent with those previously reported from experiments®
showing slowing down of water due to the interaction with
glycerol.

4. Conclusions

As a broadly used compound in food, medical and other
industries, glycerol has been a subject of extensive study, both
as a pure liquid and mixed with water. It is known for its
cyroprotective properties, but also as a building block for
glycerides, found in biological membranes. In this work, we
report an extensive MD study of glycerol in water over the whole
concentration range and discuss structural and dynamical
properties of both species. We analyze and compare results
from two glycerol force fields: GROMOS 54A7 UA and AA. Our
conclusion may be organized as follows. Water-water spatial
correlations grow as water becomes the minority component.
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This is detected by the growing first peak of the O water-O
water RDFs. Glycerol-glycerol OO correlations grow with
increasing glycerol content as well as the glycerol-water OO
correlations. These structural changes are more pronounced in
the UA glycerol-water mixtures. Cluster analysis does not
indicate any specific clustering, which is also corroborated by
the coordination number results. However, first peak correla-
tions in the RDFs grow stronger as one goes to the glycerol rich
side of the mixture, which is more apparent in the UA glycerol
model. This trend is opposite for water. More discrepancies
between the UA and AA models are seen in the rotational
dynamics. The AA model reveals much slower rotational
dynamics than the UA model, but both models confirm sub-
stantial slowing down as glycerol becomes the majority species
in the mixture. Translational diffusion results also reveal a
slowing down for both species, which is previously observed in
experiments. Changes in the water vibrational dynamics are
seen from the results of the velocity autocorrelation functions
of oxygen and hydrogen for several concentrations. For glycerol,
on the other hand, our results do not show any major modi-
fication of the vibrational motion, indicating that glycerol
vibration is less sensitive to the changes in the local H-bond
network.

Given that both UA and AA force fields produce similar
trends in structure and dynamics of mixtures, we would suggest
using the UA force field, since it is less computationally
extensive and thus more suitable for large scale simulations.
We believe that the success of glycerol and its mixtures with
water in biological and other applications is related to the
changes observed in the structure and dynamics of these
mixtures. Similar effects might exist in other aqueous and neat
triols, which need to be investigated in subsequent studies.
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