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Glycerol and dimethyl sulphoxide (DMSO) have vital roles in cryoprotection of living cells, tissues,
etc. The above action has been directly linked with disruption of hydrogen (H-) bond structure and
dynamics of water by these cosolvents at bulk region and around various complex units, such as
peptide, amino acid, protein, and lipid membrane. However, the disruption of the local structure of
the water solvent around a purely hydrophobic solute is still not studied extensively. The latter is also
important in the context of stabilization of protein from cold denaturation. Through all-atom molecular
dynamics simulation, we have investigated the comparative effect of glycerol and DMSO on the
orientational order of water around a nonpolar solute at �5 ◦C. A steady reduction of the tetrahedral
order of water is observed at bulk (>10 Å distance from the solute) and solute interface (<5.5 Å
distance from the solute) with increasing the cosolvent concentration. Contrasting roles of glycerol
and DMSO have been evidenced. While DMSO affects the H-bond structure of the interfacial water
more than that of the bulk water, glycerol affects the water structure almost uniformly at all regions
around the solute. Furthermore, while glycerol helps to retain water molecules at the interface, DMSO
significantly reduces the water content in that region. We have put forward a plausible mechanism
for these contrasting roles of these cosolvents. The solute-cosolvent hydrophobic-interaction-induced
orientational alignment of an interfacial cosolvent molecule determines whether the involvement of
the cosolvent molecules in H-bonding with solvent water in the interface is akin to the bulk region or
not. Published by AIP Publishing. https://doi.org/10.1063/1.5019239

I. INTRODUCTION

Cosolvents, like glycerol and dimethyl sulphoxide
(DMSO), in liquid water protect living cells and tissues by
preventing freezing of water at extremely low temperature.
Thus the cosolvents are popularly called as cryoprotectants,
and the process of prevention from freezing is known as cry-
opreservation. Several experimental and computer simulation
studies indicated that the anti-freezing action of these cry-
oprotectants stems from their abilities in disrupting the three-
dimensional tetrahedral H-bonding network and underlying
molecular dynamics (MD) of liquid water.1–21 It was observed
that the hydroxyl groups of glycerol molecules form strong
H-bonds with water and the hydrophobic residues aggregate
together. Thereby the regular three-dimensional H-bond net-
work of water is severely disturbed. However, the scenario
can be astonishingly different at molecular length scale. For
example, it was reported that water forms lower density, more
ordered tetrahedral water structure in high glycerol concen-
tration than pure water at room temperature.2–4 This might
be due to the nano-segregation of glycerol-rich and water-
rich regions in the mixture, which protects water to form a
low-density by an extensive and encapsulating glycerol inter-
face. Multiple experimental and simulation reports indicated

a)Author to whom correspondence should be addressed: snehasis@iitp.ac.in

similar disruption of three-dimensional H-bonding of water in
the presence of DMSO.5–10,15,16,19–21

Notwithstanding the fact that the above studies provide a
broad view on structural and dynamical perturbation of water
by these cosolvents at the bulk regime, they offer limited
insight on how these cryoprotectants affect water H-bonding
structure and dynamics near a purely hydrophobic solute. The
latter is particularly important in understanding the mechanism
of protection of proteins by these cosolvents from cold denat-
uration. The cold denaturation is often linked with the weak
hydrophobic interaction among the hydrophobic residues
of protein at low temperature.22–49 However, the increased
H-bond interaction between polar residues of amino acid and
solvent water at low temperature may also play an impor-
tant role in cold denaturation of protein.50–52 Apart from the
above two pictures, another exciting view also exists. A Monte
Carlo simulation-based approach indicated that the increase
of water· · ·water H-bonding at the protein interface with low-
ering of temperature is the sufficient condition for protein’s
cold denaturation.53 We will return to this discussion again in
Sec. III.

Some reports are found in the literature on how glycerol
and DMSO affect the water solvent structure and dynamics
near peptide, amino acid residues, protein, lipid membrane,
etc. It was found that both the cosolvents substantially perturb
water solvent structure and dynamics near all the above enti-
ties. However, the mechanisms of the above actions of these
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two cosolvents are notably different. The MD simulation study
by Johnson et al. has analyzed the role of the two cosolvents in
peptide hydration structures.54 While the presence of glycerol
in the solution increases hydration number near the peptide
interface, DMSO effectively reduces it. Similar contrasting
behavior was seen on the lipid membrane interface.55 Glyc-
erol influences the diffusivity of water almost uniformly near
the bilayer surface and that in the bulk solution, but DMSO
increases the diffusivity of surface water more than that of
the bulk water molecules. It is also known that glycerol and
DMSO act very differently for stabilization of protein. Glyc-
erol is an excellent protein stabilizer,54,56,57 whereas DMSO’s
action is diverse and strongly dependent on the concentration
of DMSO in the solution.58–64 For example, with increasing
DMSO concentration, initially (at xD < 0.05) the conforma-
tional flexibility of lysozyme increases, followed by the slight
unfolding of native state in the DMSO concentration range
0.10 < xD < 0.15, and finally unfolding of the protein after
xD > 0.15.58 This picture was later supported by an MD
simulation study.62

Although the above studies provide significant insights on
some specific questions, a more fundamental question remains
mostly unaddressed. The question is, how do these cosolvents
affect the strong H-bonding clathrate like cage structure of
water65,66—popularly known as “iceberg,” first proposed by
Frank and Evans and later evidenced by several experimen-
tal and computer simulation studies67–73—around a purely
hydrophobic solute?

We have studied here the effect of glycerol and DMSO
concentration on the orientational ordering of solvent water
molecules around a very simple nonpolar solute, xenon (Xe)
using classical MD simulation. It is well known that Xe is
prototypical hydrophobic solute and its hydration structure
and dynamics in liquid water resemble other popularly known
hydrophobic solutes, like methane and ethane.67,73–77 How-
ever, one can still ask whether the influence of the cosolvents
on the hydration structure around the small nonpolar solute,
Xe, is analogous to the influence on the hydration struc-
ture around much more complicated and bigger entities, such
as protein and lipid membrane. It was observed earlier that
the hydration structure around a hydrophobic solute changes
significantly with an increase in the size of the solute.78–84

The pioneering Lum-Chandler-Weeks theory predicts that for
small solutes the free energy of hydration of a hard-sphere
solute increases almost linearly with the solute volume but
beyond a critical length scale (also termed as small-to-large
crossover length scale) the free energy increases linearly with
the surface area of the solute.78 The theory, therefore, pre-
dicts drying of the extended nonpolar surface only beyond the
small-to-large crossover length scale (∼1 nm) of the nonpolar
solute.

A molecular simulation was also carried out to study the
effect of various thermodynamic properties and concentration
of additive, like ethanol, on the above small-to-large crossover
length scale.81 (Note that this length scale is ∼1 nm under
standard temperature and pressure condition.) It was found
that the crossover length scale can decrease up to the size of a
small molecule after adding ethanol like cosolvent. This is very
important in the context of the present study because we have

also used the cosolvents, glycerol or DMSO, which are not
very different from ethanol regarding interaction with water.
Therefore we expect a decrease of the small-to-large crossover
distance to the size of the small solute, like Xe, for the mix-
tures. Our choice of the solute in the present study is further
emboldened by a recent molecular simulation study,85 which
intended to elucidate whether proteins behave effectively like
small or large non-polar solute (in terms of the hydrophobic
effect). The simulation has reported the following observation.
Despite the proteins are large units (larger than 1 nm), they
can behave effectively like “small” particles (i.e., smaller than
1 nm) in terms of hydrophobic effect. The complex structure of
proteins, having both polar and non-polar residues, is the pos-
sible reason for the above behavior. Therefore, the proximity
of polar and nonpolar residues in protein makes protein hydra-
tion structure very similar to small nonpolar solute, which
influences the solvent water H-bonding strength only slightly.
Therefore, we expect that the observation for the system can
be transferred to systems of practical interest for understand-
ing the role of cryoprotectants in influencing the hydrophobic
structure.

The simulation was done at 268 K temperature given the
interest in the cosolvent activity at that temperature around
what cold denaturation often occurs for various proteins. In
this study, we are asking the following questions: How do
these two cosolvents perturb the local tetrahedral structure
of water around the solute? Do the cosolvents uniformly
affect the structure of water inside and outside the first hydra-
tion shell? Are there any contrasting effects of glycerol and
DMSO on hydrophobic hydration structure? Is there any role
of preferential solvation?

The outline for the remainder of this paper is as fol-
lows. The molecular models and other simulation details are
detailed in Sec. II. Section III presents the simulation results
and discussions. Concluding remarks are offered in Sec. IV.

II. SIMULATION DETAILS

In order to study the composition dependence of the
results, we have considered here 6 compositions (with the
mole fraction of glycerol or DMSO, x = 0.02, 0.05, 0.07,
0.10, 0.12, and 0.15) for each of the glycerol+water (GW) and
DMSO+water (DW) mixtures plus neat liquid water, resulting
in total 13 different systems. We have not gone beyond the
mole fraction of the cosolvent x = 0.15 because of the follow-
ing reason. Although protein is stable at a far wide range of
compositions of GW mixtures (including xG = 0.99!),86 the
former is stable only at a narrow range of composition in the
DW mixture. It was observed that lysozyme starts denaturing
beyond xD = 0.15 mole fraction of DMSO in the DW mix-
ture.58–64,87 Therefore, we have limited our studies up to the
composition, x = 0.15, where the protein stays stable in its
native state.

All-atom modeling of glycerol molecules are done using
AMBER88 type force field parameters, initially developed
by Chelli et al.89 and later modified by Blieck et al.90 The
TIP4P/2005 model91 has been used for water molecules. This
combination of the force field models is proven to be the
most successful in reproducing experimental thermodynamic
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properties and other microscopic structural and transport prop-
erties of the GW binary mixture at a wide range of tem-
peratures including sub-zero.92 We have used here the fully
atomistic Strader-Feller model of DMSO,93 which is highly
successful in predicting experimentally observed thermody-
namic and microscopic quantities. The nonpolar solute Xe is
modeled as 12-6 Lennard-Jones (LJ) particle having LJ param-
eters used elsewhere.74,75 The solute–solvent cross parame-
ters are deduced from the Lorentz–Berthelot mixing rules,
which is the best combination rule for the aqueous solution
of Xe.76

First, we optimized a glycerol and a DMSO molecule sep-
arately in the gas phase at the B3LYP/6-311+G∗∗ level of
theory94,95 and basis set using the Gaussian 09 package.96

Then we prepared 13 simulation boxes—each having box
length of 30 Å—by mixing an appropriate number of geomet-
rically optimized glycerol and DMSO molecules separately
with water following the composition of the solvent mixture
and one Xe solute. Each simulation box contains 500 solvent
molecules and 1 solute molecule. The initial configurations of
the molecules were set up randomly using the PACKMOL soft-
ware.97 The compositions of the mixtures have been detailed
in Table S1 of the supplementary material.

MD simulations for the above 13 systems were then ini-
tiated using the Gromacs software package.98 All the systems
were first equilibrated using the NPT ensemble for 10 ns.
The temperature was maintained at 268 K using the Nośe-
Hoover thermostat (coupling time 0.5 ps)99,100 and pressure at
1 bar using the Berendsen barostat (coupling time 0.5 ps).101

In order to confirm that the Berendsen barostat is work-
ing correctly—specifically, whether the resulting density of
the system remains same on using different pressure cou-
pling methods102—we re-equilibrate the systems with the
Parrinello-Rahman barostat103 with the same coupling con-
stant of 0.5 ps. The equations of motions were always solved
using the Verlet leapfrog algorithm every after 1 fs. Table S1
of the supplementary material lists the final simulated densi-
ties separately for the above two barostats. Clearly, the final
densities are almost the same, indicating consistent density
equilibration with the two barostats. Also, the final densities
are in excellent agreement with earlier simulation and exper-
imentally measured densities.92,104 This further supports our
choice of force field models for the solvent molecules and other
simulation parameters.

For obtaining production trajectories, NVT simulations
were initiated from the final configurations of the previous
NPT simulations. These simulations were run for 40 ns by
solving equations of motion every after 1 fs using the Verlet
leapfrog algorithm. The temperature constraining was done by
using the Nośe-Hoover thermostat, one of the efficient temper-
ature control algorithms,102 at 268 K with a coupling constant
of 0.5 ps. The configurations were saved after every 50 fs time
for analysis. The above simulation protocols are akin to other
relevant simulation studies.

III. RESULTS AND DISCUSSIONS

In this section, we first discuss the consequence of
increasing glycerol and DMSO concentration in aqueous

solution on the local tetrahedral order of liquid water around
the hydrophobic solute. We continue our discussion in
Subsections III B–III C about the roles of these two cosolvents
in H-bonding and spatial structure of water solvent around the
solute. Finally, we illustrate the observations by looking at the
orientational arrangement of the cosolvent molecules in the
hydration shell of the Xe solute.

A. Tetrahedral order parameter

Orientational tetrahedral order parameter (q) is the most
extensively used parameter for understanding the tetrahedral
structure of a liquid. (See, e.g., Refs. 67 and 105–110.) For neat
liquid water, q is calculated by considering 4 nearest water
oxygen (OW) atoms from a central water OW and using the
following equation:

q = 1 −
3
8

∑3

j=1

∑4

k=j+1

(
cos θjk +

1
3

)2

. (1)

Here, θjk is the angle formed by the lines joining OW of a
given water molecule and those of its four nearest neighbors j
and k. For entirely random configuration, like an ideal gas, the
average value 〈q〉 is 0. On the other hand, 〈q〉 = 1 for perfectly
tetrahedral configuration, like ice.

First, we study q for water clusters in the two mixtures.
Figures 1(a) and 1(c) present the normalized probability den-
sity distributions of q for pure water, 3 GW mixtures (xG = 0.05,
0.10, and 0.15), and 3 DW mixtures (xD = 0.05, 0.10, and 0.15).
In this calculation, we have considered only the nearest four
water molecules from a central water molecule. The rationale
is to check how the cosolvents prevent tetrahedral ordering
of water among themselves around the hydrophobic solute at
low temperature. q is calculated for 1st hydration shell (inter-
facial) and bulk water molecules separately. The interface and
the bulk are identified from radial distribution function (RDF)
between the solute Xe and water OW, presented in Figs. S1
and S2 of the supplementary material. The interfacial layer

extends up to 5.5 Å
′

distance from the solute (position of the

first minima of Xe−−OW RDF). The space outside 10 Å
′

dis-
tance from the solute (Xe−−OW RDF almost levels off after
this distance) is considered as bulk. Note that these distance
criteria are consistent with a recent MD simulation study.111

Figures 1(a) and 1(c) show that the distribution of q—both at
interface and bulk—is maximum at q ∼ 0.83 with a shoulder
at q ∼ 0.50 for pure water. The local tetrahedral structure of
water at the present simulation temperature (T = 268 K) is
palpably more ordered than the structure at T = 298 K.67,110

The intensity of the peak for both the interfacial and bulk
water decreases steadily. (As suggested in Ref. 53, this low-
temperature ordering of solvent water near nonpolar solute
can be the key for cold denaturation of the protein.) However,
no significant shift of the peak is observed. Closer inspection
of Figs. 1(a) and 1(c) further reveals that while the intensity
of the peak—centered at q ∼ 0.83—gradually decreases, new
peak burgeons at q ∼ 0.45. The intensity of the new peak
prevails over the intensity of the peak at q ∼ 0.83 beyond
x = 0.10.

In order to elucidate further, we view the structures of
5 water clusters including the central water for q ∼ 0.83 and

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-008813
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-008813
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-008813
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FIG. 1. Normalized probability distri-
bution of the tetrahedral order param-
eter, q, for bulk (dashed lines) and inter-
facial water molecules (solid lines) for
neat water and binary mixtures of water
and cosolvents at different composi-
tions: (a) GW mixtures and (c) DW mix-
tures. Difference between the distribu-
tions of q in bulk and the first hydration
shell around the solute for (b) GW and
(d) DW binary mixtures.

q ∼ 0.45 for both GW and DW mixtures. Four such water clus-
ters are shown in Fig. 2. Apparently, the structures in Figs. 2(a)
and 2(b) are close to the regular tetrahedron. Therefore, the
peak at q ∼ 0.83 corresponds to a tetrahedral-like arrangement
with the four water molecules situated at the four vertices of
the tetrahedron. On the other hand, Figs. 2(c) and 2(d) reveal
that the peak at q ∼ 0.45 corresponds to a broken tetrahe-
dral geometry with one water molecule dislocated from one
vertex of the tetrahedron. This essentially suggests that the
gradual burgeoning peak at q ∼ 0.45 with increasing glyc-
erol/DMSO concentration—in Figs. 1(a) and 1(c)—is due to
the disruption of the local tetrahedral geometry of water at
both the bulk and hydrophobic interface. At x > 0.10, the water
clusters turn out to be dominated by the distorted tetrahedral
structure. We will show later that the fourth free vertex of
the tetrahedron is actually occupied by a cosolvent molecule
and thereby uphold “hybrid” tetrahedral clusters (composed of
both water and cosolvent molecules) around the center water
molecule.

Now, we turn our focus on comparative analysis between
the distributions of q for interfacial and bulk water molecules.
The differences between the two distributions are shown in
Figs. 1(b) and 1(d) for GW and DW mixtures, respectively.
For pure water, the tetrahedral structure of interfacial water
solvent is more ordered than that of the bulk. This is consistent
with the picture that the strong H-bonding structure of interfa-
cial water exists in the vicinity of the hydrophobic solute.67–73

Figures 1(a) and 1(c) demonstrate that even though the tetra-
hedral orders of both the bulk and interfacial water molecules
decrease with increasing mole fraction of glycerol in the GW
mixtures, the interfacial water molecules always stay more
ordered than bulk water. However, the picture is markedly
different for DW mixtures. The interfacial water molecules
become eventually less ordered than the bulk waters at
xD > 0.05 for DW mixtures.

To elucidate further with the more quantitative analysis,
we plot average tetrahedral order parameters of the interfacial
water molecules (〈qI 〉) and those of the bulk water molecules

FIG. 2. Representative water clusters for q ∼ 0.83 and
q ∼ 0.45 for GW and DW binary mixtures.
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FIG. 3. Average tetrahedral order parameters of the interfacial water
molecules (〈qI 〉) (solid line with filled circles) and those of the bulk water
molecules (〈qB〉) (dashed line with open circles) in the two mixtures: (a) GW
and (b) DW as a function of xG and xD, respectively. (c) The ratios 〈qI 〉/〈qB〉

as functions of xG and xD for the two mixtures. The red line with open cir-
cles and the blue line with filled circles represent for GW and DW mixtures,
respectively, in panel (c). Horizontal dashed blue line in panel (c) indicates
〈qI 〉/〈qB〉 = 1.

(〈qB〉) for GW and DW mixtures in Figs. 3(a) and 3(b), respec-
tively. Evidently, both 〈qI 〉 and 〈qB〉 decreases almost lin-
early with increasing the cosolvent concentration. The ratio
〈qI 〉/〈qB〉 is plotted in Fig. 3(c) as functions of xG and xD

for GW and DW mixtures, respectively. The ratio 〈qI 〉/〈qB〉

is above unity for all the compositions of the GW mixtures
and stays almost insensitive on glycerol concentration up to
xG = 0.15, the maximum glycerol concentration in the present
study. This immediately suggests that glycerol uniformly
affects the interfacial and bulk water. However, the scenario is
entirely different for DW mixtures. Figure 3(c) shows that 〈qI 〉

decreases more rapidly than 〈qB〉 with increasing xD in DW
mixtures. Therefore the ratio 〈qI 〉/〈qB〉 becomes less than unity
at xD > 0.05 and decreases up to a value of 0.9 at xD = 0.15. This
suggests that, unlike glycerol, DMSO affects the tetrahedral
arrangement of the interfacial water more radically than that of

the bulk water. The observation that glycerol uniformly influ-
ences the tetrahedral structure of water around the hydrophobic
solute and that DMSO disrupts the tetrahedral arrangement of
interfacial water more drastically than that of the bulk water
strongly recommends the contrasting roles of these two cosol-
vents in affecting the tetrahedral structure of water around
a hydrophobic solute. Similar contrasting behaviors of these
two cosolvents were reported earlier while studying the effect
of these cosolvents on hydration structure and dynamics near
the peptide water interface.54 While glycerol increases the
hydration number near the peptide interface, DMSO decreases
the hydration number near the same peptide interface. This
might be due to the preferential hydration of the hydropho-
bic residues. We will return to this discussion in Sec. III B. A
more recent experimental study has also revealed that DMSO
and glycerol affect the diffusivity of interfacial and bulk water
(from lipid bilayer surface) very differently.55 While glycerol
uniformly affects the diffusivity of water irrespective of the
distance from the lipid bilayer surface, DMSO significantly
increases the diffusivity of surface water compared to that of
the bulk water.

Now, we turn our focus on how glycerol and DMSO
cosolvents directly participate in the local tetrahedral struc-
ture of liquid water. While glycerol molecules can act as both
the H-bond donor and acceptor with water solvent molecules,
DMSO molecules only accept H-bonds from the solvent water.
In the beginning of this section, we have indicated that one
vertex—in majority of the tetrahedral clusters of water around
the hydrophobic solute—turns out to be liberated from water
when the mole fraction of the cosolvent reaches x = 0.15 and
that a cosolvent molecule occupies this unattended position by
forming H-bond with the central water solvent molecule. Fig-
ures 4(a) and 4(b) present the normalized probability density
distributions of q for pure water, 3 GW mixtures (xG = 0.05,
0.10, and 0.15), and 3 DW mixtures (xD = 0.05, 0.10, and
0.15). In this calculation, we have considered the nearest four
solvent molecules (both water and cosolvents) from a central
water molecule. Clearly, the distributions for both GW and DW
mixtures culminate at q∼ 0.8 with a shoulder at q∼ 0.5. Unlike
in Fig. 1, the peak of the distribution remains fixed at q ∼ 0.8
for all compositions and no new peak emerges at q∼ 0.5 except
there is a slight rise of the shoulder. Clearly, the peak intensity
decreases with increasing cosolvent concentration. However,
the loss of the peak intensity is much less than when only water
clusters are considered in the calculation. This indicates that
the retention of the tetrahedral structure occurs at least up to
x = 0.15. However, the pure water tetrahedral clusters turn into
the multicomponent tetrahedral cluster. These “hybrid” tetra-
hedral structures may potentially reduce the probability of ice
crystal formation and their growth. These observations sup-
port the fact that these cosolvents act as potential anti-freezing
substances.1–21

We have presented, in Figs. 5(a) and 5(b), the average
tetrahedral order parameters 〈qI 〉 and 〈qB〉 for the interfacial
and bulk water solvent molecules, respectively, in DW and
GW mixtures. These are calculated for the tetrahedral clusters
composed of both water and cosolvents. Figure 5(a) shows that
both the 〈qI 〉 and 〈qB〉 decrease almost parallel with increas-
ing xG. Naturally, the ratio 〈qI 〉/〈qB〉 remains almost constant
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FIG. 4. Distribution of the tetrahedral order parameter, q, for bulk (dashed
lines) and interfacial water molecules (solid lines) for neat water and binary
mixtures of water and cosolvents at different compositions: (a) GW mixtures
and (b) DW mixtures. Note that these calculations are done by considering
the nearest four solvent molecules (both water and cosolvents) from a central
water molecule.

at slightly higher than unity. The scenario is again different
for the DW mixture. As visible in both Figs. 4(b) and 5(b),
〈qI 〉 at the interface decrease more than 〈qB〉 in bulk with the
same increase of xD. Therefore the ratio, presented in Fig. 5(c),
decreases from slightly higher than 1.0 for neat water to ∼0.95
at xD = 0.15. The above observations clearly indicate that while
glycerol affects the tetrahedral order of the interfacial and the
bulk water solvent almost uniformly, DMSO’s influence is not
uniform. A more meticulous comparison between Figs. 5(a)
and 5(b) reveals an interesting picture. At xG = 0.15, the value
of 〈qI 〉 at the interface (0.62) is higher than the value (0.59) at
the same mole fraction for the DW mixture. On the other hand,
the 〈qB〉 value (0.62) for GW mixture at xG = 0.15 is almost
the same with the 〈qB〉 value for DW mixture at xD = 0.15.
Consequently, the glycerol and DMSO cosolvents perturb the
three-dimensional tetrahedral H-bonding network of water
near the hydrophobic solute almost similarly at the bulk limit,
but the effect on the interfacial water solvent is not akin. DMSO
disrupts the orientational order of interfacial water more
intensely. This observation gives the signature of stronger pos-
sible preferential interaction between the hydrophobic solute
and DMSO cosolvent. We will return to this discussion in
Sec. III D.

B. H-bonding of water

In order to elucidate further on how the two cosolvents
relatively affect H-bonding between water molecules at the
hydrophobic interface and the bulk, we calculate the number
of H-bonds per water molecule (Nh) as a function of distance
from the solute.

FIG. 5. Average tetrahedral order parameters of the interfacial water
molecules (〈qI 〉) (solid line with filled circles) and of the bulk water molecules
(〈qB〉) (dashed line with open circles) in the two mixtures: (a) GW and (b) DW
as a function of xG and xD, respectively. (c) The ratios 〈qI 〉/〈qB〉 as functions
of xG and xD for the two mixtures. The red line with open circles and the
blue line with filled circles represent for GW and DW mixtures, respectively.
Horizontal dashed blue line in panel (c) indicates 〈qI 〉/〈qB〉 = 1. Note that
these calculations are done by considering the nearest four solvent molecules
(both water and cosolvents) from a central water molecule.

Figures 6(a) and 6(b) exhibit Nh as a function of distance
from the solute for 4 different compositions (x = 0.0, 0.05, 0.10,
and 0.15) for each of the GW and the DW binary mixtures.
We have adopted the widely accepted H-bond criteria (rODOA

< 3.5 Å, rOAHD < 2.45 Å, HDODOA < 30◦, where “D” and
“A” stand for the H-bond donor and acceptor, respectively).
Noticeably, for neat liquid water, Nh goes to the maximum at
rXeOW ∼ 4.5 Å distance from the solute and then after some
undulation it almost levels off beyond rXeOW = 10 Å distance.
The peak at rXeOW ∼ 4.5 Å distance indicates stronger water
H-bonding network at the solute-water interface. This result
is consistent with the earlier observations of stronger water
H-bonding near the hydrophobic interface than that in the
bulk.73 Figure 6(a) shows that for GW binary mixtures, Nh

decreases steadily with increasing xG at all the distances from
the solute. To see the relative perturbation by the cosolvents
at the interface and the bulk regions, we have plotted the
ratio N I

h/N
B
h in Fig. 6(c). Here, N I

h and NB
h are, respectively,
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FIG. 6. [(a) and (b)] Number of water· · ·water H-bonds per water molecule
(Nh) as a function of distance from the solute for GW mixtures [panel (a)]
and DW mixtures [panel (b)]. The data for only 4 different compositions
(x = 0.0, 0.05, 0.10, 0.15) are shown here. (c) The ratio between Nh at the
interface (Nh

I ) and Nh at the bulk (Nh
B). The solid lines in panel (c) are

the linear fits of the data. The vertical lines in panels (a) and (b) indicate the
upper limit of the interface (1st hydration shell) and the lower limit of the
bulk region. The horizontal dashed lines in panels (a) and (b) indicate the bulk
values of the corresponding compositions of the two mixtures. The horizontal
dashed line in panel (c) indicates the ratio (Nh

I /Nh
B) for pure water.

the first peak height and the average value of Nh at the bulk
region. Clearly, the ratio increases with xG. This suggests that
the increased number of glycerol molecules draw more water
molecules at the interfacial region from the outer solvation
layers. Hence, the ratio N I

h/N
B
h increases with increasing glyc-

erol concentration in the mixture. However, we have already
witnessed in Fig. 3 that relative “tetrahedrality” (〈qI 〉/〈qB〉)
of solvent remains almost insensitive to xG. Thus glycerol,
on the one hand, uniformly disrupts the local tetrahedral
H-bonding structure of water at both the bulk and interface
and, on the other hand, it retains some water· · ·water H-bonds
in the solute’s first hydration shell. This is an excellent scenario
for stabilization of protein at low temperature.

The overall decrease of Nh with increasing DMSO con-
centration in the DW mixture is evidenced in Fig. 6(b). How-
ever, the situation is substantially different here compared
to the GW mixture. As seen in Fig. 6(c), the ratio (N I

h/N
B
h )

decreases with an increase in xD. This indicates that DMSO
molecules disturb the H-bond structure of the interfacial water
molecules more strongly than that of the bulk water molecules
in the DW mixture. Also, as we have seen in Fig. 3, the local
tetrahedral structure of hydrophobic interfacial water is dis-
rupted more than that in bulk. Therefore, DMSO decreases
both the number of water· · ·water H-bonding and the local
tetrahedral H-bonding network. This can be one of the pos-
sible reasons of why protein gets precipitated in high DMSO
concentration in solution.

We have repeated the above analysis but considering both
water and cosolvent as H-bond partners of the central water
molecule. Similar results are obtained. The results are pre-
sented in Fig. S3 of the supplementary material. It is worth
mentioning that the decrease of the overall H-bonding inter-
action with increasing the cosolvent concentration can explain
the stability of hydrophobic-interaction-induced self-assembly
structures, like proteins. This is due to the theory, described
in Ref. 53, which states that cold denaturation of protein can
occur naturally because of increasing strength of interfacial
water· · ·water hydrogen bond interaction.

C. Radial distribution of water solvent around
the solute

In Secs. III A and III B, we found strong indication that
glycerol draws more water molecules at the solute/water inter-
face from bulk and DMSO excludes water solvent from the
interface. To obtain more conclusive evidence, we look at the
mass density of water (ρw) as a function of distance from
the solute for GW and DW mixtures. Figures 7(a) and 7(b)
present ρw as a function of distance from the solute at 4 dif-
ferent compositions of GW and DW mixtures, respectively.

FIG. 7. Density of water as a function of distance from the solute for 4 differ-
ent compositions of the two binary mixtures: (a) GW and (b) DW. The results
are shown here only for 4 compositions of each of the mixtures.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-008813
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While ρw peaks at r ∼ 4.0 Å distance from the solute, the first
minimum arises at r ∼ 5.5 Å. The density almost levels off
after 10 Å distance from the solute, which is the bulk regime.
With increasing concentration of glycerol and DMSO in the
GW and the DW mixture, respectively, the density of water
decreases at all regions varying the distance from the solute.
This is pretty straightforward since the total number of water
molecules decreases with increasing glycerol or DMSO con-
centration. However, the question remains whether the density
of water decreases uniformly at all regions around the solute.
We discuss this now.

Figure 8(a) exhibits the density of the interfacial water
solvent ρI (the first peak intensities) and the bulk water
ρB as a function of glycerol and DMSO concentration for
GW and DW binary mixtures, respectively. For GW mix-
ture, while ρI decreases from ∼2.2 (for neat water) to ∼1.6 (at
xG = 0.15), ρB decreases from ∼1.0 (for neat water) to ∼0.6
(at xG = 0.15). Therefore, the reduction of water density at the
interface (∼27%) is less than that at the bulk (∼40%). On the
other hand for the DW mixture, while the first peak intensity
decreases from ∼2.2 (for neat water) to ∼1.2 (at xD = 0.15),
the bulk water density decreases from ∼1.0 (for neat water)
to ∼0.6 (at xD = 0.15). Therefore, the interfacial water solvent
density decreases by 45% for the DW mixture at xD = 0.15.
This reduction is almost twice the reduction of the interfacial
water solvent density for the same increase in the glycerol
concentration.

Figure 8(b) plots the ratio ρI /ρB as a function of the
concentration of glycerol and DMSO for the GW and DW
binary mixtures, respectively. Interestingly, the ratio increases
with increasing xG for GW binary mixtures. In contrast, the

FIG. 8. (a) The densities of the interfacial water molecules (ρI ) and the bulk
water molecules (ρB) as a function of glycerol and DMSO concentration for
GW (blue dashed lines) and DW (red solid lines) binary mixture, respectively.
(b) The ratio, ρI /ρB, as a function of the composition of the two mixtures.
The dashed lines in panel (b) are the linear fits of the data.

ratio decreases with DMSO concentration in the DW mix-
ture. This provides an absolutely clear picture that glycerol
attracts solvent water molecules from the bulk region at a
higher concentration of glycerol and thereby prevents com-
plete drying out of water from the first hydration shell of
the hydrophobic solute. In addition, glycerol acts as a good
anti-freezing substance by disrupting both the local tetrahe-
dral structure and water· · ·water H-bonding network. Glyc-
erol, therefore, endorses two level protections of living cells
and biomolecules at the extreme condition. On the other
hand, DMSO excludes water molecules from the first hydra-
tion shell at higher concentration of DMSO. These are con-
sistent with the changes of the H-bond numbers per water
molecule in these mixtures as a function of cosolvent concen-
tration. Clearly, at high concentration of DMSO, water density
becomes significantly low near the solute and therefore DMSO
is not a very good cosolvent for stabilizing biomolecules at
the extreme condition particularly at a high concentration
of the DMSO mixture. This is consistent with experimental
observation.58

D. Hydrophobic effect and orientational ordering
of the cosolvents

In Secs. III A–III C, we observed the contrasting roles of
glycerol and DMSO on the structural disruption of water sol-
vent’s orientational and H-bond structure at the hydrophobic
interface and in the bulk region. While glycerol affects the reg-
ular tetrahedral H-bonding structure of water almost uniformly
at all regions, DMSO’s role is somewhat non-uniform since the
latter affects the interfacial water structure more intensely than
the bulk water. These results corroborate with the observations
from earlier studies. In this section, we focus on the plausible
mechanism for the above contrasting behaviors of these two
cosolvents. We see whether the contrasting behavior is some-
how correlated with the intrinsic molecular structures of these
two cosolvents.

Here, we examine the orientational distribution of the key
segments of the two cosolvents at different distances from
the hydrophobic solute. Figure 9(b) exhibits two-dimensional
probability density distribution (P(r,θ)) of the angles
θ—between glycerol CT

. . .Xe vector and the glycerol CG−−CT

bond vector [see Fig. 9(a) for the atom labels]—and the dis-
tance rXeCT between the Xe atom and the glycerol CT atom
for the GW mixture with xG = 0.10, as a representative com-
position. The distribution has a high-intensity peak at rXeCT

= 3.5 Å and θ = 0◦ angle. Therefore, the terminal CH2

groups align toward the hydrophobic solute. This is due to the
hydrophobic interaction between the CH2 groups of glycerol
and the Xe solute.

Now, we study the orientational alignment of the hydroxyl
groups of the glycerol molecules. We have plotted—in
Fig. 9(c)—P(r,φ) as functions of the angle φ {between the
glycerol OH−−H bond vector and glycerol OH. . .Xe vector [see
Fig. 9(a) for the atom labels]} and the distance rXeOH (between
the Xe atom and the OH atom of the glycerol molecule) for
the GW mixture with xG = 0.10. Note that similar pictures (not
shown here) are seen for other compositions. In the interfacial
region (rXeOH < 5.5 Å), the distribution has two maxima:
one at φ = 70◦ and the other one at φ = 180◦. Therefore,
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FIG. 9. (a) Schematic diagrams of a glycerol molecule and the Xe solute.
The angle θ between the CT−−Xe vector and the CG−−CT bond vector and
the angle φ between the glycerol OH−−H vector and glycerol OH−−Xe vector
are indicated. (b) Two-dimensional probability density distribution (P(r,θ))
of the angle θ and the distance between Xe and the CT atom of the glycerol
molecule (rXeCT ) for the GW mixture at a representative mole fraction xG
= 0.10. (c) Two-dimensional probability density distribution (P(r,φ)) of the
angle φ and the distance between Xe and the O atom of the glycerol molecule
(rXeOH) for the GW mixture at a representative mole fraction xG = 0.10. The
vertical dashed lines in all panels indicate the interfacial and bulk regions.

the majority of the OH groups of the glycerol molecules are
either aligned tangentially to the hydrophobic solute surface
or they are aligned toward the bulk region. Apparently, this
angular arrangement of glycerol’s hydroxyl groups is very
similar to the angular arrangement of water OH bonds in
the hydrophobic interfacial region. The latter is presented in
Fig. S4 of the supplementary material. Majority of the water
OH bonds are aligned either tangential to the solute surface
or are directed toward the bulk water molecules. Therefore,
the glycerol OH groups would participate in both tangen-
tial and bulk H-bonding with solvent water molecules. (See

Fig. S5 of the supplementary material.) This water-like orienta-
tional arrangement is the possible factor, which does not allow
the glycerol molecules to discriminate between the interfacial
and the bulk water molecules while perturbing the tetrahedral
H-bond structure of water.

Now we turn our focus on the orientational arrangement
of DMSO molecules around the solute. Figure 10(b) exhibits
two-dimensional probability density distribution (P(r, θ)) of
the angle θ—between the DMSO CD−−Xe vector and DMSO
S−−CD bond vector—and the distance rXeCD—between the
Xe atom and DMSO CD atom—for the DW mixture with
xD = 0.10, as a representative one. rXeCD and θ are labeled in
Fig. 10(a). Note that similar pictures (not shown here) are seen

FIG. 10. (a) Schematic diagrams of a DMSO molecule and the Xe solute.
The angle θ between the CD−−Xe vector and the S−−CD bond vector and the
angle φ between the DMSO S==O vector and S−−Xe vector are indicated.
(b) Two-dimensional probability density distribution (P(r,θ)) of the angle θ
and the distance between Xe and the CD atom of DSMO molecule (rXeCD)
for the DW mixture at a representative mole fraction xD = 0.10. (c) Two-
dimensional probability density distribution (P(r,φ)) of the angle φ and the
distance between Xe and the O atom of DSMO molecule (rXeO) for the DW
mixture at a representative mole fraction xD = 0.10. The vertical dashed lines
in panels (b) and (c) indicate the interfacial and bulk regions.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-008813
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-008813
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for other compositions. The peak is centered at θ = 0◦ angle
and rXeCD = 3.5 Å distance from the solute. Therefore—similar
to the alignment of terminal CH2 groups of interfacial glyc-
erol molecules—the methyl groups of DMSO are also directed
toward the hydrophobic Xe solute. This gives a strong indica-
tion of hydrophobic interaction between the DMSO’s methyl
groups and the Xe solute.

Finally, we focus on the angular alignment of the S==O
groups of the DMSO cosolvent molecules in the proxim-
ity of the solute. Figure 10(c) plots P(r,φ) as a function of
the angle φ—between the DMSO S. . .Xe vector and DMSO
S==O bond vector [see Fig. 10(a) for the labels]—and the dis-
tance rXeO—between the Xe atom and DMSO O atom—for
the DW mixture having xD = 0.10, as a representative one.
Clearly, for the interfacial DMSO molecules P(r,φ) peaks at
φ ∼ 65◦. This indicates that the S==O groups of the interfa-
cial DMSO molecules are aligned tangentially to the solute.
Therefore, these S==O groups will involve in H-bonding only
with water· · ·water tangential H-bonds and thereby selectively
affect the tangential H-bonding structure of the water solvent
in the close proximity of the Xe solute. We have shown in
Fig. S5 of the supplementary material that the glycerol
cosolvent molecules affect both the tangential and the
bulk H-bonding of interfacial water solvent molecules,
while DMSO molecules selectively affect the tangential
H-bonds. Note that these tangential water· · ·water H-bonds
are a unique identity of the water hydrophobic interfacial
region. Therefore, the selective attacking of the tangen-
tial H-bonds by DMSO molecules perturbs the interfacial
hydration layer very differently than that in bulk. On the
other hand, glycerol molecules behave very similar to those
of solvent water molecules in terms of H-bonding with
solvent water. These emphasize why glycerol influences
the water solvent structure uniformly at all regions, but
DMSO has preferential influence on interfacial water solvent
structure.

IV. CONCLUSIONS

In this paper, we have systematically studied the effect of
two well-known cryoprotectants—glycerol and DMSO—on
the local tetrahedral order of water molecules at �5 ◦C adja-
cent to a hydrophobic solute and at the bulk region. We have
found a steady reduction of tetrahedral order and the number
of water· · ·water H-bonds per water molecule at both the bulk
and hydrophobic interface with increasing concentration of
glycerol and DMSO in water. Contrasting roles of glycerol and
DMSO have been clearly evidenced. While the interfacial and
bulk tetrahedral H-bonding networks of water are affected by
glycerol almost uniformly, DMSO disrupts the water structure
around the nonpolar solute in a nonhomogeneous way. DMSO
selectively affects the interfacial water structure more than that
of the bulk water. Also, the presence of glycerol cosolvent in
the mixture does not allow a complete drying out of the inter-
face by retaining some water molecules in this region. Note
that this cosolvent induced water retaining is the key for pro-
tein stabilization against denaturation. In contrast, the stronger
hydrophobic interaction between hydrophobic methyl residues
of DMSO and the hydrophobic solute replaces water molecules

from the interface. This provides somewhat clear indications
that glycerol has more efficacy for stabilizing protein than
DMSO in aqueous solution. This is consistent with previous
studies.56–64 The contrasting role of glycerol and DMSO on
disrupting the local order of interfacial water has been con-
nected with hydrophobic interaction (between the solute and
the cosolvents) induced orientation of the cosolvents adjacent
to the hydrophobic solute. While glycerol has three hydroxyl
groups, forming strong HBs with solvent water by both accept-
ing and donating H-bonds, DMSO can only accept the H-bond
from water solvents. Therefore, the glycerol molecules behave
almost like water solvent (in terms of H-bonding structure) and
therefore can act as water replacement with minimal distortion
of the overall H-bond network near the hydrophobic interface.

Finally, this work has mainly focused on the disruption
of the tetrahedral structure of liquid water at the hydropho-
bic interface relative to the bulk. However, it is also essential
to know how these cosolvents affect the dynamics of water
molecules in different regions from the solute. The results of
this work will be presented separately elsewhere.

SUPPLEMENTARY MATERIAL

See supplementary material for (i) a table detailing com-
positions and simulated densities of different mixtures, (ii)
solute-solvent radial distribution function, (iii) plot of the num-
ber of H-bonds per water molecule as a function of distance
from the solute, (iv) two-dimensional probability density dis-
tribution (P(r,θ)) of the angles θ—between the water OW

. . .Xe
vector and the water OW−−HW bond vector—and the distance
rXeCT —between the Xe atom and the glycerol CT atom for the
GW mixture—with xG = 0.10, and (v) angular distribution of
cosolvent-water H-bond at the interface.
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