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Elucidating how osmolytes influence hydrophobic interactions in small nonpolar solutes helps to explain
their role in biology. This is crucial for understanding protein stability, enzyme—substrate binding, and
membrane self-assembly. Motivated by this, we employ equilibrium simulations and umbrella sampling
to explore the molecular basis of the osmolyte-induced association of methane molecules. Our study
reveals a remarkable enhancement in methane association driven by choline chloride (ChCl). Radial
distribution functions (RDFs) and solvent accessible surface area show increased methane aggregation
with the addition of ChCl compared to pure water. Detailed cluster analysis highlights the formation of
larger and more compact methane clusters at higher ChCl concentrations. The addition of ChCl induces
dewetting of the methane surface, enhancing methane association, as confirmed by preferential
interaction parameter calculations for water. Simultaneously, choline molecules cluster around methane,
creating a hydrophobic environment that further promotes association. Our microscopic structural
investigation shows that the addition of ChCl disrupts the water hydrogen-bond network around
methane. Hydrogen bond analysis reveals an increase in choline—choline bonds and a decrease in both
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Accepted 4th August 2025 from umbrella sampling further confirm the enhanced hydrophobic association between methane mole-
DOI: 10.1039/d5cp01919b cules in the presence of ChCl compared to pure water. In summary, our findings highlight the crucial

role of osmolytes in stabilizing hydrophobic interactions among nonpolar solutes, which has broad
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1 Introduction

Hydrophobic interactions’™ are key driving forces in many
biomolecular processes. These include protein folding, enzyme-
substrate binding, and membrane-protein self-assembly.””
These interactions are determined by a delicate balance of direct
and water-mediated interactions between nonpolar solutes, and
their strength depends on solute size and nature of the attractive
intermolecular interactions.>®° For example, many phenomena
related to the hydrophobic effect are observed due to expulsion of
nonpolar solutes from aqueous environments due to the attrac-
tion between water molecules being greater than the attraction of
solute-water. The hydrophobic effect can be broadly categorized
into two aspects: hydrophobic interaction and hydrophobic
hydration. Hydrophobic interaction refers to the direct inter-
action between nonpolar solutes in an aqueous environment,
while hydrophobic hydration describes the indirect effects invol-
ving microscopic structural and dynamical changes in water
during the dissolution of nonpolar solutes. The immediate
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implications for various biological processes.

consequence of the hydrophobic effect is the minimization of
the solvent-exposed surface area of nonpolar solute leading to
self-aggregation or folding into compact states.”® Water is an
integral component of the cellular environment and plays a vital
role in regulating numerous biological processes.'®" The struc-
ture of water near nonpolar solutes significantly influences the
extent of water-mediated interactions between them. These
water-structure changes near nonpolar solutes are strongly
dependent on solute size. For small hydrophobic solutes, water
molecules can accommodate them within cavities formed by the
hydrogen-bond network, resulting in minimal or no loss of
hydrogen bonds.** In contrast, larger hydrophobic solutes cannot
fit into the cavities formed by the hydrogen bond network of
surrounding water. This leads to the breaking of hydrogen bonds
near the solute.>"'® A crossover between these two regimes occurs
at a solute size of approximately 1 nm, as reported by Chandler.’

Several studies have shown that hydrophobic interactions among
biomolecular components during protein folding, enzyme-substrate
binding, and bilayer self-assembly are strongly influenced by
environmental conditions.'®™® For instance, proteins tend to
unfold under harsh conditions like high temperature,*® high
salt concentrations,”” or high pressure.'® Chemical environ-
ments also play a critical role; for example, proteins unfold in
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the presence of 8 M urea.>' Conversely, a range of small organic
molecules known as protecting osmolytes help to stabilize
proteins in their folded state under stress. Examples include
sugars (e.g., trehalose®?), methylamines (e.g., TMAO, ChCI**?%),
and amino acids (e.g., glycine betaine®®). Among these, ChCl, a
methylamine-class osmolyte, is widely used to protect protein
structure under stress and has gained attention for its diverse
applications in the chemical and food industries.*®* The
presence of such osmolytes helps maintain the delicate balance
between hydrophobic interactions and the folding-unfolding
equilibrium of proteins.'®**?* However, the molecular mechan-
isms by which osmolytes stabilize the folded state is not fully
understood. Due to the complexity of larger biomolecules, small
nonpolar solutes serve as effective models to study osmolyte-
induced effects on hydrophobic interactions at the fundamental
level. Methane, a simple nonpolar solute, is often used to mimic
hydrophobic residues®® within proteins and thus reduces the
complexity of the system. Hence, in this study, we focus on
methane molecules in the presence of ChCl to investigate how
protecting osmolytes influence hydrophobic interactions, an
insight critical to understanding broader biological phenomena.
While experimental techniques such as IR spectroscopy, neutron
scattering, and NMR have been used to study hydrophobic effects
and the influence of osmolyte, they often lack atomic-level
resolution. In this context, all-atom molecular dynamics simula-
tions provide a powerful computational approach to uncover the
underlying microscopic mechanisms.

The structural and thermodynamic behavior of hydrophobic
surfaces ranging from small nonpolar solutes to larger macro-
molecules in water and osmolyte mixtures have been exten-
sively studied.>>” For example, it has been shown that while
urea stabilizes the association of methane molecules, it desta-
bilizes the association of larger nonpolar solutes.**” Multiple
studies have attempted to quantify the strength of hydrophobic
interactions by comparing the association or dissociation ten-
dencies between pairs of nonpolar solutes or hydrophobic
polymers.**?%3° Further investigations into the effects of urea
and TMAO using both all-atom and united-atom descriptions of
methane have revealed that urea enhances hydrophobic asso-
ciation, whereas TMAO has a negligible effect.*® Other works
have reported that the addition of urea promotes methane
clustering due to the preferential binding of methane with
water.**™** Garde et al. demonstrated that TMAO does not alter
hydrophobic interactions between methane molecules because
the enthalpic and entropic contributions nearly compensate
each other. They found that contact minima between two
methanes are entropically favored, while solvent-separated
minima are stabilized by enthalpy.**> Beyond TMAO, other
osmolytes such as trehalose and glycine betaine have also been
explored.***® For instance, Dixit et al. studied the hydrophobic
association and solvation of methane in aqueous urea and
glycine betaine solutions and found that both osmolytes
enhance hydrophobic association, primarily due to favorable
entropic contributions.** A related study explored the effects of
urea and taurine on the hydrophobic association and solvation
of methane and neopentane, revealing that methane association
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is entropy-driven, while for neopentane, both enthalpy and entropy
contribute favorably.*® In contrast, Paul et al. used a simulation
approach to report that the addition of trehalose reduces hydro-
phobic interactions among neopentane molecules.*” The effect of
increasing pressure on the hydration structure of neopentane
molecules has shown a reduction in hydrophobic association
but stabilization of the solvent-separated minimum.*” Moreover,
Sharma et al. studied caffeine self-association in water from 275 K
to 350 K and observed a reduction in association with increasing
temperature.’® Additionally, the introduction of ChCl has been
found to disrupt the tetrahedral structure and orientation of water
around methane.*® From a dynamical perspective, ChCl appears to
push water molecules toward methane, forming water cages that
hinder the translational motion of methane.*® A study by Rama-
chandran et al. investigated the impact of amino acids on methane
hydrate formation. They observed that at lower concentrations,
phenylalanine and tryptophan promote the nucleation and growth
of methane hydrates, while higher concentrations of these amino
acids inhibit these processes.”® In terms of hydrophobic effect, it
has been reported that hydrophobic polymers adopt more com-
pact conformations in ChCl solutions compared to pure water.”*
Other studies have also reported the influence of ChCl-based deep
eutectic solvents on the self-assembly behavior of ionic surfactants
and amphiphilic star-block copolymers.>*® Similarly, Mondal
et al. showed the stabilization of collapsed conformations in model
Lennard-Jones and synthetic polystyrene polymers through both
simulations and experiments.®”” Nayar et al found that low
concentrations of TMAO (less than 2 M) can stabilize the collapsed
state of hydrophobic polymers.”® Most of the above-mentioned
works reported the role of various osmolytes on the hydrophobic
interactions considering nonpolar solutes of different length
scales. Because of the different combinations of the osmolytes
present in the biological systems, understanding how the hydro-
phobic interactions are influencing in the presence of all these
osmolytes is necessary. Although osmolytes like TMAO, glycine
betaine, and trehalose have been widely studied for their effects on
the hydrophobic interaction of simple nonpolar solutes, we are not
aware of any systematic investigation addressing the effect of ChCl
on hydrophobic interactions. This gap motivates our study, where
we use molecular dynamics simulations to explore the influence of
varying concentrations of ChCl on the association behavior of
methane molecules.

In the present work, we investigate the role of ChCl in
hydrophobic interactions between methane molecules using
molecular dynamics simulations. Our primary focus is to
provide a structural and molecular-level understanding of the
hydrophobic effect in the presence of this protecting osmolyte.
Our findings demonstrate that the hydrophobic association
between methane molecules is enhanced with the progressive
addition of ChCl. The aggregation of choline molecules con-
tributes to creating a more hydrophobic environment, thereby
promoting stronger associations among methane molecules.
Furthermore, our study reveals detailed molecular insights into
the interactions among methane, water, and ChCl that drive
this enhanced association. These observations are further
supported by free energy analyses.
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The manuscript is organized as follows: the next section
describes the simulation methodology. The results and discus-
sion section is divided into four subsections. The first subsec-
tion deals with the initial signature of the osmolyte-driven
hydrophobic association of methane. The subsequent subsec-
tions outline the evidence of methane clustering, a molecular-
level picture of the arrangement of solvent and cosolvent
around methane, and free energy analysis of methane associa-
tion. A summary of our findings from the current study is
provided in the final section.

2 Methods

2.1 System and force field

We consider an all-atom model of 100 methane molecules
placed randomly in a cubic simulation box with periodic
boundary conditions employed in all three directions. The
dimensions and space between methane molecules and the
edge of the simulation box are chosen carefully to avoid self-
interactions across the periodic images. Then we add the
required number of choline, chloride ions, and water to gen-
erate the four different systems that we consider in this study.
The initial configuration of all considered systems is generated
using Packmol software.”®> We simulate the following four
systems namely, SO, S1, S2, and S3. SO: 100 methane molecules
immersed in 2000 water molecules, S1: 100 methane molecules
in a mixture of 100 ChCIl and 2000 water molecules, S2: 100
methane molecules in a mixture of 250 ChCI and 2000 water
molecules, and S3: 100 methane molecules in a mixture of 500
ChCl and 2000 water molecules. Hydrophobic moieties have
the intrinsic characteristic of avoiding contact between their
exposed surfaces and aqueous environments. To explicitly
discard the contribution of this intrinsic behavior in aqueous
environments, we kept the number of water molecules constant
in all the systems. Hence, the box dimensions are not the same
for all the systems and range from ~4 to ~5.5 nm. Addition-
ally, we simulate neat water to investigate the role of methane
and ChCl in the structural rearrangement of water. A snapshot
of the simulation box showing a representative configuration of
the S1 system and structure of methane, choline chloride, and
water molecules is provided in Fig. 1a and b. The OPLS-AA%
force field is used to define topological and interaction para-
meters for methane and ChCl. The OPLS-AA force field is
intended for use in liquid phase simulations and it has been
extensively used for studying nonpolar solutes in solvent-
cosolvent mixtures.**' We use the SPC/E water model, which
is one of the successful models to reproduce the structural and
dynamical properties of bulk water.®” Earlier, we validated this
combination of OPLS-AA force field and SPC/E water model by
computing diffusion coefficients and free energy of solvation
values for methane in bulk water and compared them with
experimentally reported values.*® Our observations are in good
agreement with the experimental data.®*** We performed two
replicas of the simulations for all systems and provided the
analyses of the generated output in the present manuscript.

This journal is © the Owner Societies 2025

View Article Online

Paper

(b)

Methane

.
L% o

Choline Chloride

Q

Water

Fig. 1 (a) A representative configuration of a system containing methane
molecules (blue color) in water (red color), choline (violet color), and
chloride (green color). Methane is shown in VDW representation, ChCl in
stick representation, and water in solvent representation for visualization
purposes. (b) Structures of methane, choline chloride, and water in ball and
stick representation.

To confirm the convergence of the two replicas of the simulated
trajectories we compute the kinetic, potential, and total energy of
the system as well as the density of the system and the results are
shown in Fig. S1 and S2 of the Supplementary Information (SI).

2.2 Equilibrium simulations

We performed equilibrium classical all-atom molecular dynamics
simulations of the abovementioned systems using GROMACS®
version 2021. The initial configuration of each system is initially
subjected to the 5000 steps of energy minimization using the
steepest descent algorithm.®® This energy-minimized configu-
ration is further equilibrated under NVT ensemble for 1 ns using
a velocity rescale thermostat.®” Subsequently, NPT equilibration
is carried out for 5 ns using a Berendsen barostat.®® This will
achieve a steady temperature of 300 K and pressure of 1 atm for
all systems. The final configuration obtained from NPT equili-
bration is used as a starting structure for the production run of
500 ns in the NPT ensemble. The equation of motion is solved
with an integration time step of 2 fs and trajectories are recorded
at every 10 ps interval. All bonds are constrained to their
equilibrium bond length using the LINCS algorithm.®® All the
water molecules were simulated as rigid using the SETTLE
algorithm.”® We compute electrostatic interactions using the
particle mesh Ewald method”" with a cutoff of 1.0 nm and grid
spacing of 0.12 nm. Van der Waals interactions are treated using
the minimum image convention’ with a spherical cutoff of
1.0 nm. To study the role of osmolytes on hydrophobic interac-
tions among nonpolar solutes, in-built modules of GROMACS®®
-2021, some in-house scripts and codes are used. For visualiza-
tion, VMD 1.9.3” and OVITO”* are used.

2.3 Umbrella sampling simulations

The free energy landscape for methane association or dissocia-
tion along the reaction coordinate in varying concentrations of
ChCl is obtained by performing umbrella sampling simulations
via PLUMED’® patched with GROMACS. We choose the distance
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between the center of mass (COM) of methane molecules as a
reaction coordinate. The four systems are composed of only two
methane molecules in each system. The number of ChCl and
water molecules is the same as that used for equilibrium
simulations to compare the results from both unbiased and
biased simulations. We generate a total of 25 windows for COM
distances ranging from 0.3 to 1.5 nm at a spacing of 0.05 nm
between adjacent windows. A harmonic potential with a force
constant of 836.8 k] mol ™" nm™ is used to harmonically restrain
the COM distance to the desired value between two methane
molecules. In each window, we first perform 2 ns equilibration
under the NPT ensemble using a Nosé-Hoover thermostat’® and
Parrinello-Rahman barostat’” to maintain the temperature and
pressure throughout at constant values of 300 K and 1 atm,
respectively. Furthermore, the production run of 10 ns is carried
out in each window under the NPT ensemble. Finally, the
weighted histogram analysis method (WHAM)"® is used to calcu-
late the PMF. There will be an entropic contribution to the PMF
due to the rotation of the nonpolar solutes. This entropic correc-
tion is done by adding the term 2ksTIn(r) to the PMF obtained
from WHAM, where r represents the COM distance between the
methane molecules. Error bars in the PMF are computed using
the block analysis method. The resulting PMF is scaled to zero at
larger COM distances.

3 Results and discussion

First, we qualitatively investigate the effect of increasing the
concentration of ChCl on the hydrophobic interactions of
methane. A reasonable approach is to investigate the distribu-
tion or arrangement of methane molecules with the addition of
ChCl. For this purpose, we compute the RDFs and solvent-
accessible surface area (SASA) of methane in the following
sections. Moreover, cluster analysis will provide an overall idea
of the influence of ChCl on the hydrophobic association of
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Fig. 2
area, P(SASA) of methane for all the systems studied.
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methane. The underlying microscopic arrangement of water
and choline surrounding methane is confirmed by looking into
their local structure around methane in terms of RDFs and
cumulative coordination numbers (CNs), as outlined in the
subsequent sections.

3.1 Qualitative picture of osmolyte-driven methane
association

To gain a molecular-level understanding of the effect of varying
concentrations of ChCl on hydrophobic interactions of methane,
we calculate RDFs based on the COM of methane. Fig. 2a
represents methane-methane RDFs involving their COM for all
systems considered for this study. The first peak of the methane-
methane RDF appears at ~0.39 nm and the second peak is found
at ~0.7 nm. Similar peak positions for methane-methane RDFs
in water and aqueous solutions of glycine betaine or taurine were
reported earlier.*"*® These peak positions remain unaltered for
all four systems, SO to S3. It is interesting to note that the first
peak of RDF becomes more intense while progressing from S0 to
S3 showing the initial signature of the aggregation of methane
molecules with increasing concentration of ChCl. For example,
the peak height for the methane-methane RDF in the SO system
is ~9.05, and this peak height gradually increases from ~13.7 to
~31.3 for systems S1 to S3. Furthermore, we also compute the
pair potential of mean force (PMF) from the methane-methane
RDF using the following equation,

W(r) = —kgT1In gpe-mel(7) (1)

where kg is the Boltzmann constant, T is the temperature
(300 K) and gyre-me(7) is the RDF based on the COM of methane
molecules. The relative trend in the PMF between methane
molecules for all systems studied is shown in Fig. S3 and Table
S1 of the SI. The first minimum in the PMF represents the
contact minimum (CM) hence, hydrophobic association, and
the subsequent minimum is the solvent-separated minimum
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(a) RDFs of methane around methane calculated from the COM of methane molecules. (b) Probability distribution of solvent accessible surface
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(SSM) ie., hydrophobic solvation of methane molecules
depending on the concentration of ChCl. Fig. S3 illustrates
that the population of CM is significantly larger than that of the
SSM, indicating the stronger hydrophobic association between
methane molecules compared with its hydrophobic solvation.
With increasing ChCl concentration from system SO to S3, the
depth of the contact minimum (CM) increases from ~ —5.51 to
~—8.61 k] mol™" (Table S1), while the position of the CM
remains constant at ~0.39 nm across all systems, indicating
enhanced hydrophobic association of methane in the presence
of ChCl. This appearance of the CM at ~0.39 nm is previously
reported for methane in different cosolvent mixtures.***°
Next, to confirm the enhancement in methane association
with the addition of ChCl, we calculate the SASA of methane
and present its probability distribution in Fig. 2b. SASA
describes the extent of the surface area over which contact
between solute and solvent can occur. It can be seen from
Fig. 2b that the SASA of all methane molecules in systems SO to
S3 extends from ~40 to ~75 nm’. The peak of the SASA
distribution shifts to lower values with increasing ChCl concen-
tration from SO to S3. For instance, the peak of P(SASA) for SO is
at ~59 nm? and it is shifted to ~55 nm? ~50 nm? and
~47 nm” for systems S1 to S3. The appearance of a small peak

Table 1 Average SASA per methane molecule from two replicas of the
simulations for all different systems considered. All values are in nm?.
Errors corresponding to the standard deviation are also given in the last
column

Average SASA per Average SASA per

System methane (replica-1) methane (replica-2) Uncertainty
SO 0.59 0.60 0.00707
S1 0.55 0.53 0.01414
S2 0.50 0.52 0.01414
S3 0.48 0.49 0.00707
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for P(SASA) at slightly higher values in the S3 system is the
consequence of the presence of some free methane molecules
outside the cluster whose surface area is exposed to the
surrounding solvent molecules. This decrease in SASA values
gives evidence of the enhanced aggregation tendency of
methane molecules in the presence of ChCl (S1-S3) compared
to pure water (S0). The average SASA per methane calculated
from the two replicas of the simulations shows a qualitatively
similar trend of enhanced aggregation. The average SASA per
methane from two replicas of the simulations and their uncer-
tainty is tabulated in Table 1. The values obtained from the two
replicas of the simulations are in close agreement with each
other, with very minimal uncertainties.

The analyses of the RDFs and SASA reveal the enhanced
aggregation of methane with the progressive addition of ChCI.
These findings provide initial evidence for the stronger hydro-
phobic association of methane in ChCl compared than in
water. The next section describes the detailed cluster analysis
performed to determine the extent of the hydrophobic associa-
tion between methane molecules depending on the concen-
tration of ChCL

3.2 Cluster analysis

Cluster analysis is a useful tool as it provides quantitative
insight into how the hydrophobic association of methane
changes with changes in the concentration of ChCl. We find
that the methane molecules are coming closer to each other
with increasing ChCl concentrations from RDFs and SASA as
discussed above in Section 3.1. We estimate the clusters of the
methane in different systems using the clustering algorithm: we
considered an aggregate of methane molecules to be a cluster if
one methane molecule is within 0.6 nm distance of a neighbor-
ing methane molecule, as shown in Fig. 3a. This distance cutoff
is taken from the first minima of the methane-methane RDF.

35 T | | T

9904
$3¥7T

SO S2 S3

g N
o O

o

Fig. 3 (a) A clustering algorithm identifying methane molecules as part of the same cluster if they are within 0.6 nm of a neighboring methane molecule.
(b) A violin plot showing the distribution of cluster number and size, Nciuster aNd Sciuster respectively, for all the systems studied. The white dot at the
middle of each distribution represents the mean number and size of the clusters.
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For all four systems, we estimate the probability distribution of
the number (Ncuster) and average size (Sciuster) Of the cluster
which is represented as violin plots in Fig. 3b and c. This
calculation is performed for the last 100 ns of the trajectories
for each of the systems. As shown in Fig. 3b, the formation of
higher-order methane clusters in all systems is quite evident
owing to the presence of an aqueous environment. However, the
extent of the clustering is different depending on the concen-
tration of ChCl. For the SO system, the violin plot shows a broad
vertical spread across the entire range of Ngjuseer values, indicat-
ing that the formation of varying numbers of clusters is prob-
able. A slightly higher probability is observed around 15-17
clusters, as reflected by the increased width of the violin plot in
this region. This vertical spread gradually narrows, and the
width of the violin plot becomes increasingly concentrated
around lower cluster numbers from S1 to S3. This trend
indicates a reduction in the number of clusters with increasing
ChCl concentration. Notably, the S3 system exhibits two distinct
subpopulations, evident from the bimodal nature of its distri-
bution. This can be attributed to the presence of other methane
molecules forming multiple smaller clusters. This observation is
consistent with the appearance of an additional small peak at
slightly higher SASA values in the P(SASA) distribution for the S3
system (Section 3.1). The narrowing width of the violin plot
around lower Njyster Values suggests that fewer but more stable
clusters are formed at higher ChCl concentrations. Fig. 3c
presents the probability distribution of the average cluster size
for systems S0-S3. The average size of a cluster is defined by the
number of methane molecules it contains. The violin plots
corresponding to Sciuster reveal three distinct modes, indicating the
presence of three subpopulations of cluster sizes for each system.
However, the width of each mode varies across the four systems. For
systems SO and S1, the two lower subpopulations exhibit broader
distributions compared to those in S2 and S3, suggesting that
smaller average cluster sizes are more probable in pure water (SO)
and at lower ChCl concentrations (S1). As we transition to S2 and S3,
the widths of these lower subpopulations decrease, while the upper
subpopulation becomes broader. This indicates that the formation
of clusters containing 80-85 methane molecules becomes more
frequent in S2 and S3, due to the tendency to form larger clusters
at higher ChCl concentrations. Furthermore, these larger clusters
appear to be more stable, as evidenced by reduced fluctuations and
a more consistent trend in the time evolution of Ngpger and
Stargest clusters @5 shown in Fig. S4 and S5 of the SI. Overall, the
cluster analysis provides both qualitative and quantitative
insights into the formation of fewer, larger, and more stable
clusters with increasing ChCl concentration.

As discussed earlier, the formation of higher-order clusters
is evident across all systems. To further substantiate this
observation, we calculated the size of the largest clusters and
presented the corresponding histograms in Fig. 4a. The size of
the largest cluster is defined by the average number of methane
molecules in the largest cluster. As shown in Fig. 4a, the SO
system exhibits frequent occurrences of clusters comprising
approximately 80 methane molecules. There is an increase in
the occurrence of larger cluster events from S1 to S3.
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All the above discussions suggest that the clustering ten-
dency of methane depends strongly on the surrounding aqu-
eous environment. In addition, we would like to emphasize that
the concentration of methane in aqueous solution also influ-
ences the degree of clustering. In our system, the methane
concentration exceeds its experimental solubility, resulting in a
supersaturated initial condition. As reported by Grabowska et al.,
higher concentrations of methane can lead to faster nucleation of
methane hydrates.”® Therefore, it is reasonable to hypothesize
that such a high methane concentration could promote sponta-
neous aggregation and potentially result in phase separation,
where methane molecules aggregate into a single large cluster,
separating from the aqueous phase. To examine whether high
methane concentration under ambient conditions leads to phase
separation over longer timescales, we extend the simulation of
the SO system from 500 ns to 1 ps. To assess the influence of
methane concentration over this extended duration, we analyze
the methane-methane RDFs based on their COM, the SASA of
methane, Neusters Sciusters aNd Spargest cluster- The detailed analysis
and corresponding plots are provided in Fig. S6(a), (b) and S7(a)-
(c) of the SI. We compare the results obtained from both the
original 500 ns and extended 1 ps trajectories (Table S2 in SI). The
observations from the extended 1 ps simulation are in close
agreement with those from the 500 ns simulation. This clearly
indicates that the initial supersaturated concentration of
methane, under ambient temperature and pressure, does not
solely lead to phase separation over a timescale of up to 1 ps.
While extreme thermodynamic conditions, such as high pressure
and low temperature, may facilitate phase separation when the
initial concentration of a nonpolar solute is high. Our study
focuses on hydrophobic association under ambient temperature
and pressure therefore, we do not observe any indication of
phase separation. It is important to note that the objective of
our work is not to characterize the complete kinetic evolution of
the system, but rather to compare the effect of choline chloride
(ChCl) on methane aggregation under ambient conditions and
within accessible simulation timescales. Several other studies
have also explored systems with high initial concentrations of
nonpolar solutes in aqueous solutions, including in the
presence of osmolytes, to examine hydrophobic association.
Their observations are consistent with our results and support
our conclusions.***!

We quantify the aggregation propensity of methane and stabi-
lity of the clusters at all concentrations of ChCl by calculating the
clustering degree (¢) and compaction degree (x) as follows,

<N Largest cluster >
=X =777 2
d) N Total ( )
(SASAitial)
B i B 3
= (SASA Final) G)

where (Npargestcluster) 1S the average number of methane molecules
in the largest cluster formed, Ny is the total number of methane
molecules in each system, and (SASAyiar) and (SASAgina) refer to
the average SASA of all methane molecules averaged over the
initial 10 ns and final 10 ns of the total 500 ns trajectory,
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(a) Histogram showing the size of the largest cluster. (b) Clustering degree, ¢, of the methane molecules, and (c) Compaction degree, y, of the

clusters formed for all the systems studied. The errors corresponding to the standard deviation are also plotted with the data in the plot (b) and (c).

respectively. These quantities provide a quantitative framework to
evaluate the clustering propensity, stability, and structural char-
acteristics of the formed clusters. The increased values of both
parameters, ¢ and y, clearly reflect a higher clustering propensity.
Fig. 4b and c present the average clustering and compaction
degrees obtained from three independent replicas of the trajectory
for all studied systems. A detailed examination of Fig. 4b reveals
that the clustering degree, ¢, increases with increasing ChCl
concentration. This indicates that the average number of
methane molecules participating in the largest cluster increases
with ChClI addition, which is consistent with the distribution of
the largest cluster sizes shown in Fig. 4a. Similarly, the compac-
tion degree, y, also increases from system SO to S3, reflecting a
reduction in SASA for the final-state configurations due to
enhanced clustering at higher ChCl concentrations. The higher
values of y in systems containing ChCl further support the
formation of tighter and more compact clusters. This observation
is further supported by the snapshots of methane clusters
extracted from the final simulation frames, as shown in
Fig. 5a-d. Visual inspection of these snapshots shows that in
the SO system, methane molecules are dispersed throughout the
simulation box, indicating minimal clustering in pure water. In
contrast, with increasing ChCl concentration from S1 to S3, the

This journal is © the Owner Societies 2025

formation of larger and more compact clusters becomes increas-
ingly evident, consistent with the trends observed in the cluster
analysis. These compact clusters appear to be stable as indicated by
the time evolution of the Ncjuster a0d Spargestcluster at higher ChCl
concentrations, as shown in Fig. S4 and S5 of the SI. To determine
the effect of simulation box size on the stability of clusters formed in
each system, we considered additional simulations of both pure
water (S0) and aqueous choline chloride (S3) systems, each con-
structed at three different system sizes while maintaining consistent
methane-to-solvent ratios (Table S3). As presented in the SI (Fig.
S8a-c and S9a-c), methane clustering in SO systems is prominent in
smaller boxes but is suppressed in the largest box, where methane
remained uniformly dispersed. These observations are consistent
with the conclusions drawn by Weijs et al., where they mentioned
larger box sizes or dilute conditions allow more diffusion of the
molecules, hence preventing aggregation or nucleation.** In con-
trast, all S3 systems exhibited persistent clustering regardless of box
size, indicating that choline chloride promotes aggregation even
under more dilute or expanded conditions.

In summary, the results from detailed cluster analyses reveal
the formation of fewer but larger and more stable methane
clusters with increasing ChCl concentration. These clusters
become progressively more compact and stable, demonstrating
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Fig. 5 Representative snapshots of the (a) SO, (b) S1, (c) S2, and (d) S3 systems recovered from the final time frame of the simulation. Methane is shown in
VDW representation, and carbon and hydrogen atoms of methane are shown in blue and white colors respectively. ChCl concentration is increased by
adding the required number of ChCl while keeping the number of methane and water molecules conserved across all the systems. As a result, box
dimensions are changing and each edge length of the box shown is in nm. Water and ChCl molecules present in the simulation box are not shown for
visual clarity. Snapshots show the enhanced clustering and formation of the compact clusters at higher ChCl concentration.

that ChCl enhances the clustering tendency of methane and (Ow), the COM of choline, and the hydrophobic part of choline
promotes hydrophobic association between methane molecules. (Cc) around methane COM as shown in Fig. 6a-d. The corres-
ponding cumulative CNs of the above-mentioned constituents are

B calculated as,
3.3 Molecular picture of the arrangement of water and

. T
choline around methane

‘ r/zga/; ()dr' (4)

Nyp = 4Tcp/i’J
0

3.3.1 Distribution of solvent and cosolvent around methane.

To gain insights into the microscopic arrangement of constituents
surrounding the methane, we compute the RDFs of water oxygen

()

where 7, is the number of atoms of type  around an atom of type
o in a spherical shell extending from 0 to 7.. pg and r. are the

(b) 1

g(r)

04

0.5 1.0 1.5 2.0
r (nm)
Fig. 6 (a) A pictorial representation of the hydrophobic domain of choline with atoms labelled. RDFs of (b) water oxygen atoms (Ow), (c) choline around

methane considering the COM of choline, and (d) the hydrophobic domain of choline (Cc) around the methane COM for all the systems studied.
Cumulative CNs of the respective constituents obtained by integrating RDFs are also plotted in the same plots as dashed lines.
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number density of  type atoms in the system and the distance of
the first minimum in the corresponding RDFs respectively. The
values of r. for water oxygen, choline, and hydrophobic part of
choline are 0.55, 0.7, and 0.5 nm respectively. The cumulative CNs
are plotted together with the RDFs and represented in Fig. 6a-d.
The average first shell cumulative CNs of water oxygen, choline,
and Cc obtained by integrating the respective RDFs up to the first
minimum is tabulated in Table 2. As evident from Fig. 6a, choline
is an unsymmetric molecule with a major hydrophobic domain
abbreviated as Cc, comprised of three methyl carbon atoms (C1,
C2, and C3) attached to the quaternary nitrogen atom. For
computing RDFs between methane and water, we consider the
carbon atom of methane and oxygen atom of water (Ow). Similarly,
for methane-choline and methane-Cc RDFs, we consider the
carbon atom of methane and COM of choline or methyl carbons
of choline respectively. For all three RDFs, water, choline, and Cc
around methane the first peak heights are less than 1, indicating a
lower fraction of these constituents in the vicinity of methane
compared to the bulk. The first peak of the methane-water RDF
appears at ~0.37 nm, suggesting that the first solvation shell of
water around methane lies at this distance and extends up to
~0.55 nm. This peak position remains unchanged across all four
systems (Fig. 6b). We observe that the water density around
methane is highest in the absence of ChCl (S0), as evident from
the maximum peak height of the RDF (~ 0.73), which decreases
upon the gradual addition of ChCl (systems S1-S3). This
reduction in peak height indicates the exclusion of water
molecules from the methane vicinity, a phenomenon pre-
viously reported in studies exploring the hydrophobic associa-
tion of nonpolar solutes in aqueous environments.*® This
notable depletion of water density around methane correlates
with the enhanced aggregation tendency of methane in ChCl-
containing systems, as discussed earlier in Sections 3.1 and 3.2.
The qualitative trend in the cumulative CNs is similar to that of
the RDFs. With increasing ChCl concentration from SO to S3,
the cumulative coordination number (CN) of water around
methane decreases, further supporting the dewetting of the
methane surface due to increased hydrophobic association.
The average first-shell cumulative CNs for water and choline
are provided in Table 2. It is important to note that the ChCl
concentration was increased while keeping the number of
water molecules constant across all systems. This results in
an increase in box size, as water molecules were not replaced to
maintain ChCl concentration. Consequently, a slight reduction
in water or choline’s cumulative CNs is expected due to the

Table 2 Average first shell cumulative CNs for water (Ow), COM of
choline, and the hydrophobic part of choline (Cc) around methane COM
for all systems considered. The numbers in parentheses are described in
the text

System CN (water) CN (choline) CN (Cc)
SO 9.94 — —

s1 7.63 (7.67) 0.55 0.37

S2 5.32 (5.71) 1.26 (1.03) 0.89 (0.70)
S3 3.47 (3.94) 1.98 (1.42) 1.49 (0.96)
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increased box volume. To account for this, we normalize the
cumulative CN values of water and choline with respect to
system SO (for water) and S1 (for choline). These normalized
values, representing expected cumulative CNs by taking the
reduced water and choline density into account, are shown in
parentheses in Table 2. The increasing difference between
actual and normalized (expected) cumulative CN values for
water in the first solvation shell with ChCl concentration
indicates a real depletion of water molecules from the vicinity
of methane. In contrast, the relatively small difference in
cumulative CNs suggests that the change in box size has
minimal impact on the actual cumulative CN. The decreasing
CNs (both cumulative and average first shell cumulative CNs)
and RDF peak height of water from SO to S3 further supports
enhanced methane aggregation in ChCl-containing systems, as
discussed previously in Sections 3.1 and 3.2. Similar dewetting
of hydrophobic surfaces has also been reported for self-
aggregation of nonpolar DTBM (di-t-butyl-methane) molecules
in water.®’ Examining the RDFs of choline around methane
considering their COMs (Fig. 6¢), the peak position remains
fixed at ~0.55 nm across all systems. Although choline’s local
density around methane is lower than its bulk concentration,
its accumulation near methane increases with ChCl concen-
tration. Comparing the RDFs of water and choline (Fig. 6b and
c) shows that choline is more enriched near methane than
water, as indicated by the higher peak intensities for RDFs of
choline: ~0.55, ~0.71, and ~0.83 for S1 to S3, respectively.
This suggests that choline contributes to creating a hydropho-
bic environment around methane, facilitating clustering. To
investigate this in more detail, we compute the RDF of Cc (the
hydrophobic part of choline) around methane COM. Fig. 6d
shows that the solvation shell for Cc is centered at ~0.4 nm
and the RDF peak heights increase from S1 to S3. This indicates
that the hydrophobic moiety of choline preferentially orients
toward methane, thereby enhancing the hydrophobic environ-
ment and promoting self-aggregation of methane. The same
trend is observed for the cumulative CNs of both choline and
Cc (Fig. 6¢ and d). Moreover, both actual and normalized first-
shell cumulative CNs of choline and Cc increases with ChCl
concentration, with the differences between them becoming
more pronounced from S1 to S3. This suggests the accumula-
tion of choline and its hydrophobic domain in the solvation
shell of methane.

Collectively, the analysis of water and choline RDFs around
methane reveals two complementary behaviors: dewetting of
the methane surface due to water exclusion and accumulation
of choline in its vicinity. This is further supported by a decrease
in the local density of water and an increase in the local density
of choline as shown in Fig. S10 of the SI. Both phenomena play
a crucial role in enhancing methane-methane aggregation in
the presence of ChCl.

To confirm whether the arrangement of water and choline in
the methane solvation shell as observed from their RDFs
represents the actual underlying molecular picture, we com-
pute the preferential interaction parameters between methane-
water and methane-choline, relative to methane-methane
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interactions. These preferential interaction parameters, shown
in Fig. 7a-c, quantify the tendency of methane to preferentially
associate with itself over water or choline in the surrounding
environment. The parameter is calculated as follows,

Il =p{Gi — Gy) (5)

where, in the case of I'vew, the indices i and j represent
methane and water, respectively, while for I'Ve_cn, i and j
correspond to methane and choline. The term p; denotes the
number density of methane in the given system. Moreover, the
preferential interaction parameter for the solute methane in
the solvent mixture of water and ChcCl is calculated as,

1H%?Ch = ,DW(GME—W - GMe—Ch) (6)

In the above two equations, G,_; is the Kirkwood-Buff
integral and is defined as,

re

Gij= 4TcJO [gi—i(r) — 1]r*dr (7)
where r. is the distance at which the integral approaches zero.
According to the above expressions, a positive value of l"f_j (Ff_j
> 0) indicates preferential accumulation of species i around
itself over species j, whereas a negative value (l"f:,j < 0) suggests
depletion. As shown in Fig. 7a and b, both I" Me w and I'Me_ .
are greater than zero for all four systems, indicating that
methane preferentially interacts with itself over water and
choline. This preferential accumulation of methane around
itself supports the self-association tendency of methane, as
discussed in the previous Sections 3.1, 3.2 and 3.3.1. Further-
more, as the number of choline molecules increases from S0 to
S3, both I'ie_w and I've_cn become more positive. This trend
highlights the enhanced self-association of methane with
increasing ChCl concentration, correlating with the observed
increase in clustering and compaction degree of methane
clusters discussed previously (Section 3.2). Similar preferential
accumulation behavior has been reported previously, for
instance, DTBM molecules preferentially associating with
themselves over water and caffeine.® On the other hand,

(b)s —
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PCCP

Fig. 7c shows the preferential interaction parameter I'iech,
which is negative, indicating that methane prefers to interact
with choline rather than with water. This observation aligns
with the increased peak intensity for choline in the methane-
choline and methane-Cc RDFs (Section 3.3.1).

Overall, the microscopic arrangement of water and choline
around methane, and the extent of their interactions reveal that
methane preferentially interacts with itself over water and choline.
Additionally, when comparing methane’s interactions with water
and choline, it shows a stronger affinity for choline. The hydro-
phobic solvation provided by choline’s hydrophobic moiety facil-
itates stronger hydrophobic associations among methane molecules.
A similar stabilizing effect has been reported for hydrophobic
polymers solvated by the three methyl groups of TMAO.>

3.3.2 Analysis of water and choline structure around
methane. It is well established that alterations in the structure
of the hydrogen-bonded network of water surrounding a non-
polar solute is length-scale dependent.’> However, the addition
of cosolvents can further alter the water structure. To examine
the effect of introducing ChCl on the structure of water, we
evaluate the RDFs between oxygen atoms of water (Ow-Ow
RDF) and between hydrogen and oxygen atoms of water (Ow-
Hw RDF). Fig. 8a and b present the Ow-Ow and Ow-Hw RDFs,
respectively, with the peak regions magnified and shown in the
lower panels for all systems. For comparison, the RDFs for Ow-
Ow in bulk water (without methane) is also included to evaluate
the influence of the nonpolar solute on water structure. Addi-
tionally, the cumulative CNs are plotted in the same figure. The
actual and normalized cumulative CNs for the first solvation
shell, obtained by integrating the Ow-Ow RDFs up to a first
minimum (r, = 0.34 nm), along with the corresponding peak
intensities for the first and second solvation shells, are pro-
vided in Table 3. From Fig. 8a, the first and second peaks of the
Ow-Ow RDF appear at approximately ~0.27 nm and
~0.45 nm, respectively. These distances correspond to the
hydrogen-bonded first neighbors and the tetrahedrally posi-
tioned second neighbors, and are consistent with previously
reported values for similar systems involving nonpolar solutes
in water-cosolvent mixtures.*>*® A slight shift in these peak
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Fig. 7 Preferential interaction parameter for methane considering (a) methane—-water, (b) methane—choline and (c) water—choline binary mixtures for

all the systems studied.
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Fig. 8 (a) RDFs involving (a) water oxygens (Ow-Ow) (b) hydrogen atoms around oxygen atoms of the water (Ow—-Hw) for all the systems investigated.
The peak positions of both the RDFs, Ow—-Ow and Ow-Hw are magnified and provided in the bottom panel of the respective plots. RDFs obtained from
the simulation of the bulk water are also provided for comparison purposes and represented in black color. Cumulative CNs of the respective
constituents obtained by integrating RDFs are also plotted in the same plots with the dashed lines.

Table 3 Peak heights corresponding to the first and second peaks in the
Ow-Ow RDFs and average first shell cumulative CN for water (Ow) around
water (Ow) for all systems considered. The numbers in parentheses are
described in the text

System  First peak heights  Second peak heights ~ CN (Ow-Ow)
SO 3.42 1.18 4.55

s1 3.92 1.17 3.77 (3.51)
S2 4.48 1.11 2.90 (2.61)
S3 5.01 1.02 2.01 (1.80)

positions toward shorter distances is observed with increasing
ChCl concentration from SO to S3. Additionally, the increasing
ChCl concentration leads to an enhancement in the height of
the first peak, while the second peak becomes less pronounced
compared to in bulk water and the SO system. This suggests
that water becomes locally more structured near the solute, but
the second hydration shell collapses upon the introduction of
ChCl. Such behavior reflects the disruption of the extended
hydrogen-bonded network of water by ChCl, as also reported in
earlier studies.*” This structural change is reflected in the
cumulative CN plots shown in Fig. 8a. Both the actual and
normalized first-shell cumulative CNs decrease with increasing
ChCl concentration, indicating a reduction in the number of
neighboring water molecules. We also present Ow-Hw RDFs in
Fig. 8b for different ChCl concentrations, along with their
corresponding cumulative CNs. First-shell cumulative CNs
(actual and normalized) are listed in Table 4. These values
provide insight into the water-water hydrogen bonding behavior.
For the Ow-Hw RDFs, both the first and second peak intensities
increase with ChCl concentration, indicating a more localized
arrangement of hydrogen atoms around the oxygen atoms of
water. However, the corresponding cumulative CNs decrease. To
capture more structural details, we provide the number of
hydrogen atoms (Hw) around oxygen atoms (Ow), and vice versa,
along with the total cumulative CNs. The decrease in the total
cumulative CNs is supported by the reduction in the water-water

This journal is © the Owner Societies 2025

Table 4 Average first shell cumulative CN for water hydrogen around
water oxygen (Ow—-Hw), water oxygen around water hydrogen (Hw-Ow),
and total cumulative CN (Ow-Hw + Hw-Ow) for all systems considered.
The numbers in parentheses are described in the text. The cumulative CN
calculations were performed using a cutoff distance (r.) of 0.25 nm

System CN (Ow-Hw) CN (Hw-Ow) Total CN (Ow-Hw + Hw-Ow)
SO 0.96 0.96 1.92

s1 0.81 (0.74)  0.81(0.74)  1.62 (1.48)

s2 0.64 (0.55)  0.64 (0.55)  1.28 (1.10)

s3 0.46 (0.38)  0.46 (0.38)  0.92 (0.76)

hydrogen bonds as discussed in the next section. The observed
decrease in first-shell cumulative CNs, and the marked difference
between actual and normalized cumulative CNs, arise from the
occupation of hydrogen-bonding sites by choline, which disrupts
the native water hydrogen-bonded network.

To explore how the addition of ChCl affects the tetrahedral
arrangement of water, we compute the probability distribution
of tetrahedral order parameter (TOP), P(gi..) and subtended
angle, P(6). As seen from Fig. 9b and c, results from neat water
are also presented for comparison purposes and to compare the
effect of the presence of methane and ChCl on the microscopic
structure of the water. Also, peak values of P(g.) and P(0) are
included in Table 5. TOP is evaluated using the following
expression, 3%

()= 1- %i > (COS O + %)2 (8)

k=j+1

where, 0 is the angle formed between the lines connecting
central water’s oxygen (i) to oxygens of its two nearest partners
(J, k) of the four immediate water molecules (Fig. 9a). We
include electronegative atoms of both water and choline as
partners for forming a hydrogen bond network with central
water’s Ow. ¢i¢ = 1 signifies a perfectly tetrahedral structure
whereas, g = 0 designates a completely random orientation. In
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a perfectly tetrahedral ice-like structure, if a water molecule is
located at the center of a regular tetrahedron formed by its four
nearest neighbors occupying four vertices, the angle between any
two nearest neighboring water oxygens satisfies cos0; = —1/3
which corresponds to the ideal tetrahedral angle of approximately
~109.5°. Under these conditions, g reaches its maximum value
of 1, indicating a perfectly tetrahedral arrangement. In contrast, in
a completely random system, such as an ideal gas, the spatial
arrangement of molecules is random, and the angles between
neighboring molecules are uncorrelated. In this case, the six angles
associated with a central molecule vary independently, and the
average value of the tetrahedral order parameter approaches zero

9 (x N
as ((qet);) =1— gfo (cos O + §) sin 0dg = 0.5>%3

The perfectly tetrahedral geometry of the water hydrogen
bond network is influenced by the presence of solute or
cosolvents. Therefore, we compute the P(g.), P(0) considering
neat water, and present the values in Fig. 9b and c for
comparison purposes. The g distribution for neat water has
a main peak at higher and a shoulder at lower g values,
indicating the presence of a dominant population of structured
water molecules, along with a smaller population of disordered
water molecules respectively. We compute P(qgy) and P(6)
separately for two categories of water molecules: those within
0.55 nm from the methane COM (Fig. 9b), referring to them as
“solvation shell water”, and those beyond 1 nm from the
methane COM, referring to them as “bulk water” (Fig. 9c).
For solvation shell water molecules, we observe a main peak at
lower and shoulder at higher g values suggesting a larger
population of disordered water and smaller population of
tetrahedrally ordered water. The higher population of disor-
dered water is attributed to the disruption due to the presence
of methane molecules. It is evident from Fig. 9b that the peak
of the distribution for P(g.) shifts to a lower value of g as we
increase the number of ChCl molecules in the system. This
increased deviation of the peak from 1 in P(g..) indicates that

View Article Online
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Table 5 Peak positions of the probability distribution of tetrahedral order
parameter, P(gwt), and angle 6, (between two neighbors and central water
oxygen), for solvation shell and bulk water molecules across all systems.
Peak positions of giet and angle 0; obtained from the simulation of the neat
water are also provided for comparison purposes

Gret 0, (degree)

Solvation shell Bulk Solvation Bulk
System water water shell water water
Neat water — 0.75 — 55.0
SO 0.49 0.73 52.8 54.3
S1 0.45 0.47 51.1 50.6
S2 0.44 0.45 48.89 49.25
S3 0.40 0.43 46.13 45.72

ChCl introduces an additional disruption in the tetrahedral
arrangement of the water and structural disorder in the
methane solvation shell. The decreasing intensity of the
shoulder at higher g values from S1 to S3 further supports
the observation that ChCl contributes to this disruption beyond
what is caused by methane alone. For example, the peak
position of P(q;) for BW is 0.75, and it gradually deviates,
taking values from 0.49 to 0.40 for systems SO to S3. In this
context, the increased deviation in the water arrangement from
tetrahedral geometry with increasing ChCl concentration con-
tradicts the increased first peak height of the Ow-Ow RDF
(Fig. 8a). This contradiction arises because choline induces
crowding and imposes closer packing on water molecules,
hence, the local structure of water becomes more evident.
However, due to the presence of the nonpolar solute, water
molecules near the solute adopt a tangential orientation to
avoid unfavorable polar interactions with the water and thus
lack the appropriate orientation to preserve the tetra-
coordinated hydrogen bond network. This tangential alignment
of water molecules near the methane surface in the presence of
ChCl has been reported in previous studies.”® Additionally,
some of the coordination sites in the water hydrogen-bonded
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Fig. 9 (a) Schematic showing the tetrahedral geometry of water with the angle formed between the lines connecting the central water’s oxygen (i) to the

oxygens of its two nearest partners (j, k) of the four immediate water molecules. Probability distribution of the tetrahedral order parameter, P(gi.t) and
angle subtended by two partners with the central water's Ow, P(0) for (b) solvation shell water and (c) bulk water molecules for all the systems studied.
Probability distributions for P(get) and P(0) obtained from the simulation of the neat water are also provided for comparison purposes represented by the
black color.
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network are occupied by the choline molecules, which are also
potential hydrogen bond-forming partners, resulting in the
deviation of the tetrahedral arrangement of the water mole-
cules. This is further supported by the collapse of the second-
shell water molecules in the Ow-Ow RDFs as discussed above
(Section 3.3.2) due to the presence of choline at those distances.

It is evident that the g values are strongly influenced by the
distribution of 0, the 0O-0O-O angle among the nearest oxygen
atoms of water or choline. The trend obtained for P(g) can be
supported by the deviation of 0;;. Fig. 9b shows the probability
distribution of 0, and this distribution has two characteristic
peaks that correspond to the two different alighments of the
water molecules. These two peaks correspond to the angles 0
and 0,. The disorder in the structure of the water is dependent on
the position and intensity of 0,, and these values are tabulated in
Table 5. The peak at ~100° (0,) is due to the presence of water
molecules with the appropriate tetrahedral arrangement. This
angle accounts for the experimentally observed local tetrahedral
angle by the water oxygen. As we increase the ChCl concentration,
we find flattening of the distribution with peaks near ~100°,
whereas the distribution with peaks near ~40-60° starts to
become sharper and shifts to lower values of 6;. These peaks
corresponding to angle 0; indicate the presence of interstitial
water molecules that are not directly hydrogen-bonded to the
central water molecules. Additionally, some of the vertices in the
tetra-coordinated geometry of the water network are occupied by
choline, leading to structural disruption.*® Hence, increasing the
concentration of ChCl decreases the population of the 0, angle
while increasing the population of interstitial water, which has a
disordered geometry. This further confirms the loss in the
tetrahedrality of the water at higher ChCl concentrations for
solvation shell water molecules.

When analyzing the probability distribution of g for bulk
water molecules (Fig. 9c), the profiles for neat water and SO
appear to be nearly the same, both showing a prominent peak
at higher g, values and a shoulder at lower values. This
indicates that the majority of bulk water remains structurally
ordered and is less affected by the presence of methane aggre-
gates. However, for systems S1 to S3, the main peak shifts
toward lower g values, signifying increasing structural disor-
der introduced by ChCl. This qualitative trend of increasing
disorder in water structures is also reflected in the distribution
of 0. for bulk water. Overall, this observation supports the fact
that the increased aggregation tendency of methane leads to the
release of water molecules into the bulk. Also, water molecules
acquire a disrupted structural arrangement, which leads to
weaker interactions between water and methane. Hence,
methane preferentially accumulates around itself, leading to
enhanced clustering as the concentration of ChCl increases.

Next, we compute the number of hydrogen bonds between
water-water (W-W), choline-choline (Ch-Ch), and choline-
water (Ch-W) to support the observations obtained from their
RDFs. This analysis is carried out using the GROMACS ‘‘gmx
hbond” tool considering the last equilibrated section of the
trajectories. Hydrogen bonds are identified using standard
geometric criteria, with a donor-acceptor distance < 0.35 nm
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and a hydrogen-donor-acceptor angle < 30°. The histograms
of the normalized number of hydrogen bonds among the afore-
mentioned constituents are shown in Fig. 10a-c. The number of
water-water hydrogen bonds is normalized with respect to the
total number of water molecules, while choline-choline and
choline-water hydrogen bonds are normalized with respect to
the total number of choline molecules in each respective system.
The average values of these normalized hydrogen bonds are also
listed in Table 6. Choline possesses hydrogen bond donor and
acceptor sites, allowing it to form hydrogen bonds both with
water and with other choline molecules. These interactions
influence the surrounding water structure and promote choline
self-aggregation, ultimately affecting choline’s role in facilitating
the hydrophobic association of methane. This self-aggregation of
the choline is further confirmed by investigating the RDFs and
cumulative CNs of choline (Ch) around choline considering their
COMs, and the hydrophobic domain (Cc) around the hydropho-
bic domain of tagged choline (Fig. S11a and b and Table S4). The
appearance of the Ch-Ch and Cc-Cc, g{r) peak positions at lower
distances with increasing ChCl concentrations shows the ten-
dency of choline for self-aggregation and subsequently the
enhanced hydrophobic environment preferable for methane
association. We observe that, upon the addition of ChCl, the
number of Ch-Ch hydrogen bonds (per choline) increases, while
the number of W-W (per water) and Ch-W (per choline) hydro-
gen bonds decreases. This reduction in W-W and Ch-W hydro-
gen bonding arises from the collapse of the second solvation
shell of water around both water and choline, as well as a
decrease in the first-shell cumulative CN of water around these
species, as discussed in the previous Section 3.3.2. The reduction
in the Ch-W hydrogen bond is also supported by the reduced
cumulative CNs of water in the solvation shell of choline (Fig.
S1ic and Table S4). Notably, the increase in Ch-Ch hydrogen
bonds supports the self-aggregation of choline, which plays a
critical role in enhancing the clustering of methane by providing
a more hydrophobic solvation environment. A similar reduction
in W-W hydrogen bonds around methane and neopentane has
been reported previously.*’

Collectively, the RDFs, cumulative CNs, and hydrogen bond
analyses indicate the exclusion of water from the vicinity of
methane and choline, alongside enhanced choline-choline
interactions. While the removal of water from the methane
solvation shell via hydrogen bonding contributes to the typical
salting-out effect, choline plays an additional and distinct role
beyond this mechanism. Unlike other osmolytes, choline is an
asymmetric molecule with two distinct domains: a hydrophilic
hydroxyl group (Oc) capable of forming hydrogen bonding with
water, and a comparatively large hydrophobic region (three
methyl groups attached to quaternary nitrogen). This character
introduces a unique solvation environment around methane
molecules that is not simply attributed to a general osmolyte-
induced salting-out effect. The hydrophobic portion of choline
actively contributes to the solvation structure around methane,
promoting aggregation through direct hydrophobic interac-
tions, which is a unique, molecule-specific contribution. This
is also reported in our earlier study in which we showed that the
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Fig. 10 Histogram showing a normalized number of hydrogen bonds between (a) water—water (W-W) (b) choline—choline (Ch—Ch) and (c) choline—
water (Ch—W) for all the systems studied. W-W hydrogen bonds are normalized with respect to the total number of water molecules and Ch—-Ch and
Ch-W hydrogen bonds are hormalized with respect to the total number of choline molecules.

Table 6 Average number of normalized hydrogen bonds between
water—water (W-W), choline—choline (Ch—Ch), and choline-water (Ch-
W) for all SO-S3 systems. The number of W-W hydrogen bonds is
normalized with respect to the total number of water molecules, while
Ch-Ch and Ch-W hydrogen bonds are normalized with respect to the
total number of choline molecules in each respective system

System W-W Ch-Ch Ch-wW
S0 1.78 — —

S1 1.51 0.016 1.65
S2 1.21 0.032 1.26
S3 0.89 0.040 0.84

hydrophobic domain of choline prefers to face methane and its
hydrophilic end makes the hydrogen bonds with water present
in the methane solvation shell.*’ This combination establishes
a favorable environment for the hydrophobic association of
methane molecules.

3.4 Unraveling the energetics of methane association

To investigate the role of ChCl on the pairwise hydrophobic
interaction between methane molecules and to validate the
observations obtained from the unbiased trajectories, we com-
pute the potential of mean force (PMF) using the COM distance

19278 | Phys. Chem. Chem. Phys., 2025, 27, 19265-19282

between two methane molecules as the collective variable. The
unbiased PMF is defined as,

W(r) = —kgTn P(dyte-me) 9)

The unbiased probability, P(dme-me), is calculated using
WHAM and is provided in Fig. S12 of the SI. As evident from
Fig. 11, the free energy landscape features two basins corres-
ponding to negative free energies. The first basin appears at
around ~0.37-0.39 nm depending on the system and represents
the contact minimum (CM) where two methane molecules are in
direct contact. The second basin, known as the solvent-separated
minimum (SSM), appears at ~0.7 nm and corresponds to a
configuration in which the pair of methane molecules is sepa-
rated by a layer of solvent molecules. The representative config-
urations corresponding to the CM and SSM are shown in
Fig. 11b. A desolvation barrier is present between the CM and
SSM. For the SO system (methane in water only), we find the CM
is at ~0.387 nm with a free energy of ~—2.44 k] mol * (Fig. 11c).
This CM depth (~ —2.44 k] mol ') and the desolvation barrier of
~3.78 k] mol ! (Table 7) are in good agreement with previous
studies that also investigated the PMF of a methane pair in pure
water at 300 K.***® These CM and SSM indicate hydrophobic
association and solvation, respectively. Focusing on the S1
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Fig. 11 (a) Free energy profile (PMF) between two methane molecules considering the COM distance between them as a reaction coordinate for all the
systems studied. The error bars corresponding to standard deviation are also plotted (b) different methane-pair representative configurations
corresponding to the contact minimum (CM) and solvent-separated minimum (SSM). (c) The position of CM and free energies corresponding to the
CM for all systems SO to S3 and (d) the difference in free energies, AG = Gmincs+w) — Gminw) (CS = cosolvent, W = water) at the CM for all systems.

Table 7 Position of the desolvation barrier, free energy values at deso-
lvation barrier (Ggarier). and difference in the free energies at the contact
minimum (CM) and desolvation barrier i.e. barrier heights (Ggarrier — Gmin)
obtained from the PMF profile for all studied systems

Position of GBarrier GBarrier - GMin
System barrier (nm) (kJ mol ™) (kJ mol™)
SO 0.57 1.34 3.78
S1 0.57 1.27 4.29
S2 0.57 1.33 4.89
S3 0.57 0.39 5.39

system, the free energies at the CM and the desolvation barrier
are ~—3.02 kJ] mol™" and ~4.29 kJ mol™" (Table 7), respec-
tively, with their positions at ~0.378 nm and ~0.57 nm. For
the S2 and S3 systems, the positions of the CM are at
~0.375 nm and ~0.372 nm, with corresponding free energies
of ~—3.56 k] mol™! and ~—5.00 k] mol™*. The desolvation
barrier-free energies are ~4.89 k] mol™* and ~5.39 k] mol ',
respectively. This indicates that with increasing ChCl concentration

This journal is © the Owner Societies 2025

from SO to S3, the CM shifts to shorter distances and becomes
more stabilized, as seen from the increasing depth (more
negative free energy) in Fig. 11c. The increasing desolvation
barrier (Table 7), calculated with respect to the CM, also
suggests enhanced stability of the contact pair configuration
over the SSM configuration. Fig. 11c reveals that the CM
position decreases while the free energy at the CM becomes
more negative, supporting the enhanced hydrophobic associa-
tion of methane. In contrast, the SSM shows minimal depth and
increasing barrier-free energy, indicating less stability for the
SSM configuration and, therefore, reduced hydrophobic solva-
tion of methane. To gain deeper insight into how ChCl mod-
ulates methane hydrophobic interactions, we evaluate the
corresponding free energy differences at the CM by subtracting
the free energy in the water-only system (S0) from that in the
ChCl-containing systems as: AG = Gmin(cstw) — Gmin(w), Where
CS denotes the cosolvent (ChCl) and W denotes water. These AG
values are presented in Fig. 11d. With increasing ChCl concen-
tration from S1 to S3, AG becomes more negative. For example,
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S1 has a AG of ~—0.58 k] mol ™%, $2 of ~—1.12 k] mol™*, and S3
of ~—2.56 k] mol™". This trend indicates that the addition of
ChCl promotes the stabilization of the CM configuration and
hence enhances the hydrophobic association between methane
molecules. Similar observations in PMF analyses of methane in
other cosolvent-solvent mixtures have been reported, and our
results are consistent with those findings.***°

Additionally, to understand the extent of the association of
methane in water as well as ChCl, we calculate the association
constant, K,, by integrating the PMF up to the desolvation
barrier, which marks the outer limit for the methane-methane
contact configuration. The association constant, K, is defined
using the following expression,*

Te W)

K, = 4nNAJ r’e BT dr (10)
0

Here, 7. is the position of the desolvation barrier in the
respective PMF profile and N, is the Avogadro’s number. We
note that greater hydrophobic association is related to the higher
values of K,. The values of K, for different systems are tabulated
in Table 8. From this table, we observe that the value of K is
increasing from system SO to S3, favoring the associated state of
the methane at higher ChCl concentrations. Moreover, the bind-
ing efficiency of the methane with itself can be quantified in
terms of the binding energy evaluated from the PMFs as,®'

4 (e = W (r)
EBinding = *kB T In (Vn‘[ e kgT ,,2dr) (11)
0

Eginding = —ks T In(K}) (12)

a
VNA
interacting methane pair. A more negative value of Eginging
indicates a stronger attractive interaction between the methane
molecules. The calculated values of Egjnqing are also presented in
Table 8. Notably, the Egjnging values become increasingly negative
from the SO to S3 systems, suggesting a stronger binding affinity
between methane molecules in the presence of ChCl compared to
pure water.

Altogether, the trends in the PMFs, association constant,
and binding energy provide compelling evidence of the
enhanced hydrophobic association between methane molecules
with increasing ChCl concentration. These findings are consis-
tent with the results obtained from the unbiased trajectories,
reinforcing the role of ChCl in promoting methane clustering.
The energetic analysis confirms the stabilizing effect of ChCl on
the methane hydrophobic association, further supporting the

4
where K] = and V = gmﬂf is the volume occupied by the

Table 8 Association constants, K, and binding energies (Eginging)
obtained from the PMFs for methane in all systems

System K, (M Eginding (KJ mol™")
S0 0.55 —0.41
S1 0.69 —0.96
S2 0.87 —1.56
S3 1.18 —2.32
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idea that the addition of ChCl leads to a more favorable
environment for methane aggregation compared to pure water.

4 Summary

In this work, we performed molecular dynamics simulations of
multiple methane molecules in pure water and in aqueous solu-
tions with varying concentrations of ChCl to investigate the impact
of ChCl on hydrophobic interactions. Our results show that
methane aggregation increases with higher ChCl concentration
through methane-methane RDFs and SASA. Cluster analysis
indicates a greater tendency to form larger, more compact clusters,
while the total number of clusters decreases. Potential of mean
force (PMF) calculations reveals that the contact minimum shifts
to lower free energy with increasing ChCl, indicating stronger
stabilization of methane contact pairs. The increasing desolvation
barrier further suggests a higher energetic cost to separate
methane molecules. These findings consistently demonstrate that
ChCl enhances hydrophobic association, promoting tighter and
more stable methane clustering compared to pure water.

Further insights from RDFs, CNs, and preferential inter-
action parameters reveals dewetting of the methane surface and
accumulation of choline, especially its hydrophobic regions,
near methane. This creates a locally more hydrophobic environ-
ment that promotes methane aggregation. While methane gen-
erally prefers self-association, in water-ChCl mixtures it shows
stronger preferential interaction with choline over water. Struc-
tural analysis indicates that choline disrupts the water network
by collapsing the second solvation shell and reducing water
density around methane. The tetrahedral order parameter (TOP)
further shows increasing disorder in the local water structure
due to both choline and methane. RDFs between choline
molecules indicate enhanced choline self-association with
increasing ChCl concentration, along with reduced water coor-
dination number around choline. Hydrogen bond analysis
confirms decreased water-water and choline-water hydrogen
bonds, and increased choline-choline hydrogen bonding. Alto-
gether, these results suggest that choline clustering around
itself and around methane enhances local hydrophobicity and
drives methane aggregation at higher ChClI concentrations.

In summary, this study highlights the significant role of
ChCl in enhancing hydrophobic interactions between methane
molecules. Looking forward, it would be interesting to extend
this study by investigating nonpolar solutes of larger molecular
size to better mimic hydrophobic domains in proteins. A
comparative study involving various osmolytes and nonpolar
solutes of different sizes and complexities could provide deeper
insights into the mechanisms underlying biomolecular stabi-
lity, folding, and self-assembly processes in cellular environ-
ments in the presence of stabilizing osmolytes.
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