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Concentration increasing

Difference of the molecular aggregations in benzene-water mixtures is identified by all-atom

molecular dynamics simulations.
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Abstract

All-atom molecular dynamics simulations for the benzene-water mixtures are performed,
aiming to explore the relationship between the microscopic structures and the
thermodynamic properties, in particular, the transformation dynamics from the mutually
soluble state to the phase-separated state. We find that the molecular aggregation of benzene
in the water-rich mixture is distinctly different from that of water in the benzene-rich mixture.
This aggregation difference is attributed to the different intermolecular interactions: the
clustering of benzenes in the water-rich mixture is primarily driven by the weak
short-distanced w-m interactions; while the formation of water cluster in the benzene-rich
solution is triggered by the long-range dipole-dipole electrostatic interaction. Moreover, the
molecular aggregations show the double-scaled features: firstly assembling in a quasi-plane

at the low concentration, then bulking in three dimensions with the concentration increase.



Physical Chemistry Chemical Physics

1. Introduction

Hydrophobicity as a fundamental phenomenon plays an essential role in chemical and
biological processes.!'!! A lot of efforts have been devoted to understanding the nature of
hydrophobic interactions.'?"! Weak solubility of nonpolar solute in liquid water declines as
temperature increases, indicating that the driving force of hydrophobicity is dominated by
the adverse entropic contribution.”*!7-1¥ The assembly or aggregation of hydrophobic units
may be driven entropically for small molecules, but enthalpically for large clusters.!*-%?
Benzene-water mixture is a particular interesting system, in which benzene molecule
exhibits not only hydrophobicity but also weak hydrophilicity. Due to the spatial shape of
molecular m-electron distribution, the weak hydrophilicity of benzene is attributed to an
attractive interaction via hydrogen bond with water (O-H---m) in a region perpendicular to
the benzene plane; while in the equatorial region, benzene acts as an ordinary hydrophobic
solute in liquid water.>*-” Moreover, this attractive O-H- -7 interaction energy (enthalpy) is
responsible for the hydration free energy of benzene. In contrast, the typical hydrophobic
effect of the aliphatic hydrocarbon-water system is induced by the adverse entropic
contribution.*® In the solvation of a benzene molecule into liquid water, the hydrogen bond
net of waters is partly broken while the water-benzene O-H: - hydrogen bond is formed. It

was found that the conversion of a water-water O-H:--O hydrogen bond to a water-benzene

O-H---m hydrogen bond was entropically favored but enthalpically disfavored.*

Thermodynamic and structural properties of one or several benzene molecules embedded

in liquid water have been extensively investigated,?*** but very few studies are reported on
3
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the mixtures where water molecules are immersed in liquid benzene.**** According to our
conventional wisdom, enough benzene molecules should aggregate in water; vice versa, a
quantity of water molecules tend to accumulate in liquid benzene. However, the dynamic

t,* in particular, the

mechanisms of these two-directional aggregations are still not explici
thermodynamic transformation from the mutually soluble state to the phase-separated state

deserves systematic investigations. This should also be of great significance toward

understanding of the nature of hydrophobicity.

In this work, using all-atom molecular dynamics (MD) simulation, we investigate the
benzene-water liquid mixtures at different mole fractions (xw and xB), aiming to reveal the
driving force of the benzene-water phase separation and to establish the relationship between

the microscopic structures and the thermodynamic properties of the molecular aggregations.

2. Models and Methods

2.1 Molecular Dynamics Simulations.

The TIP4P model® and the OPLS-AA force field*® were chosen for water and benzene,
respectively. Their force filed parameters are given in Table 1. The reliability of the chosen
force fields in describing the intermolecular interactions between two benzenes (parallel
sandwich, perpendicular T- and Y-shaped) and between water and benzene (via O-H:- &
hydrogen bond) was examined. As shown in Figure 1, the positions and depths of the local

minima in the potential energy profiles predicted with the force field parameters were quite

4
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similar to those obtained with the high-level quantum chemistry calculations.*”-*® Moreover,
the OPLS-AA proved to be successful in the reproductions of both molecular structures and

thermodynamic properties of liquid benzene.*’

A series of the liquid mixtures at 21 different mole fractions were simulated. A summary
about the different systems was given in Table 2. Firstly, the molecules were scattered
randomly in the box; then the system was mixed well via annealing protocol and by an
energy-minimized procedure. Subsequently, a 40.0 ns simulation was performed to equalize
the system, followed by an additional 20.0 ns simulation for the product collection. The side
length of box for the equilibrated systems was c.a. 8.54 ~ 9.97 nm. MD simulations were

carried out using a time step of 1.0 fs in the NPT ensemble at P =1 atm and 7= 300 K. The

tSO’ 51 t52, 53

Nosé-Hoover thermosta and Parrinello-Rahman isotropic barosta were employed to
impose constant temperature and pressure, respectively. The periodic boundary conditions
were applied in all three directions. The electrostatic interactions were treated by using the
particle-mesh Ewald method>* with a real space cutoff of 1.3 nm and the cutoff distancel.5

nm for the van der Waals interactions. All bonds were constrained using the P-LINCS

algorithm.> ¢ All simulations were performed with the GROMACS 4.5.5 package.’’

2.2 The Kirkwood-Buff Analysis.

The relation between the microscopic structure and thermodynamic property of binary liquid

can be derived on the basis of the Kirkwood-Buff (KB) theory.”® The most fundamental
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quantity is the KB integral (KBI),
G, = g, -1hzar.

where gij(r) is the radial distribution function (RDF) between components i and j. This
integral should be obtained for an open system, but in practice the KBI from a
closed-boundary NPT or NVT simulation may suffer the convergence.’® % This problem

could be overcome with the benefits of recent works.>* ¢ Firstly, the RDF is corrected as®

N.(1—(4/3)’”3J
J V

N.[1—(4/3V)’WSJ—ANW)—5?,

J

g;orrect (I") — gy (l") . ,
where N is the number of particle j in the system, V' is the volume of the system, and AN;(r)
is the excess number of particle j within a sphere of radius » around particle 7; then, the KBI

can be calculated by

2R correci 3x x3
G,R =" g -1} [1 — 7}47#6#

where x = r / (2R). Physically, the KBI represents the volume difference for particle j in a
sphere with a radius of R where the particle center changes from being chosen at a random

point to being coincident with the center of particle i.

Using the KBI values, preferential solvation (PS) can be further estimated to
characterize the structure of the mixture. In the binary system, the PS of a specific molecule i

with respect to itself is calculated by
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XiXj (Gl.,. - Gi/')

PS(i|i)=—
xi ii+xj ij+ a

where Va is the volume of a sphere with a radius of a few molecular diameters; and the PS
follows PS(ili) = —PS(j|i). The derivatives of the chemical potential (1) at the constant

temperature and pressure can be determined with the KBI values:

A A
[%j :kBT(l_—pf i J’
X )pp x, 1+ pxA;

where ks is the Boltzmann constant, and 4ij = Gii + Gjj — 2Gij.>

2.3 Excess Enthalpy and Excess Entropy
The excess enthalpy (4HFX) can be determined with the potential energy U,®!

AH™ =U,, —x,U, —x,U, ,

m

where Us and Uw are the potential energy of the pure benzene and water liquid, respectively.
For the liquid, AH"* is approximated to be the energetic difference (4Uswwmi) between the

mixture and the pure liquid(s) and decomposed as,

AU oy = X5 (U g =Up)+x, (Uyyyy —Up )+ Uy,
=AU, +AU,,, +AU,, ’

where Usw, Uss, and Uww are the total benzene-water, benzene-benzene, and water-water
interaction energies in the mixture, respectively. The excess entropy (4S™X) is predicted

within the two-particle approximation,?

AS™ =S = 2k,pY xx, [lg, () Ing, () - g, () + 1} dr
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3. Results and Discussion

3.1 Radial distribution functions

To evaluate the overall features about the structures of benzene-water mixtures with different
mole fractions, we firstly calculated the RDF [g(r)] as function of the molecular
center-of-mass. As illustrated in Figure 2, at the low concentrations of benzene (xz = 0.0024,
0.0036, and 0.0049, see Figure 2a) and water (xw = 0.0030 and 0.0050, see Figure 2f), the
values of gss(r) and gww(r) are around 1.0 for » > 1.0 nm, exhibiting the appealing mutual
solubility between two species. When xg > 0.0049 or xw > 0.0050, the g(r) values are
enhanced significantly in the region of » < 2.0 nm, implying the existence of molecular
clusters. As shown in Figures 2c and 2d, the profile peaks of g(r) are weakened gradually
with the increase of xs or xw, signifying that the number of the water (benzene) molecules
surrounding a benzene (water) molecule decreases, namely, the phase separation occurs.
Moreover, one can find the monotone decrease of g(r) for benzene-rich mixture (Figure 2d)
is relatively slowly, while g(r) for the water-rich mixture (Figure 2c) shows a sudden
decrease around xs ~ 0.0050. This prefigures that the aggregation dynamics of water
molecules in benzene-rich mixture should be distinctly different from that of benzene
molecules in water-rich mixture. On the other hand, as shown in Figures 2b and 2e, the
aggregation hardly influences the profiles of gss(r) and gww(r), because the number of water

or benzene molecules involved in this process is quite small.
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3.2 KB Analysis

In Figure 3a, the Gss (in the left) achieves the sharp growths when xg > 0.0049, which is in
line with the previous study.** The Gww (in the right) also achieves the sharp growth when
xw > 0.0050 in the benzene-rich mixture. These variances of Gss and Gww mean that at the
high xB or xw a further introduction of a benzene or water molecule at the center of a sphere
will greatly raise the number of benzene or water molecules in this sphere. This is closely
related to the molecular assembly in the mixture. In addition, all Gsw values are negative,
and they decay with the increase of xs (in the left) or xw (in the right), implying that the
interaction between benzene and water is generally repulsive although there is a hydrogen

bond O-H- -7 in the specific spatial arrangement.

Defined as the difference between the local and global compositions around a molecule,
the PS value further quantifies a detailed landscape of the local solvation around. As depicted
in Figure 3b, the near-zero values of PS(B|B) in the water-rich mixture (xs < 0.0049) indicate
that benzene molecule does not prefer aggregation and thus the dilute aqueous solution of
benzene is stabilized. However, when xs > 0.0049, there is a sharp enhancement of PS(B|B),
demonstrating a quick aggregation of benzene molecules. Meanwhile, the PS(W|W) value
raises slightly with the xB increase in the water-rich mixture. On the other hand, in the
benzene-rich mixture, the PS(W|W) and PS(B|B) profiles show the reversed tendencies. With
respect to the PS(B|B) in the water-rich mixture, the increase of PS(W|W) in the xw range of
0.0050 - 0.0070 is relatively tardy. The microstructures at four representative mole fractions

are shown in Figure 3c, vividly exhibiting the discrete state of the benzene in the dilute
9
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aqueous solution (i), the sudden aggregation of benzene molecules (ii), and the development

of water clusters (iii, 1v).

The structural properties of the benzene-water mixtures have been revealed, on the basis
of the results of RDF, KBI, and PS. With the increase of concentration, the aggregation of
benzene in the water-rich mixture occurs more suddenly than that of water in the
benzene-rich mixture. The thermodynamic properties of the mixture are further investigated
in the following parts. In the KB theory, the derivatives of the chemical potential reflect the
direction for the fluctuation of the local composition. dui/Ox; > 0 indicates that local
composition has reached equilibrium, namely, w increases with the increase of local xi,
meaning that molecule i should flow out of this local region and the equilibrium composition
in this region is restored. In Figure 4a, in the water-rich mixture, the high positive values of
ous/Oxs for the much lower xs (< 0.0049) show that the benzene distribution in its dilute
solution is relatively stable in thermodynamics; duw/Oxw shows a trend similar to that of
Ous/Oxs. In the benzene-rich mixture, the variances of duw/Oxw and Ous/Oxs are in the similar
scenarios, but the values of Juw/Oxw are much larger than ous/0Oxs. In the water-rich mixture,
the rapid decrease of duw/Oxw or dus/Oxs occurs around xs = 0.0050, which is qualitatively
in agreement with the previous study;* while the decrease of Juw/Oxw or dus/Oxs for the
benzene-rich mixture is relatively moderate. The reductions of these chemical potential
derivatives imply that the solution equilibrium is being broken, in accord with the

benzene-water phase separation illustrated in Figures 2 and 3.

10
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3.3 Excess Enthalpy and Excess Entropy

Since there are arguments about the roles of enthalpy and entropy in the hydrophobicity,> *
1722, 38,39 here we calculate the AH™X and AS™* values to reveal the predominated incentive in
the phase separation of the benzene-water mixtures. In Figure 4b, the AH™X values are
positive, while the AS®X values are negative. The variance of AH™ or ASEX at the
neighbourhood of xB or xw, i.e., AAHX(x1—x2) = AH(x2) — AHX(x1) or AASEX(x1—x2) =
ASEX(x2) — A4SFX(x1), can directly characterize the driving force of the phase separation at the
certain concentration. In the water-rich mixture, when xs < 0.0049, 44S*X =~ 0 and A4HX >
0, indicating that in the completely soluble system the entropy is almost unvaried while the
enthalpy is still increasing. With the xs increase, there is a small but quick jumpdown of
AHEX (i.e., AAHX < 0, see the inserted panel) from xg = 0.0049 to 0.0050, then the AHX
increases again; at the same time, the absolute value of ASEX begins to continuously increase.
Around xg = 0.0050, the aggregation of benzene molecules occurs, thus this phase separation
is somewhat reflected as the enthalpy change. The present finding is consistent with the
previous conclusion.?’ In the benzene-rich mixture, the similar trends of the variations of
ASFX and AH®X are observed. 44S*X =~ 0 and 44H'X > 0 at low xw, while the remarkable
variance of AHX is found for the water clustering. This implies that the aggregation of
hydrophilic units in the hydrophobic liquid is also shown as the significant enthalpy change.
However, the decreasing magnitude and range of AH™* for the benzene clustering are much
weaker and narrower than those for the water aggregation. Evidently, this distinct difference

is attributed to their different aggregation dynamics.

11
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Since above different aggregation dynamics is basically indicated as the enthalpy change,
AH®X, approximately equal to AU for liquids, deserves further investigation. The AUrotal
value and its three components (AUss, AUww, and AUsw) consist of two physical
contributions, i.e., Lennard-Jones (square label) and coulombic (circle label) interactions, as
plotted in Figure 4c. These two contributions of AUsw are the negative values, indicating
that the attractive interaction between benzene and water (basically due to the O-H ...w
hydrogen bonding) is apt to stabilize the mixture. This attraction is largely weakened around
xB = 0.0050, which is witnessed as the sudden drops of the two contributions of AUsw and
corresponds to the aggregation of benzene in the water-rich mixture. Such phase separation
is also found as the sharp changes of the Lennard-Jones interaction value of 4Uss and the
coulombic interaction value of AUww. During the aggregation of benzene, the n-n interaction
among the approaching benzenes* becomes much stronger than those among the dispersive
benzenes; meanwhile, the aggregation of benzene results in the reconstruction of the
hydrogen bond net of water, leading to the drastic change of the coulombic contribution
AUww. On the contrary, in the benzene-rich mixture, the significant variances are only
observed for the coulombic contributions of AUww (green circle / broken-line) and AUrotal
(black circle / solid-line), which is mainly attributed to the formation of water cluster around

xw = 0.005~0.010.

3.4 Aggregation Dynamics

To further investigate the molecular assembly dynamics in the aggregation processes, the

size of clusters (M, number of molecules contained in a cluster) as functions of the radius of
12
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gyration Rg is plotted in Figure 5. Assuming M oc RZ" where dris the fractal dimension,®
the two cluster-size dependent regions are clearly observed. These data are produced by
using the microstructures of the equilibrium mixtures at different mole fractions. For the
small water clusters (Rg < c.a. 0.3 nm), dr=1.78; and dr= 2.33 for the small benzene clusters
(Rg < c.a. 0.9 nm). As shown in the schematic diagrams of Figure 5, water molecules can be
assembled by the hydrogen bonds in a nearly planar network, in which each water acts both
the acceptor and donor of the hydrogen bonds. According to the previous findings, two
benzene molecules can be stabilized as the nearly perpendicular configuration,* leading to a
quasi-planar (layer-like) microstructure of the small benzene clusters. On the other hand, two
scaling concepts, diffusion-limited aggregation (DLA) and reaction-limited aggregation
(RLA),** are applicable to illustrate the aggregation processes of water and benzene,
respectively. As discussed above, the molecular aggregations of benzene and water are
commonly driven by the favorable enthalpy variance, but the dominated contributions to the
enthalpy are the Lennard-Jones and coulombic interactions, respectively. Therefore, in the
DLA model with the typical value of dr~ 1.8,°* water molecules can gather more easily due
to their long-range dipole-dipole attraction; while in the RLA model with the typical value of
dr = 2.1, the aggregation of benzene molecules happens until overcoming the steric
repulsion in their approaching. With the molecular number increase, the aggregation tends to
develop in three dimensions, i.e., dr= 3.19 for the larger benzene clusters and dr= 3.08 for
the larger water clusters, which is propitious to reduce the ratio of volume to surface area of

the hydrophobic cluster.?’

13
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4. Conclusion

In summary, the structural and thermodynamic properties of benzene-water mixture have
been investigated with the comprehensive MD simulations. The aggregation of benzene or
water is primarily driven by the enthalpy variance. We further conclude that the aggregation
dynamics of hydrophilic units in hydrophobic solvent is similar to that of hydrophobic units
in hydrophilic solvent. Double-scaled dynamic features of the molecular aggregations are
revealed here: firstly assembling molecules nearly in a quasi-plane at the low concentrations,
and bulking in three dimensions with the concentration increase. Another significant finding
is that the former process is further classified into: a RLA model for the clustering of
benzene in the water-rich mixture, due to the short-distanced m-*m intermolecular
interactions of benzenes; while a DLA model for the formation of water cluster in the
benzene-rich mixture, triggered by the long-range dipole-dipole interactions of water

molecules.
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Table 1. Force field parameters used in the molecular dynamics simulations.

molecule atom ¢ (kJ/mol) o (nm) g (a.u.)
Water (TIP4P) 0) 0.64852 0.315365 0.00
H 0.00000 0.000000 0.52

M¢ 0.00000 0.000000 —1.04

Benzene C 0.29288 0.355 —0.115
(OPLS-AA) H 0.12552 0.242 0.115

“ M represents for the dummy atom in the TIP4P model.
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Table 2. Summary of the systems simulated: the mole fraction for benzene (xB), the number
of benzene (Ns) and water (Nw) contained, and the side length of box (Leq) for the

equilibrated systems.

XB NB Nw Leq (nm)
0.0024 50 20724 8.5884
0.0036 75 20567 8.5832
0.0049 100 20388 8.5749
0.0050 103 20326 8.5708
0.0052 107 20351 8.5771
0.0054 110 20338 8.5769
0.0061 125 20253 8.5759
0.0074 150 20101 8.5722
0.0087 175 19945 8.5680
0.0100 200 19817 8.5673
0.0127 150 19483 8.5559
0.0154 300 19197 8.5508
0.0182 350 18843 8.5362
0.9706 4950 150 9.0645
0.9754 4960 125 9.0676
0.9803 4970 100 9.0698
0.9852 4980 75 9.0721
0.9901 5000 50 9.0814
0.9931 5000 35 9.1012
0.9950 5000 25 9.0789

0.9970 6600 20 9.9798
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Figure 1. The potential energy curves of the dimers of benzene-benzene and benzene-water.

The solid lines represent the intermolecular interactions predicted with the force fields; and

the points are the results of the high-level quantum chemistry calculations (cited from refs.

47 and 48).
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Figure 2. Radial distribution function [gy, i, j = B (benzene), W (water)] as a function of the

distance between the centers of molecular mass: in the left column, for the water-rich

mixtures with the legend shown in (a); in the right column, for the benzene-rich mixtures

with the legend shown in (b).
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Figure 3. Kirkwood-Buff integral (a) and preferential solvation (b) in terms of the mole
fraction of benzene (xB) or water (xw). (c¢) Snapshots of the equilibrium benzene-water
mixture with four different mole fractions (noted in b): 1, x8 = 0.0049; ii, x8 = 0.0052; iii, xB

=0.9930; and iv, xg = 0.9852.
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Figure 4. (a) Derivatives of the chemical potential (x) with respect to the mole fraction. (b)

The excess enthalpy (4H™X) and excess entropy (4StX) of mixing as functions of the mole

fraction. (c) Total intermolecular interaction energy (4Utotal) and its different components as

functions of the mole fraction of benzene or water; Square and circle labels represent the

contributions of the Lennard-Jones and coulombic interactions, respectively.
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Figure 5. Cluster size M (the number of molecules contained in a cluster) as functions of

the radius of gyration Rg. Black squares (M) and red circles (@) represent the results for

benzene and water, respectively. The fitting lines (solid for benzene and dashed for water)

are obtained with the relationship M o RZ-". The inserted panels show the quasi planar

aggregations of benzene and water molecules in the small clusters.
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