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Abstract:

Liquid:vapor and liquid:liquid interfaces exhibit complex organizational structure and
dynamics at the molecular level. In the case of water and organic solvents, the hydrophobicity of
the organic, its conformational flexibility, and compressibility, all influence interfacial
properties. This work compares the interfacial tension, width, molecular conformations and
orientations at the vapor and aqueous liquid interfaces of two solvents, n-pentane and
neopentane, whose varying molecular shapes can lead to significantly different interfacial
behavior. Particular emphasis has been dedicated toward understanding how the hydrogen bond
network of water responds to the pentane- relative to the vapor interface and the sensitivity of
the network to the individual pentane isomer and system temperature. Interfacial microsolvation
of the immiscible solvents has been examined using graph theoretical methods that quantify the
structure and dynamics of microsolvated species (both H,O in CsH;, and CsHj; in H,O). At
room temperature, interfacial water at the pentane phase boundary is found to have markedly
different organization and dynamics than at the vapor interface (as indicated by the hydrogen
bond distributions and hydrogen bond persistence in solution). While the mesoscale interfacial
properties (e.g. interfacial tension) are sensitive to the specific pentane isomer, the distribution
and persistence of microsolvated species at the interface is nearly identical for both systems,
irrespective of temperature (between 273 K and 298 K). This has important implications for
understanding how properties defined by the interfacial organization are related to the

underlying solvation reactions that drive formation of the phase boundary.
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Introduction

The interfacial properties of water with hydrophobic solvents have been an ongoing area
of research for many years as these liquid:liquid systems are representative of a broad class of
interactions found in biological, chemical, and environmental processes. Alkane solvents in
particular are good analogues for developing a general understanding of water hydrocarbon
interactions. Early molecular dynamics studies examined the density profiles and molecular
orientation at the water:alkane interface, as well as the interfacial tension as a function of
organic solvent carbon number, solvent branching, temperature, and force field.'” Experimental
techniques were initially hindered by the small interfacial width of these systems, however over
the last 10 years several publications have examined water:alkane interfaces using a variety of
experiments that include x-ray and neutron scattering,® optical ellipsometry,’ vibrational sum
frequency spectroscopy and x-ray reﬂectivity.6’ 812

The emergent picture of water:alkane interfaces is complex. Early theoretical studies
indicated that water maintains a hydrogen bond network surrounding small microsolvated
hydrophobic solutes at an interface, though this network would be stretched with increasing
solute size."”" Stillinger predicted the existence of a depletion layer that is essentially a
water:vapor interface that forms near the hydrophobic plane.'> Numerous experimental studies
provided conflicting evidence for and against the presence of a depletion layer,'®"? but the most
recent data has suggested that the attractive van der Waals interactions between a hydrocarbon
and water will thin the depletion layer to nearly zero thickness.* ® Microscopic solvation of the
macroscopically immiscible solvents can occur, contributing to molecular scale roughening.20
This, in combination with thermally induced capillary wave fluctuations complicates the

definition of interfacial width and surface tension. 2" >
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Microsolvation, interfacial width and tension change with the organic solvent and are
believed to play an important role in a myriad of processes including solvent extraction.” The
variation of interfacial width with carbon number has been described by combining the
capillary-wave prediction for the width with a contribution from intrinsic structure. This
intrinsic structure is determined by the radius of gyration for the shorter alkanes and by the bulk
correlation length for the longer alkanes.® Interfacial properties are also closely linked to the

orientational structure of both water and alkane,” 24,25

as well as the interfacial density, which is
related to the solvent compressibility.

Yet our collective understanding of water:alkane interfaces is not definitive and much
remains to be studied. For example, little emphasis has been placed upon examining the
interfacial hydrogen bond (H-bond) network of water or how this may respond to variations in
organic solvent. While significant study has examined how interfacial properties change as a
function of alkane chain length," less emphasis has been placed upon examination of different
isomeric forms that may pack differently at the interface. The purpose of the current work is
two-fold. First is to understand how the hydrogen bond network of water responds to the
presence of the pentane interface and whether the trends in the H-bond network properties
coincide with the dependence of the interfacial tension, width, and density upon pentane isomer.
Second, we desire to augment these structural properties of the interface with a more detailed
description of the interfacial dynamics through the study of microsolvation of the immiscible
solvents. It is particularly interesting to examine what, if any, relationship may exist between the
mesoscale interfacial properties (e.g. interfacial tension) and the molecular scale dynamics

within the typical ns timescale of a simulation. In combination, these data not only help to

develop a more holistic understanding of water:alkane interfaces, but they demonstrate the
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utility of newly developed graph theoretical methods for interrogating interfacial structure and
dynamics. The solvents, n-pentane and neopentane, have been chosen because they represent
two configurational extremes where one isomer is representative of a quintessential chain alkane,
while the other is in essence a spherically packing solvent, yet both have the same number of
carbons and can utilize the same interatomic potentials for MD simulation. Traditional post-
processing analyses are used to investigate the orientational structure of water and n-pentane,
the interfacial density, as well configurations of n-pentane as a function of proximity to the
interface. While these analyses support prior observations regarding water:alkane interfaces, the
distinguishing feature of this work lies in the application of graph theoretical methods to
understand the intermolecular chemical networks in these systems. Analysis of the hydrogen
bond network of water, its structure and dynamics, reveals distinctly different behavior between
the vapor and pentane interfaces. Intermolecular networks defined by the solvation interactions
between water O-atoms and hydrocarbon H-atoms have been used for the first time to quantify
microsolvation of the two immiscible solvents. Despite the observation that the interfacial
tension and width in the aqueous phase differ significantly between the water:neopentane and
water:n-pentane systems, the likelihood of microsolvation at the interface and the persistence of
microsolvated species are in fact nearly identical. This opens up new avenues for investigating
the relationships between the characterizing properties of the interface as a whole, versus the

underlying molecular scale processes that drive formation of the phase boundary.
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Computational Methods

Molecular Models. Pair-wise additive models represent the potential energy of the
system, with intermolecular pair potentials being taken as the sum of all pair potentials between
interaction sites within the molecules. The organic molecules n-pentane and neopentane have
been described by the modified OPLS-AA force field,”® while water utilized a modified rigid
TIP3P/Ew water potential.”’ All simulations were performed using the LAMMPS software
(version14Feb 2012),® with the Verlet algorithm and a 1 fs timestep. Ewald summation used a
15 A cutoff and a 1x10° tolerance threshold. Tables S1-S2 in Supplementary Information

present the bonded and non-bonded potentials utilized.

Simulation Details. Five simulation box types were constructed using the Packmol
program,” representing the pentane, water, the pentane:vapor, the water:vapor and the

water:pentane systems (Figure 1) using 3-dimensional periodic boundary conditions.

Figure 1. Periodic boundary set-up of (A) the water:vapor, (B) the pentane:vapor, and (C) the
water:pentane simulation boxes. Periodic boundaries occur in all three dimensions.

(A)

(B)
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The simulation box of the pure liquids began with an elongated box having z = 40 A and a
cross-sectional area of 30 A x 30 A; the water simulation contained 1204 molecules, while 376
pentanes were present. Two target temperatures, 273 K and 298 K, were examined as the phase
diagram of the neopentane model is not known, and it was desired that the neopentane be a
liquid for the neopentane:vapor and water:neopentane simulations. The pure liquids were
brought to mechanical and thermal equilibrium at 1 atm using the NVT ensemble of Nose and
Hoover,**>* followed by a series of NPAT simulations (also known as the effective constant
area or the constant pressure, surface area, temperature method), until a pressure of 1 atm was
reached. In the NPAT barostat, the volume is varied in only the z-dimension to achieve constant
pressure control, which has been shown to help equilibrating systems with nonzero surface
tension.” The systems were run in NPAT for at least 1ns followed by 500 ps of simulation in
the NVE ensemble to verify the system temperature and pressure.

The liquid:vapor interface simulations had identical x and y dimensions as the pure
liquid but with a z-box length such that ~ 40 A of unoccupied space was left between the two
surfaces, while maintaining periodic boundary conditions in all directions (Figure 1). This
allowed sufficient space for the liquid and vapor densities to achieve constant values. The
simulations boxes were brought to thermal equilibrium using the NVT ensemble with at least
Ins of simulation and a 1 fs time step. System equilibration was verified during a 500 ps NVE
run.

The water:pentane simulations were brought to mechanical and thermal equilibrium at 1
atm by cycling through a combination of the NPAH ensemble and independent Langevin
thermostats applied to each phase.34 The NPAH ensemble is similar to the NPAT but without

the thermostat. First the system was minimized, then thermostatted for 500 ps in NVT to the
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target temperature, thus beginning the cycle of barostatting for 500 ps, relaxing in the NVE
ensemble for 500 ps, and repeating until the system was equilibrated. This took at least ten
cycles, because a one-dimensional change in the density can induce large changes in the
pressure. Production runs for every system consisted of 1 ns of an NVE simulation with capture
of the trajectories every 25 fs, leading to a total of 40 K snapshots for data analysis for each ns
of the production run. Three 1 ns productions runs were performed so as to obtain statistical
uncertainties for key interfacial properties. The density profiles, surface tension and interfacial
width (defined below) for these interfacial systems were tested for the water:n-pentane system
using a much larger boxes (in either x, y or z) with dimensions 57 x 57 x 157 A* and 30 x 30 x
152 A’ so as to ensure that the data presented in the Results and Discussion is converged with
respect to system size.

Data Analysis. The data was analyzed using several methods so as to interrogate the role
of the pentane isomer upon interfacial organization and dynamics. Standard analyses included
the determination of the radial distribution functions (RDFs) between non-bonded O...O, O...H
and the different carbon types present in CsH;s, the radius of gyration (Rg),28 the density profile,
as well as the molecular orientation. The orientation order of water is defined as the cosine of
the angle 6; between the unit vector in the direction of the dipole (1) and the unit vector normal
to the interface (1),
cost; = p; * g, (1)
while the n-pentane orientation is defined as

1
S, ==-(3<cosf? > -1
4 2( cos ) @)

Here @ is the angle between the molecular axis and the interface normal (z-axis), where the

brackets imply averaging over time and molecules. The molecular axis is defined as the vector
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from C,.; to C,:; and thus there are three vectors for n-pentane. The order parameter can vary
between 1 (full order along the interface normal) and -1/2 (full order perpendicular to the
normal), with a value of zero in the case of an isotropic orientation (Figure S1 in Supplementary
Information).

The interfacial tension (y) was calculated in two ways. The first method is based upon

measurement of the pressure tensors in each dimension:

o =3 LR~ (P)~(B )] 3)

where P.. is the normal pressure, and Py, and P,, are the tangential pressures with respect to the
planar interface. However this approach assumes a sharp liquid:vapor interface, when in reality
it is quite rough because the interface breaks the translational invariance of the system, inducing
experimentally observed Goldstone fluctuations or “capillary waves”.*" ** 3> Thus a second
method was used for computing the surface tension that takes into account fluctuations from an
intrinsic contribution plus a logarithmic term that represents the broadening of the interface.***”

3% The total interface profile ¥(z) may be expressed as a convolution of the intrinsic profile y(z)

and the effect due to capillary waves.

Y@= [ pe-2)Pe)dz, 4)
where, P(zy) is the probability of finding the interface at z,

Decoupling the capillary wave and the density fluctuation contributions makes it
possible to compute the surface tension from the interfacial profile (or scaled density profile)

along z. The interfacial profile has a density range from 1 to -1 and has the form:*'

— (p(a)- P2 L) 5)

v

Y(z)=

where p(z) is the density in the z-direction, while p; is the liquid density and p, is the vapor
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d¥(z)

density. Given ¥(z), the variance of the profile, =Y'(z)= f(z), can be used as a measure

of the width of the interface.* The variance of a distribution fis given by

d> -
I =g/l ©
|7 1 1(0)

v(f)=

where f(q) is the Fourier transform of f{z). Using the convolution theorem and Eqns. (5) and (6)
it can be shown:*'

VY =Vv[y']+V[P] (7)
The squared widths of the total and intrinsic interfacial profiles have been defined as A* =v[¥']
and A} =v[y/], respectively. The average squared fluctuations of the interface about its mean
location in the z-direction can be directly identified as v[P].*' Since the mathematical form of
the variance is cumbersome to evaluate, the scaled interfacial profile is typically fit to a

hyperbolic tangent function as in Eqn. (8),”%*° however more recent work has indicated that the

error function often yields results closer to experiment, as in Eqn. (9):*

¥, (z) = tanh(2(=—"2)) ®)
Wl
and
‘Pe(Z)=erf(\/;(Z;VZ° ) ©)

In the liquid:vapor systems the interfacial thickness has been determined by fitting both Eqn. (8)

and (9) which includes determining the average location of the Gibbs dividing surface, z,, within

and is

p(z). The position of the Gibbs dividing surface has been defined as p(z):@

presented in Table S3 in Supplementary Information for all systems under consideration.
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Depending on whether Eqn. (8) or Eqn. (9) are used, two definitions of the interfacial width

emerge:

2
~% if fit to Eq.8
p2={ 27 (10)

The surface tension is obtained by plotting the interfacial width, A, obtained from different
values of the Gibbs dividing surface, zy. This, in essence, means that the profile is fit at different
depths within the box (near the interface and sequentially deeper in the bulk). The interfacial
tension is derived from the best fit line of A*vs. In(L) as, vy = kgT/(2n slope),*' where L is the
length of the simulation box in the z-direction.

To calculate the surface tension from the capillary wave method, the procedure of
Senapati and Berkowiz was followed,*® where the density profile of water (p,,) and alkane (p,) is

fitted to Eqn. (11) and Eqn. (12) respectively:

b (2)=0.5p —O.Spwerf(z\/_gzo’w) (11)
w

p,(2)=0.5p,—-0.5p erf(f (12)
W

In equations 11-12, zj,, and zy, represent the Gibbs dividing surface for water or alkane,
respectively. The width due to thermal fluctuations is w,. while the intrinsic width wyis |zg,,, - Zo.4|
and the total width is w. The three terms are related by: W= wc2 +wy 2. After finding the value
of w., one can find the value of y. due to the capillary wave and thermal fluctuations using Eqn.
(13):*

_ kT
2ny

In ( *) (13)

b

C

10
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where L, is the total length in the x=y direction and /, is the bulk correlation length (on the
order of the molecular length). In this work we have estimated the value of /, as the cut off
distance of 15 A.*

Topological Analysis of the Hydrogen Bond Network. The essential properties of the
hydrogen bond network of water have been analyzed using a graph theoretical approach

implemented in the ChemNetworks software package,” available for download at

http://aclark.chem.wsu.edu/software/. Each snapshot is converted into a graph wherein the H,O
molecules are vertices and an edge is created between vertices by the presence of an
intermolecular hydrogen bond. In this work, a geometric criterion within a distance threshold
between the non-bonded O- and H-atoms of » < 2.5 A and a H-bond angle of 150-180°, was
utilized (Figure S2 in Supplementary Information). This yields a distribution of hydrogen bonds
for each molecule whose weighted average is approximately the same as the total average
number of H-bonds as indicated by the RDF. Thus, one of main strengths of the network
analysis is that it easily decomposes the information that would be in an RDF into its component
contributions. While the RDF yields the average H-bond environment about a given water, the
network analysis provides the relative % of waters with 1 — 4 H-bonds that yield that overall H-
bond number. Topological analyses of the graph were performed for different layers as a
function of distance from the vapor and pentane interfaces, respectively. First, the histogram of
the distribution of H-bonds was obtained in a 12 A layer from the Gibbs dividing surface. This
yields information about how the average local hydrogen bond environment changes during the
transition from the interfacial region to the bulk. The persistence of the hydrogen bonds was also
obtained, yet accurate statistics required use of much larger layers that essentially split the water

portion of the simulation box into two halves. The persistence is the weighted average number

11



Physical Chemistry Chemical Physics

of fs that a H-bond edge is observed for all edges considered. Persistence is different from the
“lifetime” of the H-bond because transient breaks in the time of the existence of the edge are
included in the calculation. Despite the large size of the layers within this calculation,
statistically different persistence values for the H-bonds in those regions were obtained.
Persistence is a useful construct to understand the mechanisms behind H-bond formation and
breakage events because it does not discount short time-scale behavior. To further probe these
dynamics, each instance of edge deletion/formation was cross-correlated to the distance
travelled by the respective water molecule vertices in between snapshots, thus probing whether
diffusion causes H-bond breakage. Librational motion may also alter H-bond patterns and thus
the dynamic behavior of the dipole orientation of solvating water about reference water
molecules was investigated. The orientation of the dipole moment vector of a water molecule, P,
with respect to a reference molecule to which it is H-bonded, referred to as the “dipole angle” is
defined in Figure S3 in Supplementary Information. To investigate whether the dipole
orientation dynamics is altered as a function of distance from the interface, a series of water
molecules were chosen as “reference” molecules. The dipole orientation of the solvating waters
about the reference molecules were then tracked over time as the reference molecules moved
from the interfacial region to the bulk.

Potential of Mean Force and Microsolvation. Several prior studies have noted the
importance of microsolvation (the solvation of one solvent by another at the molecular level) at

2138 44 At water:oil interfaces in particular, water penetration on the

liquid:liquid interfaces.
molecular scale is believed to be a common phenomena.* We have previously investigated this

via quantum mechanical calculations of solvated clusters of water about neopentane and n-

pentane (and vice versa), wherein we examined the thermodynamic favorability of

12
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microsolvation.*® In the classical analogues, potential of mean force calculations are a useful
complement to the quantum mechanical study by investigating the energetic and structural
features associated with water penetration into pentane and pentane into water. An umbrella-
sampling scheme was used to calculate the unbiased free energy A(E) along the reaction

4749

coordinate. Umbrella sampled windows were then combined with the umbrella integration

method.*$°

The reaction coordinate involved dragging a single molecule from the center of its
liquid phase to either the liquid:vapor interface or migration through the interface and to the
center of the second solvent box. A harmonic biasing potential was used with a force constant of
0.5 kcal/molA? to drag a molecule within 0.5 A intervals and 0.5 ns simulation time. The width
of each bin within the umbrella integration was set to 0.03 A.

The PMF simulations yield thermodynamic information, however the kinetic aspects of
phase penetration are better understood by the explicit determination of microsolvated clusters
within the interfacial regions of the water:pentane systems. To do this, water molecules and
pentane molecules were converted to vertices and an edge defining their solvation interaction
was formed if the distance between the water O-atoms and the pentane H-atoms 7o yc is < 4.3 A.
This distance was chosen based upon the previously determined two-body CCSD(T) potential
energy surfaces reported in reference 46. The resulting distributions describe the percent

observation of pentane molecules non-solvated, partially- or fully solvated by water and vice

versa. The persistence of each microsolvated cluster was also determined.

Results and Discussion

The results first consider the pure liquid systems, then the liquid:vapor and

water:pentane systems as a function of pentane isomer. Finally the potential of mean force data
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for the water:pentane systems is presented along with the microsolvation analysis. Special effort
is dedicated to the comparison and contrast of the water orientation, dynamics, and hydrogen
bond patterns in the three interfacial systems so as to understand how water not only responds to
the hydrophobic solvent, but also to pentane packing and other metrics of interfacial structure.
Pure Liquids. Much work has been performed regarding the physical properties and
dynamics of neopentane, n-pentane, and TIP3P/Ew water. The simulations here reproduce the
radial distribution functions, densities, and diffusion coefficients of the pure liquid phases at

27, 51-55
several temperatures””

(Table S4 and Figures S4-S6 in Supplementary Information). In
comparison to the liquid:vapor and liquid:liquid interfacial systems a few key structural and
dynamic pieces of information are relevant.

The histogram of the hydrogen bond distribution for TIP3P/Ew water is presented in
Figure 2 at 298 K and 273 K. The H-bond distribution of this water model at room temperature
is quite similar to that of Amoeba water, which has been previously discussed.* Namely, 36%
of waters have 4 H-bonds, while 39% have 3 H-bonds, 18% have 2 H-bonds, 4% have 1 H-
bonds and a small percentage of molecules with zero or five H-bonds. Taking the weighted
average of these values yields 3.13 H-bonds per water molecule, which is in a good agreement
with the RDF between the non-bonded O...H atoms (Figure S4 in Supplementary Information).
As the temperature is cooled to 273 K, the expected increase in concentration of 4-coordinate H-
bonded waters is observed as the hydrogen bond network has less thermal fluctuations and the
weighted average increases to 3.35 H-bonds per H,O. At 298 K the average H-bond persistence
is 170 + 2 fs, while this increases to 216 + 4 fs at 273 K (Table 1). This is in a good agreement

of previous studies of the persistence of the H-bond of 180 fs and 230 fs at 300 K and 275 K,

respectively, using a similar geometric definition.>

14
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Figure 2. Hydrogen bond distribution for bulk and interfacial water in the liquid:vapor systems
at 298 K and 273 K. The average number of H-bonds per H,O molecule is given as <nyg>.

(A) M Bulk Water (298K) <n,g>=3.13 (B) W Bulk Water (273K) <nyg>=3.35
50 # Water:Vapor Interface(298K) <n,z>=1.96 50 # Water:Vapor Interface (273K) <n,g>=2.33
45
40
35
30
25
20
15
10

% Observation

1 2 3 4 5 1 2 3 4 5
Number of H-bonds Number of H-bonds

Table 1. Average H,0...H,0O H-bond persistence (P) in fs, for bulk water at 298 K and 273 K,
and H,O in the vapor and pentane interfacial regions (defined as the center-of-mass existing
within 12 A of the Gibbs dividing surface, see Table S3 in Supplementary Information).

T P (Bulk) P (at Vapor Interface) P (at Pentane Interface)
273 K 216+4 135 +1 12944 (with neopentane)
298 K 170 +2 111+1 134 +1 (with n-pentane)

In the pure pentane liquids, the RDF between the non-bonded central C-atoms of
neopentane indicates a primary solvation shell at a central C-atom distance of ~ 6 A, containing
10-12 molecules (Figure S5-S6 in Supplementary Information). The peak in the RDF is quite
broad, indicating a lack of organizational structure. In contrast to neopentane, n-pentane has
both terminal methyl as well as central C-atom types. This makes interpretation of the RDFs
difficult, particularly when combined with the observation that n-pentane can adopt multiple
configurations in solution. The radius of gyration, Ry, is one metric for assessment of the
conformations of n-pentane in solution. Yet a major drawback is that R, does not track linearly

with changes in the dihedral angles of n-pentane and thus it cannot be easily correlated to a
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systematic rotation in angle that corresponds to transformations between minima on the dihedral
angle potential energy surface. Here, R, is used as a metric for relative populations of different
conformations observed in solution, not for the identification of those conformations. This is
most relevant when considering the changes in the orientational order, S, of n-pentane at the
vapor and aqueous interface (vide infra). As presented in Table 2, n-pentane molecules
dynamically change configurations over time, however the most commonly observed
configurations as identified by their R, values are conformations 2 and 4 which are observed 7-
9% of the time followed by conformations 3, and 5 which are observed ~5% of the time.

Table 2. Radius of gyration, R,, values of n-pentane and their % observation in the bulk and at

the vapor and aqueous interfaces (defined as being within 12 A of the Gibbs dividing surface,
see Table S3 in Supplementary Information).

R, Conformation % in % at Vapor % at H,O Interface
ID Bulk Interface
1.939-1.934 1 2.47
1.924-1914 2 7.95 20.24 19.14
1.914-1.909 3 5.48 12.04 11.53
1.909-1.899 4 9.32 17.52 17.53
1.899-1.894 5 4.11
1.894-1.889 6 3.29

Liquid:Vapor Interfaces. Traditional analyses of the simulation data of liquid:vapor
interfaces have focused upon understanding the interfacial molecular orientation as well as the
surface tension and width. The density profile of the water:vapor boxes at 273 K and 298 K
agree with previous studies (Figure S7 in Supplementary Information) and the dipole
orientational profile supports prior observation of a bimodal distribution for interfacial water
(Figure 3). Specifically, the layer of water closest to the interface (H,O whose center-of-mass,
COM, is within 8 A of the vapor phase, e.g. z = 33 — 38 A at 273K) adopts an orientation

wherein the water dipole lies in the plane of the interface, followed by a second layer farther

16
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from the interface (between 8 and 13 A of the vapor phase) that adopts an orientation with the
H,O dipole directed out of the liquid at an angle of 74° relative to the surface normal.

In addition to altered orientations, those waters within 12 A from the Gibbs dividing surface
(see Table S3 in Supplementary Information) also have a perturbed distribution of hydrogen
bonds relative to the bulk. In general there is a decrease in the concentration of H,O with three
and four H-bonds and an increase in those with one and two H-bonds. As seen in Figures 2A
and 2B, there are distinctly different H-bond distributions for these interfacial water at 298 K
and 273 K. At room temperature, nearly 40% of interfacial HO have a single H-bond (or exist
as a H-bonded dimer), with ~30% having two H-bonds (statistical variances presented in Table
S5). In contrast, at 273 K, there are many more interfacial waters (within 12 A from the Gibbs
dividing surface) with three H-bonds, and the concentration of H,O with 1 — 3 H-bonds is nearly
equal. Variations in the H-bond distribution are to be anticipated within the 12 A definition of
the Gibbs dividing surface, with the H,O directly in the transition to the vapor phase having the
least number of H-bonds. The average hydrogen bond persistence for water in this region is
also shorter than in the bulk at the two temperatures examined. At 298 K interfacial waters have
an H-bond persistence of 111 fs, while at 273 K interfacial waters have a longer persistence
value of 135 fs (Table 1). Relative to the bulk values at the two temperatures, this represents a
statistically significant decrease in H-bond persistence for those waters in the interfacial region
of 8-10%. This approach supports prior observations® that have used a geometric criterion of an
H-bond followed by examination of the decay rate of an initial set of H-bonds in the liquid
simulation in addition to H-bond lifetimes approximated by the orientational relaxation times of

interfacial waters within water-ammonia mixtures.’
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Figure 3. (A) Dipole angle orientation of water in the water:vapor system at 298 K and 273 K,
as compared to water:neopentane (273 K) and water:n-pentane (298 K). (B) The n-pentane order
parameter in n-pentane:vapor and water:n-pentane at 298 K. A relative z-axis (z,.;) has been
used so as to overlap the spectra for optimal comparisons of behavior.

(A)100.0 - =—Water:Vapor (298K)
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Figure 4. Density profiles of (A) pentane:vapor and (B) water:pentane at 298 K and 273 K (for
the sake of clarity the water density profile is shown in Figure S8 in the Supplementary
Information.
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The decrease in the H-bond lifetime at the vapor interface may be caused by several factors.
First, it has been previously reported that the self-diffusion constant of water may be up to 67%
larger at the interface than in the bulk.”® *> Alternatively, changes in the rotational dynamics

may alter the H-bond persistence through librational motion.***!

To further probe the
mechanisms of the hydrogen bond breakage and formation at the bulk vs. the interface, two

different analyses have been performed. First, each instance of H-bond formation and deletion
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has been cross-correlated with the change in Euclidean distance of the O-atoms of the water
atoms involved in the H-bond. It is readily apparent that nearly all H-bond breakage and
formation reactions are not the result of diffusion because Arg o is much less than the diffusion
coefficient would predict using a 25 fs timestep in between frames (Table S5 in Supplementary
Information).®* The second analysis has involved study of the dipole moment orientation of
solvating water about a reference H,O at the interface and as it diffuses into the bulk region over
time. Within the current implementation of ChemNetworks the dipole angle analysis is not
automated and thus the dipole angles of solvating molecules about 2-4 reference molecules were
examined at each temperature. Within this limited set of reference molecules no statistically
different dynamics in the angle oscillations could be discerned. Thus no satisfactory explanation
of the decrease in H-bond persistence in the interfacial region has been obtained at this time.
This is, however, a topic of ongoing study, as very good statistics may be needed to obtain any
correlation between changes in librational dynamics and H-bond persistence.

In summary, these data indicate that the H-bond network of water near the vapor interface is
significantly perturbed relative to the bulk and that this perturbation alters both the distribution
of hydrogen bonds at the interface as well as the H-bond persistence. In order to get good
statistics, these analyses utilized a very broad definition of the “interfacial region” in the
water:vapor simulation (within 12 A from the Gibbs dividing surface ), however both the size of
the interfacial region and the surface tension can be mathematically determined using either the
capillary wave or pressure tensor methods described in Equations (3), (8) and (9). Prior MD
simulations have indicated that the water:vapor interface is not sharp at a microscopic level and
has a thickness of 3.2 A at 298 K.** The calculated surface tension and interfacial width values

presented here for TIP3P/Ew at 298K are in good agreement with prior theoretical studies using
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TIP4P and SPC potentials (Table 3). However those works have indicated that most of water
models underestimate the surface tension (y) from its experimental values by 25-50%.2%%
Indeed, as observed in Table 3, at 298 K, the surface tension obtained from measurement of the
pressure tensors is 36% lower than experimental values, while that obtained from fitting the
interfacial profile to an error function is 38% lower (hyperbolic tangent fits presented in Table
S7 in Supplementary Information). The anticipated increase in the surface tension occurs upon
cooling to 273 K by 30%,** while at the same time the interfacial width decreases (note that the
TIP3P/Ew model does not freeze until 146 K*). Previous x-ray reflectivity measurements of
water at 298 K have reported surface roughness or interfacial thickness of 1.8 A which is 0.5 A

longer than the calculated value of 1.2 A (Table 3).20

Table 3. Surface tension values yp and y. The quantity yp was evaluated using Eqn. (3), while y.
is based on capillary wave method and was determined using Eqn. (9). The interfacial thickness
parameter, we, and interfacial width, A, of liquid:vapor and wy of liquid:liquid interfaces are
also presented.

Interface T(K) Y, (dyne/cm) Y, (dyne/cm) we (A) A, or wy (A)
Water:Vapor@ 298 49.6(51.6 ™, 47.4°) 44.3 3.1 1.2(1.8%)
Water:Vapor@ 273 64.8(54.6™ 63.2 2.8 1.1
n-Pentane:Vapor @ 298  16.6(15.9%, 15.3%, 15.5% 17.97) 22.9 6.0(6.2, 9.5%) 2.4
Neopentane: Vapor@ 273 20.4 19.6 3.0 1.2
Water:n-Pentane@298 51.4(50.9"", 50.8%) 50.7 1.0(1.1%) 0.6(0.8%)
Water:Neopentane@298 38.6 41.6 1.2 1.1
Water:n-Pentane@273 51.2 48.6 1.1 1.1
Water:Neopentane@?273 47.8 52.9 0.6 1.7

As shown in the density profile (Figure 4A), the vapor interfaces of both neopentane and
n-pentane exhibit the same density and thus there is no significant packing difference for the
two isomers. Recall that two different temperatures are used for the m-pentane:vapor and
neopentane:vapor interfaces due to the high vapor pressure of neopentane at 298K using this

force field. Yet, other measures of interfacial structure indicate significantly different interfacial
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properties that could be related to the differences in compactness of the pentane isomer. At 298
K, n-pentane is found to have a thickness order parameter of 6.0 A, which decreases to 3.0 A for
the neopentane:vapor interface at 273 K. Since the interfacial density is the same for both
neopetane and n-pentane, this may be due to the decreased temperature used to simulate the
neopentane:vapor system, however similar behavior is observed in the water:pentane
simulations where the same temperatures were able to be studied for both n-pentane and
neopentane. Prior studies using the maximum bubble pressure method for the n-pentane:vapor
interfacial tension have reported a value of 15.3 dyne/cm at 298 K and 1 atm,*® which is in
good agreement with the predicted value of 16.6 dyne/cm obtained using Eqn. (3). Consistent
with the decreased interfacial width for the neopentane:vapor interface at 273 K is a larger
predicted interfacial tension of 20.4 dyne/cm. The capillary wave (y.) approach for determining
interfacial tension results in somewhat larger values of 19.6 and 22.9 dyn/cm for n-
pentane:vapor and neopentane:vapor, respectively. These data agree with the general
observation that a decreased surface tension usually is accompanied by an increased interfacial
width.** ** Both approaches for determining the surface tension of the pentane:vapor systems
predict an increase in the surface tension for the more compact neopentane isomer relative to the
chain n-pentane isomer, however prior work has shown that both a decrease in the temperature

as well as the size of a molecule may be responsible for this result.®®

In the water:pentane
systems, the vapor pressure of the neopentane is not an issue, and thus direct comparisons have
been made between the interfacial properties of water:neopentane and water:n-pentane at the
same temperature.

Figure 5 presents the order parameter S. of n-pentane in the n-pentane:vapor system with

respect to the z-axis. It is clear that during the transition into the interfacial region (defined by
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Gibbs dividing surface at z = 33 A), the molecular orientations/conformations become less
isotropic, indicating a small amount of orientational dependence at the interface. As indicated by
Figure S1, an S value of £0.05 to £0.10 correlates to an average angle of the three vectors of n-
pentane between 40-60°. Since S; is altered by both the conformation that n-pentane adopts as
well as the overall orientation of the molecule relative to the interfacial plane, it is important to
attempt to deconvolute these two contributing factors. Examination of R, to analyze the n-
pentane conformations indicates that there is a decrease in the conformational space adopted in
the interfacial region with the vapor phase. Here, the center of mass (COM) was used to assign
n-pentane molecules to the interfacial region, which starts at z = 33 A in the density profile in
Figure 4. As seen in Table 2 it is apparent that the bulk n-pentane molecules have a broad range
of conformations that are observed individually only 5-10% of the time, however at the edge of
the vapor interface up to 20% of the interfacial molecules adopt conformations 2, 3 and 4 as the
n-pentane molecules escape the liquid phase. Though these observations expand upon previous
reports that had concluded that conformational variation expands as alkanes escapes into the
gas-phase,” it is important to note that different criteria may yield altered interpretations of the
interfacial ordering, as discussed in ref. 74 for acetonitrile interfaces.’®

Water:Pentane Interfaces. Highly immiscible liquid:liquid phase boundaries are
typically characterized by an extremely narrow interfacial region with a high interfacial tension.
The net orientations of the alkanes in the interfacial region are generally found to lie
perpendicular to the plane of the interface.” Water on the opposite side of the interface orients to
maximize hydrogen bonding,” though to what extent the hydrogen bonding is modified has not
been examined. Further, the interfacial tension typically decreases as the number of carbons

increase in the organic solvent in water:alkane systems.’" 7 In this work, analysis of
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water:pentane density profiles demonstrates an ~10% increase in the interfacial density of
neopentane relative to n-pentane (Figure 4). Though the density oscillates at the interface for
both pentane isomers, the oscillation significantly increases in subsequent layers of neopentane
moving from the interface into the bulk, as previously observed in water:carbon-tetrachloride
systems.”® Since this phenomena is not observed in the pentane:vapor systems at the same
temperature, it appears that the hydrophobic interaction and presence of the aqueous phase is
responsible for the altered solvent packing of pentane in the interfacial region.

Analysis of the interfacial tension and interfacial thickness also reveal important deviations
in the interfacial properties as a function of the isomeric form of pentane. As presented in Table
3 the interfacial tension calculated for water:n-pentane are in excellent agreement with previous
studies.> "' At 298 K, neopentane is predicted to have a 17% smaller surface tension and 45%
larger interfacial width relative to n-pentane (using Eqn. 9-10). This might be expected from the
general observation that a decrease in alkane chain number decreases the interfacial tension in
aqueous:organic systems. Interestingly, as the temperature is decreased to 273 K, the
dependence of the interfacial properties upon isomer form becomes less straightforward. Similar
surface tensions are observed for both water:neopentane and water:n-pentane, yet the interfacial
width is predicted to be larger for neopentane, in disagreement with the measured increase in the
interfacial thickness parameter. The orientational order parameter of n-pentane supports a
perpendicular orientation relative to the interfacial plane, however the distribution of R, values
of n-pentane near the interface (defined by the Gibbs dividing surface) is very similar to that

observed at the vapor interface (Table 2).* Thus, the presence of water at the interface clearly
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orients the pentane, as opposed to changing the conformations populated in the interfacial region.

As water has an impact upon the n-pentane orientation, the organic solvent can also effect the
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angles that water forms with respect to the normal of interface. While water in the closest layers
to the interface exhibits a bimodal angular distribution in all systems, the water molecules deep
in the interfacial region (z = 32 - 42 A in Figure 4A) exhibit more orientational ordering in the
water:n-pentane system than in neopentane (Figure 3).

Analysis of the H-bond distributions of water within 12 A from the Gibbs dividing surface
provides further insight into the response of water to the presence of the pentane solvent. As
observed in Figure 7, waters in this region of have a higher average number of H-bonds than at
the analogous vapor interface at the same temperature. Water near n-pentane and neopentane at
298 K display a 5-10% increase in population of molecules with three and four H-bonds, while
the same trend is observed at 273 K but to a smaller extent because bulk water at 273 K
generally has a larger concentration of higher coordinate waters (Figure 2). This complements
the water dipole orientation data presented in Figure 3, wherein the orientational structure of
water in water:n-pentane extends deeper from the interfacial to bulk regions relative to all other
systems. Interestingly, the interfacial H-bond distributions in the water:vapor systems exhibit a
larger sensitivity to the temperature than interfacial water near the pentane interfaces. This may
be due to a dampening in the thermally induced fluctuations (librational motion) in the presence
of a liquid interface, or because less interfacial water molecules are actively leaving the aqueous
phase to be microsolvated in the pentane vs. escaping into the vapor (vide infra). The H-bond
persistence within 12 A from the Gibbs dividing surface of the pentane interface complements
the changes observed in the hydrogen bond distribution, wherein interfacial water still exhibit
shortened H-bond persistence relative to the bulk (Table 1). However, the H-bond persistence of
interfacial water at 298 K with either n-pentane or neopentane is longer than interfacial

water:vapor, presumably due to the higher concentration of more highly coordinated waters in
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the water:pentane systems. The difference between the H-bond persistence at 273 K for the
water:vapor and water:pentane systems is less pronounced and almost within the statistical error
of the two calculations, as would be anticipated based upon the similarity in the distribution of
H-bonds in the two systems. In combination, these data clearly indicate that interfacial water
near the pentane interface differs significantly from interfacial water near a vapor interface
(particularly at room temperature).

In order to understand whether water responds differently to the two isomers of pentane, the
H-bond distributions for water within 12 A from the Gibbs dividing surface of the neopentane
and n-pentane interfaces were examined. As observed in Figure 7, the H-bond distributions of
water are very similar but statistically different from one another (Table S8 in Supplementary
Information). At room temperature, water has a slightly higher average number of H-bonds
when in the presence of neopentane, while at 273 K water is slightly more organized near the n-
pentane interface. This trend is opposite that observed at the water:vapor interfaces at 298 K and
273 K, where an increase in surface tension coincided with an increase in the number of
interfacial water molecules with exactly four H-bonds. In general, these data indicate a limited
ability of water to differentiate between the two isomers of pentane at a fixed temperature within
this region from the interface. It may be that H,O directly interacting with the two pentane
isomers may exhibit varied properties, however the data obtained regarding the microsolvated
species at the interface (vide infra) does not support this. Given that the presence of the pentane
clearly alters the hydrogen bond network of water relative to the vapor phase, current work
within our group is pursuing what extent of difference in solvent shape and electrostatic
properties is necessary to induce a significant response in the interfacial water organization at an

interface with an organic solvent. Further, since the hydrogen bond network or water is much
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less sensitive to the pentane isomer than the mesoscopic interfacial properties like interfacial
tension, is unclear what, if any, correlation these properties have with the molecular-scale
dynamic features of the interface.

Figure 7. Hydrogen bond distribution for the interfacial section of liquid:vapor and
water:pentane interfaces at 298 K and 273 K. The average number of H-bonds is given as <nyp>.
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Potential of Mean Force (PMF) and Microsolvation. The potential of mean force for
transport of a molecule from one phase to another is one mechanism for understanding how
differences in the interfacial properties impact the permeability and molecular reactions therein.
In our previous work, we have discussed the free energy of solvation of pentane by water and of
water by each of the pentane isomers.** However, the microsolvated clusters examined

represented only one of many possible solvation environments that may be populated at room
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temperature. The PMF study here includes an ensemble of configurations and thus is a natural

extension of the DFT study.

Figure 8. A) Potential of mean force for water migration across the water:pentane interfaces and
b) pentane traveling across the water:pentane interfaces in kcal/mol.
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As shown in Figure S9 and 8A, water requires ~16% more energy to cross a pentane
interface than to go into the vapor phase. This is in good agreement with our previous quantum
mechanical studies, in which AGs,y, of water by either pentane isomer was predicted to be 6-9

1.4 Previous work has also indicated that the water-alkane interaction is weaker near

kcal/mo
methyl groups and as such it may not be surprising that it requires slightly more energy for

water to be solvated by neopentane.*® Further, the water molecules are more organized at 273 K
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and thus migration into the organic phase leads to a higher loss of hydrogen bonds than at 298 K.

Figure 8B represents the global PMF for transport of an n-pentane and neopentane molecule
across their respective aqueous interfaces. Between the two pentane isomers, neopentane
requires ~32% more energy to cross an aqueous interface, agreeing with the DFT prediction that

aqueous solvation of neopentane is the least favorable among the two pentane isomers.*
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It is of interest to note that the umbrella sampling is fairly noisy near the phase boundary,
making it difficult to ascertain the presence of a shallow minimum. Yet even if such a small
minimum does exist, the kinetic features of microsolvation at the interface are likely to be the
most useful for understanding differences in the interfacial properties. Thus, the explicit
microsolvated species formed at the interface were studied by considering the network formed
when H»O and pentane molecules are transformed into vertices and an edge is formed when the
distance between the H,O O-atom and the pentane H-atoms is < 4.3 A (a distance somewhat
larger than the minimum in the two-body potential energy surface between those atoms).*®
Using this approach the distribution of edges about every water vertex can be turned into a
representation of the number of pentane interactions and thus can be used to assess whether
individual H,O become partially or fully solvated by pentane. As observed in Figure 9A, out of
all water molecules that make an edge with n-pentane it is most common for H,O to interact
with only a single n-pentane molecule (55-60% of the time). However, due to surface roughness
there is an appreciable probability (up to 30%) that individual H,O will be partially solvated by
2 - 3 n-pentane molecules. In prior DFT cluster based studies a “complete” solvation shell of n-
pentane about water was found to have ~6 n-pentane molecules. It appears that only a small
percent of H,O (< 3%) attempt to transition into the organic phase and in doing so have 4 — 5
solvating n-pentane and only ~0.05% of the interfacial H,O are ever fully solvated on the
organic side of the interface. This represents 1 H,O out of every 5600 H,O that come in direct
contact with the n-pentane. Interestingly, those few H,O that do become fully microsolvated
have a non-negligible persistence of 70-80 fs and are thus trapped briefly in the organic phase.

Yet the most important feature of microsolvation of water is that the distributions of the
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microsolvated species are nearly identical for the water:neopentane and water:n-pentane systems
irrespective of the system temperature (Figure S10 in Supplementary Information).

From the perspective of n-pentane and the number of interactions it has with water there
appears to be significant partial solvation (Figure 9B). The perpendicular arrangement of the n-
pentane relative to the interfacial plane facilitates portions of the n-pentane alkyl chains to
extend into the aqueous phase, causing 60% of all interfacial molecules to have 5 — 10 waters of
solvation. A very broad distribution of partially solvated n-pentane structures is observed,
however the probability of more than 10 waters of solvation about an individual n-pentane drops
significantly with 13% of n-pentane molecules surrounded by 10 — 15 H,O. In our prior work a
first solvation shell of H,O about n-pentane was found to have ~ 30 waters, yet even if the
definition of the fully microsolvated n-pentane is extended to only those structures with > 20
H,O, a mere 0.06% of all interfacial n-pentane fully penetrate the aqueous phase. Similar
observations are made for neopentane solvated by water (Figure S10 in Supplementary
Information). Thus microsolvation of either water in pentane or pentane in water are rare events.
Yet, a significant difference in the solvation of n-pentane by water lies in the persistence of the
microsolvated n-pentane clusters. These species have no significant persistence in the aqueous
phase, unlike water which penetrates the organic phase and can exist there for nearly a hundred
femtoseconds. The microsolvation of n-pentane is somewhat more temperature sensitive than
the microsolvation of water, in that increased temperatures appear to enhance the number of n-
pentane molecules that interact with 1-5 H,O, while the remaining configurations of partially
solvated clusters are fairly independent of temperature. This may be due to a slightly larger

population of n-pentane that penetrate into the aqueous phase by only a small amount.
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Specific microsolvation events of water in n-pentane were subsequently examined, and
one observed mechanism (Figure 10) was found to involve the dynamic motion of those n-
pentane molecules that are highly exposed to the aqueous phase, wherein their rapid migration
into the n-pentane side of the phase boundary effectively trapped a single H>O temporarily in
the organic phase. The overall picture that emerges from these data is that though rare,
microsolvated water in pentane can have an appreciable persistence in the organic phase. In
contrast, microsolvated pentanes immediately move back into the pentane phase. This is likely
related to the interfacial orientation of n-pentane, which supports partial solvation by water, yet
even the methyl groups of neopentane are also surrounded by water at the interface. Unlike
water, pentane molecules constantly jostle such that there is a general tendency for a portion of
the molecule to be partially solvated by water — the dynamic motion of this partial solvation
occasionally leads to a pentane “accidentally” being microsolvated fully by water, however the
pentane immediately migrates such that it is again partially immersed in the organic phase. The
motion of the pentane molecules at the interface may also be related to the microsolvation of
individual H,O in the organic phase, as the ability of the larger pentane molecules to transverse
the interface may actually trap H,O as the pentane molecules jostle in and out of being exposed
to the aqueous region. Correlations between the molecular motion of the organic molecules and

H,O microsolvation is an ongoing area of research.
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Figure 9. Distributions of (A) the number of n-pentane molecules that solvate individual H,O,
and (B) the number of water molecules that solvate individual n-pentane at 273 K and 298 K.
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Figure 10. One observed mechanism for microsolvation of water in n-pentane. (A) An
individual H,O at the interface (highlighted in purple), hydrogen bonded to another water, with
a nearby n-pentane partially solvated by interfacial water (highlighted in teal). (B) The
highlighted n-pentane has migrated back into the organic phase, effectively trapping the
highlighted H,O in n-pentane.

Conclusions

The hydrogen bond network of water has been shown to respond very differently to the
presence of an alkane solvent relative to a vapor interface at room temperature. Analysis of the
hydrogen bond distribution of interfacial water reveals significantly more water molecules with
3- and 4- H-bonds near pentane relative to water near the vapor interface. Concurrently, the
persistence of the H-bonds is also increased. As temperature is decreased both the H-bond
distributions and the H-bond persistence become very similar for the vapor and pentane biphasic
systems, however the hydrogen bond network properties are shown to be less temperature

dependent in the presence of the pentane solvent. Overall, the trends in H-bond network
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properties are less sensitive to the pentane isomer than the interfacial tension, width, molecular
orientation, and density.

The largest deviations in interfacial properties arise between water:neopentane at 273 K
and water:n-pentane at 298 K. These two systems exhibit large differences in interfacial tension
and width, however close examination of both the occurrence and distribution of microsolvated
species (water in pentane or pentane in water) are nearly identical. Microsolvation is a very rare
event, with only 0.05% of all interfacial H,O ever fully penetrating the pentane phase, and
0.06% of pentane molecules being completely solvated by water. However, microsolvated water
in pentane can have an appreciable persistence of nearly a hundred femtoseconds, while
microsolvated pentanes immediately move back into the pentane phase. This may be due to the
observation that both neopentane and n-pentane are frequently partially solvated by water
because up to half of the molecule can jut into the aqueous phase, while the other half is
solvated by other pentane molecules. The ability of pentane molecules to transverse the interface
and the dynamic motion of this partial solvation can lead to a pentane ‘“accidentally” being
microsolvated fully by water, however the pentane immediately migrates such that it is again
partially immersed in the organic phase. The motion of the pentane molecules at the interface
may be related to the microsolvation of individual water molecules in the organic phase, as the
ability of the larger pentane molecules to cross the phase boundary may actually trap H,O as the
pentane molecules jostle in and out of being exposed to the aqueous phase. These observations
indicate that there may be a critical difference between the mesoscale interfacial properties and

molecular scale dynamic reactivity.
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