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Abstract

Molecular dynamics simulations of the liquid-vapor interface of acetone-methanol
mixtures of different compositions, including the two neat systems have been performed on
the canonical (N,V,T) ensemble at 293 K. The intrinsic liquid surface has been determined in
terms of the Identification of the Truly Interfacial Molecules (ITIM) method. The results have
revealed that the proximity of the interface influences the properties of only the first
molecular layer of the liquid phase, while the second layer already turns out to be bulk-like in
every respect. The two molecules are distributed uniformly along the macroscopic surface
normal axis, as no strong preference for surface adsorption is shown by any of them.
However, similarly to the bulk liquid phase, both molecules exhibit a marked tendency for
self-association within the surface layer. Surface orientations are found to be composition
independent; all the preferred orientations of both molecules correspond to the same
alignment of the molecular dipole vector, which is nearly parallel with the macroscopic
surface plane, declining only 10-20° from it towards the vapor phase. Surface properties are
thus primarily governed by dipolar interactions, whereas hydrogen bonding within the surface
layer, which decreases steadily with increasing acetone mole fraction, plays only a minor role

in this respect.
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1. Introduction

Acetone is one of the most widely used polar solvents both in preparative chemistry
and in the chemical industry. Its solvation properties (e.g., dielectric constant, density, etc.)
can be fine tuned by mixing it with other solvents in different proportions. When protic co-
solvent (e.g., water, alcohols, etc.) is used the acetone molecules can also participate in the
hydrogen bonding network of the co-solvent molecules as H-acceptor. This ability of the
acetone molecules is a key factor in determining both the structural and the dynamical
properties of these mixtures.'

The solvation properties of acetone-alcohol mixtures are strongly related to the ratio of
the apolar, strongly polar but aprotic, and H-donor groups present in the system, which
ultimately depends on the molar ratio of the two components. Acetone-methanol mixtures are
the simplest examples of such solvent mixtures, as they contain all the above three elements
of organic solvents in their simplest possible form, i.e., the apolar CH; groups as well as the
polar but aprotic C=0 groups of the acetone, and H-donor OH groups of the methanol
molecules. Since exactly these kinds of groups play important roles also in bioactive
molecules, analysis of the local structure of acetone-methanol mixtures may also provide
some insight in the processes laying behind biologically relevant interactions.

Because of the markedly different chemical character of the three constituent groups,
acetone-methanol mixtures are highly non-ideal, showing maximum pressure azeotropic
behavior.>® The non-ideal mixing of these components is a macroscopic reflection of the fact
that both molecules show self-association behavior in their mixtures, which leads to the
occurrence of microheterogeneities in these systems.*® In a recent study we have shown that
the self-association of the like molecules in these systems originates from the fact that the
mixing of acetone with methanol is an energetically unfavorable process, and the full
miscibility of the two molecules is primarily governed by the entropy gain of ideal mixing.’

In contrast to their bulk phase properties, little is known, however, about the surface of
acetone-methanol mixtures. Clearly, in the presence of an apolar interface the interplay of the
three main structural elements of these mixtures becomes different from that in the bulk liquid
phase, which may even alter the self-association behavior of the like molecules at such
interfaces. This fact can be of great importance in the field of heterogeneous, and, in

particular, heterogeneous catalytic reactions. Therefore, the detailed investigation of the
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liquid-vapor interface of acetone-methanol mixtures is of great scientific interest both from a
purely theoretical and also from a practical point of view.

Computer simulation methods provide an excellent tool to get detailed insight into the
molecular level structural and dynamical properties of condensed disordered systems.
However, in the simulation of fluid interfaces one has to face the difficulty that such
interfaces are corrugated by the presence of capillary waves. In other words, such interfaces
are rough on the molecular scale, and hence the determination of the exact location of the
interface itself in a computer simulation is not a trivial task at all. The majority of the early
computer simulations of interfacial systems simply neglected this problem by defining the
interfacial region as a slab parallel with the Gibbs dividing surface in which the density of the
components fall between the values characteristic to the two bulk phases. However, it has
later been shown that this simple treatment of the interface leads to a systematic error of
unknown magnitude of the calculated structural properties®™ and composition'®"? of the
surface layer, and this error can even propagate into some thermodynamic properties of the
two-phase system investigated.

The need of finding the position of the molecularly rough, capillary wave-corrugated,
so-called intrinsic interface was already recognized in the very first simulations of fluid
interfacial systems. Thus, in their pioneering works Linse'* and Benjamin"’ divided the
simulation box into several slabs parallel with the interface normal axis, and determined the
position of the interface in each slab separately. Later, Jorge and Cordeiro determined the
number of slabs required for convergence to the intrinsic surface.'® Pandit et al. determined
the two dimensional Voronoi tessellation of the projections of the surface molecules in the
plane of the Gibbs dividing surface, and approximated the intrinsic surface by lifting the
Voronoi cells into the original position of their central particles along the surface normal
axis.'” Chacon and Tarazona defined the intrinsic surface in a self-consistent algorithm as the
surface of minimum area covering a set of pivot atoms.'®"” Chowdhary and Ladanyi used a
criterion involving the distance from molecules of the opposite phase to detect the intrinsic
liquid-liquid interface.”® The extension of this algorithm by introducing a scalable parameter
was shown to give results that are consistent with those of other intrinsic surface analyzing
methods.?! Several methods that are even free from the assumption that the interface is
macroscopically flat, and thus able to analyze also the surface of, e.g., proteins or micelles,
have also been proposed in the past decade.**?* The great physical relevance of the

determination of the intrinsic liquid surface in computer simulation studies has recently been
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demonstrated by explaining the experimentally known but yet unexplained surface tension
anomaly of water using intrinsic surface analysis.”>°

A few years ago we have developed a method, called Identification of the Truly
Interfacial Molecules (ITIM), which detects the intrinsic surface of a liquid phase by
identifying the molecules that are right at its boundary with the opposite phase.® Comparing
its performance with that of other intrinsic methods, ITIM turned out to be an excellent
compromise between accuracy and computational cost.?' The additional advantage of the
ITIM method is that it readily provides the full set of the interfacial molecules, allowing a
straightforward analysis of various structural and dynamical properties of the interface.
Further, by disregarding the set of molecules identified as interfacial and repeating the entire
algorithm, the full set of molecules constituting the second subsurface layer can also be

identified, and this procedure can be continued by identifying the subsequent subsurface

layers until the physical relevance of such layers is lost.® The ITIM method has successfully

d9,13,27,28 8,10-12,25,26,29-38

been applied to a number of liquid-liqui and liquid-vapor interfaces,
including, among others, the liquid-vapor interface of neat methanol'® and acetone,*® and also
to determine the intrinsic free energy profile of ionic and non-ionic penetrants across such
interfaces.””*"

In this paper, we present a detailed investigation of the liquid-vapor interface of
acetone-methanol mixtures in the entire composition range from neat acetone to neat
methanol on the basis of molecular dynamics computer simulations and ITIM analysis, using
a potential model combination that is able to excellently reproduce the mixing properties of
the two components.” For comparisons, the ITIM analysis is also extended to the second and
third subsurface molecular layers. Particular attention is paid to the self-association of the like
molecules both within the surface layer and along the surface normal (i.e., adsorption in the
surface and various subsurface layers). Further, the surface orientation of the molecules, the
dynamics of their exchange between the surface layer and the bulk liquid phase, and the
molecular scale roughness of the intrinsic surface are also analyzed in detail.

The paper is organized as follows. In Section 2 details of the molecular dynamics
simulations and ITIM analyses performed are given. The obtained results are discussed in

detail in Section 3, whereas in Section 4 the main conclusions of this study are summarized.
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2. Computational details

2.1. Molecular dynamics simulations

Molecular dynamics simulations of the liquid-vapor interface of acetone-methanol
mixtures of different compositions have been performed on the canonical (N,V,T) ensemble at
the temperature of 293 K. The length of the X edge of the rectangular basic simulation box,
being perpendicular to the liquid-vapor interface has been 200 A, whereas the cross section of
the basic box in the YZ plane has been 70 A x 70 A. The basic box has contained the total
number of 4000 molecules. Besides the two neat systems, simulated for reference purposes,
mixtures of nine different compositions, corresponding to the acetone mole fraction (xa)
values 0of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 have been simulated.

Methanol molecules have been described by the Transferable Potential for Phase
Equilibria (TraPPE) force field,"" whereas for acetone a modified version of the TraPPE
potential4 has been used. This model combination was shown to reproduce the maximum
pressure azeotropic behavior of acetone-methanol mixtures® and provides an excellent
reproduction of the thermodynamic changes accompanying the mixing of the two
components.” According to the potential models used, the total potential energy of the systems
have been calculated as the sum of the pair interaction energies, and the u; interaction energy
of the molecule pair 7 and j has been assumed to be the sum of the Lennard-Jones and charge-

charge Coulomb contributions of all of their interaction sites:

. 12 6
Z Z Y9a4b +de, (Gab } _[MJ ‘ (1)
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In this equation, indices a and b run over the n; and »; interaction sites of molecules i and j,
respectively, &y is the vacuum permittivity, g, and g, are the fractional charges carried by the
respective interaction sites, i, is the distance between site a of molecule i and site b of
molecule j, whereas ¢, and o, are the Lennard-Jones energy and distance parameters,
respectively, of the site pair a and b, related to the parameters corresponding to the individual

sites through the Lorentz-Berthelot rule:*

Eab =V Ea€h (2)

and
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The ¢, ¢ and o interaction parameters of the acetone and methanol models used here are
summarized in Table 1. All interactions have been truncated to zero beyond the molecular
center-based cut-off distance of 15 A. The long range part of the electrostatic interaction has
been accounted for by the method of Ewald summation in its Particle Mesh Ewald (PME)
implementation.*

Both acetone and methanol molecules have been rigid in the simulations, the bond
lengths and bond angles of the originally flexible models have been kept fixed at their
equilibrium values. Thus, the CH3-C and C=0O bond lengths, and CH3-C=0 and CH3-C-CHj3
bond angles of the planar acetone molecule have been 1.520 A, 1.229 A, 121.4°, and 117.2°,
respectively, whereas the CH3-O and O-H bond lengths and CH3-O-H bond angle of the
methanol molecule have been set to 1.430 A, 0.945 A, and 108.5°, respectively. The CHj
groups of both molecules have been treated as united atoms. The geometry of the molecules
has been kept fixed by means of the LINCS algorithm.**

The simulations have been performed using the GROMACS 4.5.5 program package.45
The equations of motion have been integrated in time steps of 1 fs. The temperature of the
system has been controlled by the Nosé-Hoover thermostat.***” Initial configurations have
been generated by randomly placing the required number of molecules to a basic simulation
box the Y and Z axes of which were 70 A and the length of the X axis roughly corresponded to
the density of the simulated liquid mixture.*® Overlaps of the molecules have been eliminated
by a short (1-5 x 10° step long) Monte Carlo run. The systems have then further equilibrated
by performing a 1ns long molecular dynamics run on the isothermal-isobaric (N,p,T)
ensemble at 1 bar in such a way that only the X axis of the basic box has been allowed to
change. The interfacial system has then been created by increasing the X axis of the basic box
to 200 A. The interfacial system has then further been equilibrated on the canonical (N,V,T)
ensemble for 2 ns. Finally, in the 2 ns long production stage, 2000 sample configurations,

separated by 1 ps long trajectories from each other, have been dumped for the analyses.

2.2. ITIM analyses
To identify the molecules that constitute the surface layer of the liquid acetone-
methanol mixtures the ITIM method® has been used. In an ITIM analysis, probe spheres of a

given radius are moved along a set of test lines parallel with the interface normal axis, starting
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from the opposite bulk phase. Once the probe sphere touches the first molecule of the liquid
phase it is stopped, the touched molecule is marked as being interfacial, and the procedure
continues with the next probe sphere along the next test line. Once all the probe spheres are
stopped the full set of the interfacial molecules are identified, while the molecularly rough
interface itself is approximated by the set of points at which the probe spheres are stopped.® In
defining the situation when a molecule is touched by the probe, their atoms have been
represented by spheres the diameter of which has been the corresponding Lennard-Jones
distance parameter, o. A molecule has been considered as being touched when any of its
atoms became in contact with the probe sphere. The distance of two neighboring test lines has
been 0.5 A in the YZ plane, thus, a grid of 140 x 140 test lines has been used. The radius of
the probe sphere has been set to 2 A, in order to ensure that it is in the order of the size of the
molecules.®

Having the molecules of the interfacial layer identified, the entire procedure has been
repeated twice more, disregarding the molecules identified in the previous steps. This way,
the molecules constituting the second and third molecular layers beneath the liquid surface
have also been identified, and the properties of these subsurface layers have also been
analyzed. Finally, all quantities calculated have not only been averaged over the 2000 sample
configurations, but also over the two liquid-vapor interfaces present in the basic simulation
box. An equilibrium snapshot of the equimolar system simulated, indicating also the

molecules forming the first three layers beneath the liquid surface is shown in Figure 1.

3. Results and discussion

3.1. Density profiles

The number density profiles of the acetone and methanol molecules along the interface
normal axis, X, of selected systems are shown in Figure 2. (The position of the acetone and
methanol molecules have been represented by those of their central C atom and CHs group,
respectively, throughout the paper.) As is seen, all these profiles change smoothly from the
bulk liquid phase value to zero, suggesting that none of the two components are adsorbed at
the liquid surface. To further investigate this point we have plotted the composition (in terms
of acetone mole percentage) of the first three molecular layers beneath the surface as a
function of the bulk liquid phase composition in Figure 3. As is seen, the acetone content of

the first molecular layer exceeds slightly, by 2-4% that of the bulk liquid phase, but the
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composition of the second and third subsurface molecular layers do not differ noticeably from
that of the bulk phase. In other words, acetone has only a very weak tendency for surface
adsorption in these mixtures, and this adsorption never goes beyond the first molecular layer.
This behavior is in a marked contrast with that of water-methanol and water-dimethyl
sulfoxide (DMSO) mixtures, in which the surface layer was found to be considerably richer in

10,12

the solute molecule than the bulk liquid phase, and also with that of water-acetonitrile and

water-HCN mixtures, in which such a surface adsorption was found to involve more than one
molecular layers beneath the surface.'*’

Figure 2 also shows the mass density profiles of the entire systems simulated as well
as of their first layer beneath the surface. As is seen, the mass density profile of all the
systems simulated converges to the same value in the bulk liquid phase, in accordance with
the fact that the experimental density of both liquid methanol and acetone is 0.79 g/cm’ at
293 K and atmospheric pressure.* It is also seen that the density peak of the first molecular
layer gives a large contribution to the X range corresponding to the constant density part of
the system in every case. Furthermore, as seen from Figure 4, showing the mass density
profile of the first three subsurface molecular layers along with that of the entire system for
selected compositions, the density peaks of the second and third molecular layers give non-
negligible contributions to the X range of intermediate densities in every case. These findings
stress once more the importance of using intrinsic surface analysis in simulations of fluid
interfaces, as they provide an estimate of the large fraction of molecules that are misidentified
either as being or as not being at the liquid surface when the interfacial region is simply
defined by the X range of intermediate densities.

The mass density profiles of the first three subsurface molecular layers turned out to
be of Gaussian shape (see Fig. 4) in every case, in accordance with the theoretical argument
of Chowdhary and Ladanyi.”® Therefore, by fitting a Gaussian function to these profiles one
can obtain straightforward measures of both the broadness of the individual layers and the
average separation of the subsequent layers. Namely, the peak position, X;, and width
parameter, o, of the fitted Gaussian function can characterize the average location of the
corresponding layer along the macroscopic interface normal axis, X, and its width,
respectively. Further, the difference of the X; values of two subsequent molecular layers, AX,
characterizes the average separation of these layers.

The X, and o values corresponding to the first three subsequent molecular layers of all

the systems simulated are collected in Table 2. Further, the dependence of the ¢ and AX.

10
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parameters on the bulk liquid phase composition is plotted in Figure 5. As is seen, the first
molecular layer is always noticeably, by about 2-4% broader than the second, and by about
4-8% broader than the third subsurface layer. This finding indicates that the effect of the
proximity of the vapor phase on the packing of the molecules does not vanish beyond the first
molecular layer. Further, the separation of the first and second layers is consistently somewhat
(i.e., by 0.5-2 %) larger than that of the second and third layers, and this difference increases
with increasing acetone concentration.

It is also seen that the o values corresponding to all the three layers considered show a
marked maximum in the bulk phase acetone mole fraction range of 70-90%, indicating that
the surface of these systems is noticeably more diffuse than that of the systems of other
compositions. Interestingly, this composition range coincides with that where the energy
change accompanying the mixing of the two components is maximum.’ This relatively high
energy cost of the mixing could thus be responsible for the less compact packing of the
molecules at the liquid surface of these systems.

Figure 6 compares the number density profiles of the methanol and acetone molecules
in the first layer of selected systems. For a better comparison, the two profiles are always
scaled to each other. As is seen, the density peak of the methanol molecules is shifted
somewhat, i.e., by 1-2 A towards the vapor phase with respect to that of the acetone
molecules at every composition. In other words, within the surface layer the methanol
molecules are located, on average, closer to the vapor phase than the acetone molecules. This
fact might be related to possible hydrogen bonding patterns between the unlike molecules.

This point is addressed in more detail in sub-section 3.5. of this paper.

3.2. Surface roughness

Since the ITIM analysis provides a large set of points that can be used as an estimate
of the geometric covering surface of the liquid phase,® the use of the ITIM method allows one
to characterize also the molecular scale roughness of the liquid surface. However, even if the
intrinsic liquid surface is fully known, the quantification of its roughness is far from being a
trivial task. Clearly, the characterization of the roughness of any wavy surface requires the use
of at least two independent parameters, i.e., a frequency-like and an amplitude-like one. We

proposed to determine such a parameter pair in the following way.” The average normal

distance, d, i.e., distance along the macroscopic surface normal axis, X) of two surface points

that are at the lateral distance (i.e., distance within the macroscopic plane of the surface, YZ) /

11
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from each other exhibits a saturation curve as a function of /. More specifically, at lateral

distances that are considerably smaller than the typical wavelengths of the capillary waves, d

increases linearly with /, while at lateral distances that are considerably larger than that waves

d does not depend any more on /. Thus, the E(D data can be reasonably well fitted by the

function

d=-1< (4)
a+é&l
The two parameters of eq. 4, £ and a, characterize the steepness of the d (/) curve at small /
values, and its saturation value at large / values, respectively. In this respect, & can be
regarded as the frequency-like, while a as the amplitude-like parameter that describes the
roughness of the wavy liquid surface.*® Recently we have shown that the amplitude-like
parameter, a, defined in this way, is closely related to the surface tension of the system.

The & and a parameters obtained for the first three layers beneath the surface of the

systems simulated are collected in Table 2, whereas the d (/) roughness curves corresponding

to the surface layer of selected systems are shown in Figure 7. As is seen, neither the

roughness parameters & and a, nor the d (/) roughness curves are sensitive to the composition

of the system: the £ and a parameters of any two mixed systems do not differ by more than

about 15% and, correspondingly, the d (/) curves of the different systems are also rather close
to each other. This finding is related to the similar surface affinity of the two molecules,
reflected also in the lack of strong adsorption of any of the two components at the liquid
surface (Fig. 3.). A much more pronounced difference is seen, however, between the

roughness curves corresponding to the first and subsequent molecular layers in any of these

systems. This is illustrated by the inset of Fig. 7, comparing the d (J) curves of the first three
layers of the equimolar system. As is seen from Table 2, the & and a values corresponding to
the second and third subsurface layers are always 40-50% smaller than those of the first
molecular layer. In other words, the effect of the proximity of the interface on the liquid phase

in this respect already vanishes right beyond the first molecular layer.
3.3. Lateral self-association of the surface molecules

As it has been shown in a previous sub-section, in spite of their strong self-associating

ability in the bulk liquid phase,*” acetone and methanol molecules do not show microscopic
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separation in their mixtures along the direction perpendicular to the macroscopic plane of the
liquid surface. Here we address the question whether they can form a laterally
microheterogeneous structure at the liquid surface of their mixtures. The presence of
microheterogeneities in binary systems can be easily detected by performing Voronoi
analysis.”’>® In a two dimensional set of seeds (e.g., molecules at the liquid surface) the
Voronoi polygon (VP) of each seed is the locus of points that are closer to this given seed
than to any other one. As it was shown by Zaninetti, in the case of homogeneous distribution
of the seeds the area (or, in three dimensions, volume) distribution of their VP is of Gaussian
shape, whereas in the presence of large density fluctuations (i.e., when the seeds prefer to stay
at the vicinity of each other, leaving large empty voids between their aggregates) the VP area
distribution exhibits a long, exponentially decaying peak at large area values.” As it was later
shown by us,” this property can also be used to detect self-association in binary mixtures in
the following way. The VP area distribution calculated by taking only into account the
molecules of one of the two components and disregarding the other one, is of Gaussian shape
in the lack of self-association (i.e., when both components are uniformly distributed), and
exhibits a long, exponentially decaying tail if the molecules of the disregarded component are
self-associating (as the self-associates are transformed to large voids by disregarding the

molecules of this component). This method has been applied successfully for a set of binary

10-12,37 7,55

systems both in two and in three dimensions.

Figure 8 shows the distribution of the VP area, 4, of the surface molecules, projected
to the macroscopic plane of the surface, YZ, by taking both methanol and acetone molecules
into account as well as by disregarding one of the two components in the analysis. To
emphasize the exponential decay of the large A4 tail of some distributions, the P(A4) curves are
shown on a logarithmic scale. As is seen, when both components are taken into account, the
resulting distributions are narrow Gaussians, in accordance with the fact that the liquid
surface is uniformly covered by the surface molecules. However, when only one component is
taken into account in the analysis, and the molecules of the other components are disregarded,
the P(A4) distributions develop an exponentially decaying tail at large 4 values (converted to
straight lines by the logarithmic scale of Fig. 8), and the decay of this tail becomes slower
with increasing mole fraction of the disregarded component (i.e., as the vacancies created by
disregarding these molecules get larger).

This finding clearly indicates that, in contrast with the observed lack of microscopic
separation along the macroscopic surface normal axis, methanol and acetone show a marked

tendency of self-association within the surface layer of the liquid phase of their mixtures. This

13
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lateral self-association of the like molecules is illustrated in Figure 9, showing equilibrium
snapshots of the surface layer of the 20%, 50% and 80% acetone systems by projecting the
molecular centers to the macroscopic plane of the surface, YZ. The extent of such self-
association can be quantified by calculating the area of the largest circular voids in the YZ
plane when one of the two components is disregarded, and compare this value with the
average area occupied by a molecule of the disregarded component at the surface of its neat
liquid. In this way, the largest lateral acetone and methanol self-associates are estimated to
consist of 6 and 66 molecules in the 10% acetone, 16 and 16 molecules in the equimolar, and

67 and 7 molecules in the 90% acetone system, respectively.

3.4. Dynamics of exchange between the surface layer and the bulk

The dynamics of exchange of the molecules between the surface layer and the bulk
liquid phase can be characterized by the survival probability of the molecules within the
surface layer. The survival probability, L(), is simply the probability that a molecule that is in
the surface layer at #, will stay at the surface up to 7, + ¢. In order to distinguish between the
situations when a molecule permanently leaves the surface, and when it only leaves the
surface layer temporarily due to an oscillatory move, departure of a molecule from the surface
between ) and #,+¢ is allowed given that it returns within the time window of At
Considering the characteristic time of molecular vibrations, here we set Az to its conventional
value of 2 ps. To check that this somewhat arbitrary choice of A¢ does not affect our results
we have repeated the analysis with Af=1 ps, which indeed left all of our conclusions
unchanged.

Since the departure of a molecule from the liquid surface is a process of first order
kinetics, the L(#) survival probability exhibits exponential decay. Thus, by fitting the function
exp(-#/7) to the calculated L(#) data the mean residence time of the molecules at the surface, 7,
can also be calculated. The 7 values obtained for the acetone and methanol molecules in the
different systems simulated are included in Table 2, while the L(¢) curves corresponding to the
10%, 50% and 90% acetone systems are shown in Figure 10. To emphasize their exponential
decay, the L(¢) data are shown on a logarithmic scale.

As is seen, acetone molecules stay, on average, somewhat longer at the liquid surface
than methanols, in spite of the fact that, within the surface layer, methanol molecules are
located, on average, farther from the bulk liquid phase than acetones (see Fig. 6). Further, the

mean surface residence time of acetone molecules slightly decreases with increasing acetone

14
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concentration (being about 20% smaller in neat acetone than in the 10% system), while this
tendency is considerably weaker for methanol. There is a marked difference, however,
between the survival probabilities and mean residence times of both components in the first
and in the subsequent subsurface layers. Thus, the mean residence time of the molecules both
in the second and in the third subsurface layer is always about an order of magnitude smaller
than in the surface layer, being about 1.5 ps for methanol and 2.5 ps for acetone in every
system simulated. This is also illustrated by the inset of Fig. 10, showing the L(#) survival
probabilities of both molecules in the first three subsurface layers of the equimolar system.
The fact that the 7 values obtained in the second and third layers beneath the surface
are comparable with the length of the Af time window used in the calculations indicate that,
from a dynamical point of view, these layers are already part of the bulk liquid phase, as the
effect of the proximity of the interface on the dynamics of the individual molecules is already

lost in the second subsurface layer.

3.5. Surface orientation

Since the orientation of a rigid body of general shape (e.g., a molecule) relative to an
external direction (e.g., the surface normal vector) can be described by two orientational
parameters, the orientational statistics of the surface molecules relative to the macroscopic
plane of the liquid surface can only be fully characterized by the bivariate joint distribution of
two independent orientational quantities.”®>’ We have shown that the angular polar
coordinates ¢ and ¢ of the macroscopic surface normal vector, X, (pointing from the liquid
towards the vapor phase according to our convention) in a local Cartesian frame fixed to the
individual molecules represent a sufficient choice of such an orientational parameter pair.
However, concerning the fact that 4 is an angle between two general spatial vectors, but ¢ is
formed by two vectors restricted to lay in a given plane (i.e., the xy plane of this local frame)
by definition, uncorrelated orientation of the molecules with the surface results in a uniform
bivariate distribution only if cos3and ¢ are chosen to be the orientational parameters.”®>’

Here we define these local Cartesian frames in the following way. For acetone, its axis
x is perpendicular to the molecular plane, axis z points along the main symmetry axis of the
molecule, from the O to the central C atom, while axis y, being perpendicular to the above
two axes, is parallel with the line joining the two CHj3 groups. For methanol, axis x points
along the CH3-O bond from the CH; group to the O atom, axis y is still within the molecular

plane, directed in such a way that the y coordinate of the H atom is negative, and z is the
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molecular normal axis. Due to the C,, symmetry of the acetone, and planar symmetry of the
methanol molecule, these frames are always chosen in such a way that, for acetone, the
relation 0° < #<90°, while for methanol the relation 0° < $<90° (and hence 0 <cos$<1)
holds. The definition of these local frames and of the polar angles ¢ and ¢ are illustrated in
Figure 11 a and b for acetone and methanol, respectively.

In order to investigate also the effect of the local curvature of the surface layer on the
orientational preferences, we have divided the surface layer into three separate regions,
marked by A, B and C, respectively, in the following way. Regions A and C cover the X
ranges at the vapor and liquid side of the density peak of the first layer, respectively, in which
the mass density of the first layer is less than half of its maximum value, whereas region B
covers the X range where the first layer mass density exceeds half of its maximum value. In
this way, regions A and C typically cover the crests and troughs, i.e., surface portions of
locally convex and concave curvature, respectively, of the molecularly rough intrinsic surface.
The division of the surface layer into regions A, B and C is illustrated in Fig. 11.c.

The P(cos ¥, ¢) orientational maps of the surface acetone and methanol molecules are
shown in Figures 12 and 13, respectively, as obtained in the entire surface layer as well as in
its separate regions A, B and C of selected systems. As is seen, the preferred orientation of the
surface acetone molecules correspond to the [cos 3= 0.1; ¢=90°] point of the orientational
map in every system. In this orientation, denoted here as Al, the acetone molecule stays
perpendicular to the macroscopic plane of the surface, YZ, and its dipole vector, pointing
along the O=C double bond, is flatly directed towards the vapor phase, declining by no more
than 5-10° from the macroscopic plane of the interface, YZ. This orientation is not only
preferred in the entire surface layer, but also in its regions B and C. However, in region C the
peak of this orientation is shifted to somewhat smaller cos$ values, being centered around
cos$~-0.1, indicating that acetone molecules located at the bottom of the troughs of the
wavy surface prefer to point flatly towards the liquid phase by their O=C double bond.
Further, while the composition of the system has no visible effect on the strength of this
orientation (i.e., height of the P(cos9,¢) peak), the preference for this orientation is always
markedly stronger in region C (i.e., at the bottom of the troughs of the wavy surface) than
either in region B or in the entire surface layer. Furthermore, in region A, i.e., at the tips of the
crests of the wavy surface, a different orientation, characterized by the cos$~ 0.1 and ¢=0°
values, is preferred by the acetone molecules. In this orientation, marked here by A2, the

dipolar vector (i.e., O=C bond) of the molecule points again flatly towards the vapor phase,
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but the plane of the molecule adopts the orientation as close as possible to the parallel
alignment with the macroscopic surface plane, YZ. Further, among these two preferences the
former (i.e., the dipole vector being nearly parallel with the surface plane) is considerably
stronger than the latter (i.e., the molecular plane being parallel with the surface plane), as the
corresponding peak of P(cos9,¢) is rather narrow along the cos., and broad along the ¢ axis.
In other words, alignments A1 and A2 correspond to a 90° flip of the acetone molecule around
its main symmetry (i.e., C=0) axis, but somewhat smaller rotations can also contribute to the
A2 peak. Both orientations A1 and A2 are illustrated in Figure 14.

The methanol molecules prefer the orientation corresponding to the cos$ and ¢ values
of 0 and 180°, respectively, in the entire surface layer as well as in all three of its separate
regions. Similarly to acetone, neither this orientational preference itself nor its strength show a
considerable dependence on the composition of the system. However, this preference is
always markedly stronger in region A (i.e., at the tips of the crests) than in the other two
regions and in the entire surface layer. In this orientation, marked by M1, the methanol
molecule stays perpendicular to the macroscopic surface plane, YZ, and its O-CH3 bond sticks
straight out to the vapor phase. It is also seen that this preference is markedly stronger in
terms of the ¢ than of the cos$ value. This means that the perpendicular alignment of the
molecule to the YZ plane is only rather weakly preferred, while the CH3; group strongly
prefers to stick as straight to the vapor phase as possible within the constraint of the alignment
of the molecular plane. It should also be noted that in orientation M1 the dipole vector of the
methanol molecule lays almost parallel with the macroscopic plane of the surface, YZ, and
this dipolar alignment is not even affected by some possible flip of the molecular plane. The
orientation M1, along with A1 and A2 is also illustrated in Fig. 14.

All these results indicate that the interfacial arrangement of the molecules is primarily
governed by dipole-dipole interactions. The fact that in all three preferred orientations the
molecular dipole vectors lay preferentially almost parallel with the YZ plane, this preference
being rather strong in every case, allows various (e.g., antiparallel, head-to-tail) dipolar
arrangements of the neighboring molecules at the liquid surface. To confirm the dominance of
the dipolar interaction over hydrogen bonding in the surface layer, we also calculated the
average number of hydrogen bonds a surface molecule forms with another molecule of the
surface layer. This value turned out to decrease continuously with increasing acetone mole
fraction from the value of 1.21, characteristic of neat methanol, to zero. However, in spite of

its secondary importance, the observed orientational preferences also reflect the hydrogen
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bond formation between surface methanol and acetone molecules. Thus, a methanol molecule
of orientation M1 can easily donate its H atom to an acetone molecule of orientation Al, as
illustrated in Fig. 14. Considering the fact that in orientation M1 the methanol O-H bond is
slightly inward oriented, the formation of such a hydrogen bond requires the acetone molecule
being somewhat closer to the bulk liquid phase along the macroscopic surface normal axis, X,
than the methanol (see Fig. 14). This fact explains the enhanced preference of the methanol
and acetone molecules for orientations M1 and Al in regions A and C of the surface layer,
respectively, and also our previous observation that surface methanol molecules prefer, on
average, being slightly closer to the vapor phase than surface acetones (see Fig. 6).

Finally, it should be noted that the P(cos$ ¢) orientational maps calculated in the
second and third subsurface layers as well as in their separate regions A, B and C always
turned out to be completely uniform, indicating that the effect of the proximity of the interface

on the orientation of the molecules also vanishes beyond the first molecular layer.

4. Summary and conclusions

In this paper we presented a detailed analysis of the liquid-vapor interface of acetone-
methanol mixtures of various compositions, on the basis of molecular dynamics simulations
performed using a potential model combination that can very well describe the mixing
properties of these compounds,” and of the determination of the intrinsic liquid surface by
means of the ITIM method. The obtained results have revealed that, similarly to the bulk
liquid phase,*’ the two molecules tend to self-associate also within the surface layer. This
self-association behavior can be explained by the fact that the full miscibility of the two
components is governed by the entropy term of the ideal mixing, while the energy of mixing
is positive.” Interestingly, the width of the surface layer has turned out to be the largest at the
composition where this energy of mixing is the largest, probably because of the non-perfect
packing of these relatively large self-associates. On the other hand, no microscopic separation
of the two components has been observed along the macroscopic surface normal axis, as none
of them has shown considerable tendency for surface adsorption, although, within the surface
layer, methanols have been found to stay, on average, somewhat closer to the vapor phase
than acetones. The similar surface affinity of the two molecules has also resulted in the

composition independence of the molecular scale roughness of the liquid surface.
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Acetone molecules have turned out to stay, on average, somewhat (i.e., by about 50%)
longer at the liquid surface than methanols. Further, the mean surface residence time of both
molecules has been found to decrease with increasing acetone mole fraction, probably due to
the decreasing extent of hydrogen bonding within the surface layer. In all the preferred
surface orientations of both molecules, the molecular dipole vectors lay almost parallel with
the macroscopic plane of the surface, pointing flatly (i.e., by 10-20°) away from the liquid
phase. This finding, together with the relatively small number of hydrogen bonds formed by
two surface molecules indicate that the surface orientation of the molecules is primarily
governed by dipolar interactions. Although hydrogen bonds play only a secondary role in this
respect, methanol-acetone hydrogen bonds within the surface layer also have some influence
on the surface structure. Due to the orientational preferences of the molecules the formation of
such a hydrogen bond assumes that, among the two H-bonding partners, the methanol
molecule stays closer to the vapor phase. This is reflected both in the enhanced strength of the
observed orientational preferences at the ripples of the molecularly rugged surface for
methanols and at its troughs for acetone, and also in the fact that within the surface layer
methanol molecules prefer to stay, on average, somewhat closer to the vapor phase than
acetones.

Finally all of our results indicate that the influence of the vapor phase on the properties
of the nearby liquid phase is lost beyond the first molecular layer, hence, the second
molecular layer beneath the liquid surface can already be regarded as part of the bulk liquid

phase in every respect.
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Table 1. Interaction parameters of the molecular models used

Physical Chemistry Chemical Physics

Tables

molecule interaction site qle (elks)/K oA
CH; -0.049 98.0 3.75
acetone” C 0.662 27.0 3.82
0] -0.564 79.0 3.05
CHs 0.265 98.0 3.75
methanol” 0 -0.700 93.0 3.02
H 0.435 0 0
‘Ref. 4.
*Ref. 41.
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Table 2. Calculated properties of the first three molecular layers of the systems simulated

layer Hae A XC/A 5 a/A methanolr/psacetone
0.0 5.93 26.07 1.30 455 22.0 -
0.1 6.01 28.03 1.47 521 23.5 36.0
0.2 6.02 30.24 1.61 5.50 23.0 35.7
0.3 6.01 32.43 1.68 5.65 223 34.1
- 0.4 6.20 34.66 1.77 5.98 21.7 32.4
layer 0.5 6.22 36.90 1.60 5.51 22.0 32.0
0.6 6.16 39.14 1.61 5.58 21.8 31.8
0.7 6.91 41.38 1.76 5.99 22.0 31.6
0.8 6.85 43.73 1.66 5.56 22.0 30.6
0.9 6.69 45.90 1.60 5.43 21.8 30.4
1.0 6.26 48.15 1.58 5.35 . 30.3
0.0 5.69 21.89 0.80 3.54 2.1 ;
0.1 5.82 23.71 0.79 3.58 2.0 3.8
0.2 5.87 25.73 0.83 3.52 1.9 3.1
0.3 5.89 27.77 0.85 3.48 1.9 3.0
coond 0.4 6.05 29.85 0.85 3.53 1.8 2.6
layer 0.5 6.06 31.95 0.85 3.57 1.7 2.6
0.6 6.01 34.10 0.86 3.50 1.7 25
0.7 6.71 36.22 0.86 3.54 1.6 23
0.8 6.73 38.51 0.87 3.51 1.6 2.1
0.9 6.48 40.56 0.86 3.49 1.6 22
1.0 6.01 42.74 0.86 3.49 ] 22
0.0 5.47 17.73 0.71 3.45 2.4 ;
0.1 5.66 19.39 0.73 3.50 23 3.4
0.2 5.74 21.24 0.77 3.46 22 3.5
0.3 5.79 23.13 0.80 3.43 2.1 3.0
. 0.4 5.93 25.09 0.80 3.46 1.9 2.7
I:}‘/ﬁ 0.5 5.97 27.05 0.81 3.51 1.8 2.6
0.6 5.93 20.11 0.81 3.45 1.9 24
0.7 6.58 31.12 0.81 3.46 1.6 23
0.8 6.75 33.35 0.81 3.43 1.7 23
0.9 6.38 35.33 0.80 3.43 1.7 22
1.0 5.90 37.44 0.80 3.42 . 22
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Figure legend

Fig. 1. Instantaneous equilibrium snapshot of the equimolar system, as taken out from the
simulation. The molecules belonging to the first, second and third molecular layers beneath
the surface are shown by red, green and blue colors, respectively, while the molecules located
beneath the third molecular layer are marked by grey color. Acetone and methanol molecules
are denoted by the darker and lighter shades of the colors. The snapshot only shows the
X > 0 A half of the basic simulation box. X is the macroscopic surface normal vector, pointing

from the liquid to the vapor phase.

Fig. 2. Number density profiles of the methanol (top panel) and acetone (second panel)
molecules as well as mass density profiles of the entire system (third panel) and its surface
layer (bottom panel) along the surface normal axis, X, of the systems containing 0% (full
circles), 10% (red solid lines), 30% (green dashed lines), 50% (blue dash-dotted lines), 70%
(orange dash-dot-dotted lines), 90% (magenta dotted lines) and 100% (open circles) acetone.
All profiles shown are symmetrized over the two liquid-vapor interfaces present in the basic

box.

Fig. 3. Acetone mole fraction in the first (red squares), second (green circles) and third (blue
triangles) molecular layer beneath the liquid surface as a function of the bulk phase acetone
mole fraction. For reference, the straight line corresponding to the bulk phase acetone mole

fraction is also shown by a solid line. Error bars are smaller than the symbols.

Fig. 4. Mass density profile of the entire system simulated (solid lines) as well as of the first
(filled red circles), second (open blue circles) and third molecular layer (green asterisks)
beneath the liquid surface along the surface normal axis, X, in the systems containing 10%
(top panel), 40% (second panel), 60% (third panel) and 90% (bottom panel) acetone. All

profiles shown are symmetrized over the two liquid-vapor interfaces present in the basic box.
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Fig. 5. Dependence of the width parameter, 9, of the first (black squares), second (red circles)
and third (green triangles) molecular layers beneath the liquid surface on the bulk phase
acetone mole fraction. The inset shows the dependence of the average separation, AX;, of the
first and second (full circles) and of the second and third (open circles) molecular layers
beneath the liquid surface on the bulk phase acetone mole fraction. For the definition of the

quantities 0 and AX,, see the text.

Fig. 6. Number density profile of the acetone (solid curves) and methanol (dashed curves)
molecules in the surface layer of the systems containing 10% (top panel), 40% (second panel),
60% (third panel) and 90% (bottom panel) acetone. The positions of the acetone and methanol
molecules are represented by their central C atom and CHj group, respectively. All profiles
shown are symmetrized over the two liquid-vapor interfaces present in the basic box. The
scales at the left and right side of the graphs refer to the methanol and acetone number

densities, respectively.

Fig. 7. Average normal distance of two surface points, d, as a function of their lateral
distance, /, in the systems containing 10% (red solid lines), 30% (green dashed lines), 50%
(blue dash-dotted lines), 70% (orange dash-dot-dotted lines), and 90% (magenta dotted lines)
acetone. The inset shows this roughness curve in the first (solid line), second (full circles) and

third (open circles) molecular layer of the equimolar system.

Fig. 8. Voronoi polygon area distribution of the surface molecules, projected to the
macroscopic plane of the surface, YZ, in the systems containing 0% (full circles), 10% (red
solid lines), 30% (green dashed lines), 50% (blue dash-dotted lines), 70% (orange dash-dot-
dotted lines), 90% (magenta dotted lines) and 100% (open circles) acetone, when all
molecules have been considered in the Voronoi analysis (top panel), only the acetone
molecules have been considered while methanols have been disregarded (middle panel), and
only the methanol molecules have been considered while acetones have been disregarded
(bottom panel). To emphasize the exponential decay of some curves, the plots are shown on a

logarithmic scale.
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Fig. 9. Instantaneous equilibrium snapshot of the surface layer of the systems containing 20%
(left), 50% (middle) and 80% (right) acetone, where the centers of the molecules are projected
to the macroscopic plane of the surface, YZ. Acetone and methanol molecules are represented

by green and red balls, respectively.

Fig. 10. Survival probability of the acetone (top panel) and methanol (bottom panel)
molecules in the surface layer of the systems containing 10% (squares), 50% (circles) and
90% (triangles) acetone. The inset shows the survival probability of the acetone and methanol
molecules in the first (black circles), second (red circles) and third (blue circles) molecular
layers beneath the surface of the equimolar system. Filled and open symbols always
correspond to the acetone and methanol molecules, respectively. To emphasize the

exponential decay of the survival probabilities, the plots are shown on a logarithmic scale.

Fig. 11. Definition of the local Cartesian frames fixed to the individual (a) acetone and (b)
methanol molecules, and of the polar angles ¢ and ¢ describing the orientation of the surface
normal vector, X, pointing, by our convention, from the liquid to the vapor phase, in these
frames. (c) Illustration of the division of the surface layer into separate regions A, B and C

according to the mass density profile of the surface molecular layer.

Fig. 12. Orientational maps of the surface acetone molecules in the systems containing 10%
(top row), 30% (second row), 50% (third row), 70% (fourth row), 90% (fifth row) and 100%
(bottom row) acetone. The first column corresponds to the entire first molecular layer beneath
the surface, while the second, third and fourth column correspond to its separate regions A, B
and C, respectively. Lighter shades of grey denote higher probabilities. The peaks

corresponding to the different preferred acetone orientations are marked by Al and A2.

Fig. 13. Orientational maps of the surface methanol molecules in the systems containing 0%
(top row), 10% (second row), 30% (third row), 50% (fourth row), 70% (fifth row) and 90%
(bottom row) acetone. The first column corresponds to the entire first molecular layer beneath
the surface, while the second, third and fourth column correspond to its separate regions A, B
and C, respectively. Lighter shades of grey denote higher probabilities. The peaks

corresponding to the preferred methanol orientation are marked by M1.
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Fig. 14. (a) Illustration of the preferred orientations of the acetone and methanol molecules in
the surface layer of their mixtures. X is the macroscopic surface normal vector, pointing from
the liquid to the vapor phase. (b) Illustration of the typical arrangement of a hydrogen bonded
surface methanol-acetone pair. The H-bond is marked by a dotted line, the molecular dipole
vectors are indicated by arrows. The solid line shows the molecularly wavy liquid surface. C

and O atoms are indicated by grey and red colors, respectively.
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Figure 4.
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Figure 5.
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Figure 12.
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Figure 13.
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