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Molecular dynamics simulations of liquid 2-heptanone (HPT2) at 300 K were carried out using three different
intermolecular potentials. The simulations were performed in two ensembles—the canonical ensemble and
the isothermic—isobaric ensemble, Thermodynamic, dynamic, and structural properties were investigated.
The results obtained vsing the three different potentials were very similar. An evaluation of the results obtained
against available experimental data was performed and the most realistic potential was then chosen to simulate
HPT? saturated with water (1.41% H,O {w/w)). Radial distribution functions were calculated and a distribution
for the number of nearest neighbors was estimated. Dipole associations and other specific group associations
were studied. The importance of steric factors in solvation was found to be determinant. Dynamic properties
such as diffusion coefficients and orientational correlation times were estimated. It was confirmed that density
plays a fundamental role in liguid dynamics. The molecular folding of HPT2 was investigated. It was found
that the molecule is more tightly folded in the liquid phase than in the gas phase; as the differences are small,
we obtain a picture of a liquid with mostly extended molecules. The structure and dynamics of the water
molecnles dissolved in HPTZ were also studied. Most water molecules form hydrogen bond-like interactions
with the ketone oxygen of the HPTZ molecule, and water dynamics becomes coupled to the HPT2 dynamics.
The carbonyl carbon is too hidden by merhyl groups to solvate water oxygens. Water associations occur to
a small extent. The general statistic properties of HPT2 are not affected by the presence of water, the changes

being limited to the HPT2? molecules in close contact with water molecules.

1. Introductiocn

The study at the molecular level of liguidiliquid interfaces
and of charge-transfer processes across them is fundamental to
the understanding of many phenomena in chemistry, engineer-
ing, and biophysics. Ton transfer between two electrolyte
solutions, phase-transfer catalysis, ion extraction, or drug
delivery problems are some of such phenomena that have
received much attention in the past decades.!~® Though much
effort has been made experimentally, there are stili many open
questions about the exact description of the properties of the
neat interfaces and the mechanism of ion transfer across them.
In fact, several models with different descriptions for the ion
transfer have been proposed’— but their full verification was
not possible, due in part to the limited knowledge of the
dynamics and structure of the interfacial zone at a molecular
level. There is still a debate about the correct description of the
ion transfer between two immiscible liguids.!

Computer simulations were proven to be a fundamental tool
for the elucidation of these problems. The major goal of our
work is the molecular characterization of the interfacial region
between water and 2-heptanone (HPT2) and the study of ion
transfer between these two solvents.

HPT?2 has been widely used in recent years. One of its more
important applications has been precisely the ion transfer
between water and organic solvents. It is immiscible with water,
although the solubility of water in HPT2 (1.41% (w/w)) is not
sufficiently small to be ignored. This solvent, being nonaromatic
and norhalogenated, has a very low toxicity that allows its
massive use in large scale industrial ion exiraction processes.
(It is important to note that other solvents commonly used in
liquid|liguid ion transfers, like 1,2-dichloroethane or nitroben-
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zene are highly toxic and their massive use seems to be
environmentally unacceptable). It has been demonstrated re-
cently that the potential range that can be applied in the system
water/HPT2 plus supporting electrolytes is wide enough to
perform simple and electrochemically assisted ion transfers.'h!2

In this paper we present the results of molecular dynamics
simulations of liquid HPT2, pure and saturated with water. These
results should be seen as a reference state for the theoretical
investigation of the interfacial region and ion transfer between
water and HPT2 that is being performed in our laboratories.
The possible modifications in the properties of both Hquids will
be detected by comparison with the pure and the saturated
solvents.

This paper is organized as follows: In section II the molecular
model employed as well as the details of the simulations are
given. The results obtained are discussed in section IIL In the
last section the major conclusions of this work and its future
developments are presented.

II. Computational Model

A. Molecular Model. The HPT2 molecule was represented
by eight interaction sites, namely one carbonyl oxygen, one
carbony] carbon, and six united atom groups, where each carbon
and their bonded hydrogens are united in one single group.
Figure 1 shows a schematic representation of this molecular
model. Each group is represented by a number followed by its
constitution in terms of single atoms, a notation that will be
frequently used in this paper.

The geometry of the water molecules corresponds to that
given by the SPC/E model.3
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Figure 1. Molecular model of HPT2. Each site has a corresponding
label.

TABLE 1: Point Charge Distributions for HPT2
10 2C, 3CH; 4CH; 5CH: 6CH:, 7CH, B8CH,
—0.540 0517 0.016 —0.037 0043 -0005 0021 —0.015

B. Potentials. I. Intramolecular Poteniial. The water mol-
ecules were considered to be rigid. This procedure allows us to
increase the time step used to 1.0 fs, which allows better
exploration of the configurational space, has no influence in
the results obtained, as previously checked, and may be justified
by the absence of coupling between water stretching and bending
and other vibrations in our system.

Flexible bonds, angles, and dihedrals were included in the
intramolecular potential of HPT2. In addition, one improper
dihedral was used in order to keep the planarity of the sp2
carbon. All potential parameters were taken form the CHARMm
force field** and are given by the following expression, with
obvious notations:

bonds angles
V= z Ky, — 59+ E Ky(0 — 69 + KOy —
dihedrals

efgpr)% E Ky (1 + cos(mBg, — 6) (1)

One 1o four specific dihedral interactions were included, as
established in the CHARMm force field.

2. Intermolecular Potential. The intermolecular potential
(pairwise additive) was represented by the sum of one Cou-
lombic potential with one Lennard-Jones potential

, . 12 fe [
v,= % + 460((?5) - (r—J) ) @)

i ij

More complex interaction potentials would make two-phase
simulations impracticable with current computational resources.

The transferability of intermolecular potential parameters has
been extensively discussed in the past decades. In faci, a
transferable force field will largely expand the usefulness of
computer simulations. Several attempts have been made, but
the reliability of those force fields is far from perfect, although
some progress has been achieved. Tt is especially important to
evaluate the ability of the force fields in the modeling of liquids
not used in their parametrization.

In this work we tested the Lennard-Jones interaction potential
parameters of the OPLS' and CHARMm!* force fields.

The electrostatic potential was determined by quantum
calculations at the Hartree—Fock level, with the 6-31G** basis
set, using the program Gaussian94.'® The molecular electrostatic
potential distribution obtained has been fitted to point charges,
condensing hydrogens into heavy atoms, using the restrained
ESP fit method.!” The set of point charges obtained is presented
in Table 1, and will be called charge group I (CGI).

When using OPLS Lennard-Jones parameters, we also
checked the results obtained not only with the point charges
described above but also with the proper OPLS electrostatic
charges for ketones (charge group II, CGI).
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Three intermolecular potentials could thus be defined and
were tested on the simulations of pure HPT2, namely OPLS+
CGI {(OPLS-I), OPLS+CGII {OPLS-II) and CHARMm+CGl
(CHARMm-I). The thermodynamic, dynamic, and structural
results of pure HPT2 obtained using these intermolecular
potentials were all very similar, The OPLS-I potental was
chosen to simulate hydrated HPT2.

For water, the SPC/E model'? was used, as it includes
effective polarization and was proven to give reliable results in
condensed phases.

The potential parameters for the interactions between HPT2
and water were calculated using the standard rules oy = s (o
+ o)) and €5 = (e:€)"2. This procedure is consistent with the
usual rules used in the statistical mechanics of mixtures and
with the independent determination of the H>O—H,0O and
HPT2—HPT2 potentials. However, these combination rules are
only an approximation and a fit of the parameters to quanium
calenlations of the dimer HoO—HPT2 and to the thermodynami-
cal properties of HO/HPT2 solutions would be desirable.

C. Method. All molecular dynamics simulations were
performed with the DL_POLY program.'® These simulations
have been carried out in two ensembles: the canonical ensemble
and the isothermic—isobaric ensemble. In both ensembles a
Nosé—Hoover thermostat!? has been used. In the isothermic—
isobaric ensemble a Nosé—Hoover barostat™ has been also
employed to maintain the pressure at 1 bar.

Periodic boundary conditions were used in all three directions.
The Ewald summation method with tinfoil boundary conditions
was used to deal with Coulombic forces. A spherical molecular
cutoff {11 A) for the real space part of the Ewald energy as
well as for the short-range potentials was applied.

The integration of the equations of motion was performed
with a time step of 1 fs. A multiple time step algorithm® was
implemented with an actualization frequency of 10 fs. This
algorithm was only used for interactions at a distance larger
than 9 A. It was previously verified that this procedure led to
good energy conservation (without thermostat) and did not affect
the energetic and dynamic behavior of the systems.

1. Pure HPT? Simulations. The system was modeled by 234
molecules of HPT2 confined to a rectangular box with initial
dimensions of 34.64 A x 34.64 A x 4552 A. The cell size
was chosen in order to reproduce the experimental liquid density
(0.8124 g/cm®).

The three HPT? systems, obtained by the use of the three
different intermolecular potentials, were equilibrated in a
simulation of 300 ps in the NVT ensemble. All energetic terms,
temperature, and pressurc were stabilized and seen to be
oscillating around their mean values. It was concluded that the
systems reached equilibrivm.

Starting from the final configurations of the equilibration runs,
three independent simulations in the same ensemble were
performed each with 300 ps length, from where the results
presented here were taken.

Simulations in the NPT ensemble were also performed, one
with each of the intermolecular potentials, starting from the
equilibrated configurations obtained in the previous simulations.
Further equilibration during 150 ps was necessary to achieve
equilibrium in this new ensemble, after which three simulations
of 300 ps each were made for data collection.

2. Simulations of HPT? Saturated with Water, The simulated
system consisted of a mixture of 232 HPT2 molecules and 21
water molecules, to obtain the experimental solubility of water
in HPT2. The water molecules were randomly inserted in a
34.64 A x 34.64 A x 45.78 A simulation cell previously filled
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with equilibrated HPT2. Then the HPT2~—H;0 and H>0—H;0
interactions were slowly increased from zero to their final values.
We considered additive volumes to choose the initial cell
volume, which was only a starting point from which an
equilibration of 200 ps in the NPT ensemble was performed.

After equilibration, all energetic terms, temperature, volume,
and pressure were stabilized and oscillating around their mean
values, this meaning that the systems reached equilibrinm.
Starting from the last configuration obtained, a simulation of
1200 ps was performed in the NPT ensemble for dala collection,
from where the results were taken.

III. Results

The results of the simulations are now presented. These results
can be seen not only as a study of Hquid HPT2, pure and
hydrated, but also as a reference state, which shall be used for
comparison with the properties of interfacial HPT2 in the
biphasic system water|HPT2, which s currently under inves-
tigation in our laboratories.

All errors associated with numerical quantities presented in
this paper correspond to twice the standard deviation of the mean
of the related quantities.

A. Thermodynamics. Some of the vsual thermodynamic
quantities, like the density (NPT ensemble) and the heat of
vaporization (NVT and NPT ensembles) have been calculated.
These two properties are the usual targets in the optimization
of potentials for liquid simulations and were extensively used
in the establishment of general transferable force fields. So, it
is especially interesting to check the accuracy of the present
force fields in reproducing these thermodynamic properties in
a complex liquid like HPT2, which was not used in the
establishment and optimization of the force field parameters.

The density has only been computed in the NPT ensemble
as in the NVT ensemble it is fixed by the choice of the cell
size.

The enthalpy of vaporization (AH,) at 300 K was estimated
according to eq 3

AH, = Egp() + By '(8) = Ean(D + Bl (D +

intra mtra

E D) + RT (3)

where FEgy, represents the dihedrals energy (including 1-—4
interactions), Einer is the intermolecular energy and Ep»""*,
are the interactions between groups of the same molecule
separated by more than three bonds.

The change in internal energy for the liguid—gas transition
can be separated into kinetic, intermolecular, and intramolecular
terms, In an ideal gas approach the change in intermolecular
energy for the liquid — gas transition corresponds to the
symmetric gas of the liquid’s intermolecular energy since the
molecules do not interact with each other. Concerning the kinetic
and intramolecular energy, we adopted the widely used Jor-
gensen’s approach,®2 which considers that the sum of the
vibrational terms plus the kinetic energy is equal in gas and
liquid phases. Thus these terms cancel each other and vanish
from eq 3. The missing terms in the intramolecular energy are
then the dibedral energy (which is obviously different in liquid
and gas) and the interaction energy between groups inside the
same molecule separated for more than three bonds.

For comparison, the value of the intermolecular energy
decomposed in their Coulombic and Lennard-Jones terms was
also computed. All these results are presented in Table 2.

The densities obtained using the three potentials agree quite
well with the experimental results. The density is slhightly
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TABLE 2: Thermodynamic Resulis for Pure HPT2
(Energies in kJ/mol; Densities in g/cm®)

CHARMm-I OPLS-1 OFLS-II
NVT
AH, 49.00 £ 0.01 47.26 £ 0.01 45.90 £ 0.01
enclect —6.19 £0.01 —5.52+ 001 —4.85 £0.01
en Vdw —46.26 = 0.01 —47.41 =0.01 —47.40 £ 0.01
NPT

density 0850+ 1 x107% 0.8450% 1 x 16-% 0.8415:% 1 x 107%
AH, 51.27 £ 0.01 49065 £0.01 47.52 + 0.01
enelect —6.49 =901 —=570£001 —5.02=0.01

ep VdW —4833 1001 —-43.93 £ 0.01 —48.95 £0.01

overestimated with all potentials, by 3.5% using the OPLS-I
potential, by 3.6% using the OPLS-II potential, and by 4.6%
using the CHARMm-I poiential.

For HPT?2 there are two boiling points measured at normal
pressure reported in the lierature.®® The vaiue of 52.21
kJ-mol~! 2 was measured for the heat of vaporization of HPT2
at the boiling point. The heat of vaporization at 300 K was
estimated to be 56.90 and 58.16 kJ-mal™! for the two boiling
points available.

The enthalpy of vaporization is underestimated by all three
potentials. The relative differences in the calculated and
experimental heats of vaporization shown below were estimated
by considering both experimental heats of vaporization. The
one corresponding to the 58.16 kI-mol™! value is always
presenied inside parentheses.

In the NPT ensemble the differences to the experimental
values are —16.5% (—18.3%) using the OPLS-II potential,
—13.8% (--15.7%) using the OPLS-I potential, and —9.9%
(—11.8%) using the CHARMm-I potential. The values of the
enthalpy of vaporization computed for the NPT ensemble are
slightly better than the ones of the NVT ensemble.

Although not so precise as the density, the enthalpy of
vaporization obtained seems very reasonable for a property
calculated using general transferable force fields that did not
include HPT? in their parameters optimizalion process.

1t is also important to note the similarity in the van der Waals
energy obiained using the three different intermolecular poten-
tials. As the general dynamics of this liquid is mainly controlled
by dispersive forces, analogous results are obtained for the
structure and dynamics of HPT2 when employing those
potentials, as will be seen in this paper.

Thus it can be concluded that, when nonelectrostatic interac-
tions are dominant, transferable force fields can give a reason-
able estimation of the thermodynamic properties discussed here,
even in the case of highly complex liquids such as HPT2.

The OPLS-1 potential scems to be the more realistic potential,
as it presents a slightly better compromise between density and
heat of vaporization, and simulations of hydrated HPT2 were
performed with that potential.

Here, it is interesting to note that the density obtained for
hydrated HPT2 [(0.8380 & 2) x 107* g/cm?] is smaller than
the density of pure HPT2 [(0.8405 £ 2) x 107* g/em?],
estimated with the same potential. An explanation for this
observation is discussed below.

B. Structure. /. Molecular Folding. To estimate the extent
of molecular folding, we could analyze the dihedral angle
populations. This procedure would be helpful if applied to
molecules with one or two dihedral angles, but in the case of
HPT?2 with five dihedral angles it seems inappropriate. As our
objective was to estimate the variety and frequency of the
conformations that the molecule, as a whole, might present, the
individual dihedral populations arc not very iflustrative.
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Fignre 2. Probability distribution of the distances between the 3CH;
and the 8CH; groups. The four graphics represent those distributions
in the NPT ensemble, NVT ensemble, and in the gas phase (where the
dashed line corresponds to OPLS-II potential), and the comparison
between the results in the gas phase and the liquid phase for
CHARMm- potential in the NPT ensemble. When the results are altnost
equivalent, no explicit distinction is made between the corresponding
potentials.

TABLE 3: Molecular Folding of HPT2 (All Values in A

CHARMmM-I OPLS-1 OPLS-11 OPLS-I(sat)

NPT

maximum 6.7 6.7 6.7 6.7

plateau 7.3-7.5 73-15 1.3-73 13175

mean 6.45 6.46 6.42 6.47
NVT

maximum 6.8 6.6 6.7

platean 7.3-75 73-75 73-17.5

mean 6.47 6.48 6,44

Our option was the calculation of the distribution of the
distance between the groups 3CHz and 8CHj;. These distributions
have been calculated for all simulations in the liquid phase.
Simulations of a single monomer were performed with each
potential in order to estimate the same distributions in the gas
phase. The distributions obtained are depicted in Figure 2. In
Table 3 we present mumerical details related to Figure 2.

The distance between the 3CH; and 8CHi groups in the
conformation of Figure 1 (7.675 A) can be taken as a reference.
In that conformation all bonds and angles take their equilibrium
value and all dihedrals (with the exception of the 10;—2C—
4CH,—5CH; one) are in the trans conformation.

It can be seen that the molecular folding and the variety of
significantly populated conformations is higher in the hguid
phase than in the gas phase. This result should be expected as
intermolecular interactions in the gas phase are negligible and,
thus, the monomers tend to adopt the conformations that have
minimal intramolecular energy, with thermal fluctuations around
1t

In the liquid phase, the strong interactions with neighbors
induce the adoption of conformations that minimize the total
energy of the molecule (intramolecular plus intermolecular). As
there is a wide distribution of neighbors, the minimal energy
conformations are more broadly distributed in molecular length
space. For the HPT2 molecule the minimum of total energy
depends not only on the intramolecular energy but also on
intermolecular terms and may be achieved for conformations
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that do not correspond to the minimal internal energy, as is clear
by close inspection of Figure 2.

The larger density of the liquid phase reduces the average
volume accessible to cach molecule, which also contributes to
the decrease of the molecular length.

It is inleresting to observe the existence of a plateau in the
molecular size distribution which extends from 7.3 to 7.5 A
The molecules with that length seem to show additional stability,
by the fact that the decrease in population with increasing length
is strongly attenuated. The phenomenon can be undersiood as
a strong decrease in dihedral energy (which is very close to the
absolute minimum, as can be seen in the gas phase distributions)
that is not compensated by an equally strong increase in the
intermolecular energy, less sensitive to so small variations of
the molecular length.

The similarity of the results for the liquid-phase molecular
folding that are obtained with the three potentials is obvious.
The simulations in the NVT ensemble present a mean length a
little bit higher than the one obtained in the simulations in the
NPT ensemble, a fact clearly related to the increased density of
this last ensemble. In all cases, the difference corresponds to
0.02 A, The presence of water in saturated HPT2 does not affect
significantly the average degree of folding of the HPT2
molecules, and the probability distribution for the molecular
folding of saturated HPT?2 is seen to be indistinguishable, within
statistical uncertainty, from that of the pure HPT?2 for the same
potential.

2. Structure of the HPT2 Solvation Shell. a. Global Structure
of the Solvation Shell. Due to the large molecuiar size and
heterogeneity of groups in the molecule, it is expected that the
solvation between HPT2 molecules will strongly depend on the
type of site and on the position of the site in the molecule. I is
obvious that oxygen solvation is different from methyl solvation.
For similar groups, their solvation will be different if one
compares a peripherical group with a central group. So, the
global structure of the solvation shell cannot be analyzed by
observing the individual solvation of the eight different groups
of the molecule. It is important to begin considering the molecule
as a whole in order to evaluate its global solvation details, like
the dimension of the global solvation shell and the distribution
of the number of neighbors inside it

To this end, each molecule was condensed into its center of
mass {com) and the com radial distribution functions were
computed.

Radial distribution functions (RDF) exhibit the differences
on the distributions of a particle around a predefined center in
relation to a structureless homogeneous distribution at macro-
scopic density.

The density of particles y around a particle x is given by

Py (1) = Py By ) (4)

where pl, = (N/V) is the average number density of y
particles, p, () is the number density of particles y at a distance
r of pariicle x, and gy (1) is the RDF of the y particle around
X.

Considering y = x = com, we obtain a density profile as a
function of the distance from the com of each molecule. This
RDF illustrates the mass aggregation of the liquid without
considering the details of specific associations between groups
of the molecule, which will be discussed in the next section.
Figure 3 depicts the RDFs obtained. In hydrated HPE2 we also
estimated the Ox—com RDF, where O, refers to the water
oxygen. This gives us a picture of the mass aggregation around
water molecules.
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Figure 3. The com radial distribution functions in the NPT (left) and
in the NVT (right) ensembles. Each graphic depicts the com RDFs
calculated using, respectively, from top to bottom, the OPLS-I, OPLS-
I, and CHARMm-I potentials. The three lines in the top left graphic
represent the com RDFs for pure and hydrated HPT2 (solid lines, atmost
coincident) and the O,-comn RDF (dashed line).

The distributions obtained using the three potentials are very
similar. They present a broad peak at ca. 5—7 A, where the
density is about 15% higher than its average value. The peak is
not very high due to its broadness. The position of the first
minimum of the RDF can be considered as the radius of the
first solvation shell. It is located at 8.3 A in all simulations in
the NPT ensemble and at 8.4 A in all simulations in the NVT
ensemble (a little more distant due to the lower density). So. a
first solvation shell for HPT2 appears with a radius up to 8.3—
8.4 A. The massic aggregation of HPT?2 is not significantly
affected by the dissolved water, and the RDFs for pure and
hydrated HPT2 are almost coincident.

In the top left RDF of Figure 3 we also show the O, —com
RDF (dashed line). A clearly defined peak centered at 4.4 A is
seen and, upon integration, it may be shown {0 contain an
average of 6.4 HPT2 molecules near the waier molecule. This
solvation of water by HPT2 will be stadied in more deiail in
the next section.

The distribution of the number of neighbors inside the HPT2
first solvation shell is presented in Figure 4.

As can be seen, the tesults are almost independent of the
potential or ensemble considered. The diversity in the number
of neighbors that a monomer can have illustrates the variety of
environments the molecules are submitted to. A number of
neighbors between eight and tweive is the more frequent
situation (93% of the cases, independently of the potential or
ensemble), ten being the most likely number.

The average number of neighbors was also calculated and is
given in the figure caption. It is also almost independent of the
potential or ensemble.

b. Detailed Structure of the Solvation Shell. For 2 molecule
with eight different sites, 36 different RDFs can be defined.
Although we analyzed many of the RDFs of the liquid, it seems
that it would be redundant to show all of them here, so we
selected the ones that seemed more important for the description
of the structure of the liquid.

b.1. RDF for the 10, —2C; Sites. This RDF allows us to

evaluate the associations induced by the polar part of the
molecule. Figure 5 illustrates the results obtained.

Fernandes et al.
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Figure 4. Distribution of the number of neighbors for the RDFs of
the com of HPT2. The dashed bar corresponds to the CHARMm-1
potential, the white bar corresponds to the OPLS-I potential, and the
solid bar corresponds to the OPLS-IE potential. In the NPT ensemble
(top) the average number of neighbors was found to be 9.9, 5.8, and
9.8 using the CHARMm-I, OPLS-], and OPLS-II potentials, respec-
tively. In the NVT ensemble (bottom), an average of 9.8 neighbors was
obtained independently of the potential.
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Figure 5. RDFs for the 10,—2Cy atoms, The three RDFs in each
graphic correspond, from top to bottom, to the OPLS-II, OPLS-1, and
CHARMm-I potentials.

Although there is a small difference in the depth of the second
minimom, the resuits obtained using the three potentials are quite
similar.

Charge distribution CGI attributes greater charge to the groups
considered here and causes a stronger association between those
groups. This can be seen by the closest location of the first
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Figure 6. RDFs for the terminal group 8CHa. The three RDFs in each
graphic correspond, from top to bottom, to the OPLS-II, OPLS-I, and
CHARMm-I potentials,

peak when using CGI (4.2 A using the OPLS-I potential and
4.4 A using the OPLS-II potential, in both ensembles). Integra-
tion of the first peaks allows us to estimate an average number
of neighbors of 2.6, 2.6, and 2.4 for the NPT ensemble and 2.5,
2.5, and 2.2 for the NVT ensemble. These values correspond to
the OPLS-II, OPLS-I, and CHARMm-I potentials, respectively.

The relatively long distance at which the maxima of the first
peaks are centered reflects the stereochemical difficulty of the
approach to the carbonyl carbon, due to the presence of the
methyl groups of the carbonated chain. This stereochemical
barrier reduces the intensity and the importance of dipole
associations.

b.2. RDF for the 8CH;—8CH; Sites. This RDF is especially
relevant 10 show the importance of steric factors in the solvation
of HPT2. In fact, it is between terminal groups that solvation
becomes more well-defined. As can be seen in Figure 6, this
RDF has the highest first peak of all RDFs already shown.

Such a weli-defined solvation shell is not the result of any
specificity of the 8CH;—8CHj interaction, which is very similar
to the other interactions between groups of the carbonated chain
(as 4CH,—5CHj;) but is due to the stereochemical facility in
accessing terminal groups. This behavior is also observed in
the 3CH3—8CH; RDF {not shown here) but in a minor scale,
because that association does not allow for dipole associations.

Integration of the first peaks allows us to estimate an average
number of neighbors of 4.1, 4.1, and 4.1 for the NPT ensemble
and 4.2, 4.2, and 4.1 for the NVT ensemble. These values
correspond to the QPLS-TI, OPLS-1, and CHARMm-I potentials,
respectively.

3. H,O0—H, O and HPT2—H,0 Pair Correlations. As
observed in the last sections, the average effect of water in the
HPT?2 properties is almost neghigible, A statistical characteriza-
tion of HPT2 properties hides the influence of the small amount
of water in the mixture. However, near an interface between
water and HPT2 the composition of the system can be much
richer in water. So, it is tmportant to analyze the water—HPT2
pair correlations to have a reference state from which the
possible structural changes of HPT2 near an aqueous interface
may be detected. In this section HoO—H;0 and H,O—HPT2
RDF are presented and the most common structures involving
water are discussed.

a. Water Pair Correlation Functions. Figure 7 presents the
oxygen—oxygen (0, —0y) and the oxygen—hydrogen {O,—
H,) RDFs. The peaks are slightly displaced toward larger
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Figure 7. RDFs for the Ho—O, (iop) and the O,—0y (bottom} atoms
in saturated HPT2.

distances (0.2 A) when compared to the same RDFs in pure
water. In the Hy,—Q,, RDF, the height of the second peak is
about one-half of the height of the first peak {in pure water
they have almost the same height), reflecting the depletion of
the second coordination shell of water, Integration of the Hy—
O, RDF first peak leads to an estimate of the number of
neighbors in the first coordination shell and results in a value
of 0.19 oxygens per water hydrogen. Notice that, if all water
hydrogens form a hydrogen bond with a water oxygen, and
considering that the same hydrogen cannot make more than one
hydrogen bond, we would obtain upon integration of the first
peak of the Hy—0, RDF an average number of neighbors of
1. As we have obtained a number of (.19, this means that only
19% of the hydrogens do form hydrogen bonds with the water
OXygen.

In pure water we obtain an average of 0.94 oxygens per water
hydrogen. This gives a picture of water molecules with a
solvation shell geometry resemnbling that obtained for pure water,
although incomplete due to the reduced water density.

The average coordination number of water in saturated HPT2
can be obtained by integration of the Oy,—0,, first peak. We
obtained an estimate of 0.83 neighbors. In independent simula-
tions of pure SPC/E walter, we obtained an average coordination
number of 5.4 neighbors.

If we compare the coordination numbers of water in pure
and in saturated HPT2 in relation to the density of water in
these two environments it becomes clear how resistant is the
structure of water. Changing from pure water to saturated HPT2
decreases the density of water by 78 times but its coordination
number only decreases 6.5 times. It is very important to consider
the robustness of the water structure to changes induced by the
presence of HPT?2 to correctly understand the structure of the
liquid—liquid interface between these two solvents.

b. Water—HPT2 Pair Correlations. After analyzing several
pair correlation functions between water and HPT2 it was found
that the only well-defined (and energetically more favorable)
pair correlation was the one formed between the water hydrogen
and the ketone oxygen.

The Hy— 10 RDF is presented in Figure 8. A very well-
defined peak, located at the same distance as the first peak of
the H,—0,, RDF, gives under integration an average of 0.72
neighbors; this reveals that an average of 72% of the water
hydrogens form a hydrogen bond with the ketone oxygen. An
energy criterion frequently used to define a hydrogen bond (Emy
«— 2.4 kcal-mol™1) would not consider most of those interactions
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as hydrogen bonds, as its interaction cnergy tends to be slightly
higher than the traditionally accepted limit, although a distance
criteria would consider as hydrogen bonds most of the Hy—
10 interactions. More than the exact definition of a hydrogen
bond, the designation used in this paper aims at making it easier
to undersiand the water—HPT?2 pair correlations.

In Figure 8§ we can also see the O, —2Cy RDF. It becomes
clear that the water oxygen is not solvated by the carbonyl
carbon. The first peak is centered at 3.8 A and is caused by the
H,—10 hydrogen bridges, which induce the approximation
between the carbonyl carbon and the water oxygen. The methyl
groups bonded to the carbonyl carbon form a stereochemical
barrier to the water oxygen.

At this point it is also interesting to estimate the most probable
hydrogen bond angle. Censidering the oxygen—hydrogen bond
length (1.0 A) and the location of the first peaks of the H,—
10y RDF (1.8 A) and of the Oy~ 10 RDF (2.8 A), we conclude
that the most probable Oy —~H,—Ok angle is 180°, indicating a
linear hydrogen bonding.

¢. Solvation Sphere of Water in Saturated HPT?2. It becomes
important here to draw a picture of the coordination sphere of
water. We considered independent interactions with the water
oxygen and water hydrogen. From the RDFs analyzed so far,
we already know that the only energetically significant interac-
tion with the water oxygen corresponds to the hydrogen bridges
established with hydrogens of other water molecules. Integration
of the first peak in the Hy~0,, RDF allows us to conclude that
81% of the possible hydrogen honds with the water oxygens
are not established while 19% are solvated by water hydrogens.

To get a more complete picture of the near water environment,
a similar procedure was used to investigate the most important
interactions of hydrogen. A water oxygen at a distance to another
water hydrogen smaller than the first minimuom in the Hy—Oy
RDF was considered to be hydrogen bonded to the water
hydrogen. Similarly, a ketone oxygen closer to a hydrogen than
the distance of the first minimum of the H,—10y RDF was
also considered to be hydrogen bonded to that hydrogen. From
integration of the first peaks in the Hy,~ Oy, and H,—0Ok RDFs
we can conclude that 19% of the hydrogens form hydrogen
bonds with water oxygens, 72% of the hydrogens form hydrogen
bonds with ketone oxygens, and 9% of the hydrogens do not
establish any significant interaction.

We get a picture of water molecules where hydrogens are
mainly interacting with ketone oxygens via hydrogen bonds,
although water associations are not negligible, and most water
oxygens do not establish any significant interaction.

Femandes et al.

Thus, the most common structure of the water coordination
sphere corresponds to a water molecule where the oxygen is
not solvated and is making two hydrogen bonds with two HPT2
molecules. This results in a very large radins of solvation, and
is one of the factors that can justify the decrease in density of
saturated HPT2 when compared to pure HPT2.

C. Dynamics. In this section we report the results of the study
of the dynamic properties of HPT2 and water. Diffusion
coefficients and orientational correlation times were computed.
All results are presented in Figures 4 and 5. The density of all
systems is also presented.

1. Diffusion Coefficients. The diffusion cocflicients for the
com of HPT?2 have been calculated according to the relation of
Einstein:

2

D=1lim,__ % (5)

where D is the diffusion coefficient, AR is the com displacement,
and ¢ is the time. Each simulation of pure HPT2 was divided in
10 blocks of 30 ps each. The simulation of the saturated HPT2
was divided in 40 blocks of 30 ps cach. The diffusion
coefficients have been computed in each block. In Figures 4
and 5 we present the mean value of the diffusion ceefficients
and the respective errors.

Density plays a fundamental role in the dynamic properties
of liquids. In diffusion the displacement of & particle is Lmited
by the interactions with neighbors. An increase in density causes
a decrease in the mean free path accessible to each particle and
the meantime displacement tends to decrease.

Comparing the results obtained in the NVT ensemble, we see
that they are very similar. This might be expected by the fact
that all simulated systems in this ensemble have the same
density.

In the NPT ensemble the results obtained, although very
similar, vary according to the density. The correct order for this
variation is obtained. Increasing the density always leads 1o a
decrease in the diffusion coefficients.

Comparing the results obtained in the two ensembies, we note
that the same order of variation of the diffusion coefficients
with density is obtained. The diffusion cocfficients obtained in
the NVT ensemble, where the density is lower, are always higher
than the ones obtained with the same potential in the NPT
ensemble,

It can be said that all diffusion coefficients obtained lie in
the range of 1.0 x 1079 to 1.5 x 107° m? s™! and they have a
strong dependence on the density.

Ag density is determinant, the diffusion coefficients estimated
in the NVT ensemble should be considered the most reliable,
but this cannot be confirmed by the lack of experimentat data.
Water molecules in saturated HPT2 present diffusion coefficients
quite close to HPT2. The water molecules are strongly coupled
to HTP2 via hydrogen bond interactions, and both molecules
tend to move together.

D. Orientational Correlation Times. The normalized vector
U= has been considered as representative of the

3CH;7CH,
orientation of the HPT2 molecules. The normalized time
aulocorrelation function for this vector has been calculated
according to the following equation:

C(E) = () BE + ), CO)™! (6)

where the brackets represent a mean over all time origins ¢
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TABLE 4: Dynamic Results for Pure HPT2 {All Diffusion
Coefficients in m? s™1; Orientational Cerrelation Times in
ps)

CHARMm-I OPLS-1 OPLS-1}
NVT
16°D 15+01 1.4%+01 15401
feorr 27+1 29+1 27x1
NPT
10°D 1.0+01 1.2+0.1 11401
Toorr 382 3341 34 +£2
density 0.850 0.8405 0.8415

TABLE 5: Dynamic Resulis for Hydrated HPT2 (All
Diffusion Coefficients in m? s7!; Orientational Correlation
Times in ps)

OPLS-1 (HPT2) SPC/E (water)
NPT
10°D 1.36 + 6.06 14401
feorr 301 30+ 1(HH), 24 =1 i)
density 0.8380 0.8380

The autocorrelation titne for the orientation of the molecule
was also computed as

o = oo CE) & 7

These autocorrelation times have been estimated in all
simulations and are presented in Figures 4 and 5. In saturated
HPT?2 the water reorientation was also studied, but in this case,
the time autocorrelation function for the —— and for the dipole

moment vectors of the water molecules were estimated.

Because of the very slow decay of the correlation function
and due 10 block analysis, this function has only been computed
until 20 ps, and an exponential fit was made to estimate the
value of the integral in eq 7 from 20 ps till infinity. This
procedure has been tested by comparing the results of the
extrapolations with one estimation of the correlation function
up to 200 ps using all data produced in the entire simulation,
and it seems to be very accurate.

Analyzing Figures 4 and 5, we can draw the same conclusions
from the orientational correlation times as from the analysis of
the diffusion coefficients. Once again, the results obtained in
the NVT ensemble with the three potentials (where the density
is the same) are very similar, and the results obtained in the
NPT ensemble, although very close, follow the density varia-
tions. In all cases, the correct order {or the variation of the
autocorrelation time with density is obtained. Increasing the
density always leads to an increase in the autocorrelation times.
This can be seen by comparing the three results obtained in the
NPT ensemble and also comparing the results obtained with
the same potential in both ensembles.

From Table 3, we may conclade that the orientational
dynamics of water becomes closely related to the HPT2
dynamics. As the water molecules are hydrogen-bonded to the
HTP2 molecules, and one water molecule has not more than
two neighbors in conditions to form hydrogen bonds (contrarily
to bulk water), they cannot rotate independently without
destroying their hydrogen bonds.

EV. Conclusions

The study presented here shows the capacity of molecular
dynamics simulations to produce detailed structural and dynamic
information, at a molecular scale, in a complex organic liquid
such as 2-heptanone.
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The similarity of the results obtained using two different force
fields confirms the reliability of the transferability of the
potentials, which is known to be especially favorable in systems
where Coulombic interactions do not assume a fundamental role
in the system dynamics.

In this work thermodynamic quantities such as density and
enthalpy of vaporization have been computed, and agreement
was found with experimental data.

The diffusion coefficients and orientational correlation times
have been estimated. It was observed that water translational
motion becomes coupled, via H, -~ 10y hydrogen bonds, to the
HPT?2 motion.

The dependence between dynamic properties and density was
analyzed and discussed. It was concluded that the dynamics of
the system is strongly accelerated with the decrease of the
density.

The extent of molecular folding has been investigated
showing that the molecules are mostly extended, although not
so much as in the gas phase. The presence of water does not
significantly influence the HPT2 folding.

The HPT?2 solvation sphere has a radius of 8.3—8.4 A and
contains around eight to twelve neighbors inside it, ten being
the most likely number. The solvation of specific groups was
not found to be very relevant. Steric factors do not allow strong
associations except in the case of terminal groups.

Water molecules are mainly solvated through the Hy—10y
interactions (72% of the cases in average). Water—water
hydrogen bonds still exist, but less frequently (19% of the
hydrogens participate in hydrogen bonds with water oxygens).
Water oxygens are mainly unsolvated, although a small number
(19%) form hydrogen bonds.

Traditionally, the intermolecular potential optimizations are
performed in order to reproduce the density and enthalpy of
vaporization of the real liquid. In our study, which was not
concerned with direct energetic measurcments, it has been
verified that demsity has a visible influence in the results
obtained, especially in the dynamic results. However, the
differences in the entalphies of vaporization obtained with the
three potentials did not have any well-defined influence in the
results. It seems that structural and dynamic properties are not
very sensitive to variations in the enthalpy of vaporization.

The shape and size of the molecule has a strong influence
on the structure and dynamics of the liquid and is independent
of the intermolecular potential used.

In a study whose goals are mainly the dynamic and structural
properties, it should be emphasized that the optimization of the
enthalpy of vaporization, although important, can eventually be
not so fruitful as the optimization of the structural parameters.
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