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Solvation of Perfluorooctane and Octane in Water, Methanol, Acetonitrile, and Aqueous
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Molecular dynamics simulations are used to examine the local solvation structure of single octane and
perfluorooctane molecules in liquid water, methanol, acetonitrile, and aqueous mixtures of methanol and
acetonitrile. The motivation is to obtain baseline information about the solvation of perfluorooctane by liquids
used as the mobile phase in liquid chromatography and how it differs from the solvation of octane. While
octane is uniformly solvated by both water and the second component, perfluorooctane is solvated by methanol
and acetonitrile with the exclusion of water from the first solvation layer when the solvent is a mixture.

Introduction

The use of fluorocarbon silica-based materials in reversed-
phase liquid chromatography (RPLC) has demonstrated an
improved separation and molecular recognition of polar and
halogenated compounds under highly aqueous mobile phase
conditions ' in contrast to the often difficult separations that
result on the more commonly used hydrocarbon phases. The
interaction of solvent molecules with the fluorocarbon chains
is anticipated to play a dynamic role in the overall mechanism
of solute retention on these materials.5~'" In this paper, we
examine the solvation of a single perfluorooctane (CgFig)
molecule as an initial model for a fluorocarbon-based chro-
matographic material in water, methanol, acetonitrile, and
equimolar aqueous mixtures via molecular dynamics simula-
tions. These results are directly compared with simulations of
a single octane (CgH;g) molecule in the same solvents to
elucidate the influence of the fluoro substituents on the ordering
of the solvent layer surrounding the molecules and its potential
effect on the resultant octane and perfluorooctane chain structural
conformation. Recnt molecular simulations of the local water
structure around the small molecules CF 4 and C(CH 3) 4 have
only small differences.'? As shown below, this is not the case
for the more extended solutes considered here.

Considerable differences in the thermodynamic behavior of
a range of solutes have been observed between methanol and
acetonitrile as organic modifiers in the aqueous mobile phase
on monomeric-type hydrocarbon stationary phases.®7%13 These
differences have been largely attributed to the entropic effects
promoted by the presence of acetonitrile clusters within the
mobile phase.® Evidence of microheterogeneity within acetoni-
trile—water mixtures has been elucidated by a wealth of
experimental'*'? and molecular simulation '+-'620-22 investiga-
tions. Furthermore, the formation of surface-adsorbed multi-
layers of organic modifiers on alky! stationary phases has been
demonstrated via adsorption isotherm experiments.?*-26 Results
are consistent with a relatively thick (1—2 nm) layer of
acetonitrile adsorbed onto the hydrocarbon stationary phase
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surface for acetonitrile—water mixtures, in contrast to only a
single methanol adsorbed layer for the methanol—water system.
How these organic-rich interphases between the mobile phase
and the stationary phase may influence solute retention processes
under typical chromatographic conditions remains unclear.

The extent to which solvent molecules (including organic
modifiers) can penetrate the stationary phase to form interfacial
regions has been the subject of several molecular simulation
investigations.?’=* Prior molecular dynamics simulations of
n-Cig stat\ionm‘y—phase models in methanol—water and acetoni-
trile—water mixtures have illustrated the preferential aggregation
of organic solvent molecules toward the alkyl stationary
phase.272934.35 Recent Monte Carlo simulations®23¢ have il-
lustrated direct solvent partitioning into Cg stationary-phase
models with mobile phases of varying methanol—water con-
centrations. Solvent “bridge” aggregates from the bulk mobile
phase to the surface silanols were observed for models contain-
ing 33%, 66%, and 100% methanol but were not readily
observed for pure water systems.*? In addition, simulations of
a single n-octadecane chain solvated in water—methanol®” and
water—acetonitrile®® mixtures were conducted to characterize
the local solvent environment surrounding a chromatographically
relevant alkyl chain. As a result, a local mole fraction enhance-
ment of acetonitrile around the methylene segments of the chain
was observed for the acetonitrile—water system, and was
considerably more pronounced than observed for comparable
methanol—water systems.

The local solvent environment for fluorocarbon-based chro-
matographic sorbents is also anticipated to play a predominant
role in the retentive process. The influence of various organic
modifiers (methanol, acetonitrile, and 2,2,2-trifluoroethanol
(TFE)) on the chromatographic selectivity of two Cg phases
and one perfluorinated Cs phase was previously investigated.*
The most distinct selectivity was observed for the perfluorinated
phase with TFE as a cosolvent and was attributed to potential
adsorption of TFE on phase surface, stemming from prior
observations of TFE clustering in aqueous mixtures from X-ray
scattering®® and molecular simulation studies.*'~** TEE is aslo
commonly used as a cosolvent for protein solvation and is used
to promote the formation of a-helical structures of peptides.*4
Although its mechanism of action is not entirely understood,*
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the ability of TFE to promote helicogenicity in proteins is largely
attributed to its aggregation around the peptide backbone and
desolvation of specific peptide residues as observed through
spectroscopic observations and molecular dynamics studies. 643
Albeit less dramatic than TFE, other aliphatic alcohols (including
methanol) have been shown to enhance the helical stability for
poly-a-amino acids.®”

Together with the potential solvation effects that may exist
between organic modifiers and the fluorocarbon substrate, the
structural conformation of the fluorocarbon chain may also need
to be considered. Perfluoroalkanes in the solid state have a
helical conformation for 12 or more carbons and a planar zigzag
conformation for eight or fewer carbons.>*! It was also found
in a prior molecular dynamics simulation study that it is
necessary to have explicit electrostatics for the helical feature
to develop.! In contrast to the peptide literature, there is little,
if any, information on how the fully solvated fluorocarbon chains
are configured in aqueous solutions containing organic cosolvents.

We employ molecular dynamics simulations to examine the
solvation of a single octane molecule (CgH,g) and also a single
perfluorooctane molecule (CgF)g) with water (H,0O), methanol
(MeOH), and acetonitrile (MeCN) and equimolar mixtures of
water—methanol and water—acetonitrile as solvents. “Me” is
used to represent a united atom representation of the CHj group
in methanol and acetonitrile. For this study, we have focused
on a detailed investigation of the two most commonly used
RPLC cosolvents (MeOH and MeCN) but plan to extend our
future investigations to other cosolvents of interest (e.g., TFE)
that are employed with chromatographic sorbents. A methanol—
acetonitrile solvent system was not examined, as this mixture
is not typical of a chromatographic system. The emphasis is on
comparing how these fluids solvate the two solutes and to
identify differences between them. The solvation structure found
for the isolated molecules will differ from the corresponding
structure for these molecules in a chromatographic environment.
This has been found to be the case for water in contact with
tethered n-C g chains.3334

The simulation methods used and the interaction models are
described in the next section. This is followed by two sections
containing the results of the simulations for each of the solvents.
The paper concludes with a discussion and summary of the
results.

Simulation Method

The solvation of the chain molecules was examined using
molecular dynamics simulation of the mixtures at ambient
conditions of temperature and pressure. Water is modeled using
the rigid, three-site SPC/E model,*> methanol is modeled using
the rigid, three-site model of van Leeuwen and Smit,* and
acetonitrile is modeled using the rigid three-site model of
Edwards, Madden, and McDonald.?54-56 The CH; groups in
these models are represented as single-site united atoms. Octane
is modeled using the OPLS-AA (all atom) model,5 and
perfluorooctane is modeled using the all-atom model of Watkins
and Jorgensen.’® The atom—atom interactions in each of these
models include Couloumb and Lennard-Jones potentials. The
intermolecular potential parameters for the potentials are listed
in the Appendix so that the reader has ready access to the
charges on the atom sites of the molecules. The intramolecular
potential parameters and molecular geometry of the models are
found in the cited papers and are not repeated here. The internal
degrees of freedom of the octane and perfluorooctane molecules
are described using harmonic stretch and bend interactions, and
the torsion potentials are represented by polynomials in the
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TABLE 1: Length, L, of the Simulation Cube Edge for the
Various Solvents

solvent LA
H,O 28.2
MeOH 36.7
MeCN 39.3
H,O0—MeOH 32.6
H,0—MeCN 34.6

cosines of the torsion angles. The unlike atom Lennard-Jones
parameters are obtained using the Lorentz—Berthelot rules.?
The long-range part of the Coulomb interactions are treated
using the Ewald summation method.®° The orientations of the
rigid solvent molecules are described using quaternions.®'-%4 The
equations of motion are integrated using a Velocity —Verlet-
type algorithm® adapted to include the quaternions. The
simulations were performed in the NVE ensemble with a time
step of 1 fs.

Each of the simulated systems consist of 729 solvent
molecules and one chain molecule. For liquids at ambient
conditions in a cubic simulation cell, this is the smallest system
where the fully extended chain in an all-zrans configuration
extends less than 1/2 the length of the cell edge for the highest
density system, water. This avoids the undesirable feature of
the chain interacting with itself as a result of periodic boundary
conditions. For each of the 10 simulations discussed here, the
temperature and volume of the system were adjusted so that
the temperature was near 293 K and the pressure was within a
few megapascals of zero. The cubic simulation cell sizes used
are listed in Table |. The same cell dimensions were used for
both the octane and perfluorooctane solutes.

Once the temperature reached the desired value, several
sequential runs of 100 ps duration were made to stabilize the
system at the desired pressure by adjusting L. Stability was
determined when the computed pressure did not change
significantly from the results of the previous run. The distribution
of molecules close to the chain is a particularly significant
property. The number of stabilization runs was three or four
except for the water—acetonitrile mixture. For that case, six runs
were needed to develop the microheterogeneity present in the
mixture.?

Several quantities that probe the solvation of the chains are
considered here. These include the time history of the torsion
angles of the backbone of the chain molecule. We use the
convention that a torsion angle ¢ close to zero corresponds to
a trans configuration. There are five torsion angles describing
rotation about the inner five carbon—carbon bonds. The other
quantities are the site—site pair functions of the solvent sites
with the hydrogen or fluorine sites of the chain molecule and
some measures of the orientation of the solvent molecules
around the chain. The solvent sites selected for the pair
correlation functions are the oxygen site of water, the oxygen
site of methanol, and the carbon site of acetonitrile.

The orientation measures for water and methanol are the
distributions of cosines of the angle 1 between the vector from
the oxygen site of the solvent to the hydrogen or fluorine site
and some vectors, described below, that characterize the
structure of the solvent molecule.®d These distributions, D(cos
1)), are obtained as functions of the distance between the above-
mentioned selected sites of the solvent and the hydrogen or
fluorine site. For water, the vectors characterizing the sturcture
of the molecule are the dipole moment vector that bisects the
angle formed by the OH bonds of the water molecule, the vector
between the hydrogen sites, and the vector normal to the other
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Figure 1. The vectors used to discuss the orientation of water and
methanol are shown here. For water (left side) these are the dipole
moment vector (black), the vector between the hydrogen sites (red),
and the cross product of these vectors (not shown). For methanol (right
side) these are the vector along the methyl—oxygen bond (black), the
vector aJong the methyl—hydrogen bond (red), and the cross product
of these vectors (not shown).
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Figure 2. The time development of the cosines of the torsion angles
of the backbone of octane (upper plot) and perfluorooctane (lower plot)
in methanol are shown over a 10 ns trajectory. The black, red, green,
blue, and cyan lines are for the separate torsion angles starting from
one end of the molecule. These histories are for block averages of | ps
duration of the cosine of each angle.

two vectors. For methanol, the structure vectors lie along the
oxygen—methyl group bond, the oxygen—hydrogen bond, and
the vector normal to the other two. These vectors are indicated
in Figure | for water and methanol.

The orientation measure for acetonitrile is the distribution of
the cosine of the angle between the vector from the carbon site
to the methyl site and the vector from the carbon site to the
hydrogen or fluorine site on the chain. The cosines of the angles
between the vector from the carbon site to the nitrogen site and
the vector from the carbon site to the methyl site with the vector
from the carbon site to a hydrogen or fluorine site are mirror
images about 7/2.

Initial results for the time history of the torsion angles, ¢,
suggested that transitions between trans and gauche conforma-
tions were rare events on the 100 ps time scale. This was
checked and confirmed with a set of 10 ns duration runs for
each of the systems examined. The rare transitions occur over
intervals of 2 to 3 ps, suggesting that the transitions involve
cooperative motion of the solvent molecules. For octane and
perfluorooctane in methanol, the time history of the five cos
¢’s are shown in Figure 2. Similar results are found for the
other solvents and are not shown here. '

The results for the conformation of octane in the solvents
are summarized in Table 2, where the fraction of the time each
of the five torsion angles were in the gauche conformation is
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TABLE 2: Fraction of Gauche Defects Found for 10 ns
Trajectories in Each of the Carbon Backbone Torsion
Angles of Octane and the Fraction of the All-Trans
Conformations for 7= 290 K

solvent | 2 3 4 5 all-trans
H,O 0.0664 0.0875 0.0673 0.0440 0.0718 0.6925
MeOH 0.0556 0.0259 0.0302 0.0440 0.0586 0.7965
MeCN 0.0511 0.0530 0.0275 0.1120 0.0504 0.7221

H,O0—MeOH 0.0579 0.0320 0.024] 0.0593 0.0158 0.8305
H,O—MeCN 0.0420 0.0598 0.0534 0.0793 0.0861 0.7046

TABLE 3: Fraction of Gauche Defects Found for 10 ns
Trajectories in Each of the Carbon Backbone Torsion
Angles of Perfluorooctane and the Fraction of the All-Trans
Conformation for 7= 500 K

solvent ] 2 3 4 5 all-trans
H,O 0.0184 0.0087 0.0107 0.0181 0.0324 0.9149
MeOH 0.1048 0.0159 0.0010 0.0122 0.0064 0.9508
MeCN 0.0185 0.0169 0.0212 0.0208 0.0243 0.9012

H,O—MeOH 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000
H,0—MeCN 0.0000 0.0033 0.0000 0.0000 0.0000 0.9967

listed along with the fraction of the time the molecule was in
the all-trans conformation. Note that the sum of the fractions
is only slightly larger that 1, indicating that the simultaneous
presence of two gauche bends is a rare event.

For each of the solvents at 290 K, the perfluorooctane
remained in the all-trans conformation for the entire 10 ns
duration. As a check on the plausibility of this result, another
set of 10 ns duration runs were made for perfluorooctane in
each of the solvents at a temperature of 500 K at the same
density. The results are summarized in Table 3. For the neat
solvents, the fraction of the time the all-trans conformation is
0.9 to 0.95, so the molecule can develop gauche conformations
at elevated temperatures. For the aqueous solvents, the barrier
to forming gauche bends is quite high, as essentially no gauche
conformations were found at 500 K.

Our conclusion from these long runs is that octane in these
solvents at amibient conditions will exist in the all-trans
conformation 70—80% of the time, while perfluorooctane only
rarely develops gauche bends. The results presented below are
averaged over the conformations sampled and are taken to be
representative of these systems.. The equilibrium distribution
of gauche conformations is, in principle, obtainable using an
appropriate Monte Carlo simulation method.??-8

Results: Neat Solvents

The results for the individual solvents with octane and
perfluorooctane are presented separately in this section. The first
case is for water, the second is for methanol, and the third is
for acetonitrile as the solvent. These cases provide a basis for
a discussion of how the local environment changes when the
solvent is an aqueous mixture.

Water. The various pair functions involving water and octane
and water and perfluorooctane are shown in Figure 3. The upper
panels are for the oxygen site of water and the sites of the solute,
while the lower panel is for the hydrogen sites of water and the
corresponding sites of the solute. The black lines are for the
end-methyl carbon sites, the red lines. are for the interior-
methylene carbon sites, and the green lines are for the hydrogen
or fluorine sites.

The features of these functions that occur at the smallest
separations involve the hydrogen and fluorine sites of the solute.
These are the green curves in Figure 3. For this reason, we next
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Figure 3. The pair distribution functions, normalized to unity for large
separations, are shown for water—octane (left panels) and for
water—perfluorooctane (right panels). The upper panels are for the
water—oxygen solute—hydrogen or —fluorine site pair functions, and
the lower panels are for the water—hydrogen solute—hydrogen or
—fluorine site pair functions. The lines are described in the text.
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Figure 4. The cumulative number of solvent molecules, (N(r)), within
a distance r of hydrogen and fluorine sites is displayed. The inset shows
the average distance of closest approach, (rmi“), for each of the hydrogen
and fluorine sites. The black lines are for water—octane, and the red
lines are for water—perfluorooctane.

examine the orientation of water molecules *‘close” to the
hydrogen and fluorine sites of the solutes.

The quantity (N(r)) is the cumulative number of solvent
molecules within a distance r of a hydrogen or fluorine site.
The average is over all sites and over the duration of a 10 ns
run. We take “close” to be within the distance R where (N(R))
~ 1. R is used to characterize the first solvation shell. (N(r)) is
shown in Figure 4. The inserts show the average distance of
closest approach, {rmin), for each of the 18 hydrogen or fluorine
sites. For water—octane (black line), R ~ 3 A, and for
water—perfluorooctane (red line) R ~ 3.3 A. Note that R is close
to the mean value of the {r,,,) for the sites, but slightly larger.
Also, R is significantly smaller than the distance on the order
of 7 A where pair functions approach unity.

An interesting feature is D(cos ¢), the distribution of angles
between the dipole moment of the water and the vector from

Mountain and Lippa

T L S B — T T | |

0
-1.0 05 00 05 L0 (—)J,O 05 00 05 10
cos cos

Figure 5. The distribution of the cosines of the angles between the
dipole moment vector of water and the oxygen—hydrogen or
oxygen—fluorine site of the solute is shown. The lines are described in
the text. The curves are normalized so that the integral over cos
equals the average number of molecules in the shell, as described in
the text. :

the oxygen site of the water to the hydrogen or fluorine site of
the solute. These distributions are shown in Figure 5 for water
molecules for shells of 0.5 A thickness and inner radii of 2.5,
3.0, and 3.5 A centered at a hydrogen or fluorine site of the
solute. The distributions are averaged over all of the hydrogen
or fluorine sites. The solid lines are for the shell of 2.5 A radius,
the dashed lines are for the next shell, and the dash—dot lines
are for the third shell. The water—octane case is shown in the
right panel, and the water—perfluorooctane case is shown in
the left panel. The different amplitudes of the curves are related
to the total average number of water molecules in the shells, as
indicated in Figurc 4.

The results in Figure 5 indicate that the water—oxygen
site is preferentially oriented toward the hydrogen sites of
octane. The opposite trend is found for water and perfluo-’
rooctane so that the water—oxygen site tends to point away
from the fluorine sites. This is a consequence of the charges
on the water—oxygen site (negative), octane—hydrogen sites
(positive), and perfluorooctane—fluorine sites (negative). The
explicit values of the charges are listed in the Appendix. This
preferential orientation of water and the related features of
the other systems show the importance of including the
electrostatics explicitly in the octane and perfluorooctane
models. This is not an example of “hydrogen bonding”
between water and octane, as the sharp peak characteristic
of hydrogen bonding between water molecules is not present
in Figure 3.

The distributions for the angles made with the other two
internal structure vectors for water are fairly uniformly distrib-
uted and are not considered further.

Methanol. There are nine site—site pair functions for the
methanol—octane system. The one set described here is the most
useful one for characterizing the immediate environment of the
solute. The methanol—oxygen site and octane—hydrogen site
functions are shown in the left panel of Figure 6 and the
corresponding perfluorooctane-fluorine site functions are shown
in right panel. The black lines are for the methyl—carbon sites
of the solute, the red lines are for the methylene—carbon sites
of the solute, and the green lines are for the hydrogen (or
fluorine) sites of the solute.

The closest encounters are between the methanol—oxygen
site and the hydrogen or fluorine sites of the solute. The
quantities {N(r)) and {r;,) for methanol are shown in Figure 7.
The black lines are for octane, and the red lines are for
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Figure 6. The site—site pair functions for the methanol—oxygen site
and the methyl—carbon sites (black line), methylene—carbon sites (red
line) and the hydrogen (or fluorine) sites (green line) of the solute..
These functions are normalized to unity at large separations. The left
panel is for octane, and the right panel is for perfluorooctane.
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Figure 7. The cumulative number of neighbors per site, (N(r)), and
the average distance of closest approach, (rui), are shown for the
oxygen site of methanol to the hydrogen sites of octane (black lines)
and to the fluorine sites of perfluorooctane (red lines).

perfluorooctane. For octane, the solvation shell distance is R ~
3.5 A, and for perfluorooctane, R = 4.4 A,

The orientation of methanol relative to the hydrogen and
fluorine sites is indicated in Figure 8 for octane (left panels)
and perfluorooctane (right panels). In these figures, the cosine
of the angle, 1, between the vector from the oxygen site to the
hydrogen or fluorine site of the solvent and an internal structure
vector described in Figure | is shown for three shells of
thickness 0.5 A and inner radius of 3.0, 3.5, and 4.0 A reading
from the top to bottom panels of the figures. The black lines
are for the vector from the oxygen to the methyl site, and the
red lines are for the vector from the oxygen to the hydrogen
site of the methanol molecule.

Figure 7 indicates that the octane molecule is more closely
solvated than the perfluorooctane molecule by methanol. Figure
8 indicates that the oxygen-to-methyl vector tends to be oriented
in the direction of the octane hydrogen sites and more strongly
so for the perfluorooctane fluorine sites.

Acetonitrile. The pair functions for octane (left panel) and
for perfluorooctane (right panel) and the carbon site of aceto-
nitrile are shown in Figure 9. As is the case with the other
solvents, the hydrogen and fluorine sites are “closest” to the
solvating fluid. Octane is a bit more closely solvated by
acetonitrile than is perfluorooctane.

The closest encounters are between the acetonitrile-carbon
site and the hydrogen or fluorine sites of the solute. The
quantities (N(r)) and {riny for acetonitrile are shown in Figure
10. The black lines are for octane, and the red lines are for
perfluorooctane. For octane, the solvation shell distance is R &
3.6 A, and for prefluorooctane, R ~ 3.8 A
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Figure 8. The distribution of the cosines of the angles between the
structure vectors described in Figure 1 and the vector connecting the
methanol-oxygen site and the hydrogen site of octane (left panels) or
the fluorine site of perfluorooctane (right panels). The lines are described
in the text. The curves are normalized so that the integral over cos
equals the average number of molecules in the shell as described in
the text.
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Figure 9. The site—site pair functions for the acetonitrile—carbon site
and the methyl-carbon sites (black line), methylene-carbon sites (red
line), and the hydrogen sites (green line) of the octane (left panel) and
for perfluorooctane (right panel) are shown here. These functions are
normalized to unity at large separations.

Since acetonitrile is treated as a linear molecule in the united
atom representation employed here, there is just one unique
orientation measure. Even so, we show both of the distribution
of cosines of the angles to illustrate the mirror symmetry about
cos ¢ = 0. .

The orientation measures for the acetonitrile—octane system
(Jeft panels) and for the acetonitrile—perfluorooctane system
(right panels) are shown in Figure 11. There is a tendancy for
the nitrogen site to be oriented in the direction of the
octane—hydrogen sites and the methyl site to be oriented toware
the perfluorooctane—fluorine sites. This is consistent with the
negative charge on the nitrogen site and the positive charge on
the methyl site of aceotnitrile.

Results: Mixed Solvents

In this section we examine the results for equimolar mixtures
of water—methanol and of water—acetonitrile as solvents for
octane and perfluorooctane. Of particular interest are features
for the solvent components that are different from those of the
neat solvent.

Water—Methanol. The solvent-chain pair correlation func-
tions are shown in Figure 12. The most striking feature of these
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Figure 10. The cumulative number of neighbors per site, (N(r)), and
the average distance of closest approach, (ruin), of the carbon site of
acetonitrile to the hydrogen sites of octane (black lines) and the fluorine
sites of perfluorooctane (red lines) are shown.

0.4 LA IR R AL L 04 TTFT [T T [ TrrI[rirTs

>

4

go2r ~ 02 o -
[a) # g

) P2 474 RETTETTEL W R 7 T I

-1.0 05 00 05 1.0 -1.0 -05 00 05 1.0
0-4 Illllllllllllllllll 0-4

LALLALE L L L LI UL

- 02F

00 J"I/llllllllllllllll 00 IIIIIIIIIIIIIIII s

.10 -05 00 05 10 -1.0 -05 00 05 10
0.4 ’llllllllllllllllll 0‘4||1I||I’|'I—r'lllllll

RN NNTNE ENTE N

Y10 -0.5 00 0.5 1.0 -1.0 -05 00 0.5 1.0
cos cos

001|||||||l'|l||||1|l 0.0

Figure 11. The distribution of the cosines of the angles between the
structure vectors and the vector connecting the acetonitrile—carbon site
and the hydrogen site of octane (left panel) and the fluorine site of
perfluorooctane (right panels) are shown here. The black lines are for
the carbon-to-methy! vector, and the red lines are for the carbon-to-
nitrogen vector. The top panels are for the shell with inner radius 3.0
A, the middle panels are for the shell with inner radius 3.5 A, and the
bottom panels are for the shell with inner radius 4.0 A. The curves are
normalized so that the integral over cos 1 equals the average number
of molecules in the shell as indicated in Figure 10.

functions is that water is mostly excluded from the first layer
of fluid solvating perfluorooctane. This is confirmed by the
cumulative number of neighbors shown in Figure 13. The
average minimum separations for the sites also reflect this.
The distribution functions related to the orientation of
solvating molecules are shown in Figure 14. The upper panels
are for the distribution of the dipole moments of water relative
to the vector from the oxygen site of water to the hydrogen or
fluorine sites of the solute. The lower panels show the
distribution of the methanol structure vectors, described in
Figure 1, relative to the vector from the oxygen site of methanol
to the hydrogen and fluorine sites. The left panels are for octane,
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Figure 12. The pair functions for the water oxygen and methanol
oxygen sites with the hydrogen and fluorine sites of the solute are shown
here. The octane functions are in the left panel, and the perfluorooctane
functions are in the right panel. The solid lines are for water oxygen
site, and the dashed lines are for the methanol oxygen site. The black
lines are for the methyl carbon site, the red lines are for the methylene
carbon site, and the green lines are for the hydrogen or fluorine sites
of the solute.
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Figure 13. The number of water and methanol molecules that are in
the near vicinity of the hydrogen and fluorine sites of the solvent are
shown. The average number, (N(r)) of water molecules within a distance
r centered on hydrogen or fluorine sites are shown as solid lines, and
the corresponding numbers for methanol molecules are shown as dashed
lines. The black lines are for octane, and the red lines are for
perfluorooctane. The same convention applies to the average minimum
approach distance, (ri).

and the right panels are for perfluorooctane. The shapes of these
curves are similar to the corresponding curves for the neat
solvent. Note the different vertical scale for the water—perfluoro-
octane plots due to the small number of water molecules
solvating perfluorooctane. The methyl group of methanol is
predominately oriented toward the fluorine site of perfluorooctane.

Water—Acetonitrile. The pair correlation functions for this
system shown in Figure 15 reflect the microheterogeneous
character of water—acetonitrile mixtures. Water solvates the
octane with the exclusion of acetonitrile as indicated in the left
panel. For perfluorooctane the situation is reversed, with water
being exlcuded from the solvation shell. In both cases, the large
distance limit is not reached within 10 A and is characteristic
of a microheterogeneous fluid.”

If we use the criterion R = | for being fully solvated, Figure
16 indicates that octane is fully solvated by molecules within
about 3.2 A, while perfluorooctane has a solvation shell that
extends outward from the fluorine sites by more than 5 A that
is primarily composed of acetonitrile.
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Iligure 14. The distribution of the vectors describing the orientation
of water (upper panels) and of methanol (lower panels) are shown for
octane (left panels) and perfluorooctane (right panels). The plots with
increasing amplitude in each panel are for shells of inner radius 3.0,
3.5, and 4.0 A, respectively. In the lower panels, the black lines are
for the vector from the oxygen to the methyl site, and the red lines are
for the vector from the oxygen to the hydrogen site of methanol.
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Figure15. The pairfunctions for the water—oxygen and acetonitrile—carbon
sites with the hydrogen and fluorine sites of the solute are shown here.
The octane functions are in the left panel, and the perfluorooctane
functions are in the right panel. The solid lines are for water, and the
dashed lines are for acetonitrile. The black lines are for the methyl
carbon site, the red lines are for the methylene carbon site, and the
green lines are lor the hydrogen or fluorine sites of the solute.

The distributions of the orientation of the water and aceto-
nitrile molecules shown in Figure 17 have shapes similar to
the distributions for the neat solvents.

Discussion

Results of molecular dynamics simulations for determining
the solvation structure around octane and perfluorooctane of
several liquids used as the mobile phase in RPLC have been
presented. The liquids are water, methanol, acetonitrile, and
equimolar mixtures of water—methanol and water—acetonitrile.

The 10 ns duration simulations performed in this study
provide different conformation distributions for octane and
perfluorooctane in these solvents at ambient conditions. Octane
is in the all-frans 70—80% of the time and has a single gauche
bend the rest of the time. The transitions occur over time
intervals of 2 ps or so and are distributed widely over the 10 ns
interval as illustrated in Figure 2. Perfluorooctane remains in
the all-trans conformation for the entire 10 ns interval. The
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Tigure 16. The number of water and acelonitrile molecules that are
in the near vicinity of the hydrogen and fluorine sites of the solvent
are shown. The cumulative number, {N()), of water molecules within
a distance r cenlered on hydrogen or fluorine sites of octane are shown
as solid lines, and the cumulative number of acetonitrile molecules ate
shown as dashed lines. The black lines are for octane, and the red lines
are for perfluorooctane. The same scheme applies to the average distance
of closest approach, {ryin).
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Figure 17. The distribution of the vectors describing the orientation
of water (upper panels) and of acetonitrile (lower panels) are shown
for octane (left panels) and perfluorooctane (right panels). The plots
with increasing amplitude in each panel are for shells of 0.5 A thickness
and inner radius 3.0, 3.5, and 4.0 ,Z\, respectively. In the lower panels,
the lines are for the vector from the carbon to the methy! site. Note the
various vertical scales for these plots.

barrier to transitions is large, as demonstrated by the runs at
500 K summarized in Table 3. The barrier is larger for the
aqueous mixtures than for the neat solvents. The basis for the
large barrier to conformational change of perfluorooctane in
these fluids is outside the scope of the current study.

The pair distribution functions provide a partial view of how
these solutes are distributed about the chain molecules, but more
refined measures provide a more detailed description. The
orientation of the solvents can be described in terms of the
orientation distribution of vectors that refiect the structure of
the solvents as functions of distance of the solvent from the
hydrogen or fluorine sites of the solutes. The local number of
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TABLE 4: Potential Parameters for the Atom Types”

sites &, kJmol] ! o, A q, lel
H.0O
O—-0* 0.65 3.1657 —0.8476
H—H®* 0.0 0.4238
MeOH
Me—Me 0.874 3.740 0.2650
0-0 0.7186 3.030 —0.7000
H—H 0.0 0.4350
MeCN v
Me—Me 1.5915 3.5999 0.2690
c=c 0.4166 3.40 0.1290
N—N 0.4166 3.29 —0.3980
CyHg
C,—C, 0.2761 3.50 —-0.18
C,—C, 0.2761 3.50 —-0.12
H—H 0.1255 2.50 0.06
CgFg
Ci—Ci 0.2761 3.50 0.36
C,—C, 0.2761 3.50 0.24
F—F 0.2218 2.95 —=0.12

“The unlike pair parameters are obtained using the Lorentz—
Berthelot mixing rule for the & and o parameters.® For octane and
perfluorooctane, C; is the methyl carbon and C, is the methylene
carbon.

first shell solvent molecules for the neat liquids is highest for
water, intermediate for methanol, and lowest for acetonitrile.
This is consistent with the ordering of the density of the liquids.
This is not the case for the mixtures as will be discussed below.

The importance of including electrostatics in the interaction
model is demonstrated by the orientation of water at small
distances from the solutes.’’ For octane, water is primarily
orientated with the oxygen sites pointing toward the hydrogen
sites of octane and pointing away from the fluorine sites of
perfluorooctane. This is consistent with the negative charge on
the water oxygen site and the positive charge on the octane—
hydrogen sites and the negative charge on the perfluorooctane
fluorine sites. To a lesser extent, this behavior is found for
acetonitrile where the methyl site has a positive charge and the
nitrogen site has a negative charge.

For the mixture of water and methanol, the water molecules
are partially excluded from the immediate vicinity of the
perfluorooctane, while methanol is not excluded from octane.
This sort of segregation is even more pronounced for the
water—acetonitrile mixture. Actonitrile is slightly excluded from
the octane, while water is almost totally excluded from closely
approaching the perfluorooctane molecule. The adsorption on
the perfluorooctane molecule by methanol and acetonitrile rather
than water should have implications for how these mobile phase
mixtures may adsorb on fluorinated stationary phase materials
and hence influence separations in a chromatographic column.
The thermodynamic properties of these systems is a topic for
further study.

Appendix

The intermolecular potential parameters for the molecules
used in this study are listed in this Appendix in Table 4.
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