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The pure organic liquids nitrobenzene (NB) and 2-nitrophenyl octyl ether (NPOE) have been studied by
means of molecular dynamics simulations. Both solvents are extremely important in various interfacial
processes, mainly connected with ion transfer taking place across the interface with water. Thermodynamic
(mass density, enthalpy of vaporization, isothermal compressibility, dipole moment) and dynamic (viscosities
and self-diffusion coefficients) properties of both liquids have been calculated and are in very good agreement
with the experimental data. In the case of NB, several potentials have been tested and the obtained results
compared and discussed. In most cases, the OPLS all-atom potential gives results that are in better agreement
with available experimental values. Atomic radial distribution functions, dihedral and angle distributions, as
well as dipole-orientation correlation functions are used to probe the structure and interactions of the bulk
molecules of both organic solvents. These were seen to be very similar in terms of structure and
thermodynamics, but quite distinct in terms of dynamic behavior, with NPOE showing a much slower dynamic
response than NB. A simulation study of the simple Cl- and K+ ions dissolved in both solvents has been also
undertaken, revealing details about the diffusion and solvation mechanisms of these ions. It was found that
in both liquids the positive potassium ion is solvated by the negative end of the molecular dipole, whereas
the negative chloride ion is solvated by the positive end of the dipole.

1. Introduction

Considering that many processes take place across the
interface of two conjoined immiscible liquids, an appropriate
and suitable selection of the organic solvents is, indeed, of
crucial importance for their efficiency. The accomplishment of
various interfacial phenomena, such as extraction, interfacial
catalysis, thermodynamics and kinetics of ion and electron
transfer processes across the liquid|liquid interfaces, depends
significantly on the features of the organic solvent used. As a
rule, an ideal organic solvent for the above-mentioned interfacial
processes should be stable, have low water-miscibility, relatively
low vapor pressure and no (or, at least, no significant) harmful
effect on humans. Among the various organic solvents employed
for studying the interfacial processes so far, nitrobenzene (NB),
1,2-dichloroethane, andn-octanol are the most widely used.1

The former two have been very prominent in studies of ion
transfer across the interface between two immiscible liquids.1

Although nitrobenzene has a low miscibility with water, it is a
good medium for solvation of ions, due to its high dielectric
constant of 35.6.2,3 However, its widespread usage for both
research and industrial purposes is limited by its high toxicity
and carcinogenic effects.3 In the past decade, 2-nitrophenyl
n-octyl ether (NPOE) has emerged as a viable alternative, and
it is seen as one of the most promising solvents in ion transfer
studies across liquid|liquid interfaces.2,4-12 Compared to the
other organic solvents, NPOE has a relatively low solubility in
water, a low vapor pressure, and is not known to be highly

toxic.3 In addition, NPOE has a high molar volume and a
medium permittivity (εrel ) 24.2), which makes it also a good
solvent for ionic solutes. Furthermore, its molecular structure
is interesting for the investigation of the effect of properties
and structure of the solvent molecules on the thermodynamics
and kinetics of ion transfer.2 NPOE is very suitable for designing
potentiometric or voltammetric electrochemical sensors for ionic
or ionisable species. It has been applied in pharmacology,2,7,12

and in the design of voltammetric and amperometric sensors
and detector devices based on ion transfer.6,8-10 It is also worth
mentioning that a recent study has shown that the solvation
properties of nitrobenzene and NPOE toward ionic species are
very similar.11,12

In contrast, few theoretical studies have been devoted to probe
such organic solvents. NB has been studied by molecular
simulation in the context of light scattering,13 and of liquid|liquid
interfaces,14-16 as well as for the optimization of force-field
parameters.17,18 Although some useful information can be
extracted from those studies, none has presented a systematic
and detailed analysis of the thermodynamic and dynamic
properties of the bulk liquid. As for NPOE, there have been, to
the best of our knowledge, no previous simulation studies of
this liquid. The present work intends to fill that gap by reporting
the results obtained from molecular dynamics (MD) simulations
of pure NB and NPOE. It focuses on both thermodynamic (e.g.,
density or enthalpy of vaporization) and dynamic properties,
such as viscosity, self-diffusion coefficients, as well as diffusion
coefficients of simple ions in both solvents. Emphasis is given
to the effect of such properties on the suitability of the solvents
for ion solvation and transfer processes, and the results are
compared to experimental data whenever available. As well as
providing reference data on the pure liquids, this study represents
the first step in an ongoing comprehensive MD study of the
interfaces between water and both solvents.
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2. Potentials and Methods

There have been two previous potential models proposed
specifically for molecular simulations of NB. Both are all-atom
potentials, where each atom is represented by a Lennard-Jones
(L-J) center and a fixed-point charge. The first model is due to
Michael and Benjamin (MB),14 who have taken charges obtained
from ab initio calculations by Shlyapochnikov et al.19 and
rescaled them to match the experimental dipole moment of the
nitrobenzene molecule. The authors further tuned the charges
and the L-J parameters to reproduce the experimental enthalpy
of vaporization. The L-J cross-interaction parameters were
calculated from the Lorentz-Berthelot combining rules. The
model is fully flexible, with harmonic bond stretching and angle
bending terms, as well as proper and improper torsional terms,
all taken from the AMBER force field.20 It yields satisfactory
agreement with experimental values for the dielectric constant
and self-diffusion coefficient of the bulk liquid.

The second model is due to Janssen et al. (JAN)13 and is
also based on the work by Shlyapochnikov et al.19 Its charges
were calculated from a Mulliken population analysis, and also
rescaled to match the experimental dipole moment. The L-J
parameters were taken from literature values for benzene and
the nitro group, and were not further optimized. Both bonds
and angles were fixed, but a bistable torsional potential was
implemented for the NO2 group.

Apart from these two potentials, one can also use the general-
purpose transferable force fields, such as AMBER,20 OPLS,21

CHARMM,22 etc., but only OPLS has included NB simulations
in its parameter optimization procedure. For instance, Price et
al.17 simulated NB using the OPLS-AA potential and obtained
values for the density, enthalpy of vaporization and heat capacity
in good agreement with experimental data. Price and Brooks18

have improved the agreement between simulated and experi-
mental enthalpies of vaporization and free energies of hydration,
by slightly increasing the L-J well depth of the nitrogen atom.

To further check the ability of these potential models, the
simulations of the pure NB liquid were performed using all three
potentials. As for the NPOE molecule, because there are no
previously reported simulations, the OPLS-AA force field17,21

was applied for the bulk liquid simulations. The L-J parameters
and point charges for NPOE are given in Table 1. In all cases,
the bonds of the liquid molecules were considered fixed and
the angles and dihedrals fully flexible. Further, improper
dihedrals were added to keep the aromatic rings planar. Thus,
the total potential is a sum of Lennard-Jones, electrostatic, angle
bending and proper and improper torsional terms. A schematic
diagram of the NB and NPOE molecules, showing all the labels
used (for atoms and dihedrals), is given in Figure 1.

The MD simulations were carried out using version 3.3 of
the GROMACS software package,23,24 during which all bond

lengths were constrained using the LINCS algorithm.25 The
equations of motion were integrated with the Verletleapfrog
algorithm,26 using a time step of 2 fs. The temperature (T) was
kept fixed at 298 K using the Nose´-Hoover (NH) thermo-
stat,27,28 and whenever necessary, the pressure (P) was held
constant at 1 bar by the Parrinhelo-Raman (PR) coupling
scheme.29 The NH scheme resorted to a coupling constant of
0.5 ps, whereas the PR used a coupling constant of 1.0 ps (except
for NPOE, where a constant of 3.0 ps was necessary) and an
isothermal compressibility of 4.5× 10-5 bar-1. Periodic
boundary conditions were applied in all three Cartesian
directions. The particle-mesh method of the Ewald sum30 was
applied to deal with the long-range electrostatic forces, whereas
the L-J interactions were handled using a twin range cutoff.
Both the real-space part of the Ewald sum and the short-range
L-J interactions, up to a distance of 1.1 nm, were calculated
with the help of a neighbor list, updated every 10 time steps.
L-J interactions between 1.1 and 1.5 nm were also calculated
every 10 steps and added to the total energy. In addition, a long-
range dispersion correction was applied to both energy and
pressure.

Thermodynamic and structural properties of both liquids were
calculated from simulations of bulk systems in the NPT
ensemble. The bulk systems contained either 246 NB molecules
or 200 NPOE molecules placed in periodic cubic boxes.
Following an energy minimization of at least 1000 steepest
descent steps, the systems were equilibrated in the NPT
ensemble until the observables fluctuated around their equilib-
rium values. This equilibration stage was much longer for NPOE
(about 5 ns) than for nitrobenzene (1 ns), due to the bulky nature
of the former (see discussion below). Finally, production runs
of 2 ns were performed for data collection. Properties were
accumulated in blocks of 200 ps, from which total averages
and standard deviations for each run were computed.

The diffusion coefficients of Cl- and K+ ions in the pure
liquids were evaluated from simulations in the NVT ensemble.
Because we have observed that the mean square displacement
of a single ion in a liquid showed a large amount of scatter,
two long production runs of 10 ns were performed for each
ion-solvent pair to improve the statistics. Furthermore, sampling
was improved by including four ions in the simulation box, and
by calculating the averages for all ions over both runs, using
blocks of 200 ps. This is acceptable, provided the ions do not
interact with each other. We have confirmed that this was the
case by analyzing the ion-ion radial distribution functions
(RDF) obtained from the MD simulations. In all cases, these
RDFs show no interactions between ions at distances below 1
nm. To set up the systems, four Cl- or four K+ ions were
randomly distributed inside liquid boxes that reproduce the
equilibrium average density of the pure liquid, taken from the
previous NPT runs. Following an energy minimization of at
least 1000 steps, the systems were allowed to equilibrate for
500 ps, after which the production runs started. Using this
procedure, we have obtained smooth plots of the mean square
displacement, with significant linear portions. Diffusion coef-
ficients were calculated from a linear fit to these portions,
following the Einstein relation. The K+ and Cl- ions were
modeled by a L-J center and a unit point charge, according to
the OPLS potential.31,32

For the shear viscosity calculations, we have employed the
nonequilibrium periodic perturbation method.33 The method was
described in detail by Hess,34 so we will limit ourselves to a
brief outline. We perform a simulation in the NVT ensemble
but add a periodic acceleration in thex direction, which is a

TABLE 1: Intermolecular Potential Parameters for NPOE
and OPLS NB

atom σ (nm) ε (kJ/mol) q

ON 0.296 0.71128 -0.370
N 0.325 0.50208 +0.650
CN 0.355 0.29288 +0.090
CA 0.355 0.29288 -0.115
HA 0.242 0.12552 +0.115
CO 0.355 0.29288 +0.085
OE 0.290 0.58576 -0.285
CE 0.350 0.27614 +0.140
HE 0.250 0.12552 +0.030
C 0.350 0.27614 -0.120
H, HT 0.250 0.12552 +0.060
CT 0.350 0.27614 -0.180
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function of thez coordinate only. This acceleration term has
the following form:

whereLz is the length of the box in thez direction, and the
amplitudeA is a tunable parameter. The generated velocity
profile (V) is computed during the simulation, and the shear
viscosity (η) is calculated from

where F is the system density. The value ofA should be a
compromise: if it is too low, the statistics onV are poor; if it
is too high, the shear rate is too high and the system moves too
far from equilibrium.34 In practice, becauseV will depend on
the square ofLz, the ideal box is elongated in thez direction.
This was accomplished here by taking a given configuration
for each pure liquid from the previous NPT runs, and multiply-
ing it three times in thez direction. A small gap of 1 nm was
allowed between replicas to avoid molecule overlap. After a
quick energy minimization, the elongated boxes were equili-
brated in the NPT ensemble for 200 ps. Finally, a configuration
with the same density as the average value of each pure liquid
was chosen and used as the starting point for a 2 ns run in the
NVT ensemble with the added acceleration term. The first 200
ps of this run were discarded and the remainder divided into
blocks of 200 ps, from which the average shear viscosity and
standard deviation were computed.

3. Results and Discussion

In the following, we first focus on the thermodynamic and
structural properties of both the NB and NPOE pure liquids, at
298 K and 1 bar, and then move on to dynamic properties,
ending with a discussion of the diffusion of simple ions in the
bulk liquids.

3.1. Thermodynamics and Structure.The calculated values
for the density, enthalpy of vaporization (∆Hvap), isothermal
compressibility (R) and dipole moment (µ) of NB and NPOE
are presented in Table 2, along with the experimental results.
The enthalpy of vaporization was calculated according to the
Jorgensen approach,35 which assumes that the sum of the

vibrational terms with the kinetic energy is the same in the liquid
and gas phases. With this assumption,∆Hvap can be estimated
from

whereEdih is the dihedral energy (including 1-4 terms),Eintra

is the interaction energy between atoms on the same molecule
separated by more that three bonds, andEinter is the inter-
molecular energy.

All the applied OPLS, MB and JAN potential models
underestimate the density of the NB liquid, but the OPLS
potential affords the best agreement (error of 2.5%). The same
is true for the enthalpy of vaporization, giving OPLS in this
case an error of only 1.4%. On the other hand, the isothermal
compressibility is well reproduced by all models (though slightly
higher for MB) and, once again, the best result is obtained with
OPLS. The only exception to this rule is the molecular dipole
moment, for which the OPLS model predicts a much lower value
(by more than 20%) than experiment. One must bear in mind
that the experimental dipole moment values reported in Table
2 were obtained in the gas phasesin the liquid phase, these are
likely to be slightly higher. In practice this means that it is very
likely that all models are underestimating this property and that
this underestimation in the case of OPLS might be even higher
than apparent. In fact, the latter model is based on transferable
parameters, which are optimized for a wide range of molecular
species, but not specifically for nitrobenzene. Contrastingly, the
charges of both the MB and the JAN models were rescaled to
match the experimental dipole moment of nitrobenzene and
therefore afford a much better agreement regarding this property.
It is also worth mentioning that we have examined the effect
of the system size on the calculated properties, by running
simulations with different numbers (N ) 27, 46, 90, and 155)
of NB molecules. The values of thermodynamic properties
obtained from the simulations with 90 molecules or more show
errors below 0.3%, relative to those of the largest system (N )
246). This means that we can be confident that the results
presented in Table 2 are free from finite-size effects.

With respect to NPOE, our simulations show excellent
agreement with the experimental values for the density and
∆Hvap. This is remarkable considering that there have been no

Figure 1. Schematic diagram of the (a) NB and (b) NPOE molecular models, showing the labels used for the atom types and dihedrals.

TABLE 2: Thermodynamic Properties for the NB and NPOE Liquids

NB NPOE

property experiments OPLS21 MB14 JAN13 experiments OPLS

F (kg m-3) 1198.4a 1174.0( 0.8 1163.9( 1.3 1140.8( 1.1 1041a 1037.2( 0.9
∆Hvap (kJ mol-1) 55.02b 54.25( 0.40 48.84( 1.40 35.72( 0.42 106.4c 105.32( 0.85
R (10-10 Pa-1) 5.23c 5.09( 0.56 6.19( 0.88 5.78( 0.65 4.37( 0.38
µ (Debye) 4.22c 3.30 4.35 4.44 4.33

a Reference 5.b Reference 36.c Reference 3.

ax(z) ) A cos(2π
Lz

z) (1)

η ) AF
V ( Lz

2π)2

(2)

∆Hvap ) Edih(g) + Eintra(g) -
[Edih(l) + Eintra(l) + Einter(l)] + RT (3)
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previous simulations of this liquid. Unfortunately, no experi-
mental data were found for the compressibility or the dipole
moment of NPOE. However, it is worth noting that the latter is
very close to the value for nitrobenzene, a fact that may well
explain the reported similarities in the solvation properties of
both liquids.11,12 Finite-size effects were also investigated by
running simulations with 20, 38, 66, and 106 NPOE molecules.
Once again, the results show that the largerN ) 200 system is
free of finite-size effects.

The structural properties of the NB and NPOE liquids were
characterized in terms of angle and dihedral probability distribu-
tion functions, RDFs and dipole orientation correlation functions.
Notice that we have examined many such distributions, but only
the most interesting ones, i.e., those that better describe the most
important aspects of the structure of NB and NPOE, will be
presented here.

Let us first compare the three models of NB with each other
and with the aromatic part of NPOE. From the angle and
dihedral distributions, we could see that the aromatic ring of
both nitrobenzene and NPOE is essentially flat, with most angles
and dihedrals showing very similar distributions in all models.
A notable exception is the CA-CN-N-ON dihedral (see Figure
1), the distribution of which is plotted in Figure 2. All models
of NB lead to distributions with peaks at 0 and 180°, corre-
sponding to an alignment of the nitro group parallel to the
aromatic ring plane. However, the peaks are much sharper for
the JAN model than for the other two models, which is evidence
of a reduced rotational mobility of the nitro group in the former
case. This is a direct consequence of the increased torsional
barrier implemented in the JAN potential, to favor planar
conformations.13 The most interesting aspect in Figure 2,
however, is the difference between the distributions for NPOE
and NB. In most NPOE configurations, the nitro group is tilted
relative to the benzene plane, with maxima at about(50 and
(130°, instead of lying at the minima of the dihedral potential.
Furthermore, the same dihedral distribution computed in the
gas phase (data not shown) is very similar to the liquid-phase
distribution of Figure 2, which rules out any important effect
of intermolecular interactions. Considering this, the most
probable cause for the observed tilting of the dihedral is the
strong repulsion between the oxygens of the nitro group and
the oxygen atom of the ether chain (see Figure 1b)sthe nitro
group assumes the position that minimizes the sum of torsional
and L-J potentials. In fact, a rough calculation of the Boltzmann
factor as a function of dihedral angle, taking into account only
the dihedral potential and the L-J interactions of the nitro-
oxygens with their third and fourth nearest neighbors, closely

reproduces the shape of the NPOE dihedral distribution (see
inset in Figure 2).

Because the center of mass of the nitrobenzene molecule
practically coincides with the carbon atom bonded to the nitro
group (CN), this atom was used as a basis to analyze the structure
of the NB liquid. The CN-CN RDFs for NB (Figure 3a) show
a complex structure, where one can distinguish three overlapping
peaks, at approximately 0.55, 0.66, and 0.76 nm. These vary in
strength according to the model used: the first peak is higher
with the OPLS potential, followed by the MB and the JAN
potentials, whereas the opposite trend is observed in the other
two peaks. Most likely, there is a link between the relative
importance of these peaks and the equilibrium liquid density
for the three potential models. The model that predicts a higher
density (closer to the experimental value), OPLS, also shows
closer packing of the nitrobenzene molecules as revealed by its
higher RDF first peak. The JAN model shows the loosest
packing arrangement (higher third peak and lowest first peak),
corresponding to the lowest equilibrium density. Notice also
that the liquid retains some spatial correlations up to separations
of about 1.4 nm, which justifies the cutoff of 1.5 nm employed
in our simulations.

Further insight into the NB liquid structure can be obtained
by comparing the CN-CN RDF with the dipole orientation
correlation function based on the relative distances between the
CN atoms (Figure 3b). Despite the difficulties associated with
drawing conclusions about the preferred orientation of the
molecules from average values of the dipole vector orientations,
one can nevertheless distinguish some clear trends. Thus, NB
molecules in the first peak show a tendency for antiparallel
dipolar alignment, whereas those in the third peak have a
tendency for parallel dipolar alignment. As for the second peak,
the value close to zero probably reflects a preference for
perpendicular alignment. Another feature that might be observed
in the JAN model RDF is a peak at very short molecular

Figure 2. Probability distributions for the nitro group dihedral of the
NB and NPOE molecules. Inset: Boltzmann factor calculated for NPOE
from the sum of the dihedral potential with the L-J potential for the
third and fourth neighbors of the ON atoms.

Figure 3. CN-CN radial distribution functions (a) and dipole orientation
correlation functions (b) for the NB and NPOE liquids.
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separations (about 0.38 nm), which becomes a shoulder in the
MB model and is almost indistinguishable in the OPLS model.
This feature has been assigned by Janssen et al.13 to pairs of
nitrobenzene molecules with antiparallel dipolar alignment, and
such preferred alignment can also be noticed in Figure 3b.

As for NPOE, the CN-CN RDF is very similar to that of
nitrobenzene, but with a predominance of the third peak over
the first (i.e., looser packing of the aromatic rings). Furthermore,
there is no evidence of dimer formation, because there is no
shoulder in the RDF at short separation distances. Contrarily
to nitrobenzene, two aromatic rings of NPOE at very short
distances show a tendency forparallel dipolar alignment (see
Figure 3b). This behavior can be attributed to steric effects
arising from the aliphatic NPOE chains, which render direct
interactions between aromatic rings more difficult. The average
number of neighbors for the first coordination shell may be
estimated by integrating the CN-CN RDF up to its first
minimum (∼0.9 nm). For NPOE, the calculated value is 7.5, to

be compared with the value of 16.5 obtained for NB by all
model potentials.

Let us now look to the most important RDFs pertaining to
the nitro group. The ON-HA RDF (Figure 4a) exhibits a strong
peak at 0.275 nm and a secondary peak at 0.47 nm, indicating
strong interactions between these atoms. Actually, the interac-
tions between the nitro group and the aromatic hydrogens
dominate all the RDFs involving atoms in these groups (data
not shown). Integration of the first peak of this RDF (up to 0.4
nm) yields an estimate of the average number of HA atoms
around each ON. This number is approximately 5 for all models
of NB, but only 2 for NPOE, possibly due to steric hindrances
caused by the presence of the aliphatic chains. Further, the
computed ON-ON RDFs (Figure 4b) enabled us to evaluate the
associations between the most polar groups of two adjacent
molecules. The RDFs for NB are all very similar, except for a
small peak at 0.34 nm present in the OPLS model but absent in
the other two. This means that the OPLS model allows for some
mutual interaction between the nitro groups of two adjacent
molecules, which might be due to its lower dipole moment (see
Table 2). NPOE also shows such a peak, although it is much
weaker.

Moving on to the aliphatic part of NPOE, it is interesting to
assess the extent of molecular folding of the chain. This can be
accomplished by examining the dihedral distributions for all
rotating bonds in the chain (Figure 5). The percentages of gauche
and trans conformations for each dihedral, obtained from
integration of the peaks in Figure 5, are shown in Table 3. One
can see that the CO-OE-CE-C dihedral (dihedral 1 in Figure
1b) is almost entirely in the trans configuration (over 95%),
whereas the OE-CE-C-C dihedral (dihedral 2) shows the
highest percentage of gauche conformations (37%). The other
dihedrals show very similar intermediate behavior. Overall, the
chain shows a small extent of folding, with approximately 26%
of all chains fully stretched. We have also calculated the
probability distribution for the distance between the CO and CT

atoms of NPOE (see Figure 1b). The distributions for the liquid
and gas phases are plotted in Figure 6; they show two distinct

Figure 4. ON-HA (a) and ON-ON (b) radial distribution functions for
the NB and NPOE liquids.

Figure 5. Dihedral probability distributions for the NPOE chain. The
lines correspond to the dihedrals as numbered in Figure 1.

TABLE 3: Dihedral Probabilities for the NPOE Chain

dihedrala trans probability

1 0.950
2 0.628
3 0.905
4 0.841
5 0.853
6 0.845
7 0.792

a Dihedrals numbered as in Figure 1.

Figure 6. Probability distributions for the NPOE chain end-to-end
distance in the gas and liquid phases.
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peaks, one at 1.04 nm and another at 1.12. The latter value
matches that of a fully stretched chain (1.122 nm). In fact,
integration of the last peak for the liquid phase yields a
probability of 0.24, which agrees with the percentage of fully
stretched chains computed from the dihedral distributions. The
location of the first peak matches closely the end-to-end distance
of a chain with dihedral 2 in a gauche position (1.042 nm).
This also makes sense because this is the dihedral with the
highest gauche probability (Table 3). Chains in a terminal-
gauche conformation (end-to-end distance of 1.052 nm) are also
frequent and form the shoulder in the distribution at ap-
proximately 1.05 nm. The first peak decays rapidly at short
distances, confirming the low extent of chain folding for NPOE.
The distribution for the gas phase is qualitatively similar but
shows a lower percentage of fully stretched chains. This is
presumably due to the absence of packing constraints in the
gas phase. These results are in qualitative agreement with other
simulation studies of the liquids decane37,38and 1-octanol,39 thus
suggesting that the NPOE chain behaves much like a linear
alkane chain.

Finally, Figure 7 shows the RDFs involving the first (CE)
and last (CT) aliphatic carbon atoms in the NPOE chain. All
RDFs have similar shapes, with primary and secondary peaks.
However, the first peak of the CT-CT RDF is much stronger
and appears at closer distances (at 0.41 nm compared to 0.475
nm for the other RDFs). This shows the importance of steric
effects on the solvation properties of NPOE. The terminal
carbons are much more accessible and thus show stronger
mutual interactions. On the other hand, access to the carbons
closer to the ether oxygen is made difficult by the presence of
the bulky polar aromatic ring. Another aspect worth noticing is
the persistence of spatial correlations up to separations of about
1.5 nm.

To summarize this section, the three different potential models
for NB show some structural differences, namely with respect
to the packing of the aromatic rings and to the interactions
between the nitro groups. However, these differences are only
present at short separation distances and have only a small
impact on the calculated thermodynamic properties. Comparing

these properties to experimental values, the OPLS model
produces the most accurate results, provided one can live with
the discrepancy in the dipole moment. The MB model is free
of this problem and also yields a satisfactory comparison with
experimental properties. As for NPOE, the structure of the
aromatic ring is similar to that of NB, except for the tilting of
the nitro group relative to the aromatic plane. The structure of
the liquid is dominated, on one hand, by the interactions between
the positive and negative ends of the molecular dipole (located
on the aromatic side) and, on the other hand, by the interactions
between the aliphatic chains. These are rendered more difficult
by the presence of the aromatic ring, but that seems to have
little effect on the degree of folding (relative to linear alkanes).

3.2. Dynamic Properties. The results obtained for the
viscosity of NB and NPOE, using the nonequilibrium MD
method described in section 2, are shown in Table 4. As
mentioned previously, the value of the acceleration amplitude,
A, must be chosen with care. In the case of NB, the calculated
viscosity was found to be the same, within statistical error, for
amplitudes of 0.01, 0.007, and 0.005 nm/ps2. The values reported
in Table 4 are forA ) 0.01 nm/ps2, because the statistical errors
are the smallest for this amplitude. In the case of NPOE, the
calculated viscosities exhibit a strong dependence onA for the
values examined, as shown in Figure 8. For amplitudes of 0.005
nm/ps2 and below, the results agree within statistical error.
However, this error is proportional to the inverse of the
amplitude, and it is already very large for the two smallest
amplitudes. For that reason, the value calculated forA ) 0.005
nm/ps2 should be considered as the most reliable. One might
reduce the error, thus allowing for lower amplitudes, by
expanding the box in thez direction even further. However,
that would considerably increase the computation time of these
already expensive simulations.

As can be seen, the OPLS model provides remarkable
agreement with the experimental viscosity, followed by the MB
and the JAN models, in that order. The value computed for the
viscosity of NPOE is almost 10 times higher than that of
nitrobenzene, and fairly close to the experimental result. This
much higher viscosity is very likely related to the structure of

TABLE 4: Dynamic Properties for the NB and NPOE Liquids

NB NPOE

property experiments OPLS21 MB14 JAN13 experiments OPLS

η (10-3 kg m-1 s-1) 1.795a 1.744( 0.11 1.449( 0.08 1.199( 0.06 13.80a 16.94( 2.74
D∞ (10-9 m2 s-1) 1.080b 0.945( 0.045 1.030( 0.087 0.068( 0.020
DCl

∞ (10-9 m2 s-1) 0.460c 0.487( 0.048 0.575( 0.065 0.060c 0.028( 0.009
DK

∞ (10-9 m2 s-1) 0.475c 0.364( 0.035 0.486( 0.077 0.062c 0.028( 0.010

a Reference 5.b Reference 40.c Reference 6.

Figure 7. Radial distribution functions between carbons on the two
ends of the NPOE chain.

Figure 8. Calculated shear viscosity of NPOE as a function of
acceleration amplitude.
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the NPOE molecule. On one hand, it is not as compact as the
nitrobenzene molecule, which is shaped like an ellipsoid. On
the other hand, the presence of the bulky aromatic group
prevents the aliphatic chains from sliding past each other like
in the case of linear alkanes. The combination of an almost
spherical aromatic ring with a long aliphatic chain causes
molecular entanglement and produces a sluggish response to
shear. As will be shown below, this high viscosity has a marked
effect on the diffusive motion inside the liquid.

Unlike the viscosity, the self-diffusion coefficient (D) of
liquids suffers from significant finite-size effects, normally
decreasing with the inverse of the linear box dimension.40,41

This was checked here by computing the self-diffusion coef-
ficients of the two liquids, using systems with different numbers
of molecules (i.e., those referred to in section 3.1). For each
case, the diffusion coefficient was obtained from a linear fit to
the mean square displacement, averaged over all molecules. The
results for nitrobenzene (OPLS and MB models) and NPOE
are plotted in Figure 9 as a function ofL-1. Notice that the
JAN model was excluded from this study (as well as from the
following ones), because it showed the worst performance of
all NB potentials in terms of thermodynamic properties and
viscosity. One can confirm that there is indeed a linear
relationship betweenD and the inverse box dimension. Both
the nitrobenzene models obey this relation very closely, whereas
for NPOE there is a lot more scatter in the results. This is partly
due to the much slower diffusion of this molecular liquid, which
in turn makes the calculations less accurate. By fitting a straight
line through the points, one can extrapolate to infinite system
size, at 1/L ) 0. The values of the self-diffusion coefficient at
infinite size (D∞) obtained for each case are shown in Table 4.
The results from both nitrobenzene models agree nicely with
the experimental value, with a slightly better performance for
the MB model. Even though there are no experimental data to
compare with, the computed value for the diffusion coefficient
of NPOE is reasonable, because it is about an order of magnitude
below that of nitrobenzene. This correlates well with the
differences in viscosity of the two liquids, described previously.

3.3. Solvation and Diffusion of Ions.We conclude this
section by examining the diffusion of Cl- (DCl) and K+ (DK)
ions in nitrobenzene, as well as in NPOE. Because finite-size
effects should again be taken into account, but to avoid
performing the same analysis as for the self-diffusion coef-
ficients, which would be far too computationally demanding,
we proceed as follows: each ion diffusion coefficient, calculated
in a finite box filled with a given liquid, was divided byD for
that liquid with the same box size and multiplied byD∞ for the

same liquid. This procedure assumes that the finite-size cor-
rection to the diffusion coefficient depends only on the nature
of the solvent. The corrected values for the ion diffusion
coefficients are given in Table 4. The first conclusion to be
drawn is that the ions diffuse much faster (by more than an
order of magnitude) in nitrobenzene than in NPOE. Once more,
this is likely related to the increase of 1 order of magnitude in
the viscosity of NPOE, relative to that of NB. For similar
reasons, the ions diffuse slightly faster with the MB model than
with OPLS, which is somewhat more dense and viscous.
Nevertheless, both models yield results in good agreement with
the experimental values. One can observe that the NPOE
simulation values are slightly below the experimental ones. This
is most probably due to approximations used in the experiments,
namely applying the Stokes-Einstein relation for calculating
the diffusion coefficients, on one hand,6 and underestimating
the fact that the hydrophilic ions drag at least one solvation
shell when going into the organic solvent, on the other hand.
In terms of differences between the two ions, there is a slight
tendency for Cl- to diffuse faster than K+. This trend goes
against experimental observations, even though the differences
between the ions are very small (and likely within experimental
error). The difference between the diffusion coefficients of both
ions is small in nitrobenzene but virtually disappears when the
ions are dissolved in NPOE. In the latter case, the dynamics of
the ions are much more conditioned by the high solvent
viscosity, and any intrinsic difference between them becomes
secondary.

More insight about the ion solvation process can be gained
by considering the RDFs between the ions and the solvents.
Figure 10 depicts the most pertinent K+-ON and Cl--ON RDFs
for both NB and NPOE liquids. There is a strong interaction
between the positively charged potassium ion and the electro-
negative oxygen atoms, manifested in a large peak at 0.28 nm,
whereas this interaction is absent in the case of chloride. From
analysis of this and other RDFs, one can trace the general
structure of the first solvation shell of K+. Each liquid molecule
contributes with one ON atom located very close to the ion (first
peak in Figure 10). The ON-N bond is oriented perpendicularly
to the ion surface, producing a single peak at 0.4 nm in the
K+-N RDF (not shown) and the secondary peak in Figure 10
(at 0.45 nm), for the other ON atom in the same molecule, as
well as a single peak at 0.5 nm in the K+-CN RDF (also not
shown). This structure prevails in the two liquids and is more
easily perceived by examining a snapshot of the molecules
during the simulation (Figure 11a). Both snapshots shown in
Figure 11 were obtained during MD runs of ion solvation by
NB, selecting only the solvent molecules that are within the

Figure 9. Self-diffusion coefficients as a function of inverse box length.
The NPOE results are multiplied by 10 for an easy visualization. The
lines are linear fits to the data, extrapolated to infinite box size.

Figure 10. Ion-ON radial distribution functions for the NB and NPOE
liquids.
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ion solvation shell (some molecules in out-of-plane locations
were removed so as not to obstruct the view of the ion). Figure
11a clearly shows the oxygen atoms of the nitro group pointing
toward the ion, in agreement with the structure deduced from
the RDFs. Integration of the first peak of the K+-ON RDF
yields the number of liquid molecules in the first shell of K+.
This number is 8.9 for all models of NB and 8.2 for NPOE
(corroborated by integration of the other mentioned RDFs).

In Figure 12, the Cl--HA RDFs for nitrobenzene and NPOE
are plotted, together with the K+-HA RDF for nitrobenzene.
In the Cl--HA RDF, there is a large peak at 0.3 nm, denoting
a very strong interaction between this negatively charged ion
and the positive partial charge on the hydrogens. As expected,
the K+-HA show no such peak, due to the repulsive nature of
the interactions between these atoms. The structure of the
solvation shell of the chloride ions is somewhat more compli-
cated than that of potassium, due to the larger variety of
available conformations for the Cl--HA interactions. From
analysis of the several RDFs, one can infer that each liquid
molecule contributes with two HA atoms in close vicinity to
the ion. For NB, these are one hydrogen located at the meta
position and one located at either the para or the ortho positions
(with a slight preference for the former, because it is further
away from the negative end of the dipole). This shell structure
explains the three peaks in the Cl--HA RDF, as well as those
in the Cl--CA RDF (not shown), and is illustrated in Figure
11b. In this snapshot, one can clearly observe NB molecules
with their meta and para hydrogens oriented toward the chloride
ion (e.g., the three molecules located below the ion), as well as
with their meta and ortho hydrogens (e.g., the molecule on the
left of the ion). Integration of the first peak of the Cl--HA

RDF yields 7.7 NB molecules in the first solvation shell of the
chloride ion, but only 5.1 NPOE molecules. This difference is
explained by considering the interactions of this ion with the
hydrogens from the aliphatic chain (Figure 13). The RDF
between Cl- and the first hydrogens of the chain shows a strong
peak at short distances, similar to that observed with the aromatic
hydrogens. However, this peak is absent in the RDF relative to
the last hydrogens of the chain. Integration of the first RDF
peak yields 2.5 NPOE molecules, thus yielding a total of 7.6
NPOE molecules solvating the Cl- ion, similarly to NB. It is
worth mentioning that the experimental values of standard Gibbs
energies of transfer of K+ and Cl- from water to NB are slightly
smaller than the corresponding ones from water to NPOE.1,2,6

Besides, the experimental standard Gibbs energies of transfer
of K+ from water to both NB and NPOE are lower than that of
Cl- ion from water in both respective organic solvents.6 These
experimental facts are in complete agreement with the findings
of the structure of solvation shells of NB and NPOE around
both ions that are emphasized in the discussion above.

To conclude, the solvation of the ions by nitrobenzene is taken
care of by the molecular polaritysK+ interacts with the negative
side of the dipole (the nitro group) and Cl- interacts with the
positive end (the meta and para aromatic hydrogens). The same
holds true for NPOE, because there is very little interaction
between the ions and the hydrophobic aliphatic chain, except
for an extension of the influence of the Cl- ion to the first
hydrogens of the chain.

4. Conclusions

In this work, we report a comprehensive MD study on the
pure organic solvents nitrobenzene and 2-nitrophenyl octyl ether,
paying particular attention to the structure and most important
thermodynamic and dynamic properties of both solvents. In
terms of structure, the NPOE molecule differs from NB in two
fundamental aspects: the conformation of the nitro group and
the presence of a long aliphatic chain. Although in the case of
NB the nitro group lays parallel to the benzene ring, it is tilted
in the NPOE structure, due to the strong repulsion between the
oxygens of the nitro group and the oxygen of the ether bond.
The study of various RDFs indeed confirms that the major
attractive interactions in both liquids are those between the
oxygen atoms of the nitro groups and the aromatic hydrogens.
Furthermore, the probability distribution computed for the NPOE
aliphatic chain end-to-end distance revealed that this chain is
almost fully stretched, with low extent of folding. The calculated
thermodynamic properties of both liquids are very similar, and
show very good agreement with experimental findings, when-
ever experimental data are available.

Figure 11. Snapshots of the potassium (a) and chloride (b) ion
solvation shells in liquid nitrobenzene. The K+ ion is represented by
the solid red sphere, whereas the Cl- ion is the solid yellow sphere.
The remaining spheres are nitrobenzene atoms: C, purple; N, green;
O, blue; H, white (transparent).

Figure 12. Ion-HA radial distribution functions for the NB and NPOE
liquids.

Figure 13. Radial distribution functions between Cl- ions and
hydrogens on both ends of the NPOE chain.
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Regarding the dynamic properties, the viscosity values
determined for both NB and NPOE liquids are very close to
the experimental data. It is worth noting that the viscosity of
NPOE is almost 1 order of magnitude higher than that of
nitrobenzene. This results from the specific structure of NPOE,
as the spherical aromatic ring prevents the aliphatic chains from
sliding past each other, producing a sluggish response to shear.
Conversely, the self-diffusion coefficient of NPOE is about an
order of magnitude lower than that of NB. Moreover, the ratio
between the self-diffusion coefficients of both liquids lies close
to the inverse ratio of their viscosities, as suggested by the
Stokes-Einstein relation. In addition, we have also studied the
solvation and dynamics of the simple K+ and Cl- ions in both
liquids. It has been found that both ions tend to interact mainly
with the oppositely charged polar parts of the aromatic rings of
both solvents. This finding is also in accordance with a recent
experimental finding, which showed that both NB and NPOE
have similar solvation properties toward the ionic solutes.2,11-12

Moreover, the calculated theoretical values of the diffusion
coefficients of both K+ and Cl- ions are in good agreement
with the experimentally determined ones in both organic
solvents.5-7 Note that the values of the diffusion coefficients
determined in NPOE are 1 order of magnitude lower than those
in NB, following again the Stokes-Einstein relation.

Naturally, NPOE and NB form an interesting pair of solvents
for ion transfer studies, because they are identical from the
thermodynamic point of view, have similar ion solvation
properties but are quite different in terms of dynamic properties.
By contrasting the performance of these solvents, one might
distinguish between both effects on the ion transfer process.
The detailed description of the present NB and NPOE models
provides a basis for the study of the interfaces of both organic
liquids and water, and we hope to be able to report on that
shortly.
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