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A correct description of electrostatic contributions in force fields for classical simulations is mandatory
for an accurate modeling of molecular interactions in pure liquids or solutions. Here, we propose a
new protocol for point charge fitting, aimed to take into the proper account different polarization effects
due to the environment employing virtual sites and tuning the point charge within the polarizable con-
tinuum model framework. The protocol has been validated by means of molecular dynamics simulations
on pure pyridine liquid and on pyridine aqueous solution, reproducing a series of experimental observ-
ables and providing the information for their correct interpretation at atomic level.
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1. Introduction

Classical Molecular Dynamics (MD) is a powerful tool, which
allows to estimate macroscopic properties from microscopic mod-
els [1]. This computational approach has demonstrated to be effec-
tive in investigating the structure of organic liquids used as
solvents in chemical, biological and technological applications.
The reliability of simulations in these studies is related to the avail-
ability of an accurate force field (FF), which describes the interac-
tion at the atomic and molecular level using a set of functional
forms [2] based on a limited number of parameters. These are usu-
ally derived from quantum mechanical (QM) calculations of iso-
lated molecules for a selected set of molecular targets and/or
tuned in order to reproduce some of physical observables used as
references. Despite its key role in describing the solvation ability
of a substance, the static dielectric constant remains one of the
most difficult bulk properties for classical simulations [3] and is
especially sensitive to the electrostatic part of the force field. Since
the most widely used FFs still rely on partial atomic charges,
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several strategies have been employed to determine effective
values for these quantities; one of the most adopted approaches
relies in optimize their values to reproduce the QM derived
electrostatic potential of a molecule [4]. The atomic charges
depend strongly on the level of theory used in QM calculations
and on the description of solvation effects. In this present study,
the electrostatic parameters have been obtained through the
Charge Model 5 (CM5) [5] taking into account the bulk solvent
effects by means of Conductor-like Polarizable Continuum Model
(C-PCM) [6]. This allows one to take into account the different
polarization effect of various solvents (here pyridine or water) in
tuning the effective atomic charges (as explained in Methods and
by Fig. 1).

Furthermore, since the presence of hydrogen bonds (HB) has a
remarkable effect on magnitude of the static dielectric constant
(¢)[7], a thorough description of intermolecular interactions is nec-
essary. One of the problems in the HB description is its direction-
ality. A possible solution is the use of off-site charges (so-called
virtual sites or dummy atoms, VS hereafter) with a fixed position
with respect to the generating atom that is meant to model the
presence of lone pairs [8,9]. In fact, an improved HB description
of pyridine in aqueous solution has been obtained employing VS
and adjusting the charges on the carbon atoms directly bound to
nitrogen to preserve the molecular dipole moment [9]. However,
to develop a model for pyridine able to describe the interactions
both in aqueous solution and in pure liquid, the atomic charges
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Fig. 1. Above: the trend of nitrogen atom partial charge changing the solvent
dielectric constant value used in C-PCM. Below: the trend of pyridine molecular
dipole moment changing the solvent dielectric constant value used in C-PCM. In red
and blue the values obtained imposing pyridine and water as solvents respectively.
The nitrogen atomic charges (red and blue circles in the above picture) have been
used in our simulations. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

on the whole molecule have been determined with a fitting proce-
dure using as reference parameters both the molecular dipole and
quadrupole moments. Therefore, we propose a method for the
derivation of partial atomic charges and VS, which completely
depends on properties determined at the QM level without any
additional empirical parameters. We show that the same strategy
works for both pure (liquid) pyridine and its aqueous solution.

The pyridine aqueous solution, as well as the pure liquid, have
been studied by means of classical simulations employing several
models [9,10,12,13]. Although some of the tested FFs provide rea-
sonable results, here we want to highlight the transferability of our
model, able to simulate both pure pyridine and its aqueous solu-
tion, overcoming the limitations on these FFs and delivering accu-
rate structural and thermodynamic properties together with the
static dielectric constant.

2. Methods

Classical MD simulations of both pure liquid and aqueous solu-
tion of pyridine were carried out using GROMACS v. 4.6.5 [11] and
the OPLS/AA force field [12,13] to describe intramolecular and
intermolecular potential with the exception of the pyridine atomic
charges, which were estimated using the CM5 population analysis
[5]. Density Functional Theory (DFT) calculations were performed
at the B3LYP/6-31+G(d) level of theory using GAUSSIAN-09 [14]

package and taking into account bulk solvent effects by means of
the Conductor-like Polarizable Continuum Model (C-PCM) [6] set-
ting the reference solvent (pyridine or water) and imposing the
value of the scaling factor for the sphere radius (o) to 1.05. In
Fig. 1, the nitrogen atom charge, and the pyridine dipole moment,
are reported to show the polarization effects induced by several
solvents with increasing dielectric constant (from 1.43 to 181.96)
and implicitly described by the C-PCM. A virtual site (VS) was
located at the position of the centroid of the localized molecular
orbital describing the sp? lone-pair of the nitrogen atom using
the Pipek-Mezey localization procedure [15] (the centroid distance
from the nitrogen atom has been constrained during the simula-
tion). The charge on the VS has been obtained adjusting the atomic
charges of pyridine through a fitting procedure to reproduce the
calculated dipole and quadrupole moments, as indicated in Table 1
(for atom labeling Table 1).

The simulation for the pyridine pure liquid was performed on a
system containing 500 molecules, whereas the simulation of the
aqueous solutions was performed on one pyridine and 512
TIP3P-FB [16] water molecules. In both cases, we employed a cubic
box with periodic boundary conditions. After a steepest descent
energy minimization the systems were heated up to 298.15 K for
200 ps (using the velocity-rescale [17] thermostat and T = 0.1 ps)
and then the time step and temperature coupling constant were
increased to 2.0 fs and 0.2 ps respectively, and systems were let
to converge to uniform density in a NPT ensemble (using the
Parrinello-Rahman barostat [18] and t = 0.1 ps).

Afterward production runs were run in the NVT ensemble [17],
fixing the fastest degrees of freedom with LINCS algorithm
(8t=2.0fs) [19]. The total sampling time was 50 ns for both the
pure liquid and the aqueous solution. Electrostatic interactions
were evaluated using the particle-mesh Ewald (PME) [20] method
with a grid spacing of 1.2 A and a spline interpolation of order 4.

Harder et al. [21] have proposed an OPLS3 pyridine model,
which also has an off-site charge on the nitrogen atom and repro-
duces well the hydration free energy (—4.3 kcal/mol). We per-
formed a MD simulation using this force field, to determine
structural information on pure liquid and compare the obtained
results with our model. The main difference between OPLS3 and
our model is the charge on nitrogen atom, which is not null in
OPLS3 (+0.179 e) and the procedure employed to define the virtual
site position [8]. An ab initio molecular dynamics (AIMD) simula-
tion of a pyridine aqueous solution at ambient temperature was
carried out using the CP2K program [22,23] to further assess the
reliability of our procedure to describe the hydrogen bond interac-
tions and their directional character. We considered a cubic box of
size 11.77 A containing 1 pyridine and 50 water molecules and
subjected to periodic boundary conditions. We performed a simu-
lation of 20 ps in the NVE ensemble with a time step of 0.1 fs. The
electronic structure was calculated with DFT, utilizing the BLYP
functional [24,25]. The TZV2P basis set was used in conjunction
with the GTH pseudopotentials [26,27]. A plane wave cutoff of
340 Ry was adopted for electron density. Van der Waals interac-
tions have been described by the method proposed by Grimme
[28].

Dielectric constant and density have been evaluated using stan-
dard tools provided with GROMACS. To calculate the heat of vapor-
ization, AHy,p, gas-phase simulations of 2 ns (3t = 0.2 fs) have been
added for both systems. The AGpyq were calculated using Bennett
acceptance ratio (BAR), [29] a free energy perturbation (FEP)
method, performing the simulations with GROMACS v. 4.6.5. Struc-
tural analysis was performed with TRAVIS package [30]. Spatial
distribution function (sdf) graphs were prepared using the Caffeine
[31] molecular viewer.

The relative orientation of first neighbour pyridine molecules
was also investigated by means of the KMeans clustering algorithm
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Table 1

The CM5 charges (e) for pyridine calculated at the B3LYP/6-31+G(d) level and used in the simulations (adjusted) taking into account the solvent (pyridine or water) effect by
means of C-PCM. In the column A(CM5-Adj) is reported the difference between the calculated and used charges. The molecular dipole (1) and quadrupole (Q) moments obtained
from CM5 charges and employed during the fitting procedure in presence of VS are also reported. In the last row, the pyridine and water atoms labeling and the virtual site

position are indicated.

q(e)
Solvent = pyridine Solvent = water
CM5 Adjusted A (CM5-Adj) CM5 Adjusted A (CM5-Adj)
C1-C2 0.035648 0.001047 0.034601 0.034855 —0.000150 0.035005
C3-C4 —0.090393 -0.113328 0.022935 —0.089909 —0.113072 0.023163
C5 —0.068839 -0.113375 0.044536 —0.068037 —-0.113058 0.045021
N —0.390529 0.000000 —0.390529 —0.393605 0.000000 —0.393605
VS 0.000000 -0.329297 0.329297 0.000000 —0.331658 0.331658
H1-H2 0.112816 0.151052 —0.038236 0.112965 0.151590 —0.038625
H3-H4 0.113452 0.095364 0.018088 0.114284 0.096017 0.018267
H5 0.116322 0.174402 —0.058080 0.117252 0.175946 —0.058694
n (D) —2.62941 —2.68354
Q(XX) (DeA) —2.15265 —2.15585
Q(YY) (DeA) 7.75545 7.78872
Q(ZZ) (DeA) —5.60280 —5.63287

Pyridine and water atoms labeling. Virtual site position

[32] using the Scikit-learn library [33]; the optimal number of clus-
ters was determined with the Calinski-Harabasz criterion [34].

3. Results
3.1. Aqueous solution

The structure of pyridine in aqueous solution is characterized
by the hydrogen bond interaction between the nitrogen atom of
the heterocyclic ring and a hydrogen atom of the solvent molecules
(Fig. 2a). The oxygen atom also interacts with the hydrogen atoms
of pyridine, leading to a weaker interaction, as confirmed by a
longer interatomic distance (see Fig. 2a). In fact, the first maximum
in gn.. u(r) and gey.. .o(r) radial distribution functions (rdf) occurs
around 1.8 A and 3.2 A respectively. The relative sdf of water
hydrogen and oxygen atoms around the pyridine are reported in
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Fig. 2b, corroborating the presence of a hydrogen bond between
the nitrogen and the hydrogen atoms. The isovalue adopted to
show the results does not lead to similar isosurfaces involving
the pyridine hydrogen atoms, confirming the weaker character of
the interaction with solvent. The oxygen atom density is localized
above and below the aromatic ring suggesting the presence of a
HB..-m interactions. In fact, the radial distribution function
between the pyridine ring center (RC) and the oxygen atom (red
line in Fig.2a) confirms the presence of such an interaction. To
demonstrate the usefulness of VS to mimic the lone pair of the
sp? nitrogen atom, in Fig. 2c are also shown the same sdf obtained
analyzing the simulations of our model when the VS is removed. In
this case the simulation was performed using the CM5 charges
(Table 1) without the VS and the HB density distribution shows a
lack in directionality, the sdf is not localized in the ring plane but
above and below it.

Fig. 2. a.Radial distribution functions between the pyridine nitrogen (green) and hydrogen (black) atoms and the water hydrogen and oxygen atoms respectively. In red the g
(r) between the pyridine ring center (RC) and the oxygen atom of water. b. Isosurface, obtained from MD simulation, of water oxygen (red), hydrogen atoms (green) around
the pyridine molecule at an isovalue of 68 and 60 nm ™ respectively. c. Isosurface of water oxygen (red), hydrogen atoms (green) around the pyridine molecule at an isovalue
of 68 and 60 nm~> respectively. The results are obtained with our model deprived of VS. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 3. Radial distribution functions between the pyridine nitrogen and the water
oxygen (gn...o(r)) atoms obtained from three simulations: our (blue), CP2K (green)
and our model without the virtual site (red). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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As described in Section 2, we also performed an ab initio simu-
lation for purposes of comparison. Therefore, in Fig. 3 we reported
the rdf between the pyridine nitrogen atom and the water oxygen
atom obtained from three simulation: our force field, CP2K and a
simulation performed without VS. The comparison between CP2K
and our model (with VS) is remarkable and confirms the usefulness
of VS to describe the hydrogen bond.

3.2. Pure pyridine

A first structural analysis of pure pyridine is reported in Fig. 4a,
where the rdf between nitrogen atoms is shown. The gy.. n(1)
shows two distinct peaks, one around 49 A and one around
5.9A. A similar rdf was obtained by Jorgensen and McDonald
[35] and by Baker and Grant [36], who have previously studied lig-
uid pyridine using the OPLS and OPLS-CS force fields respectively.
Jorgensen and McDonald attributed the first peak to antiparallel
contacts and the second to dimers that are offset stacked with par-
allel (head-to-tail) dipoles. According to Baker and Grant, the first
peak results from a structure in which a pyridine molecule donates
a hydrogen bond through the H1/H2 hydrogen atoms (for atom

b
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Fig. 4. a.Radial distribution function between N- - -N in pure liquid (black: our model; red: OPLS3). b. Combined distribution function between N- - -N distance and the angle o
formed between the vectors connecting the center of the ring and the nitrogen atom (orange vectors in picture b). c. Isosurface of the pyridine nitrogen atom (blue), carbon
atoms (gray) and hydrogen atoms (green) around the pyridine molecule at an isovalue of 15, 14 and 11 nm~> respectively. The results are obtained from the pure liquid
pyridine simulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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labeling see Table 1) and the second peak from one in which a pyr-
idine molecule donates a hydrogen bond using the H3/H4 hydro-
gen atoms. Interpretation of the peaks in structural terms can be
obtained by computing the combined distribution function (cdf)
between the N- - -N distance and the angle formed between the vec-
tors connecting pyridine ring center and nitrogen atom. The cdf is
shown in Fig.4b and permits to attribute the first peak to an
antiparallel arrangement and the second to a parallel arrangement
and to an interaction, which occurs between rings forming an angle
up to 45°. To better understand the relative orientation of pyridine
molecules we applied KMeans [32] selecting as clustering features
the first neighbour distances between the center of rings, the nitro-
gen and the C5 atoms; by inspection of Fig. 4, we determined an
8.0A cut-off for each feature. Application of the Calinski-
Harabasz score [34] indicated the optimal number of clusters at
NC =2 containing 56% and 44% of data points, respectively. The
first neighbour distances of the cluster centers show an approxi-
mately parallel orientation of molecules. The N---N and C5.-.C5
distances for the two cluster centers are of 5.78, 5.53 and 6.68,
6.87 A, respectively. This corresponds to the arrangements where
the angle between two rings is 0° or around 45° (see insert in
Fig. 4b).

In Fig.4a we also reported the gy...n(r) calculated from the
OPLS3 simulation, which shows a slightly lower peak at around
5.9 A suggesting that in our case the parallel arrangement is more
abundant. This observation will be useful to evaluate the differ-
ences between the calculated bulk properties.

The average densities of nitrogen, carbon and hydrogen atoms
around the molecules are reported in Fig. 4c. The hydrogen atoms
density around nitrogen atom supports the hypothesis that the
interactions in the pyridine liquid are dominates by N- - -HC hydro-
gen bonds. The same is true for the nitrogen atom density, local-
ized near hydrogen atoms. This spatial distribution function
deserves an additional consideration: the density does not point
along the C—H bond but is localized in the center of two C—H
bonds; this is due to the possibility of having simultaneous inter-
actions between the nitrogen atom and two hydrogen atoms. Fur-

M. Macchiagodena et al./Chemical Physics Letters 677 (2017) 120-126

Fig. 5a sketches the cdf between two different N---H distances;
this analysis confirms the simultaneous interaction in the pure lig-
uid, as already shown by the sdf of Fig. 4c. Fig. 5b shows also the
relative cdf for the water solution between two N---H(water) dis-
tances; it is apparent that the interaction involves only one hydro-
gen atom and confirms the results of sdf analysis. Fig. 5a-b reports
also the single rdf, which points out a stronger interaction in the
pyridine aqueous solution (shorter distance N---H involved) with
respect to the pure liquid (higher maximum in the radial distribu-
tion function).

In the following, we discuss results obtained for bulk properties
(Table 2). A correct reproduction of the static dielectric constant of
the pure liquid is particularly important in view of the large use of
pyridine as solvent for several processes of technological relevance
[37]. Our pure liquid model, using CM5 charges (C-PCM) and a VS
for sp? nitrogen atom, allows one to obtain a dielectric constant
value of 11.2 £ 0.2 in good agreement with the experimental value
of 12.4 [37]. This result represents a non-negligible improvement
with respect of the value of 6.7 £ 0.1 obtained using the standard
OPLS force field [3]. Furthermore, the analysis of a MD simulation
on pure pyridine performed in the present study employing the
OPLS3 force field [21] leads to less accurate values of both static
dielectric constant (9.1+0.2) and density (1008.9 +0.2 kg/m?).
Looking at Fig. 4a, the better value of dielectric constant could be
due to a higher number of parallel pyridine or nearly parallel pyr-
idine molecules issuing from our force field. In Fig. 6 we reported
the rdf between the nitrogen and the hydrogen atoms of pyridine:
our model has a higher peak for the gy...ys(r) which is in agree-
ment with the parallel orientation of pyridine molecule.

Other properties, often used to validate a FF, such as density and
heats of vaporization (AH,.p), were also calculated and their
computed values are in agreement with the experimental results.

Table 2

Computed values and experimental data for static dielectric constant, density (kg/
m?), heat of vaporization (kcal/mol) and free energy of hydration (kcal/mol) for
pyridine molecule.

thermore, the localization of hydrogen atoms (as well as the Properties This work EXP
carbon) density above and below the aromatic ring, suggests that € 11.2+0.2 12.4[38]

1 : : p (kg/m?) 995.3£0.2 977.8 [39]
the arrangements are stabilized by the formation of CH- - -7 inter-

. . . . . AHyap (kcal/mol) 10.7£0.2 9.61 [39]
actions. It is also noteworthy that the N---HC interactions mainly AGnya (keal/mol) 4234002 Z4721]
. y: i .
involve, as expected, the H3, H4 and H5 hydrogens.
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Fig. 5. a. Combined distribution function between N---H3,4 e N---H5, like indicated in insert, obtained from the pure pyridine liquid simulation. b. Combined distribution

function between N---H1 and N---H2 obtained from the water pyridine solution.
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N---H

g(r)

r(A)

Fig. 6. Radial distribution function between N and H1 (green), H3 (red), H5 (blue)
hydrogen atoms. In continuous line OPLS3, in dashed line our model. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

We obtained a density value of 995.3 + 0.2 kg/m> (the experimen-
tal value is of 977.8 kg/m> [39]); instead, the calculated AHyap
value is equal to 10.7 + 0.2 kcal/mol. Since the experimental value
is 9.61 kcal/mol [39] and OPLS provides a value of 9.76 kcal/mol
[40], in this case OPLS performs better than our model.

Furthermore, the availability of the pyridine aqueous
simulation, allows us to derive the free energy of hydration, AGpyq.
The result obtained is of —4.23 kcal/mol (Table 2) with an error
around the 10% with respect to the experimental value of
—4.7 kcal/mol [20].

4. Conclusions

In this study, we have presented an improved force field of pyr-
idine, which allows one to describe both the pure liquid and the
aqueous solution. The main feature of the new force field is the
use of partial atomic charges that takes into account in an effective
way the polarization effects of the environment, without adding
any ad hoc correction term to the FF. By changing the dielectric
constant value in the C-PCM protocol, we have the possibility of
describing by the same model the pyridine aqueous solution and
the pure pyridine liquid. Furthermore, since the hydrogen bonds
have been found to be important in describing the structure, we
introduce a virtual site (VS) to mimic the lone pair of the sp? nitro-
gen atom. The VS allows one to describe the directional character
of hydrogen bond interaction in agreement with reference ab initio
molecular dynamics simulation, without compromising the
description of the pure liquid. In fact, the VS can describe both
the interaction involving only a couple of atoms (pyridine-water)
and a simultaneous interaction involving more than two atoms,
like the interaction found in pure pyridine liquid, which may
involve the nitrogen atom of one pyridine molecule and two
hydrogen atoms of another.

Starting from these satisfactory structural results, we computed
also thermodynamic properties for the pure liquid. We were able
to reproduce the static dielectric constant, which is often poorly
reproduced with standard FFs. Although usually not included in
FF validation, the dielectric constant represents a very important
parameter governing the solvation capacity. At the same time,
satisfactory results were obtained for density and vaporization
enthalpy.
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