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A B S T R A C T   

Four liquid aromatic nitrogen-containing compounds, viz. aniline, pyridine, 2-methylpyridine, and 2,6-dimethyl
pyridine, were analyzed with molecular dynamics simulations, three-dimensional reference interaction site 
model, and density functional theory calculations. These liquids are found to have multimeric ordered structures 
stabilized by π-stacking and C-H•••π interactions. The solutes solvation free energy computed with the reference 
interaction site model is in good agreement with the experimental results, and performs better than the 
conductor like polarizable continuum model used in electronic structure calculation.   

Introduction 

Liquid aromatic amines and N-containing heterocycles are important 
class of compounds with vast use in synthetic chemistry as starting 
chemicals, pharmaceutical applications, drug design, industrial appli
cations as solvents, etc. For instance, aniline is used in making dyes, 
rubber chemicals, drugs, explosives, plastics, and photographic mate
rials. The pyridines are important heterocyclic compounds will appli
cations in drugs and pharmaceutical industry. The parent molecule, 
pyridine is the most commonly used infrared (IR) probe for measuring 
protonic acidity according to the ion-pair method. The pyridine and 
methyl-pyridines (2-Methyl pyridine [2-picoline], 2,6-Dimethylpyridine 
[Lutidine]) are strong bases. The structures of liquid aromatic amines 
were subject to molecular simulation and diffraction studies, both in 
neat liquid form as well as in hydrated conditions [1–6]. The crystal 
structure of aniline was to have N-H•••π and N-H•••N hydrogen bonds, 
obtained under special conditions [7]. The crystal structures of pyridine 
showed stacking interactions and C-H•••π interactions [8,9]. The solid 
structures of 2-Methyl and 2,6-Dimetylpyridines were also reported to 
have stacked and C-H•••π interactions [10,11]. The herring-bone type 
arrangements in crystal of 2-Methylpyridine grown in situ from liquid 
were reported to have directional C-H•••N directional H-bonds [10]. 
The macroscopically polar crystals of 2,6-Dimethylpyridine are ar
ranged in one-dimensional chains arranged in a planer way by H-bonds 
[11]. A comparison of the reported liquid and solid structures of these 

four aromatic amines points to probable ordered arrangement in the 
liquid form stabilized via X-H•••π and/or H-bonding interactions as well 
as π-stacking. In this work, we have used state-of-the-art computational 
methods to examine the liquid states of the four aromatic compounds 
(Fig. 1) to provide a better understanding of the molecular nature of the 
liquid state and the molecular interactions involved. We have employed 
all-atom molecular dynamics (MD) simulations, three-dimensional 
reference interaction site model (3D-RISM), and dispersion corrected 
density functional theory (DFT) toward this exercise. 

The theoretical framework of RISM was introduced by Chandler and 
coworkers. Detailed theoretical derivations behind the RISM formalism 
were provided elsewhere [12–18]. Here we briefly describe the key 
concepts involved. The 3D-RISM theory provides probability density of 
all possible interaction sites γ of solvent molecules around a solute of 
arbitrary shape at position r as a product of the average number density 
ργ in the bulk solution and the normalized density distribution gγ(r). The 
total correlation function hγ(r) is obtained from the direct correlation 
function cγ(r) and the site-site bulk susceptibility function χ for α solvent 
sites around a solute such as: 

hγ(r) =
∑

α

∫

dr′cα(r − r′)χαγ(r
′)

The direct correlation function is expressed at temperature T as: cγ(r) 
~ -uγ(r)/(kBT), where kB is the Boltzmann constant. The bulk suscepti
bility function χ is an input into the 3D-RISM integral equation, and the 
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dielectrically consistent RISM (DRISM) formalism is used to construct it 
from the intramolecular correlation function (ωαγ). The site-site sus
ceptibility function has intra- and inter-species parts:.χαγ(r) = ωαγ(r) +
ραhαγ(r)

The intramolecular term for rigid species with site separation lαγ is 

expressed in the reciprocal k-space in terms of the zeroth-order spherical 
Bessel function j0(x) as:.ωαγ(r) = j0(klαγ)

The interspecies radial total correlation function between sites α and 
γ for all the sites on all the species in liquid medium is given by the hαγ(r) 
term. In a 3D-RISM calculation, the total correlation function involving 
all the species (present in the solution) can be expressed as via DRISM 
formalism with renormalized inter and intramolecular parts: 

h̃αγ(r) = ω̃αμ(r)*cμν(r)*ω̃νγ(r)+ ω̃αμ(r)*cμν(r)*ρνh̃νγ(r)

ω̃αγ(r) = ωαγ(r)+ ραχαγ(r)

h̃αγ(r) = hαγ(r) − χαγ(r)

The 3D interaction potential of the solute acting on solvent site γ, 
uγ(r), is given by the sum of the pairwise site-site potentials from all the 
solute interaction sites i located at ri as: uγ(r) =

∑
iuiγ(|r − ri|). 

To obtain the path independent chemical potential, a closure relation 
is required which imposes a set of consistency conditions. A closure 
relation is a mathematical approximation that helps integrating an 
infinite chain of interactions involving intra- and inter-molecular sites. 
In this study, we have used the well-established Kovalenko-Hirata 
closure relation for RISM calculations [19]. The functional form of the 
KH closure is given as: 

gγ(r) =
{

exp
(
− uγ(r)

/
(kBT) + hγ(r) − cγ(r)

)
for gγ(r) ≤ 1

1 − uγ(r)
/
(kBT) + hγ(r) − cγ(r) for ​ gγ(r) > 1 

where kB is the Boltzmann constant and T is temperature in Kelvins. 
The excess chemical potential is obtained in a closed analytical form 

with the Heaviside step function (Θ) as: 

μsolv =
∑

γ

∫

V
drΦγ(r) and Φγ

(

r
)

= ργ kBT
[

1
2

hγ
2
(

r
)

Θ
(

− hγ

(

r
))

− cγ

(

r
)

−
1
2

hγ

(

r
)

cγ

(

r
)]

Another important parameter, partial molar volume (PMV, Ṽ) of a 
solute can be obtained by extending the RISM formalism with the 

Fig. 1. Liquid aromatic amines studied for molecular simulations.  

Table 1 
Force field parameters used in the RISM simulations.  

Atom Type Mass (amu) σ (Å) ε (kcal/mol) 

N  14.007  3.250  0.170 
Caromatic  12.006  3.399  0.086 
C[H3]  15.036  3.667  0.1494 
Haromatic  1.008  2.599  0.015 
H  1.008  1.069  0.0157  

Table 2 
MD simulated and reference densities (ρ in gm/cm3) of aromatics used in this 
study at 298 K.  

Molecule ρ(MD)a ρ(Reference)b εc 

Aniline 1.036 (±0.036) 1.0217 (47)  6.8882 
Pyridine 0.985 (±0.004) 0.98272 (48)  12.978 
2-Methylpyridine 0.940 (±0.003) 0.9443 (47)  9.9533 
2,6-Dimethylpyridine 0.917 (±0.006) 0.9252 (48)  7.1735 

aError estimates in calculation are provided in the parentheses. bReferences are 
cited in the parentheses. cDielectric constant used for the RISM calculations. 

Fig. 2. Radial distribution function (rdf, MD) and pair distribution (pdf, RISM-KH) plots of liquid aniline.  
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Kirkwood-Buff theory as: 

V = kBTχT

(

1 −
∑

γ
ργ

∫

dr cγ(r)

)

where χT is the isothermal compressibility. A negative PMV points to 
local reduction in volume around solute, the situation often found 
around a charged ion in polar (protic) solvents. 

The RISM computed excess chemical potentials are qualitative in 
nature when used as an absolute measure of solvation free energy. The 

error comes from the theoretical artifacts in wrong internal pressure 
calculations, inadequacy of the use of force field parameters, etc. One 
way to correct the excess chemical potentials is the so-called “universal 
correction” (UC) scheme first developed for solvation free energy cal
culations [20]. The standard form of this correction scheme uses the 
RISM computed Gaussian fluctuation (GF) free energy and the partial 
molar volume of a solute as: 

ΔGcorrected = ΔGRISM-GF + a*PMV + b. 

Fig. 3. Ring-nitrogen radial distribution function (rdf, MD) and pair distribution (pdf, RISM-KH) plot of liquid pyridine (PYR), 2-Methylpyridine (MPY), and 2,6- 
Dimethylpyridine (DMP). 

Fig. 4. SMD/B3LYP-D3/cc-pVTZ optimized geometries of top four dimers of 
aniline (ANL). Interatomic distances are in Å. Atom color code: C, grey; H, 
white; N, black. Fig. 5. SMD/B3LYP-D3/cc-pVTZ optimized geometries of top four dimers of 

pyridine (PYR). Interatomic distances are in Å. Atom color code: C, grey; H, 
white; N, black. 
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The coefficients a and b are obtained from linear regression analysis 
and have units of kcal•mol− 1•A-3 and kcal•mol− 1, respectively. 
Evidently, a better calibration for solvation free energy through RISM 
calculations depends on the quality and quantity of data points used in 
benchmarking. 

It is interesting to note that in the polarizable continuum models 
(PCM) of continuum solvation, the solvation free energy is partitioned 
into different contributions as: 

ΔGsolvation = ΔGelectrostatic + Gcavitation + Gdispersion + Grepulsion +

ΔGmolecular-motion. 
The dispersion term involves solute–solvent dispersion interactions. 

In general, the electrostatic term is the largest in continuum models. The 
solute–solvent interaction is described in the PCM model via apparent 
surface charges spread on the solute cavity by means of treating the 
electrostatic interactions between the solute wavefunction with the 
dielectric of solvent. The solute wave function (or electron density) is 
obtained at a desired quantum level, whereas a set of surface charges on 
the cavity represents the bulk dielectric model of the solvent [21,22]. 
The SMD (Solvation Model based on Density) continuum solvation 
model incorporated the electronic-nuclear-polarization (ENP) energy 
term and the cavitation/dispersion/solvent-structure (CDS) term. The 
first one arises from the assumption that the solute structure remains 
unchanged between the gas phase and bulk. The semi-empirical CDS 
term accounts for the short range interactions in solvent [23,24]. 

Computational methods 

Molecular dynamics (MD) simulations 

All the molecular dynamics simulations were performed using the 
GROMACS molecular dynamics engine [25]. The liquid aromatic amines 
were simulated using the all-atom GAFF force field parameters [26,27]. 
The initial solvent boxes of 256 amine molecules were equilibrated at 
temperature 298 K and pressure 1 bar using NVT and NPT equilibrium 
using a Berendsen thermostat without any restraints. A 10 ns production 
simulation was performed on the equilibrated systems. The molecular 
(and atomic) distribution functions were computed from the production 
simulations using the standard utility codes provided in the GROMACS 
suite. 

3D-RISM-KH calculations 

The 3D-RISM calculations were performed on the lowest energy 
conformation of all the solutes generated using the OpenBabel toolkit 
with the MMFF94 force field [28]. The solutes were parameterized with 
the GAFF force field with the AM1-BCC charges. The 3D-RISM-KH based 
excess chemical potential and partial molar volume (used as descriptors 
in the prediction) were calculated using our in-house code, a working 
version of which is available in the AMBERTOOLS suite of programs 
[29]. The united atom AMBER force field parameter was used for the 
liquid solvents with the AM1-BCC charges [30,31]. The force field pa
rameters used for the RISM calculations are provided in Table 1. The 
partial atomic charges of all non-aromatic hydrogens are summed to that 
of the carbon atom to which the H-atom(s) are directly bonded. The 
extended-RISM (X-RISM) formalism was used for calculating the sus
ceptibility functions of aniline and three pyridines [32]. 

Fig. 6. SMD/B3LYP-D3/cc-pVTZ optimized geometries of the top four dimers 
of 2-Methylpyridine (MPY). Interatomic distances are in Å. Atom color code: C, 
grey; H, white; N, black. 

Fig. 7. SMD/B3LYP-D3/cc-pVTZ optimized geometries of the top four dimers 
of 2,6-Dimethylpyridine (DMP). Interatomic distances are in Å. Atom color 
code: C, grey; H, white; N, black. 

Table 3 
Dimerization energetics (in kcal/mol) of the top dimers of aniline (ANL), pyri
dine (PYR), 2-methylpyridine (MPY), and 2,6-dimethylpyridine (DMP) 
computed at the SMD/B3LYP-D3/cc-pVTZ level of theory.  

System ΔE ΔH ΔG 

ANL2_1  − 4.84  − 4.22  4.02 
ANL2_2  − 4.97  − 4.41  4.97 
ANL2_3  − 5.96  − 5.27  4.19 
ANL2_4  − 4.80  − 4.12  4.59 
PYR_1  − 2.34  − 1.58  6.44 
PYR_2  − 2.91  − 2.08  5.41 
PYR_3  − 2.92  − 2.07  5.17 
PYR_4  − 2.95  − 2.09  4.28 
MPY_1  − 4.29  − 3.70  6.44 
MPY_2  − 3.88  − 3.21  6.23 
MPY_3  − 3.86  − 3.18  6.13 
MPY_4  − 3.87  − 3.21  5.99 
DMP_1  − 5.00  − 4.39  5.73 
DMP_2  − 3.51  − 2.66  5.47 
DMP_3  − 4.71  − 4.07  4.96 
DMP_4  − 4.96  − 4.28  5.32  

D. Roy and A. Kovalenko                                                                                                                                                                                                                     
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Density functional theory (DFT) calculations 

The dimeric forms of liquid aromatics were explored using the 
dispersion corrected density functional theory. The B3LYP density 
functional with the dispersion correction scheme of Grimme and co- 
workers (B3LYP-D3) was used for calculating the dimer structures of 
amines with the correlation consistent cc-pVTZ basis set [33–37]. The 
solvation frees energy calculations were done at the M06-2X/Def2- 
TZVPP level of theory [38–39]. All the structures were confirmed as 
minima on the respective potential energy surfaces through vibrational 
modes analysis, unless noted otherwise. The liquid continua were 
incorporated for all the DFT calculations using the conductor-like 
polarizable continuum model (CPCM) and the Minnesota solvation 
model (SMD) as implemented in the Gaussian16 suite of quantum 
chemical programs [40–45,51]. The default setting of the CPCM model 
uses scaled UFF radii to a generate solvent cavity. The SMD solvent 
model, on the other hand, uses scaled Bondi atomic radii for cavity 
generation. The effect of the theoretical levels used with the continuum 
solvation models were tested by further calculating the solvation free 
energies using the B3LYP functional and at the Hartree-Fock (HF) level 
in combination with the Def2-TZVPP basis set [33,34,46]. All the re
ported energies include the zero-point correction. 

Results and discussion 

The MD equilibration profile of the four pure liquids reported here 
showed reliable density profiles simulated using the all-atom GAFF force 
field parameters (Table 2). The radial distribution functions are indic
ative of the nature of the interactions present in the liquid form. The 
aniline (ANL) molecules have intermolecular interactions via N•••H(N) 
and N•••H(C) interactions, as evident from the gNH and gNC radial dis
tribution function (rdf) peaks in the region of ~ 2.5 to 5.5 Å. The mul
tiple peaks are due to possible different molecular orientations leading 
to H-bonding interactions. Such interactions are also present in the 
RISM-KH profile (Fig. 2). The RISM profile is indicative of a shorter 

intermolecular interaction for N•••H(N) H bonding than N•••H(C) 
interaction, as evident from the position of the maxima in the pair dis
tribution functions (pdfs, Fig. 2). 

The atomic distribution functions of pyridines provided interesting 
information on the molecular arrangements in the liquid form. The 
N•••N rdfs has a maximum ~ 4.7 Å for PYR, while the same are shifted 
to a higher separation, ~6 Å, for methylated pyridines, presumably due 
to steric factors. This feature is very well reproduced by the RISM-KH 
calculations (Fig. 3). The N•••H interatomic distribution has a sharp 
maximum at ~ 2 Å for liquid pyridine (PYR) and 2-Methylpyridine 
(2MP), which is absent for 2,6-Dimethylpyridine (DMP). Multiple 
peaks are observed between 3 and 6 Å for all three pyridines. The RISM 
profile of the N•••H interaction differs significantly from the MD rdfs of 
pyridines by the absence of the peak around 2 Å, instead it is shifted to 3 
Å, followed by a hump around 6 Å. The effect can be a result of using 
united atom force field for the methyl and dimethyl pyridines. An earlier 
study of the liquid pyridine using diffraction, OPLS force field based MD, 
and RISM reported heavy atom distributions similar to those reported 
here [49]. 

The electronic structure calculations of the four liquids obtained 
using the dispersion corrected DFT and continuum SMD model yielded 
dimers stabilized by H-bonding, π-stacking, and X-H•••π interactions. 
For example, the liquid ANL dimers are stabilized by N•••H(N) in
teractions with interatomic separation in the range of 2.18–2.23 Å, and 
N•••H(C) interactions with interatomic separation of 2.63 Å. The (N) 
H•••π and (C)H•••π interactions were found to have interatomic sep
arations in the range of 2.7–3.0 Å (Fig. 4). These interatomic separations 
are comparable to the maxima on the corresponding distribution profiles 
obtained from MD and RISM calculations. The dimerization enthalpy in 
the liquid phase is found to be in the range of 5.3–4.2 kcal/mol. The PYR 
dimers in the liquid state has significant π-stacking and C-H•••π in
teractions (Fig. 5). The dimerization enthalpy of the most stable dimeric 
form is 2.09 kcal/mol and has a parallel displaced π-stacked geometry. 
The MPY and DMP dimers in neat liquid have additional [Csp3]H•••π 
interactions along with N•••H H-bonds and other π-cloud involving 

Table 4 
Solvation free energy (SFE in kcal/mol) computed using the CPCM/M06-2X/Def2-TZVPP, SMD/M06-2X/Def2-TZVPP, and 3D-RISM-KH methods.  

Solute Solvent SFE(exptl.)a SFE(CPCM) SFE(SMD) SFE(RISM) 

n-octane dimethylpyridine  − 4.88  − 0.58  − 4.81  − 2.97 
Toluene dimethylpyridine  − 5.03  − 1.18  − 4.88  − 4.66 
Ethanol dimethylpyridine  − 4.87  − 2.81  − 3.89  − 5.47 
1,4-dioxane dimethylpyridine  − 4.9  − 3.07  − 5.45  − 6.90 
2-butanone dimethylpyridine  − 4.34  − 1.97  − 5.24  − 5.41 
2,6-dimethylpyridine dimethylpyridine  − 6.04  − 2.71  − 5.73  − 5.46 
n-octane pyridine  − 4.5  − 0.63  − 4.89  0.06 
Toluene pyridine  − 5.1  − 1.32  − 5.43  − 3.06 
Ethanol pyridine  − 5.08  − 3.04  − 4.05  − 4.75 
1,4-dioxane pyridine  − 5.14  − 3.32  − 5.62  − 5.76 
2-butanone pyridine  − 4.61  − 2.28  − 5.59  − 4.15 
Pyridine pyridine  − 5.47  − 3.11  − 6.15  − 5.11 
Nitromethane pyridine  − 5.11  − 5.33  − 5.94  − 6.28 
n-octane aniline  − 3.48  − 0.58  − 3.98  − 1.05 
Toluene aniline  − 4.57  − 1.17  − 4.13  − 4.35 
Ethanol aniline  − 4.45  − 2.79  − 4.29  − 5.90 
1,4-dioxane aniline  − 5.65  − 3.05  − 4.61  − 7.00 
2-butanone aniline  − 4.87  − 2.91  − 4.25  − 5.52 
Aceticacid aniline  − 6.3  − 4.16  − 5.30  − 7.62 
Propanoicacid aniline  − 6.2  − 3.89  − 5.75  − 7.19 
Aniline aniline  − 7.61  − 3.70  − 6.58  − 7.46 
Nitromethane aniline  − 5.11  − 4.88  − 3.78  − 6.81 
Hydrogenperoxide aniline  − 7.8  − 4.15  − 7.48  − 8.29 
MADb    2.56  0.63  1.17 
RMSEc    2.78  0.72  1.52 

aExperimental solvation free energy from the MNSol database. bMean absolute deviation calculated as: MAD =
1
n
∑n

1
|xi − x|. cRelative mean square error calculated as: 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

1(xi − x)2

n

√

; xi = Predicted free energy, x  = Experimental free energy for n-samples.  
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interactions (Figs. 6 and 7). These additional interactions impart a larger 
stabilization enthalpy of the dimers in comparison to PYR liquid dimers. 
The dimerization computed using DFT-D3 is provided in Table 3. 

We have used experimental solvation free energy (SFE) of solutes in 
aniline, pyridine, 2-methylpyridine, and 2,6-dimethylpyridine from the 
MNSol database [47,48,50,51]. This dataset is also used to train the SMD 
solvation model. During the 3D-RISM-KH calculations in the 2-methyl
pyridine solvent, we have observed some negative PMVs of the sol
utes, and hence we have not used this solvent for the 3D-RISM SFE 
calculations. The remaining SFEs in three solvents were calibrated 
together. Among the atomic surface charge-based continuum models, 
the CPCM model has the highest mean absolute deviation (MAD) of 2.56 
kcal/mol from the experimental benchmarks. The SMD solvation model, 
on the other hand, has the best performance with a MAD of 0.63 kcal/ 
mol. The UC-corrected SFEs from the 3D-RISM-KH has a slightly worse 
performance than SMD model, but outperforms the CPCM computed 
SFEs with a MAD of 1.17 kcal/mol. All the computed SFEs are provided 
in Table 4. The effect of the level of theory in calculating the SFEs using 
the QM continuum models are found to be negligible. (Footnote 1). 

Conclusion 

In this work, we have extended the 3D-RISM-KH molecular solvation 
theory to explore the liquid state of four aromatic compounds: aniline, 
pyridine, 2-methylpyridine, and 2,6-dimethylpyridine. The liquid states 
of these compounds have ordered structures owing to N···H hydrogen 
bonding, NH···π, CH···π, and π-stacking interactions. These observations 
have been further supported from the electronic structure calculations 
using DFT-D3 theory. The 3D-RISM-KH theory computed SFEs are at par 
with those computed using the SMD solvation models, although the 
former requires much less computational resources. 
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