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ABSTRACT: Properties of pyrrole and pyridine molecules upon
different hydrations were investigated through density functional theory.
Complexes of studied molecules with a cluster of 50 water molecules
were considered, and the polarizable continuum model of solvation
(PCM) was also taken into account. For comparative purposes, all
mentioned calculations were repeated for single pyrrole and pyridine
molecules and their complexes with one water molecule. Aromaticities
of solvated pyrrole and pyridine rings were studied using several
geometric- and electronic-based aromaticity criteria. Special attention
was paid to studying the properties of formed hydrogen bonds between
pyrrole or pyridine and either a single water molecule or several water
molecules of the cluster. Overall, a comprehensive description of two
very important heterocyclic compounds, that is, pyrrole and pyridine, in
both discrete and continuum water solutions, is extensively presented.

■ INTRODUCTION
This project aims to study the influence of the solvent (water)
on the properties of pyrrole and pyridine. As an alternative to
experimental methods, in silico theoretical approach is applied.
Chemical compounds seldom exist as free molecules, that is, not
interacting with other molecules. An example of such an
interacting system is the so-called solution, where the number of
molecules of one compound (solvent) is much larger than that
of another compound (solute), which is dispersed among the
solvent molecules. The interaction between the solute molecule
and the solvent and, consequently, how the solute properties are
changed is key to understanding many aspects. Despite this,
most of the quantum chemical studies are performed for isolated
molecules in the gas phase (GP), mainly due to a much lower
computational cost required. However, the improved comput-
ing power available makes affordable the study of how the
environment (solvent) influences the solute under analysis.
Pyrrole and pyridine are very important heterocyclic

compounds. They are the simple models of acidic and basic
aromatic systems. For such a reason, theoretical studies of
pyrrole and pyridine interaction with water have a long history.
Quantum chemical study of the pyrrole−one water and
pyridine−one water complexes was previously done.1 Molecular
structures, vibrational frequencies, dipole moments, and 14N
nuclear quadrupole coupling constants were calculated and
compared with some experimental data. The accuracy of density
functional theory (DFT) versus MP2 was checked for the
pyridine−one water molecule complex.2 Methyl-substituted
pyridine was also taken into account.3 In a more extended study,
interactions of pyrrole not only with water but also with HF,

NH3, HCl, H2S, and PH3 were also a topic of investigation.
4 On

the other hand, molecular dynamics data of pyrrole−H2O and
pyrrole−(H2O)2 complexes and ground states structures of
pyrrole complexes with up to four water molecules were
published.5 Theoretical studies on pyridine protonation with the
presence of one or a few water molecules were published as
well.6,7 From the above review of previous research, it is clear
that studies to date (for simplicity as well as perhaps from the
computer limitations of the time) restricted the interactions of
pyrrole and pyridine to a limited number of water molecules,
most often only one single water molecule. In contrast to the
work mentioned above, we have allowed pyrrole and pyridine
molecules to interact with multiple water molecules (for details,
see the Computational Details chapter). In this way, the
description of the behavior of pyrrole and pyridine in the water
solution should be a more realistic approach.
The inspiration for this study was performed several years ago

through a theoretical investigation of how solvation affects the
aromaticity of benzene.8 In particular, the noticeable aromaticity
of benzene in the GP was proven to persist under a polarizable
continuum model of solvation (PCM), as well as with discrete
solvation by a cluster of water molecules. More recently,9 a study
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on the aromaticity of aniline, nitrobenzene, as well as para- and
meta-nitroanilines in water was considered. In contrast to
benzene, these compounds possess group(s) that can effectively
interact with water molecules through the formation of
hydrogen bond(s) between solute and solvent molecules.
Different models of solvation, from a discrete single water
molecule or a continuum solvation model,10−12 also with the
molecule interacting with either one or twowater molecules, and
either with or without the continuum model, till solvation by a
water cluster were employed. The main aim of that study
focused on the substituent effect in solution, despite special
emphasis on the effect of solvation on their aromaticity. It was
shown how the aromaticity of meta-nitroaniline changed
significantly, whereas aromaticity changes of aniline, nitro-
benzene, and para-nitroaniline were almost negligible.
The present project aims to go one step further with respect to

the above-mentioned research by focusing on the effect of
aqueous solvation on two relevant heterocycles, namely, pyrrole
and pyridine. Despite both systems being heterocycles with one
nitrogen atom, their structures are very different (Figure 1),

starting with different ring sizes and hence also their molecular
properties, like electronic structures (including aromatic-
ity),13,14 stability, ways of interaction with other chemical
systems, and also chemical reactivity. Both pyrrole and pyridine
can effectively interact with water molecules. However, due to
their different chemical structures, pyrrole is a proton donor,
while pyridine acts as a proton acceptor. In this way, water itself
is also a molecule that can both accept and donate a proton,
which might affect the aromatic properties of either pyrrole or
pyridine in the aqueous solution. In fact, the relevance of this
work relies on the latter.

■ COMPUTATIONAL DETAILS
The methodology of this study is the same as that already
successfully proven in previous investigations to allow a direct
comparison. In a similar way, different models of solvation are
taken into account: no solvation (i.e., single pyridine or pyrrole
molecules in the GP), single molecule + continuum solvation
(PCM), single molecule + water molecule, single molecule +
water molecule + PCM, and finally, a pyrrole or pyridine
molecule in a water cage. This later cage consists of 50 water
molecules, which are freely positioned around the molecule, and
then the structure of the whole system is optimized. This
number of water molecules has been determined conventionally.
We believe that this amount of water is sufficient for simulating
the full solvent influence on solute molecule properties, as
previously tested. Thus, calculations of energetically optimized
geometries for different models of hydration enable us an
evaluation of the influence of water solvation on the
physicochemical properties of both pyridine and pyrrole. The
optimization procedure was repeated 10 times with different
starting positions of 50 water molecules for both studied
compounds. In this way, 20 different optimized structures, 10 for
pyrrole and 10 for pyridine, were obtained.

All DFT calculations presented here were carried out using
Gaussian15 and GAMESS (version 5 December 2014)16

software. We combined the B3LYP functional17 and the 6-
31G** basis set.18,19 The PCM20 was applied for the continuum
solvation calculations. All geometries were confirmed to be
minima by the vibrational frequency analysis. For chemical
shielding calculations, the gauge-independent atomic orbital
method was used.21

The analysis of aromaticity has been carried out by means of
different indices of aromaticity with the aim of achieving a
reliable trend. In particular, the geometry-based harmonic
oscillator model of aromaticity (HOMA),22 the magnetic-based
nucleus independent chemical shift (NICS),23 and the
electronic-based aromaticity indices like the para delocalization
index (PDI),24 fluctuation index (FLU),25 and multicenter
index (MCI)26,27 were employed. HOMA is calculated using
bond lengths of the studied ring, and it is equal to 0.0 for the
hypothetical Kekule ́ structure of benzene (nonaromatic system
reference) and 1.0 for the real benzene structure (aromatic
compound reference). NICS is defined as the negative value of
the absolute magnetic shielding calculated in the center of the
aromatic ring. The more negative the NICS value, the more
aromatic the ring. The calculation of the NICS has been limited
to the center of the ring because the magnetic shielding out of
the plane could depend not only on the aromaticity of the
studied ring but also on the proximity of solvent molecules, thus
altering the expected trends. Finally, with respect to the
electronic-based criteria, PDI is the mean value of the electronic
delocalization indices (calculated within the framework of the
atoms-in-molecules theory, which are two-center electron
sharing measures) for para-related atoms in the rings. PDI
index has been defined for six-membered aromatic rings; it has
been calculated for pyridine and its water solvated structures.
FLU measures the uniformity of the electronic delocalization of
a ring with respect to an aromatic bond. Both Iring and MCI are
multicenter indices, with the former only taking into account the
Kekule ́ structure, whereas the latter considers all possible
arrangements, thus providing a measure of the electron sharing
among the atoms considered. Larger values of PDI, Iring, and
MCI and smaller values of FLU stand for the larger aromaticity
of that particular ring.28,29

The analysis of the electron densities within the AIM
framework30 (necessary for calculations of electronic indices
of aromaticity and charges, as well as for detection and strength
evaluation of hydrogen bonds between solvent and solute
molecules) was carried out using the AIMAll software31 and the
ESI-3D program.32,33 Additional atomic charge determination
was made by the GAPT (generalized atomic polar tensors)34

population analysis.

■ RESULTS AND DISCUSSION
The influence of the solvent, water in this case, on the selected
properties of pyrrole and pyridine is the topic of this study.
Interactions of pyrrole and pyridine with an ampholytic solvent
like water are very interesting because pyrrole is a model proton
donor and pyridine is its model acceptor. In order to achieve this
aim, we studied pyrrole and pyridine hydrated in various ways.
We started from isolatedmolecules in the GP (structures labeled
as pyrrole-GP and pyridine-GP) that were used as a reference
system for the estimation of solvent effects. Then, a single water
molecule was added to the pyrrole or pyridine unit (structures
pyrrole-H2O and pyridine-H2O). With no doubts, for both
studied heterocyclic molecules, the strongest interaction

Figure 1. Molecular structures of pyrrole and pyridine.
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between a solute molecule and the solvent is the intermolecular
hydrogen bond formed, thanks to the presence of the nitrogen
atom. However, these bonds are quite different. In the case of
pyrrole, the intramolecular hydrogen bond is formed between its
NH group and the oxygen of the water molecule (Figure 2). In

contrast, in the case of pyridine, such a bond appears between its
nitrogen atom and one of the hydrogen atoms of water. Next, we
employed a continuum solvation model (PCM) for both
systems alone (pyrrole-PCM, pyridine-PCM). Structures in
which pyrrole−water or pyridine−water complexes are addi-
tionally solvated by the continuum solvation were also studied
(pyrrole−H2O−PCM, pyridine−H2O−PCM).
Finally, the above-mentioned model of cluster hydration (a

solute molecule surrounded by 50 water molecules, pyrrole-
cluster and pyridine-cluster) was used. Ten different clusters
consisted of pyrrole and 50 water molecules, as well as other ten
for pyridine molecule and 50 water molecules were calculated.
Representative examples of cluster structures are presented in
Figure 3.
Geometries observed in water clusters are usually similar to

those of pyrrole-H2O and pyridine-H2O structures, that is, only
NH···OH2 and N···HOH hydrogen bonds are formed for
pyrrole and pyridine, respectively (Figure 3). Among them, we
have nine structures that can be considered as expected for each
studied compound. However, we have two very different
structures for each of them. In one of the clusters (Figure 3,
first from the left), pyrrole interacts with two water molecules
instead of one. In this way, a bifurcated hydrogen bond is formed
between the NH of pyrrole and the oxygen of the two water
molecules. Nonetheless, the formation of such a hydrogen bond
type is quite rare, in only 1 out of the 10 complexes of pyrrole
with the 50 water clusters obtained. In the case of pyridine
complexes with water clusters, all structures are more similar and
form one hydrogen bond with water. However, in one case,
pyridine forms a very long hydrogen bond (about 0.7 Å longer)
than in other complexes (Figure 3 on the right).
To study the strength of formed intramolecular hydrogen

bonds, we investigated their structural and electronic parame-
ters, which are gathered in Table 1. It is expected that a stronger

hydrogen bond has a shorter length, an angle closer to 180°, and
a larger electron density at the hydrogen bond critical point. Due
to the presence of two structures, as mentioned above, that are
different from the rest, the mean values, ranges, and standard
deviations were calculated (first for expected structures only and
then for all calculated structures). It is observed that the mean
and standard deviation values (and of course, ranges presented
in Table 1 parameters) are only affected if the rarely obtained
structures are taken into account. A significant reduction of
standard deviation values is observed in the case of the pyridine
clusters.
Comparison of the data from Table 1 for pyrrole shows that

addition of the continuum solvation to the pyrrole−water

Figure 2. Structures of pyrrole and pyridine with one water molecule.

Figure 3. Examples of studied compound complexes with 50 water molecules.

Table 1. Bond Lengths (Å), Angles (degrees), and Electron
Densities at BCPs of Hydrogen Bondsa

pyrrole

H···O bond
length NH···O angle electron density

pyrrole-H2O 1.949 174.7 0.0272
pyrrole−H2O−PCM 1.890 179.1 0.0312
clusters (mean value,
typical structures)

1.966 160.0 0.0273

clusters (range, typical
structures)

1.738/2.086 135.1/177.8 0.0111/0.0433

clusters (standard
deviation, typical
structures)

0.152 13.1 0.0105

clusters (mean value, all
structures)

2.005 157.3 0.0264

clusters (range, all
structures)

1.738/2.401 130.1/177.8 0.0111/0.0433

clusters (standard
deviation, all
structures)

0.195 15.4 0.0105

pyridine

N···H bond
length N···HO angle electron density

pyridine-H2O 1.984 151.7 0.0281
pyridine−H2O−PCM 1.892 162.5 0.0346
clusters (mean value,
typical structures)

1.779 165.4 0.0449

clusters (range, typical
structures)

1.730/1.873 161.6/171.0 0.0353/0.0503

standard deviation
(typical structures)

0.056 3.5 0.0060

clusters (mean value, all
structures)

1.859 161.1 0.0413

clusters (range, all
structures)

1.730/2.579 122.4/171.0 0.0090/0.0503

clusters (standard
deviation, all
structures)

0.258 14.0 0.0123

aStatistical analysis has also been included.
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complex results in the strengthening of all parameters describing
the intermolecular hydrogen bond (shorter hydrogen bond
length, from 1.949 to 1.890 Å, hydrogen bond angle closer to
180°, from 174.7 to 179.1°, and higher electron density at the
critical point of the hydrogen bond, from 0.0272 to 0.0312). At
difference, the interaction of the pyrrole molecule with the
cluster of water molecules causes a decrease in the strength of
the intermolecular hydrogen bond [longer average value of the
hydrogen bond length, 2.005 Å, and smaller mean values of
hydrogen bond angle, 157.3°, and bond critical point (BCP)
electron density, 0.0264]. The exclusion of an unusual structure
with a bifurcated hydrogen bond changes these values slightly. In
this case, the mean length value is 1.966 Å and the angle is 160°.
It is observed how the inclusion of more discrete water
molecules in the cluster changes significantly the properties of
the hydrogen bond of the pyrrole molecule with water. Thus, the
introduction of one water molecule in bothH2O andH2O-PCM
complexes results in the formation of an attractive force between
a water molecule and a solute molecule. In contrast, when
introduced in a cluster, the water molecules involved in the
solute−water hydrogen bonds are attracted also by other water
molecules. Such attractive interactions with other water
molecules make the pyrrole−water hydrogen bond in the
cluster become weaker. However, it should be noted that the
ranges of all parameters in complexes with many water
molecules are quite wide, and even for some cluster complexes,
stronger hydrogen bonds than in pyrrole-H2O and pyrrole−
H2O−PCM structures are also observed. The reason must be
found in those few particular cases, that is, only 1 out of 10
systems, as mentioned above, that more largely differ.
Similarly, in the case of pyridine, we also observe the

strengthening of the hydrogen bond after including the PCM
model. All parameters describing the hydrogen bond strength
are shifted toward a stronger hydrogen bond (shorter hydrogen
bond length, from 1.984 to 1.892 Å, hydrogen bond angle closer
to 180°, from 151.7 to 162.5°, and larger electron density at the
critical point of the hydrogen bond, from 0.0281 to 0.0346).
However, at difference with pyrrole, the introduction of pyridine
into the water cluster complex also drives to a stronger
interaction, in agreement with the continuum model. It can be
deducted from the shorter bond length (mean value of 1.859 Å),
larger angle (mean value of 161.1°, very similar to that in PCM),
and larger electron density at the hydrogen bond critical point
(0.0413). Excluding the structure with an extraordinarily long
hydrogen bond further reinforces this picture. The effect of the
solute−water hydrogen bondweakening, observed for pyrrole, is
not present for pyridine. This is because the pyridine−water
hydrogen bond is stronger (has higher values of electron density
at the hydrogen bond critical points) than the pyrrole−water
one. Thus, the influence of other water molecules on it is
relatively weaker.
Thus, it is observed how any model of solvation agrees in

making the hydrogen bond stronger in pyridine, whereas in the
case of pyrrole, there is certain divergency based on the water
cluster complex. A compound that interacts more strongly with
solvent molecules should be able to mix with the solvent more
easily, that is, dissolve more easily. Thus, a difference in the
strength of interaction, pyrrole−water versus pyridine−water,
should be reflected in the difference in the solubilities of
investigated compounds in water. In fact, pyrrole has limited
solubility in water, while pyridine mixes with water without
limitation,35 thus reaching a good agreement between the
experiment and our computed data.

Table 2 encloses the relative energies of the pyrrole and
pyridine molecules in different environments. The atoms-in-

molecules method is able to split the total energy of the whole
molecular system into atomic contributions. Then, the energies
of pyrrole and pyridine units are calculated as a sum of these
atomic contributions. Energies of the GP structures have been
chosen as zero levels, the reference ones. In order to calculate the
relative energies presented in Table 2, the energy of the GP
structure was rejected from the energies of structures of the
studied molecules in different modes of solvations. In this way, a
positive energy value indicates how the GP structure has lower
energy than the free pyrrole/pyridine unit in that particular
solvation mode and the other way around if we have a negative
energy. The lowest energies of pyridine and pyrrole have been
detected in the PCM structures (a pyrrole or pyridine molecule
inside the continuum hydration model). In this case, the PCM
structures are 15.9 and 12.5 kJ/mol lower than the
corresponding GP structures of pyrrole or pyridine, respectively.
At difference, when 1 explicit water molecule or a cluster of 50
water molecules is included, these energies strongly increase for
both pyrrole and pyridine. The largest energy increases are
observed for the water clusters (443.1 and 505.4 kJ/mol for
pyrrole and pyridine, respectively). In addition, all values for
pyridine are higher than those for pyrrole. A slight lowering of
pyrrole and pyridine energies under the PCM solvation is an
effect of the construction of this theoretical approximation. Both
pyrrole and pyridine are dipole compounds. Thus, their energies
in the continuum solvent with high dielectric constants should
be stabilized. The situation changes when solute molecules
interact with one or more discrete water molecules. In water
complexes, with only one water molecule, pyrrole and pyridine
molecules are energetically destabilized. In total, energies of
these complexes are lower than the sum of energies of their parts
(a solvent and a water molecule), but the energy decreases in
such complexes are located in the water molecule. The effect of
energetic destabilization of the solute molecules intensifies in
water clusters. In particular, solute molecules interact with water
cages not only by N···HOor NH···O hydrogen bonds, but water
molecules surround also hydrophobic parts of pyrrole and
pyridine.
As with the data in Table 1, the mean values, parameter

ranges, and standard deviations were calculated twice. However,
it can be seen, somewhat unsurprisingly, that the exclusion of
such an unusual structure among the pyridine and pyrrole
clusters does not affect these parameters much. Furthermore,
the inclusion/exclusion of these rarer cluster structures has very

Table 2. Relative Energies [kJ/mol] of the Pyrrole and
Pyridine Units in Different Solvent Environments

pyrrole pyridine

GP 0.0 0.0
H2O 203.7 265.0
PCM −15.9 −12.5
H2O-PCM 157.0 247.4
clusters (mean value, typical structures) 447.8 508.5
clusters (range, typical structures) 322.4/547.4 397.4/563.3
clusters (standard deviation, typical
structures)

75.1 56.9

cluster (mean value, all structures) 443.1 505.4
cluster (range, all structures) 322.4/547.4 397.4/563.3
clusters (standard deviation, all structures) 72.4 54.5
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little or no effect on the mean values, parameter ranges, and
standard deviations of the data that will be presented in both
Tables 3 and 4. Therefore, only calculations for all clusters
analyzed are presented in Tables 3 and 4.

The charge transfers along the different kinds of hydration
from pyrrole or pyridine to the solvent or in the opposite
direction are collected in Table 3. Both pyrrole and pyridine in
the GP and under continuum solvation have total charges equal
to zero. In other phases, charges of pyrrole and pyridine are
calculated as a sum of atomic contributions. The negative charge
of a solute molecule in the H2O, H2O-PCM, or cluster phases
indicates the flow of electrons from the solvent toward the solute
molecule, whereas a positive value refers to an electron flow from
the solute to the solvent (Table 3).
In general, the charge transfer between the solvent and the

solute are small based on the data provided by either AIM or
GAPT population analyses. Both analyses predict an electron
transfer from pyrrole to the solvent molecules following the
order H2O < H2O-PCM ≈ cluster (0.03, 0.0497, and 0.0464

a.u., with AIM, respectively). Thus, as expected, the continuum
model and the water cluster model cause a larger charge transfer.
Unexpectedly, a low charge transfer is observed for the GAPT
analysis in the case of water clusters.
In contrast, both AIM and GAPT show a transfer from the

solvent to pyridine in the cases of H2O and H2O-PCM systems
(0.02 and 0.03 a.u., with AIM, respectively). This difference can
be justified due to the different typology of the hydrogen bond
formed in either pyridine or pyrrole (Figure 2), that is, hydrogen
bond donor versus hydrogen bond acceptor. However, and
more importantly, when the water cluster is considered, there is
also a charge transfer from pyridine to the solvent (about 0.08
a.u.), like for pyrrole.
Calculated values of aromaticity indices for pyrrole and

pyridine molecules studied here under different hydration
conditions are collected in Table 4. For comparison, previously8

calculated values of HOMA, NICS(0), and PDI values for
benzene in GP and water cluster environments are also added.
When comparing the aromaticity values, we must take into
account that PDI can only be applied to six-membered rings,
that is, pyridine, whereas NICSmay be affected by the size of the
ring, that is, six- versus five-membered rings for pyridine and
pyrrole, respectively.
First, as it is observed in Table 4, benzene is highly aromatic in

the GP, and this is hardly changed in solution. Only NICS is
affected in the water cluster, but this could be due to the
coupling between the water molecules and the center of the ring
where NICS is measured.36 This stability of benzene can be
attributed to the fact that it has no group that can strongly
interact with water. However, this is not the case for either
pyrrole or pyridine, as we have seen above. Will these
interactions with solvent molecules be translated into their
aromaticity and disturb it? The answer is no as it can be seen how
also the aromaticity of both pyrrole and pyridine in the water
environment is very stable. Thus, all considered systems are
proven to be, based on the different calculated criteria, highly
aromatic systems also in solution. HOMA index predicts very
high aromaticity of pyridine and benzene in all studied

Table 3. Charges (in a.u.) of Pyrrole and Pyridine Units in
Various Solvent Environments

AIM GAPT

Pyridine
H2O −0.0245 −0.0103
H2O-PCM −0.0336 −0.0356
cluster (mean value, all structures) 0.0820 0.0891
cluster (range, all structures) 0.0440/0.0968 0.0462/0.1305
clusters (standard deviation, all
structures)

0.0142 0.0228

Pyrrole
H2O 0.0331 0.0234
H2O-PCM 0.0497 0.0497
cluster (mean value, all structures) 0.0464 0.1105
cluster (range, all structures) 0.0165/0.0724 0.0711/0.1523
clusters (standard deviation, all
structures)

0.0173 0.0271

Table 4. Aromaticity Data for the Pyrrole, Pyridine, and Benzene1 Rings in Different Environments

HOMA NICS(0) PDI FLU Iring MCI

Pyrrole
GP 0.85 −15.85 0.0065 0.0300 0.0432
H2O 0.87 −15.85 0.0050 0.0323 0.0467
PCM 0.86 −15.85 0.0056 0.0307 0.0463
H2O-PCM 0.87 −15.90 0.0043 0.0337 0.0493
cluster (mean value, all structures) 0.87 −14.46 0.0052 0.0304 0.0439
cluster (range, all structures) 0.85/0.88 −15.20/−14.01 0.0040/0.0058 0.0287/0.0324 0.0408/0.0466
clusters (standard deviation, all structures) 0.01 0.44 0.0006 0.0012 0.0019

Pyridine
GP 0.99 −8.14 0.1024 0.0034 0.0463 0.0688
H2O 0.99 −8.24 0.1014 0.0021 0.0452 0.0669
PCM 0.99 −8.11 0.1019 0.0030 0.0457 0.0677
H2O-PCM 0.99 −8.20 0.1007 0.0018 0.0446 0.0656
cluster (mean value, all structures) 0.99 −7.78 0.0971 0.0017 0.0405 0.0594
cluster (range, all structures) 0.988/0.996 −7.4517/−8.1954 0.0955/0.0988 0.0013/0.0028 0.0396/0.0418 0.0579/0.0619
clusters (standard deviation, all structures) 0.002 0.25 0.0009 0.0004 0.0008 0.0012

Benzene1

GP 0.96 −9.84 0.1033
PCM 0.98 −9.84 0.1035
cluster (range) 0.97/0.95 −8.79/−8.55 0.0993/0.0958
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structures. Pyrrole is a bit less aromatic based on geometric data.
NICS values for pyrrole and pyridine also hardly change when
solvation is introduced. NICS values in water cages are a bit less
negative, which suggests a slight decrease in aromaticity.
However, NICS values can be affected in the clusters by water
molecules, causing a decrease of aromaticity for both pyrrole and
pyridine. The reason could be the same as for benzene. Next,
with respect to aromaticity measured by means of electronic
criteria, the changes are also small in the order of the third
decimal in all cases. First, for pyrrole, all FLU, Iring, and MCI
point out a slight increase of aromaticity with solvation.
However, the opposite is observed for pyridine based on Iring
and MCI criteria, which show a slight decrease of aromaticity.
These trends can be linked to the different hydrogen bond
interaction between both heterocycles too, that is, proton donor
versus proton acceptor with discrete water. The small
divergency among the aromaticity data can be simply a
manifestation of a known effect that different aromaticity
indices can describe the aromaticity of the same compound in a
slightly different way.37 The small effect of solvation, either
discrete or continuum, on both systems could have already been
expected from the impossibility of drawing a resonance structure
for any of them bonded to water, thus avoiding any resonance
effect in the π-system. Nonetheless, some systems in which the
formation of hydrogen bond results in larger changes in
aromaticity were previously reported. However, for significant
aromaticity disturbance, the presence of two strongly interacting
solvent or other ligand groups (one group donating proton and
the second attracting proton) in the ortho position is required.38

■ CONCLUSIONS

Benzene is a hydrophobic compound, which does not interact
strongly with water molecules. Thanks to that, benzene can
easily maintain its high aromaticity in a water solution.8 The
situation in both investigated compounds, pyrrole and pyridine,
is reversed. These compounds can effectively interact with water
through NH (pyrrole) or N (pyridine) groups. Performed
calculations give us an insight into the details of both studied
compounds’ interactions with water. In the case of their
complexes with a cluster of 50 water molecules, they interact
strongly with the cluster by one water molecule. We determined
the geometric and electronic parameters of formed ligand-water
hydrogen bonding. It is shown how pyridine forms a stronger
hydrogen bond than pyrrole. As a consequence, pyridine
dissolves in water much better than pyrrole. Both molecules
are energetically destabilized in their water solutions. Population
analyses predict a small (about 0.005−0.1) electron transfer
from the solute to the solvent in the studied cluster complexes of
a solute molecule and many discrete water molecules. More
importantly, the aromaticity of investigated compounds in water
solution is only slightly perturbed. Thus, the high resistance of
aromatic properties in the presence of water molecules,
previously observed for benzene, is confirmed. Future studies
on compounds in which aromaticity is more affected by a large
discrete representation of solvation are going on in our
laboratories.
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