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Abstract: An implicit account of the solvent effect can be carried out using traditional static quantum
chemistry calculations by applying an external electric field to the studied molecular system. This
approach allows one to distinguish between the effects of the macroscopic reaction field of the solvent
and specific solute–solvent interactions. In this study, we report on the dependence of the simulation
results on the use of the polarizable continuum approximation and on the importance of the solvent
effect in nonpolar solvents. The latter was demonstrated using experimental data on tautomeric
equilibria between the pyridone and hydroxypyridine forms of 2,6-di-tert-butyl-4-hydroxy-pyridine
in cyclohexane and chloroform.
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1. Introduction
Noncovalent interactions allow our world to exist. Their specific interaction energies [1–4], their effect on the spectral [5–7], chemical [8,9], and structural [10–12] properties
of individual molecules, those in adducts and solutions [13–15], have been and remain
vital to the progress of chemistry. The interpretation of spectral shifts caused by changes
in the properties of a particular interaction can be carried out in sufficient detail [16].
In contrast, the result of a complex interplay of competing noncovalent interactions in
condensed matter is often challenging to predict, even in crystalline solids in which the
positions of atoms are known and do not change with time [17–24]. In the case of solutions,
the situation becomes even more complicated. Small changes of one interaction lead to
measurable changes in others. Correct interpretation of these changes requires the selection
of a convenient model system and a preliminary study of the dependence of the discussed
spectral characteristic on the interaction properties [25,26]. In other cases, only a general interpretation of the observed spectral changes caused by changing noncovalent interactions
is possible [27,28].
The situation in which the properties of the molecular system under consideration
depend on its interaction with the solvent is most common. The best method for such cases
is the molecular dynamics approach [29–31]. Even here, simplified solvation models are
often used [32–34]. However, such calculations are still laborious and difficult to apply
both for large molecular systems and for qualitative model calculations. Less demanding
approaches are the polarizable continuum model (PCM) [35–37] and solvation model
based on density (SMD) [38] approximations. These approaches significantly improve the
description of molecular systems in solutions. However, it has been clearly demonstrated
that, at least for highly polar solvents, both of these approaches underestimate the effect of
solvation [39]. The agreement with experimental results can be achieved either by changing
the geometry of the molecular system in the “correct direction” [40], by introducing
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Figure 3. The alkali metal···halogen distance in LiF (a) and LiAt (b) as a function of (ε − 1)/(ε + 0.5)
Figurethe
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than 1.9 Å even at ε = 100 (Figure 3a). Note that at the points of inflection the functions
5 of 14
exhibit jumps, that is, an increase in the field strength by 0.0001 a.u. leads to a significant
increase in the distance (Figures 4a and 4c).
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exhibit jumps, that is, an increase in the field strength by 0.0001 a.u. leads to a significant
6 of 14
increase in the distance (Figure 4a,c).
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2.2. H3N···HF Complex
Figure 6a shows a correlation between the H3N···H and N···F distances of H3N···HF
under the effect of an external electric field at the gas-phase (ε = 1) and PCM (ε = 2 and
100) approximations.
The fact that the A–H and H···B distances of a hydrogen-bonded complex A–H···B are
interdependent is well known [61–64]. The hydrogen bonded H3N···HF complex is no exception [40,45,65,66]. In our calculations an increase of the external electric field induces
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an additional dipole moment in the complex. This induced dipole moment is created by a
displacement of the mobile H+ toward the nitrogen atom. This proton transfer is accompanied at first by a compression of the N···F distance and then by an elongation of it. Numerical data are collected in Table S14 in the Supporting Information. The first part is
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weakening, is followed by dissociation into H4N+ and F-. During the first part of the proton
transfer, the difference in the correlations obtained under different conditions is small.
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is associated with the strengthening of the hydrogen bond, while the second one, with
its weakening, is followed by dissociation into H4 N+ and F− . During the first part of the
proton transfer, the difference in the correlations obtained under different conditions is
small. This difference is best seen in Figure 6b, where the external field effect is compared
with the polarity effect (Table S15). What is particularly important is that the difference
between the gas-phase approximation and nonpolar media is very similar to the difference
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between nonpolar and highly polar media. Therefore, the accuracy of the values of ε used
in the PCM approximation is less important than the use of this approximation itself.
The situation is different after the proton is transferred to the base and the hydrogen
bond begins to weaken, N···H < 1.2 Å (Figure 6a). Here the correlation between the
N···H and N···F distances critically depends on the approximation used. For example, for
N···H = 1.083 Å the N···F distance varies from 2.70 Å at ε = 1 to 2.65 Å at ε = 2 to 2.59 Å at
ε = 100 (Table S14). The limiting values of these distances before dissociation also change
depending on the approximation used. These values for the N···H and N···F distances
are 1.071 Å and 2.786 Å, 1.062 Å and 2.791 Å, and 1.047 Å and 2.848 Å at ε = 1, 2, and 100,
respectively (Table S14).
Consequently, when modeling the integral effect of intermolecular interactions on the
geometry of a hydrogen bonded complex in condensed media is carried out by applying
an external electric field, the result depends on whether the PCM approximation is used
or not. If the perturbation of the complex is small, the accuracy of the values of ε used
in the PCM approximation is not very important. If the electronic structure of the complex changes qualitatively (proton transfer), the difference associated with the value of ε
increases noticeably.
2.3. Pyridone–Hydroxypyridine Equilibria
The solvent effect on the tautomeric equilibria between pyridone and hydroxypyridine
has been extensively studied [57,67–70]. Hydroxypyridine (OH-form) exists predominantly
in the gas phase and in nonpolar solvents, while pyridone (NH-form) is stable in polar
solvents. The most pronounced change in the tautomeric equilibrium constant was observed for 2,6-di-tert-butyl-4-hydroxy-pyridine. The tautomeric equilibrium constant for
this [NH]/[OH] equilibrium, log([NH]/[OH]), is −0.92 in cyclohexane and 0.96 in chloroform [57]. Assuming that the difference between the zero-point energies of the NH- and
OH-forms is negligible, one can associate this constant with the difference of the electronic
energies of these forms, Table 1. The gas-phase approximation agrees with the experimental
trend—the OH-form is the lowest energy one. The PCM and SMD approximations are
also consistent with the experimental trend, but they clearly overestimate the stabilization
of the NH-form in solution (Table 1). Presumably, this deviation can be explained by the
fact that the NH moiety of 2,6-di-tert-butyl-4-hydroxy-pyridine is sterically protected from
specific solute–solvent interactions [71]. In contrast, the OH moiety is not. Consequently,
these interactions increase the stabilization of the OH-form in solution.
Table 1. Electronic energy differences between the NH- and OH-forms of 2,6-di-tert-butyl-4-hydroxypyridine—experimental values and those calculated under different approximations.
Model

E(NH)–E(OH), a.u.

Exp. in cyclohexane [57]
Exp. in chloroform [57]
Gas-phase DFT
PCM cyclohexane
PCM chloroform
SMD cyclohexane
SMD chloroform
Field 0.0007 a.u.
Field 0.0023 a.u.
PCM cyclohexane and Field 0.0030 a.u. on the OH-form
PCM chloroform and Field 0.0023 a.u. on the OH-form

0.0020
−0.0021
0.0036
−0.0007
−0.0043
−0.0017
−0.0053
0.0019
−0.0019
0.0021
−0.0021

First we simulate the effect of the intermolecular interactions by applying an external
electric field under the gas-phase approximation. The direction of this field is shown in
Figure 1. The experimental values of the tautomeric equilibrium constant in cyclohexane
and chloroform can be reproduced at a field strength of 0.0007 a.u. and 0.0023 a.u., respectively (Table 1). This external electric field includes the impacts of the macroscopic reaction
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field and specific solute–solvent interactions [42]. These impacts cannot be separated in
this approximation.
The impacts of the macroscopic reaction field can be accounted for using the PCM
approximation. In this case we applied the external electric field to the OH-form only.
This field simulates the difference of the specific solute–solvent interactions in the case of
the NH- and OH-forms. The experimental values of the tautomeric equilibrium constant
in cyclohexane and chloroform can be reproduced at a field strength of 0.0030 a.u. and
0.0023 a.u., respectively (Table 1). The search for the best values of the external electric field
strength is simplified by the almost linear dependence of the energy on the field strength
in all cases considered (Table S16 in the Supporting Information).
What does it mean that the field strengths required to simulate the effect of the specific
solute–solvent interactions in cyclohexane and chloroform are large, and the value in
cyclohexane is slightly larger than that in chloroform? This may mean that the PCM
approximation underestimates the stabilization of the OH-form in nonpolar solvents in
general and that in cyclohexane the error is larger than in chloroform. Alternatively, this
may mean that the difference between the stabilization of the OH- and NH-forms due to
specific interactions in cyclohexane is greater than in chloroform. Besides solute–solvent
interactions, it could be a self-aggregation in the OH-form or the effect of impurities [71,72].
A more rigorous and complete answer to this question is of great interest, but cannot
be given here, since it requires high-precision experimental measurements. We can only
estimate the impacts of the macroscopic reaction field of cyclohexane and chloroform and
the specific interactions in these solvents in terms of the external field strength. The impacts
of the macroscopic reaction field of cyclohexane and chloroform will be called Scy and
Sch , respectively. The impacts of the specific solute–solvent interactions in cyclohexane
and chloroform will be called Icy and Ich . It follows from the PCM approximation that
Icy = 0.0030 a.u. and Ich = 0.0023 a.u. When the gas-phase approximation is used, the field
strengths are Scy − Icy = 0.0007 a.u. and Sch − Ich = 0.0023 a.u. The negative sign is
used to give I and S as positive. Therefore, the impacts of the macroscopic reaction field
of cyclohexane and chloroform are Scy = 0.0037 a.u. and Sch = 0.0046 a.u. The fact that
Scy < Sch is consistent with the higher polarity of chloroform. The nature of the relatively
large impacts of Icy and Ich are yet to be understood.
3. Materials and Methods
The Gaussian 09.D.01 program package was used for the density functional theory
(DFT) quantum chemical calculations [73]. Geometry optimizations were done using the
ωB97XD density functional theory (DFT) hybrid functional [74,75]. These calculations
were done using the Def2QZVP basis set for the alkali metal halides and H3 N···HF and the
Def2TZVP basis set for pyridone and hydroxypyridine [76,77]. For LiAt, some calculations
were also performed using the Def2QZV basis set. The parameters for SMD calculations were adapted from the Minnesota Solvent Descriptor Database [78]. Cyclohexane:
Eps = 2.0165, EpsInf = 2.0352, HbondAcidity = 0.00, HbondBasicity = 0.00, SurfaceTensionAtInterface = 35.48, CarbonAromaticity = 0.0, ElectronegativeHalogenicity = 0.00. Chloroform: Eps = 4.7113, EpsInf = 2.0963, HbondAcidity = 0.15, HbondBasicity = 0.02, SurfaceTensionAtInterface = 38.39, CarbonAromaticity = 0.0, ElectronegativeHalogenicity = 0.75.
The combined use of an external electric field and the PCM or SMD approximations
has a specific feature for alkali metal halides. The potential energy of a dipole in an external
electric field is U = −q·R·E, where q stands for the charges, R stands for the distance
between them, and E stands for the strength of the electric field. When R → ∞ , U → −∞
for any E > 0. Consequently, an M+ ···X− molecule is a local minimum in this approximation,
while the global minimum corresponds to a dissociated state. This local minimum does
not show imaginary vibrational frequencies.
It was determined empirically that the dielectric dependence of molecular properties
could be closely fit using the Kirkwood–Onsager parameter (ε − 1)/(ε + 0.5), where ε
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stands for the dielectric constant [79]. This parameter is used in this work to demonstrate
the dielectric dependence of M···X distances.
Alkali metal halide dissociation energies at different conditions were calculated as a
difference between the electronic energy of a given alkali metal halide complex and the
sums of the electronic energies of the alkali metal and halogen atoms or the alkali metal
cations and halogen anions at the same conditions.
4. Conclusions
The AuF approach models solvent [42,43] and matrix [56] effects using an external
electric field applied to the molecular system under study. In this research, we report how
the modeling results change in connection with the PCM approximation and with the use
of the AuF approach to nonpolar solvents.
Note that this external electric field is fictitious in nature. It is just a tool to put pressure
on the electron density of the molecule under investigation in order to model the changes
caused by multiple interactions with solvent molecules. Therefore, this fictitious external
electric field should not be confused with real local electric fields present in electrolytes [80]
or real external electric fields applied to change physical [81,82] and chemical [83,84]
properties of solutions. At the same time, the strength of this fictitious field is only about
one order of magnitude smaller than that of these real electric fields.
It is shown that the AuF approach can simulate the dissociation of alkali metal halides.
For small perturbation of these molecules, the use of the PCM approximation is optional.
In contrast, for large disturbances and especially close to the dissociation it is strongly
recommended to use the PCM approximation. Similar conclusions can be drawn for
proton transfer in H3 N···HF. For the hydrogen bond of the molecular type, H3 N···HF,
the difference between the results obtained in the gas-phase and PCM approximations is
small. For the hydrogen bond of the ionic type, [H3 NH]+ ···F− , the difference becomes
much larger.
The AuF approach may be used to model solvent effects in nonpolar solvents. The
integral effect can be estimated using the gas-phase approximation. By comparing these
results with those obtained in the PCM approximation, we can distinguish between the
effects of the macroscopic reaction field of the solvent and the specific solute–solvent
interactions. In this work, such an analysis was carried out using experimental data
on tautomeric equilibria between pyridone and hydroxypyridine in cyclohexane and
chloroform. Although this analysis cannot determine the nature of the interactions taking
place in the solution, it still allows us to evaluate the influence of these interactions on
the parameters of the system under study and the need to take them into account when
interpreting experimental data.
Supplementary Materials: The following are available online. Alkali metal···halogen distance in
KBr, CsF, and CsAt, as a function of (ε − 1)/(ε + 0.5), basis set dependence of this function for LiAt,
correlations between the external electric fields required to obtain the same alkali metal···halogen
distance in LiF, KBr, and LiAt under different approximations, numerical values of the calculated
parameters presented in the figures.
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