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Density functional theory (DFT) and second-order Møller-Plesset perturbation theory (MP2) are applied to
determine the hydrogen bonding interaction energies in pyridine-water and in a set of methyl-substituted
pyridine-water complexes. The results show that methyl substitution stabilizes the hydrogen bond and the
degree of stabilization varies with the number and the position of methyl groups. It is demonstrated that the
MP2 method yields more reliable relative stabilities for these complexes than does the applied DFT method,
which does not take proper account of the dispersion interactions between water and the methyl groups in
ortho positions. The comparison of the order of the computed association energies of methyl-substituted
pyridine-water complexes with the experimentally observed sequence of the ease of miscibility of these
molecules with water shows that there is no simple relationship between the miscibility behavior and the
strength of hydrogen bond formed between water and methyl derivatives of pyridine.

I. Introduction

Reentrant phase transitions have long been of interest from
both experimental and theoretical points of view.1 Binary liquid
mixtures that show a closed-loop phase diagram are a simple
and elegant example of the systems exhibiting this phenomenon.
In these liquid mixtures, the region above and below the loop
represents the completely miscible reentrant phases, and the
region within the loop refers to the partially miscible phase. In
other words, these mixtures unmix both below an upper critical
solution temperature and upon heating above a lower critical
solution temperature. Reentrant phases are a direct consequence
of the interplay between energy and entropy as that interplay is
expressed in the interactions and motions of the molecules that
make up the mixture.1 By varying the delicate balance between
like and unlike molecule interactions in the mixture, e.g., by
adding a third component, the immiscibility loop can be made
to shrink and disappear.

The liquid mixtures of various methyl-substituted pyridines
with water, which have been extensively studied experi-
mentally,2-9 represent a very interesting model system from the
theoretical point of view, too. By changing the position and/or
the number of methyl groups on the pyridine ring one can
drastically change the mixing properties of these compounds
with water. For example, pyridine (Py) and different methyl-
pyridines (MPy) are completely miscible with water, whereas
dimethylpyridine(DMPy)-water systems display closed-loop
miscibility curves.2 It is remarkable that although 2-methyl-
pyridine (2-MPy) and 3-methylpyridine (3-MPy) are completely
miscible in all proportions at all temperatures with water, they
are only partially miscible with heavy water.3 On the basis of
the results of the solubility studies and investigations of
thermodynamic properties,2,3,10the methyl-substituted pyridines

(msPy) can be arranged in order of ease of solution in water as
follows: Py . 4-MPy > 2-MPy > 3-MPy . 2,6-DMPy >
3,5-DMPy.

Various models11-17 have been proposed to explain the
reentrant miscibility in aqueous solutions and to rationalize the
sensitivity of the shape of the closed-loop phase diagrams to
the structural details of the interacting molecules. In these
models a particularly important parameter is the strength of the
hydrogen bond that forms between unlike molecules. A recently
proposed model17 predicts the extension of the immiscibility
gap as the hydrogen-bonding strength increases whereas, by
contrast, other models12-16 predict its shrinkage when going
from weaker to stronger hydrogen bonds.

In the present work, we explore the influence of methyl
substitution in the pyridine ring on the strength of the hydrogen
bond formed in the pyridine-water association. To this end,
we carried out density functional theory (DFT) and second-
order Møller-Plesset perturbation theory (MP2) calculations
for the pyridine-water (Py-W) and for a series of methyl-
substituted pyridine-water (msPy-W) 1:1 complexes, where
the number and the position of the methyl groups were varied
(see Figure 1).

Several recent works indicate that DFT can yield reasonable
energetics and structural properties for the classical lone-pair
‚‚‚H-O type (lp‚‚‚H-O) hydrogen bonded complexes provided
that the exchange-correlation functional and the orbital basis
sets are properly chosen (for review works in this field we refer
to refs 18 and 19; for more recent applications, see refs 20-
24). Some of our investigated structures, however, involved
interactions where dispersion forces were expected to be not
negligible compared to electrostatic and induction forces. Due
to the failure of currently available approximate exchange-
correlation functionals to describe long-range dispersion forces,25,26

the energies of these types of interactions are considerably
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underestimated.21 Therefore, the interaction energies of all our
investigated complexes were determined by means of MP2
calculations as well.

The main goals of our study were to determine the relative
stability of various msPy-W complexes, establish a trend in
the series, and compare it to the experimental miscibility
properties.

II. Method and Computational Details

Two types of interaction between pyridine derivatives and
water were considered in the present work (Figure 2). One of
them corresponds to the global minimum of the msPy-W
potential energy surfaces, where the interacting subunits are
linked via nearly linear lp‚‚‚H-O type hydrogen bonds. In the
second structure, the water OH group is on top of the N atom
of the pyridine ring and the interaction is described asπ‚‚‚H-O
type hydrogen bonding.27-31

Both DFT and MP2 calculations were carried out using
Dunning’s augmented correlation consistent polarized valence
double-ú (aug-cc-pVDZ) basis set.32,33In the DFT calculations,
the B3LYP exchange-correlation functional34,35was employed.

The geometry of the isolated monomers (W, Py, and msPy
molecules) was fully optimized at the B3LYP/aug-cc-pVDZ
level. The MP2 interaction energies were determined from
single-point calculations carried out at the B3LYP equilibrium
geometries. The geometry optimization for theπ‚‚‚H-O
structures always converged into the global minimum, therefore,
the effect of the methyl substitution on this type of interaction
was investigated by deriving potential energy curves. In these
calculations, the geometry of the monomers was always fixed
at their B3LYP/aug-cc-pVDZ equilibrium geometries, the angle
between the hydrogen bond and the pyridine ring was kept at
90°, the N‚‚‚H-O angle was kept at 180° (see Figure 2), and
only the intermolecular separation was varied. The harmonic
vibrational frequencies of the investigated systems were com-
puted at the B3LYP/aug-cc-pVDZ level too, and they served
as data to estimate the zero point vibrational energies (ZPE).
The basis set superposition error (BSSE) for the interaction
energies was estimated using the counterpoise technique.36

The calculations were performed with theGaussian 94
program package.37

III. Results and Discussion

A. Equilibrium Properties of Py and msPy Monomers.
Before the results obtained for the water complexes are
discussed, we examine some of the equilibrium properties of
the isolated aromatic monomers. The B3LYP/aug-cc-pVDZ and
MP2/aug-cc-pVDZ methods have been shown to provide quite
similar equilibrium properties for the water monomer and the
water dimer.38 For this reason, here we analyze only the B3LYP/
aug-cc-pVDZ properties of the aromatic monomers. The proper-
ties we have chosen are those which presumably determine the
major part of the electrostatic and induction interaction energies,
namely, the net charge associated with the N atom of the
pyridine frame, the dipole moment, and the static polarizability.
It should be pointed out that although we do not intend to
provide very accurate predictions for these properties, in the
present context it would be quite essential to reproduce the
experimental trends in the Py-MPy-DMPy series. We have
also calculated the proton affinity (PA) values of these molecules
at the B3LYP/aug-cc-pVDZ level and compared them with
available experimental data. All of these results are compiled
in Table 1.

For small molecules, the B3LYP/aug-cc-pVDZ method was
shown to give dipole moments which agreed with the experi-
mental values to within 0.1 D.43 Our results reach this level of
agreement for most of the molecules in the series. The only
case where the discrepancy is unusually large (0.3 D) is the
2-MPy molecule. Nevertheless, the trend in the calculated dipole
moments for the entire Py-msPy series agrees well with the
available experimental data.

The calculated and measured mean polarizabilities show a
remarkable agreement with the exception of 4-MPy, where
theory predicts a value very close to those of 2-MPy and 3-MPy,
whereas the experimental value for 4-MPy is 4-5% larger than
the other two. Although the averaging of the polarizability tensor
elements may lead to fortuitous cancellation of errors, there are
two arguments indicating that the experimental value for 4-MPy
might be in error. First, in light of recent B3LYP results obtained
with basis sets similar in quality to aug-cc-pVDZ44,45this latter
discrepancy is unusually large and, second, the empirical rule
of group additivity46 is nicely reflected in the calculatedRj values
(subsequent methyl substitutions increaseRj by about 2.1 Å3),

Figure 1. Investigated methyl-substituted pyridine molecules.

Figure 2. The lp‚‚‚H-O andπ‚‚‚H-O interactions in Py-W.

TABLE 1: Selected Equilibrium Properties of Py and msPy
Molecules Obtained from B3LYP/aug-cc-pVDZ Calculationsa

µb Rjb QN ∆PAc

Py 2.28 [2.35, 2.22d] 9.58 [9.47] -0.488 0.0 [0.0]
2-MPy 1.90 [2.20] 11.68 [11.69] -0.501 4.5 [4.2]
3-MPy 2.55 [2.45] 11.63 [11.54] -0.483 3.6 [3.3]
4-MPy 2.80 [2.68] 11.62 [12.09] -0.495 4.7 [4.4]
2,6-DMPy 1.49 13.78 -0.515 9.3 [7.4]
3,5-DMPy 2.72 [2.78] 13.68 [13.40] -0.478 6.8 [4.7]

a The equilibrium geometries of the monomers and their protonated
forms are given in the Supporting Information. Notation:µ - dipole
moment (in D);Rj - mean polarizability (in Å3) defined asRj ) (R11

+ R22 + R33)/3, whereRii are the diagonal elements of the polarizability
tensor; QN - net atomic charge (ine-) on N evaluated from NBO
analysis (ref 39);∆PA - relative proton affinity (in kcal/mol) defined
as∆PA ) PA(msPy)- PA(Py) (the calculated and experimental proton
affinities of pyridine are 221.8 and 220.8 kcal/mol (ref 41), respec-
tively). Available experimental data are given in brackets.b Experi-
mental data are from ref 40 unless indicated otherwise.c Experimental
data are from ref 41.d From ref 42.
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whereas the experimental value for 4-MPy (12.09 Å3) does not
fit with this rule.

The strength of the electrostatic intermolecular interactions
in the msPy-W complexes is closely related to the electron
density distribution around the N atom of the pyridine ring,
which is involved as a proton acceptor in the lp‚‚‚H-O and
π‚‚‚H-O hydrogen bonds. It is therefore interesting to analyze
its variation along the msPy series.

In Figure 3, we illustrate the changes of the electron density
around the N atom brought about by the 2-, 3-, and 4-methyl
substitution in Py. These electron density difference plots were
obtained from∆F(r) ) F(r)MPy - F(r)Py, where F(r)Py and
F(r)MPy are the electron densities of the Py and MPy molecules,
respectively. For clarity, surfaces showing the charge reorga-
nization around the other atoms of the pyridine frame are not
shown on the plots. Note first that in line with the inductive
effect of the electron donating methyl group, the magnitude of
the induced changes in the charge distribution around the N
atom is larger for the substitution in positions 2 (or 6) and 4
(ortho and para substitutions) than for the H/CH3 replacement
in position 3 (or 5) (meta substitution). It is also apparent that
the ortho and para substitutions give rise to an increase of the
electron density in theπ region of the N atom, which is
accompanied by a decrease of the density from the lone-pair
region. These changes are consistent with the calculated net N
atomic charges (QN) obtained from the natural bond orbital
(NBO) charge partitioning scheme39 (see Table 1). The amount
of negative charge increases with respect to QN ) -0.488 in
Py when the methyl substitutions are at ortho and para positions
(QN ) -0.501 and-0.495 for 2-MPy and 4-MPy), and it shows
a slight decrease in|QN| for the meta replacements (QN )
-0.483 for 3-MPy). These effects are rather small but they seem
to add up in the DMPy molecules (QN ) -0.515 and-0.478
for 2,6-DMPy and 3,5-DMPy, respectively).

A more characteristic measure of the proton acceptor ability
of the N atom in the pyridine ring is the proton affinity. Table
1 shows that the calculated relative proton affinities (∆PA) of
the monomethylpyridines are in good agreement with experi-
ment. They not only reproduce the absolute value of the

experimental shifts from the gase-phase value of Py, but also
strictly follow the experimental trend (∆PA3-MPy < ∆PA2-MPy

< ∆PA4-MPy) in a very narrow energy interval. The predicted
shifts are somewhat larger for the two DMPy molecules, but
the trend in the∆PA values is still in line with the experimental
data.

It is useful to point out here that although the inductive effect
of the methyl group is apparent in the proton affinities, they do
not follow the variation of the QN values. For instance, the 3,5-
DMPy molecule with its two meta-substituted CH3 groups has
the smallest amount of negative charge on N; nevertheless, its
proton affinity is larger than the PA values of Py and MPy
molecules. This suggests that besides the Coulombic long-range
interactions higher order terms in the multipole expansion
(dipole-dipole interactions, for instance) may also give impor-
tant contributions to the msPy-W interaction energies.

In summary, the results presented in this section indicate that
the B3LYP/aug-cc-pVDZ method is capable of reproducing the
experimental trends in the selected monomer properties, there-
fore we expect that the electrostatic+ induction part of the
interaction energies in the msPy-W complexes are reasonably
well reproduced at the B3LYP/aug-cc-pVDZ level.

B. The Pyridine-Water Complex. Next, we will focus on
our reference system, the pyridine-water 1:1 adduct, which is
known to exist in low-temperature inert matrices47,48 and in
room-temperature solutions49-51 as well. No experimental
structural data are available for this complex, but all previous
calculations21,30,52,53suggest that the global energy minimum
corresponds to the perpendicular orientation of the two molec-
ular planes with a nearly linear N‚‚‚H-O hydrogen bond. This
structure is illustrated in Figure 4 along with some selected
optimized geometrical parameters obtained in the present work.

The optimized intermolecular N‚‚‚H bond length in Py-W
is 1.917 Å, and indeed, the hydrogen bond departs only slightly
from linearity (RCNH ) 177.3° and RNHO ) 176.8°). The
geometry of the constituent molecules is barely altered upon
association. The only parameter that changes appreciably is the
length of the proton donor O-H bond, which increases by 0.015
Å in the complex formation. This elongation is roughly double
of that obtained by the same method for the corresponding bond
in the water dimer,38 indicating a stronger interaction in the
Py-W complex. The bond length of the other OH group and
the valence angle of the water molecule are essentially unaltered,
and the changes in the pyridine internal parameters are very
small too (less than 0.002 Å for the bond distances, and less
than 0.6° for the valence angles).

The association energy of the Py-W dimer is calculated to
be 6.53 and 7.68 kcal/mol at the B3LYP/aug-cc-pVDZ and
MP2/aug-cc-pVDZ levels, respectively, and the corresponding
BSSE corrected values are 6.08 and 6.28 kcal/mol. We note
that very similar BSSE corrected association energies have been
obtained by recent B3LYP and MP2 calculations (6.03 and 6.15
kcal/mol), which were carried out with a slightly smaller basis
set.21 Another recent MP2 study gave an association energy of
6.4 kcal/mol,30 but this estimate includes only 50% of the BSSE
correction.

Figure 3. Change of the electron density distribution in the vicinity
of N atom as a result of 2-, 3-, and 4-methyl substitution in Py. Light
(dark) surfaces represent regions where the electron density is increased
(decreased) upon methyl substitution. The isodensity surface is drawn
at the value of 0.0005. The geometry of the Py corresponds to its
equilibrium structure, and those of MPy molecules have the same
C5H4N frame and R(C-CH3) ) 1.51 Å.

Figure 4. Equilibrium structure of the Py-W complex with selected
B3LYP/aug-cc-pVDZ optimized geometrical parameters. Full geometry
information for this complex is available in the Supporting Information.
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The authors of this latter work have shown that the interaction
of a water molecule with theπ electrons of the pyridine ring
leads to considerable stabilization as well, but in contrast to
the benzene-water complex, where the proton donor O-H bond
points toward the center of the aromatic ring,28,29theπ‚‚‚H-O
type interaction in the Py-W system is maximized when the
O-H bond stands on-top of the N atom. We have also
considered this type of interaction and derived potential energy
curves for some of our investigated complexes. For Py-W, these
single-point calculations were carried out both at the B3LYP
and MP2 levels of theory. The BSSE uncorrected and corrected
curves are depicted in Figure 5.

These results show quite clearly that B3LYP calculations give
a significantly weakerπ‚‚‚H-O binding between pyridine and
water, which can be attributed to the lack of dispersion
interaction energy in the present DFT treatment. Although the
inclusion of BSSE corrections decreases the discrepancy
between the MP2 and B3LYP results (the BSSE is much smaller
at the DFT level), the magnitude of theπ‚‚‚H-O interaction is
only the half at the B3LYP level as compared to the MP2 results.
The calculated MP2 interaction energy at the minimum of the
BSSE corrected curve is 2.5 kcal/mol, a value which is about
40% of the interaction energy corresponding to the global
minimum.

C. Methyl-Substituted Pyridine-Water Complexes.All
considered msPy-W complexes exhibit energy minima for the
perpendicular arrangement of their subunits similarly to what
is found for Py-W (see Figure 4). The intermolecular structural
parameters corresponding to the energy minima of Py-W,
MPy-W, and DMPy-W complexes are given in Table 2. This
table illustrates that the N‚‚‚H-O bond distances in msPy-W

complexes are slightly shorter than in Py-W. The RCNH and
RNHO angles, which determine the orientation of the proton donor
O-H bond relative to pyridine ring, depart from linearity to a
greater extent in the 2-MPy-W and 2,6-DMPy-W complexes,
indicating the steric hindrance of water coordination caused by
the presence of ortho methyl groups.

Table 3 reports the calculated association energies of the
investigated complexes. One of the observations that can be
drawn from these results is that the association energies of
msPy-W complexes are consistently larger than that of the
Py-W complex. This holds true for uncorrected DFT and MP2
values (∆E) as well as for values accounted for BSSE and ZPE
corrections (∆Ecorr and ∆Ecorr′). The differences in∆E (or in
corrected values) between the pyridine derivatives are rather
small but distinct. The B3LYP association energies are all within
an energy range of 0.4 kcal/mol. On average, they gradually
increase in going from Py-W to DMPy-W complexes, but
they do not strictly follow the order one would expect from the
proton affinities of these molecules. Figure 6, which displays
the relationship between the B3LYP∆E and PA values for the
entire series, shows that the∆E data representing the Py, 3-MPy,
4-MPy, and 3,5-DMPy molecules increase linearly as a function
of PA, but those of the ortho-substituted homologues (2-MPy,
2,6-DMPy) fall well below the linear fit. This behavior is
consistent with the steric effect mentioned above.

The MP2 association energies, however, seem to contradict
this trend in that MP2 predicts the ortho-substituted complexes
to be always more stable than the other homologues. The
diagram shown in Figure 7 illustrates that the difference in the
B3LYP and MP2 association energies (∆Ecorr) stays roughly
constant (0.2 kcal/mol) along the series with the exception of
the ortho-substituted complexes, where the discrepancies be-
tween the MP2 and B3LYP values are far more significant (0.44
kcal/mol for 2-MPy-W and 0.78 kcal/mol for 2,6-DMPy-W).
This seeming contradiction stems again from the fact that DFT
calculations do not account for dispersion interactions, which
are definitely appreciable between H2O and the methyl groups

Figure 5. Py-W potential energy curves for theπ‚‚‚H-O type
interaction, as a function of N‚‚‚H distance (RN‚‚‚H). The geometry of
the subunits is fixed at their B3LYP/aug-cc-pVDZ equilibrium struc-
tures. The superscript “corr” denotes BSSE corrected values.

TABLE 2: Intermolecular Structural Parameters of Py -W,
MPy-W, and DMPy-W Complexes Obtained at the
B3LYP/aug-cc-pVDZ Levela

RN‚‚‚H RCNH RNHO

Py-W 1.917 177.3 176.8
2-MPy-W 1.911 173.8 175.2
3-MPy-W 1.911 175.8 175.8
4-MPy-W 1.910 177.2 177.3
2,6-DMPy-W 1.915 170.7 173.2
3,5-DMPy-W 1.905 177.5 177.4

a Bond lengths in Å, angles in degrees.

TABLE 3: Association Energies of Py-W, MPy-W, and
DMPy-W Complexesa

∆E BSSE ∆Ecorr ZPE ∆Ecorr′

DFT MP2 DFT MP2 DFT MP2 DFT MP2

Py-W 6.53 7.68 0.45 1.40 6.08 6.28 1.86 4.22 4.42
2-MPy-W 6.69 8.22 0.49 1.58 6.20 6.64 1.86 4.34 4.78
3-MPy-W 6.75 7.94 0.46 1.44 6.29 6.50 1.88 4.41 4.62
4-MPy-W 6.80 7.88 0.46 1.41 6.34 6.47 1.87 4.47 4.60
2,6-DMPy-W 6.73 8.79 0.53 1.81 6.20 6.98 1.91 4.29 5.07
3,5-DMPy-W 6.91 8.14 0.45 1.46 6.46 6.68 1.85 4.61 4.83

a The equilibrium geometries of these complexes are given in the
Supporting Information. Notation:∆E - association energy (in kcal/
mol) calculated as∆E ) -(Etot

msPy-W - Etot
msPy - Etot

W); BSSE-
basis set superposition error; ZPE- zero point vibrational energy (both
in kcal/mol); ∆Ecorr - association energy corrected for BSSE;∆Ecorr′
- association energy corrected for BSSE and ZPE.
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in ortho positions. To verify this, we carried out MP2/aug-cc-
pVDZ and B3LYP/aug-cc-pVDZ calculations for the
CH4‚‚‚H2O complex for an intermolecular arrangement corre-
sponding to that of-CH3‚‚‚H2O in the 2-MPy-W complex.
While B3LYP calculations give practically no interaction
between CH4 and H2O (∆Ecorr ) 0.02 kcal/mol), the BSSE
corrected interaction energy at the MP2 level is 0.44 kcal/mol,
which is very similar to the difference obtained between the
MP2 and B3LYP association energies for 2-MPy-W. It follows
then that the MP2 predictions for the relative stabilities of the
msPy-W complexes are more reliable than those from B3LYP
calculations.

The BSSE-corrected MP2 potential energy curves derived
for theπ‚‚‚H-O type interaction in the monomethyl-substituted
systems are compared to the corresponding Py-W curve in
Figure 8. It is apparent that methyl substitution strengthens the
π‚‚‚H-O type interaction, but the position of the methyl group
does not affect the strength of the interaction. All three MPy-W
curves reach their minima at RN‚‚‚H ∼ 2.3 Å, where the
interaction energies are 3.2 kcal/mol. This is about 0.7 kcal/
mol larger than that of Py-W, which means that the stabilization
induced by the methyl substitution is relatively larger for the
π‚‚‚H-O type bonding than for the lp‚‚‚H-O interaction, where
the association energies of MPy-W complexes increased only
by 0.2-0.4 kcal/mol relative to that of Py-W.

D. Miscibility Behavior and Association Energies.Finally,
in this section the relationship between the miscibility behavior
of methyl-substituted pyridines with water and the strength of
the hydrogen bond between water and pyridine molecules will
be briefly discussed. It is generally agreed1 that the necessary

condition for the reappearing miscible phase is the existence of
strong directional forces (e.g., hydrogen bonding interactions)
between unlike molecules of the two components of the binary
mixture. The majority of models12-16 predict that the closed
loop immiscibility gap becomes progressively smaller with
increasing hydrogen bond strength, while a recent model17

proposes just the opposite behavior: the extension of the
immiscibility gap upon strengthening of the hydrogen bonds
between water and methyl derivatives of pyridine. Thus it is of
interest to compare the sequence of the hydrogen bond strengths
obtained in the present paper with the experimentally observed
order of the ease of miscibility with water.

Considering the lp‚‚‚H-O structures, the order of methyl-
substituted pyridine molecules in terms of increasing BSSE
corrected MP2 association energy (∆Ecorr) is the following: Py
< 4-MPy < 3-MPy < 2-MPy < 3,5-DMPy< 2,6-DMPy (the
same order is obtained in terms of∆Ecorr′, see Table 3), while
the sequence corresponding to the ease of miscibility with water
can be given as Py. 4-MPy > 2-MPy > 3-MPy . 2,6-DMPy
> 3,5-DMPy.2,3,10 It seems therefore that the strengthening of
the hydrogen bond when going through the pyridine-mono-
methylpyridine-dimethylpyridine series correlates with the
increasing immiscibility in the same order. On the other hand,
the fine details in the solubility properties within the mono-
methyl and dimethyl homologues of pyridine are not reflected
by the calculated association energies. This suggests that the
strength of the hydrogen bonding between unlike molecules in
the solution is an important, but by no means the sole parameter
that determines the demixing behavior of methyl-substituted
pyridines in aqueous solutions.

Figure 6. Correlation between B3LYP association energies (∆E) and
proton affinities (PA).

Figure 7. BSSE corrected B3LYP and MP2 association energies of
msPy-W complexes.

Figure 8. BSSE corrected MP2π‚‚‚H-O interaction energy curves
for Py-W and MPy-W dimers, as a function of N‚‚‚H distance
(RN‚‚‚H). The geometry and the relative arrangement of the subunits
are identical to that shown in Figure 5.
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IV. Concluding Remarks

We have shown in this paper that although the experimental
equilibrium properties of Py and msPy monomers are well
reproduced at the B3LYP/aug-cc-pVDZ level of density func-
tional theory, this method does not necessarily yield accurate
hydrogen bonding interaction energies for msPy-W complexes.
For meta- and para-substituted msPy-W complexes the B3LYP
results match well with the MP2 predictions, but in ortho-
substituted homologues, the dispersion interactions between
water and the proximate CH3 group(s) are not negligible relative
to other attraction forces and the interaction energies of these
systems are underestimated in the DFT treatment. The same
may be said ofπ‚‚‚H-O type msPy-W interactions, for which
B3LYP predicts much smaller interaction energies than MP2.

We have also shown that the association energies correspond-
ing to the classical lone pair‚‚‚H-O type hydrogen bonding in
msPy-W complexes progressively increase in the Py-MPy-
DMPy series, but the ordering of the calculated association
energies within a given group of homologues is not consistent
with the observed miscibility properties. This suggests that the
differences in the miscibility behavior of the methyl-substituted
pyridines cannot be simply related to the strength of the
hydrogen bond that they form with the water molecule. The
interaction of the apolar regions of the solute molecule with
the surrounding water molecules may also play an important
role in the miscibility behavior.
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