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FTIR spectra of the protonated homodimers of pyridine and of 2,4,6-trimethylpyridine in solution in
dichloromethane have been studied in the temperature interval from 290 to 160 K. It was found that
the frequencies of the symmetrical and antisymmetrical CN vibrations are affected by hydrogen bonding
strong enough to discriminate between the spectral pattern of hydrogen bonded and protonated pyri-
dines. The experimental results obtained confirm asymmetric structure of both the systems even in
low-polar solvent. Optimized structure, energy, vibrational spectrum and potential energy profile for pro-
ton transfer coordinate have been studied by DFT/B3LYP method. The calculation predicts that for the
studied homodimers the proton transfer coordinate is involved not only in the stretching vibration
m(NH), but also in the rings vibrations m(CN). As a result, inside a certain interval of the N� � �H distances
the frequency of m(CN) band should be strongly affected by H/D substitution.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Proton transfer is the essential step of many chemical reactions.
In biological systems this process is often controlled by small
changes in the surrounding [1]. As a result, the hydrogen bond
responsible for the proton transfer should be strong [2]. Protonated
homodimers of pyridines are the simplest model systems to dem-
onstrate this effect. The equality of the proton affinities of the part-
ners is responsible for the strength of the hydrogen bond, while the
electronegativity of the sp2-hybridized nitrogen is insufficient to
stabilize the structure with a symmetrical hydrogen bond [3].
The structure and the spectral properties of the protonated homo-
dimers of pyridines were studied in numerous papers [4–11]. The-
oretical calculations predict that the aromatic rings of the
protonated homodimer of pyridine (Py), [Py-H���Py]+, are oriented
perpendicular to each other, and the hydrogen bond is linear with
the N� � �N distance of 2.64 Å [12]. The expected barrier for proton
transfer can be as low as 4 kJ/mol [13]. However, in these simula-
tions the effects of both a counterion and the surrounding on the
structure of the cation were neglected. These additional interac-
tions can have a remarkable effect [14,15], and in the particular
case of charged hydrogen bonded species can result in a contrac-
tion of the hydrogen bond [16]. Experimental studies of
[Py-H���Py]+ in its complex with a poorly coordinating anion in
ll rights reserved.

. Melikova).
the crystalline phase indicated that the hydrogen bond was slightly
bent. By combining X-ray diffraction analysis with model calcula-
tions, the position of the binding proton was defined as r(N–
H) = 1.123 Å and r(H���N) = 1.532 Å [17].

NMR studies of the [Py-H���Py]+ system in a polar aprotic solvent
has shown that the binding proton is resonated at 21.73 ppm that
was above any value reported in the past [18]. Although a part of
this downfield shift can be attributed to the ring current effect
[19], this value is indicative for a very strong hydrogen bond. Also
the value of the primary isotope effect on the H/D chemical shifts
was close to the highest ever measured, �0.95 ppm [20,21]. The
negative sign of the effect showed that the energy profile for the
proton longitudinal vibration had two minima of the same depth
[22], while the multiplicity of the 1H resonance indicated that a
reversible proton transfer was very fast in the high resolution
NMR time scale of milliseconds down to 120 K [17].

Apart the [Py-H���Py]+ system, the protonated homodimer of
2,4,6-trimethylpyridine (sym-Collidine, Col) has been intensively
studied by the NMR technique. In contrast to bulky tertbutyl sub-
stituents in the ortho positions, the presence of the methyl ones
does not prevent the formation of stable hydrogen bonded
complexes [23,24]. However, the methyl substituents measurably
affect the geometry of hydrogen bridges [25]. For the protonated
homodimer of collidine this effect can be demonstrated using the
NMR parameters [26]. The binding proton resonated at 19.93 ppm
and a primary high-field shift of �0.81 ppm was observed upon
deuteration. These values show that the length of the N� � �N
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distance in [Col-H���Col]+ is longer as compared to the one in [Py-
H���Py]+. At the same time the rate constant of the reversible proton
transfer in the former complex exceeded the value of 105 s�1 even
at relatively low temperature of T � 110 K [25].

Early IR studies of the protonated homodimer of pyridine [27–
29] were not able to provide quantitative information on the struc-
ture of the complex in solution and the rate constant of the proton
transfer. The N–H stretching is presumably strongly coupled with
some other vibrations [27,30] and cannot be used to characterize
the features of the hydrogen bond. There are only several reports
on the IR spectra of the cation [Py-H]+ [31–33]. The data, related
to the IR spectra of Py and Col, have been shortly discussed in a
few works [34,35]. One of the first incomplete results on IR spectra
of protonated homodimer of collidine was reported in Ref. [36]. Fi-
nally, as to our knowledge, literature data on the IR spectra of the
cation [Col-H]+ are practically absent.

The main goal of this study is to inspect the effect of hydrogen
bonding on the IR spectral patterns of Py and Col and to identify
characteristic vibrations which can be used to estimate the struc-
tural and dynamic parameters of hydrogen bonded complexes
involving the pyridines. Specifically, we aim to use for these pur-
poses N–C skeleton vibrations of the aromatic ring. The IR absorp-
tion of [Py-H���Py]+, [Col-H���Col]+ homodimers and respective
monomers have been studied to characterize the effect of hydro-
gen bonding on the spectral pattern. In the past, IR studies of
[PyH� � �Py]+ have been performed in solution in pyridine at room
temperature [27–29]. At these conditions the vibrational bands
studied are overlapped by numerous relatively strong bands of
Py solvent, making the analysis more difficult. Thus, in the present
work, the measurements and spectroscopic analysis have been
performed in relatively diluted solutions in CH2Cl2 in a wide tem-
perature range from 290 K to 160 K.

Finally, the spectroscopic parameters of the isolated homodi-
mers and cations have been obtained in a series of DFT calculations
and used to attribute the experimental data obtained. The effect of
proton transfer on the spectroscopic parameters of selected bands
attributed to the ring vibrations have been examined by the help of
single point calculations of the potential energy along the proton
transfer coordinate.
Fig. 1. Schematic representation of the lowest-energy structure of the protonated
homodimers of pyridines.
2. Experimental and computational methods

[Py-H���Py]+ [BF4]� and [Col-H���Col]+ [BF4]� crystals were pre-
pared as follows. Pyridine (120.9 ll, 118.5 mg) and HBF4

(186.8 ll, 263.4 mg, 50% aq.) were mixed in dichloromethane and
stirred for 3 h at 30 �C. Dichloromethane and water were then re-
moved by repeated azeotropic distillation leaving a solid product.
Collidine (199.5 ll, 181.5 mg) and HBF4 (186.8 ll, 263.4 mg, 50%
aq.) were mixed in dichloromethane and stirred for 3 h at 30 �C.
Dichloromethane and water were then removed by repeated azeo-
tropic distillation leaving a solid product.

FTIR spectra of Py, Col and [Py-H���Py]+, [Col-H]+, [Col-H���Col]+

with [BF4]� as the counterion in solution in CH2Cl2 were recorded
using Nicolet Nexus and partly Bruker IFS-28 Fourier Transform
spectrometers in a frequency domain from 400 to 4000 cm�1 with
resolution of 1 cm�1. Temperature measurements from 290 K to
160 K were performed in a home made low temperature cell with
KRS-5 windows and an optical path length of �50 l, mounted in a
variable temperature Specac cryostat with temperature stabiliza-
tion better than 0.1 K. The concentration of the solutions was about
0.1 M. We are aware that [BF4]� cannot be regarded as totally inert
towards conjugated cations [37]. However, the binding protons in
the complexes under study are strongly protected from the sur-
rounding by the aromatic rings and bulky [BF4]� cannot affect
the structure of the corresponding hydrogen bonds remarkably.
As it was mentioned above, the effect of highly polar solvent on
charged homodimer has been considered in Ref. [16]. According to
the cited work, the decrease of temperature (and thus, an increase
of the dielectric permittivity) results in contraction of the hydrogen
bond combined with a decrease of hydrogen bridge asymmetry.
Since CH2Cl2 belongs to the class of inert solvents of a low polarity,
the effect of this solvent on the hydrogen bonds studied is of minor
importance. We observed only ordinary spectroscopic changes re-
lated with bulk intermolecular interactions and temperature low-
ering (narrowing and weak low frequency shift of majority of the
bands registered).

The results obtained for [Py-H���Py]+ homodimer have been
compared with those obtained for a weaker complex formed be-
tween [Py-H]+ and acetonitrile (AN). The latter system was studied
only at room temperature in a standard IR cell with a path length of
610 l.

Optimized geometries and vibrational spectra in harmonic
approximation of isolated Py, [Py-H]+, [Py-H���AN]+, [Py-H���Py]+

and Col, [Col-H]+, [Col-H���Col]+ were calculated using the GAUSS-
IAN 03 [38] at the B3LYP/6-31++G(d,p) and B3LYP/6-31G(d,p) lev-
els, respectively. Equilibrium geometries and binding energies of
the complexes have been obtained by using the a priori BSSE cor-
rection method, i.e. CP-corrected gradient techniques [39]. Relaxed
potential energy surfaces (PES) scan calculations (with geometry
optimization and using CP-corrected gradient techniques at each
point) for the proton transfer in [Py-H���Py]+ were calculated at
the B3LYP/6-31++G(d,p) level, while in [Col-H���Col]+ at the
B3LYP/6-31G(d,p) level with the step size 0.02 Å.
3. Results and discussion

The schematic representation of the lowest-energy structure of
the protonated homodimers of pyridines including the numbering
of atoms is depicted in Fig. 1. The dihedral angle between the pyr-
idine rings is 90�. It should be noted, that dimer [PyH� � �Py]+ has
only one stable structure of C2v symmetry. In the case of [Col-
H� � �Col]+ one might expect a large number of conformers depend-
ing on mutual orientations of CH3-groups. In the present work only
the structure which corresponds to the global minimum on PES has
been taken into account. Calculated geometry parameters, the BSSE
corrected binding energy EBSSE

e and the ground-state energy ad-
justed by the zero-point energy DZPE E0 for the most stable struc-
tures are collected in Table 1. In the case of [Py-H� � �Py]+ the
absolute value of E0 is larger than the absolute value of EBSSE

e

because strong decrease of the frequency m(NH) by complex
formation is not compensated by low-frequency intermolecular
vibrations.

The results of the relaxed PES scan calculations for the proton
transfer are shown in Fig. 2. The proton transfer coordinate is de-
fined as the displacement of the proton with respect to the center
of mass of the dimer: DrðHÞ ¼ ðr1ðN3H2Þ � r2ðN1H2ÞÞ=2, and was
varied from �0.4 Å to +0.4 Å. These simulations have shown that
the BSSE corrected barrier for the proton transfer is 6.87 kJ/mol
for [Py-H� � �Py]+. The barrier is �2 times higher in the case of
[Col-H� � �Col]+ (16.75 kJ/mol).



Table 1
Selected calculated geometry parameters (in Å) and the binding energy (in kJ/mol) of [Py-H���Py]+, [Py-H� � �AN]+ and [Col-H���Col]+.

B3LYP/6-31++G(d,p) B3LYP/6-31G(d,p)

[PyH]+ Py [PyH� � �Py]+ [PyH� � �AN]+ [ColH]+ Col [ColH� � �Col]+

r1(N3H2) 1.018 1.111 1.047 1.016 1.083
r2(N1H2) 1.574 1.698
q1(C6,7N3) 1.353 1.3475 1.349 1.362 1.357
q2(C4,5N1) 1.341 1.3465 1.343 1.351
R(N1� � �N3) 2.685 2.806 2.781

EBSSE
e

�118.99 �89.45 �94.05

E0 �119.29 �86.90 �92.55

Fig. 2. Calculated potential energy shape for proton transfer for protonated
homodimers [Py-H� � �Py]+ and [Col-H� � �Col]+.

Fig. 3. Selected region of a FTIR absorption spectrum and the calculated vibrational
transitions of [Py-H���Py]+ (shown by sticks). Solution in CH2Cl2, T = 160 K, L = 50 l.
The marker at 2160 cm�1 corresponds to the first spectral moment of the m(NH)
stretching vibration. The band of BF�4 counterion and the intensity of the calculated
m(NH) band are marked by arrows.

Fig. 4. Selected region of a FTIR absorption spectrum and the calculated vibrational
transitions of [Col-H���Col]+ (shown by sticks). Solution in CH2Cl2, T = 180 K, L = 60 l.
The marker at 2250 cm�1 corresponds to the first spectral moment of the m(NH)
stretching vibration. The band of BF�4 counterion and the intensity of the calculated
m(NH) band are marked by arrows.
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Figs. 3 and 4 present the experimental IR spectra of [Py-H���Py]+

and [Col-H���Col]+. Also the spectra calculated in harmonic approx-
imation are shown by sticks. The experimental and calculated fre-
quencies and calculated intensities of selected vibrations related
with hydrogen bridge motion are collected in Tables 2 and 3. The
calculated frequencies are presented without correction on scaling
factor ksc (usually ksc varies from 0.9 to 1 in spectral range 3000–
400 cm�1). This feature, together with the fact that the calculated
intensities are roughly coincide with the experimental ones, sim-
plifies the attribution of the experimental bands.

For both protonated homodimers the large amplitude stretch-
ing vibration m(NH) (m13 in Tables 2 and 3), which predominantly
relates to the motion of the bridging proton, is registered as a
broad doublet-like band. The first spectral moments (M1) of this
noticeably broadened band amount 2160 cm�1 and 2250 cm�1

for [Py-H���Py]+ and [Col-H���Col]+, respectively, that is the hydro-
gen bond in the former cation is stronger and shorter as compared
to the latter one. In most cases the trend of the observed effects is
the same for both [Py-H���Py]+ and [Col-H���Col]+. For this reason we
discuss below mainly [Py-H���Py]+ and compare it to [Col-H���Col]+

only to highlight essential differences.
The description of the normal vibrations in Tables 2 and 3 was

done in accordance with the calculated L-matrix. One can see from
the tables that most of the vibrations are not characteristic. Totally
symmetric (A1) vibrations m6, m10, m11, m13 have contributions from
symmetrical stretching internal modes of the rings (qs(CN)PyH+,
qs(CC)PyH+, qs(CN)Py, qs(CC)Py) and longitudinal proton motion
mode r(NH). In contrast, vibrations of symmetry B1 (m3, m4, m8,
m12) and B2 (m2, m5, m9) involve antisymmetrical stretching motions
of the rings (qas(CN)PyH+ and qas(CN)Py) and bending (in plane and
out of plane) displacements of the proton d(NH) and c(NH).

One can suggest that the frequencies of vibrations m10 and m11

might noticeably depend on the degree of asymmetry of the hydro-
gen bridge due to the coupling of the longitudinal proton displace-
ment mode and the internal stretching modes of the rings.

In order to examine this suggestion, we calculate the depen-
dences of frequencies m(CN) (m10, m11) and m(NH) (m13) vibrations
on the N� � �N distance that is reciprocally proportional to the



Table 2
Experimental and calculated frequencies and calculated intensities of selected normal vibrations of [Py-H���Py]+. Calculation at the B3LYP/6-31++G(d,p) level.

Vibr. Descriptiona W.n.b Sym m (cm�1) I (km/mol)

Calc Exp 160 K Calc

m1 mh (N� � �N) A1 139 138c 76
m2 c(NH) + qas(CN)Py + qas(CC)Py 14(2) B2 1310 2.4
m3 d(NH) + qas(CN)PyH+ + qas(CC)PyH+ 14(1) B1 1325 1.9
m4 d(NH) + qas(CC)PyH+ + qas(CN)PyH+ 19b(1) B1 1454 1422 21
m5 c(NH) + qas(CC)Py + qas(CN)Py 19b(2) B2 1494 1439 48
m6 qs(CN)Py + qs(CN)PyH+ + r(NH) 19a(2) A1 1521 1490 76
m7 qs(CN)PyH+ + qs(CN)Py + qs(CC)PyH+ 19a(1) A1 1524 35
m8 d(NH) + qas(CN)PyH+ + qas(CC)PyH+ 8b(1) B1 1604 1540 5.8
m9 qas(CN)Py + qas(CC)Py + c (NH) 8b(2) B2 1627 1592 4.1
m10 qs(CN)Py + qs(CC)Py + r(NH) 8a(2) A1 1651 1603 135
m11 qs(CN)PyH+ + qs(CC)PyH+ + r(NH) 8a(1) A1 1665 1615 13
m12 d(NH) + qas(CN)PyH+ B1 1715 1639 26
m13 r(NH) + qs(CN)PyH+ + qs(CC)PyH+ A1 1980 2160d 5500

a r, qs – Symmetrical stretching, qas – antisymmetrical stretching, d – bending in plane, c – bending out of plane of pyridinium ring.
b Vibrational assignments for the aromatic rings have been made on the basis of Wilson notation [31], (1) and (2) refer to [Py-H]+ and Py respectively.
c Ref. [23].
d The first spectral moment of the band (M1).

Table 3
Experimental and calculated frequencies and calculated intensities of selected normal
vibrations of [Col-H���Col]+. Calculation at the B3LYP/6-31G(d,p) level.

Vibr. Description m (cm�1) I (km/mol)

Calc Exp 160 K Calc

m1 mh (N� � �N) 99 20
m2 c(NH) + qas(CN)Col + qas(CC)Col 1310 0.7
m3 d (NH) + qas(CN)ColH+ + qas(CC)ColH+ 1328 16
m4 d(NH) + qas(CC)ColH+ + qas(CN)ColH+ 1445 19
m5 qas(CC)Col + c (NH) 1512 80
m6 qs(CN)Col + r(NH) 1519 0.4
m7 qs(CN)ColH+ + qs(CC)ColH+ 1525 34
m8 d(NH) + qas(CN)ColH+ + qas(CC)ColH+ 1580 1.4
m9 qas(CN)Col+c(NH) 1613 1573 57
m10 qs(CN)Col + qs(CC)Col + r(NH) 1667 1618 180
m11 qs(CN)ColH+ + qs(CC)ColH+ + r(NH) 1677 1638 104
m12 d(NH) + qas(CN)ColH+ 1727 1659 87
m13 r(NH) + qs(CN)ColH+ 2421 2250a 3775

a The first spectral moment of the band (M1).

Fig. 5. Calculated dependence of the frequencies m(CN)Py (m10), m(CN)PyH+ (m11) and
m(NH/D) (m13) on the hydrogen bond length R(N� � �N) for two isotopically substi-
tutions: [Py-H� � �Py]+ (a) and [Py-D� � �Py]+ (b). Re = 2.675 Å is the equilibrium length
(shown by arrow).

42 S.M. Melikova et al. / Journal of Molecular Structure 1018 (2012) 39–44
hydrogen bond strength (Fig. 5). At the saddle point of PES,
R(N� � �N) = 2.5 Å, frequencies of two symmetrical m(CN) vibrations
coincide (1662 cm�1). However, only one of them is IR active.
The elongation of the N� � �N distance results in the asymmetriza-
tion of the hydrogen bond. This leads to a splitting between the
m10 and m11 bands. Upon this elongation the frequency m10 de-
creases slowly and monotonically. In contrast, the frequency m11

first increases, Fig. 5a. At R(N� � �N) = 2.61 Å the frequency of m11

coincides with the frequency of m13. The latter frequency is rapidly
increasing with the lengthening of the N� � �N distance, i.e. with the
weakening of the hydrogen bond strength. As a result, at this
geometry one obtains the ‘‘resonance repulsion’’ between m11 and
m13 vibrations that leads to a dramatic decrease of the m11 fre-
quency below the frequency of the m10 vibration. At the further
stretching of the N� � �N distance the frequency of m11 increases fast
above the frequency of m10 and then stabilizes about 15 cm�1 above
the latter. It is worth to notice that the difference between the fre-
quencies of m10 and m11 at the optimized geometry,
R(N� � �N) = 2.675 Å, is very close to the one observed in experiment,
12 cm�1. This complex behavior of the frequency of m11 as a func-
tion of the N� � �N distance demonstrates that the splitting between
the m10 and m11 bands depends on the difference |m11 � m13|. The
amplitude of this splitting can be most effectively used as a mea-
sure of hydrogen bond geometry when the frequency of m13 is
approaching the frequency of m11. In the case of pyridine this situ-
ation corresponds to very short and strong hydrogen bonds. How-
ever, one can shift the ‘‘resonance repulsion’’ region towards
weaker hydrogen bonds by a reduction of the frequency of m13. This
reduction can be easily achieved using the H/D isotope substitu-
tion. Indeed, our model calculations predict that the difference be-
tween the frequencies of m10 and m11 in [Py-D���Py]+ at the
optimized geometry should be about 40 cm�1 (Fig. 5b). We are
not aware about other examples of such enormous isotope effect
on the skeleton vibrations of hydrogen-bonded molecules. Thus,
analyzing the IR spectrum in the range of the stretching vibrations
m(CN), it is quite realistic to obtain the valuable information about
the asymmetry degree of the hydrogen bridge.

The effect of complex formation on the frequencies of these
vibrations can be demonstrated using the data collected in Tables
4 and 5 and spectra depicted in Figs. 6 and 7. The protonation of
collidine (Table 5) results in considerable blue shift Dm of both



Table 4
Calculated and experimental frequencies (in cm�1) of m(CN) stretching vibrations in pyridine and its hydrogen-bonded complexes. Calculation at the B3LYP/6-31++G(d,p) level.

System [Py-H� � �Py]+ [Py-H]+ Py [Py-H...AN]+

Vibr. Sym Calc Exp 160 K Calc Calc Exp 160 K Calc Exp 290 K

m11 A1 1665 1615 1671 1675 1612
m10 A1 1651 1603 1632 1601
m12 B1 1715 1639 1653 1694 1638
m8 B1 1604 1540 1597 1538
m9 B2 1627 1592 1628 1584

Table 5
Calculated and experimental frequencies of m(CN) stretching vibrations in collidine
and its hydrogen-bonded complexes. Calculation at the B3LYP/6-31G(d,p) level.

Vibr. [Col-H� � �Col]+ [Col-H]+ Col

Calc Exp 160 K Calc Exp 160 K Calc Exp 160 K

m11 1677 1638 1667 1645
m10 1667 1618 1660 1612
m12 1727 1659 1680 1639
m9 1613 1573 1621 1570

Fig. 6. FTIR spectrum in the region of m(CN) vibrations of Py (a), [Py-H� � �Py]+ (b),
and [Py-H� � �AN]+ (c). The theoretically predicted frequencies of stable structure of
homodimer and saddle point (s.p.) structure (R(N� � �N) = 2.5 Å) are shown by short
and long sticks correspondingly.

Fig. 7. FTIR spectrum in the region of m(CN) vibrations of Col (a), [Col-H� � �Col]+ (b)
and [Col-H]+ (c). The theoretically predicted frequencies of stable structure of
homodimer are shown by sticks.
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the symmetrical and asymmetrical m(CN) vibrations. For example
Dm reaches a value of +33 cm�1 in the case of m11 band of [Col-
H]+ as compared with m10 band of Col. The shift Dm decreases
slightly up to +26 cm�1 due to [Col-H� � �Col]+ complex formation.
This effect correlates with an elongation of N–H bond of [Col-
H]+: Dr = +0.066 Å (see Table 1). The shift Dm = + 6 cm�1 is ob-
served for m10 band of Col in [Col-H� � �Col]+ complex. The last might
be considered as the model situation which mimics the proton
transfer from the left part to the right part of the homodimer. It
is reasonable to expect the analogous protonation effect on the
respective bands of Py, i.e. noticeable blue shift effect on m(CN)
vibrations of Py due to protonation, and further, weakening the
blue shift when going to stronger H–bonded complexes. It is rea-
sonable to suppose that the IR spectroscopic measurements of
the frequency of the respective band might be proposed as a con-
venient tool for detection of the proton displacement (up to the
proton transfer) in the hydrogen bridge.
In the past the correlation of analogous type was established
between the N� � �H distance and the 15N NMR chemical shift of pyr-
idines [40]. The latter correlation reveals to be very useful in mate-
rial science because the geometry of hydrogen bond can be used as
a sensor sensitive to the local structural and chemical properties of
amorphous systems [41–45].

The comparison of the spectra of [Py-H� � �Py]+ and [Py-H� � �AN]+

species (Table 4 and Fig. 6c) is helpful in the assignment of selected
bands. Indeed, m(CN) of the CH3CN appears in the high frequency
range (DFT calculation gives 2376 cm�1), therefore only the vibra-
tions of [PyH]+ fragment contribute in the considered frequency
range. The measured splitting between the symmetric vibrations
m10 and m11 amounts 12 cm�1 at T = 160 K. This value is quite close
to the calculated value of 14 cm�1. This is an additional argument
which confirms the formation of asymmetric structure of homodi-
mer even in a weakly polar solvent. This is in agreement with the
results of model quantum mechanical calculations reported in the
past [13], and supplements the results obtained recently for these
complexes in the solid state [17].

Finally, the obtained experimental data allowed us to estimate
the upper limit of the proton transfer rate in the protonated homo-
dimers of pyridine and collidine. Up to 290 K the IR spectra of both
complexes exhibit the sets of bands that are characteristic for a
protonated cation and a hydrogen bonded base. Thus, we conclude
that the proton transfer rates between the molecules in the proton-
ated homodimers are slow in the IR time-scale. The differences in
the skeleton vibrations of the two partner of the same protonated
homodimer are of the order of 10 cm�1, that is at least 3 � 1011 Hz.
Thus, in aprotic solvents the proton transfer rates in the protonated
homodimers of pyridines are slower than 1011 s�1 up to 290 K. This
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conclusion is obvious for [Col-H���Col]+ because the spectral pattern
is the same at 290 and 160 K, Fig. 7.

4. Conclusions

In this study, we have examine the effect of hydrogen bonding
on the IR spectral patterns of the protonated homodimers of pyri-
dines aiming to identify vibrations that measurably and monoton-
ically depend on the length of the N� � �H distance. Specifically, the
protonated homodimers of pyridine and of 2,4,6-trimethylpyridine
in solution in dichloromethane have been studied in the tempera-
ture interval from 290 to 160 K. The obtained experimental results
demonstrate that the frequencies of the symmetrical and antisym-
metrical CN vibrations are affected by hydrogen bonding strong
enough to discriminate between the spectral pattern of hydrogen
bonded and protonated pyridines. This feature has been used to
prove that the [N–H� � �N]+ hydrogen bonds are asymmetric in both
studied homodimers and that the proton transfer rates are slower
than 1011 s�1 up to 290 K.

Although, the amplitude of the effect observed for the studied
heterocycles was too small to expect that it is feasible to establish
a correlation between the length of the N� � �H distance and the shift
of CN vibrations, strong coupling of these vibrations to CC and NH
vibrations makes this shift dependent on the type of the substitu-
ents of the aromatic ring. Thus, proper selection of the substituents
can amplify the effect.

DFT calculations of relaxed PES as function of the proton trans-
fer reaction coordinate suggest markedly lower barrier for the PT in
the case of [Py-H���Py]+ system. Besides that DFT calculations indi-
cate that inside a certain interval of the frequencies of the NH
vibration, this vibration strongly affects the frequency of the
stretching m(CN) vibrations of the ring. The frequency of the former
vibrations varies in a wide range as a function of the N� � �H dis-
tance. Thus, in a certain interval of N� � �H distances there should
be an enormous H/D isotope effect on the frequency of the m(CN)
bands.
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