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Abstract

On the basis of literature data, the contribution to the spectral shift of the A-H vibrational frequency of proton donor
molecules due to the Van der Waals interaction WWTI to the total spectral shift & of the A-H bond vibrational frequency dur-
ing H-complex A-H...B formation has been determined and the dependence of the value of « on the relative enthalpy of H--
complex formation has been established. To obtain these data, the available information on the shifts of A-H vibrational fre-
quencies of proton donor molecules (alcohols and azoles) in gas, in the neutral solvent CCl, and during the formation of H--
complexes with proton acceptor molecules in the neutral solvent CCl, was used. It was found that 1) the values of « are indi-
vidual for each H-complex and can vary from 0.05 to 0.37; 2) with increasing relative enthalpy of H-bond formation, the

contribution of the frequency shift due to WWI to the total shift decreases.
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Introduction

The concepts of H hydrogen bonding are more
than 100 years old [1]. Its generally accepted molecular
structure is represented as {A-H...B} (H-complex), where
the fragment A-H refers to the proton donor molecule, and
the atom B refers to the proton acceptor molecule. One of
the reliably established descriptors of H-bond formation in
the liquid phase is the presence of a low-frequency shift in
the frequency of valence vibration of the A-H bond of the
proton donor molecule relative to the frequency of vibra-

tion of the A-H bond in a gas or in a neutral solvent [2].

The H-complex is surrounded by solvent
molecules and therefore always undergoes intermolecular
Van der Waals interaction VWI with these molecules [2,3].
Thus, the observed value of the shift of the A-H bond vibra-
tion frequency during the formation of the H-complex is a
consequence of the influence not only of the H-bond forma-
tion itself, but also the influence of VWI. This fact has been
pointed out since the beginning of the study of the spectral
properties of H-bonding, and therefore there are numerous
reports in the literature on the experimental and theoretical
study of the VWI effect on the vibrational frequency of the
A-H bond in molecules forming H-bonds [2-26]. However,
there are no works in which the contribution of the VWI
shift proper to the overall shift of the vibrational frequency
of the A-H bond during the H-complex formation was di-

rectly evaluated.

Taking into account the contribution of Van der
Waals forces to the vibrational spectra of molecules in the
condensed phase in the presence of H-bonding seems to be
quite necessary and important. Obtaining information on
this contribution may be of interest for a deeper understand-
ing of the mechanism of H-bond formation, which is still
widely debated between the proponents of the electrostatic
[27] and covalent models [28].

The aims of the present work were: 1) to deter-
mine the contribution of the spectral shift of the proton
donor molecules A-H vibrations due to the VWI « to the

overall spectral shift of the A-H bond vibrational frequency
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during H-complex formation; 2) to study the dependence of
the a value on the enthalpy of H-complex formation. To
solve this questions we used the available experimental data
on the A-H vibrational frequencies of proton donor
molecules (alcohols and azoles) in gas, neutral solvent and
during the formation of H-complexes with proton acceptor

molecules in neutral solvent.

Approach for Determining the Contribution to the
Frequency Shift of O-H, N-H Vibrations of Proton--
Donor Molecules due to VWI during the Formation

of H-Complexes

Selection of Proton Donor, Proton Acceptor

Molecules and Neutral Solvent

A number of aliphatic alcohols were considered
asproton-donor molecules i containing O-H and N-H
groups:methanol, 2,2,3,3-tetrafluoro propan-l-ol,2,2,2,2-tri-
fluoro ethanol [6] and a number ofazoles: pyrrole [25, 36],
indole [29, 36], carbazole [6, 36], imi-dazole [28, 36],
benzimidazole [30, 36], benztriazole [27, 33, 36], and isatin
[34, 36]. Acetaldehyde [6], methyl acetate [6],acetaldehyde
[6], methyl acetate [6] were considered as pro-ton acceptor
molecules j containing O and N atoms: diethylether [6],
tetrahydrofuran [6], p-Dioxane [6], t-Butanole[6], methan-
ole [6], acetonitrile [6, 36], pyridine [6], acetone[6, 36],
dimethylformamide DMFA [36], dimethyl sulfoxideDMSO
[36]. Thus, the contribution of the shift due to thepresence of
the VWI to the overall shift of the vibrationalfrequency of
the O-H and N-H groups for H-complexes ofthe form
{O-H...O, O-H..N} and {N-H...O} was considered.Tetrahy-
drogen chloride CCl4 was considered as a neutralsolvent.
This solvent is considered to be neutral in the spec-troscopy
of liquid media [2, 3], since the dipole moment ofthis mole-
cule dCCl4 is 0. Thus, the H-complexes of all i-th pro-ton
donor molecules and j-th proton acceptor molecules inCCl4
solvent were considered in the presence of the nearestneigh-
borhood of molecules with the same dCCl4 = 0 dipolemom-
ent. In this connection, the effect of the VWI on thefrequen-
cy shift in proton-donor molecules was assumed tobe the

same in the absence and presence of H-complexes.
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Determination of the Contribution of the Frequen-
cy Shift due to the Influence of VWTI to the Total Fre-
quency Shift of the O-H and N-H Vibrational Bands
of Proton Donor Molecules During the Formation

of H-Complexes

(Vyasi — Vecoryi)

3

The value of a;; (1) was taken as the contribution
of the frequency shift to the total frequency shift of the O-H
and N-H vibrational bands of proton donor molecules dur-
ing the formation of H-complexes due to the influence of

VWI only.

aH17J -

In (1) v, is the frequency of O-H, N-H vibrations
of i-th proton donor molecule in gas; v, is the frequency
of O-H, N-H vibrations of i-th proton donor molecule in
neutral solvent CCl; Vigspy 1 the frequency of O-H, N-H vi-
brations of i-th proton donor molecule in H-complex with

j-th proton acceptor molecule in neutral solvent. Thus, the

Bu, ;(AH) =

It should be noted that the value B,;;(AH) does
not determine the true relative frequency shift of O-H or N-
H vibrations due to H-bond formation alone, but shows the
total shift due to both the influence of H-bond formation
and the presence of VWI.

04 -

OH,j
N
>
™
o

(Vgasi — Va,.5)

(1)

value of H ; is a descriptor of the ratio of shifts in the fre-
quencies of O-H and N-H vibrations of molecules of alco-
hols and azoles in a CCl, medium relative to the gas phase

in the presence and absence of H-complexes.

The value of the relative efficiency of H-bond for-

mation By;; (AH) was determined from relation (2)

as,i - VH“]) (2)

\)gas,i

Nevertheless, in the literature, it is the value of
H.i,j that is widely used both as a relative descriptor of the
value of AH [2] and as a parameter for constructing correla-

tion relations to determine the absolute values of AH [38].

Results and Discussion

01 Rl 08

0,04 0,08 0,12

Bri (AH)
Figure 1: Dependence of the values of «;; on the efficiency of H-bond formation ,;(AH) for H-complexes of alcohols: a -
methanol; b - 2,2,3,3-tetrafluoro propan-1-ol: c - 2,2,2-trifluoro ethanol. Proton acceptor molecules: 1-acetaldehyde, 2-acetone,

3-methyl acetate, 4 - diethyl ether, 5 - tetrahydrofuran, 6 - p-dioxane, 7 - t-butanol, 8 - methanol, 9 - acetonitrile, 10 - pyridine.
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Figure 2: Dependence of a,;; values on the efficiency of H-bond formation B,;;(AH) for H-complexes of azoles: a - pyrrole; b -

carbazole: ¢ - imidazole; d - benzimidazole; e - benztriazole: f - isatin. Proton acceptor molecules: 1- acetone, 2 - DMFA, 3 -
DMSO.

Fig. 1 shows the dependences of the values of a
on the efficiency of H-bond formation B ,;;;,(H) for H-com-
plexes of alcohols {O-H...O, O-H...N}, and Fig. 2 shows the
dependences of the values of & ,;; on the efficiency of H-
bond formation B,;;,(AH) for H-complexes of azoles {N-
H...O}. It can be seen from the presented data that as the en-
thalpy of formation of H-complexes increases, the contribu-
tion of the frequency shift due to VWI to the overall shift de-
creases. This dependence means that the formation of H-
bonds directly affects the electron density and, consequent-
ly, the force constant of O-H and N-H bonds much more ef-

fectively than the influence of the environment.

Figures 1 and 2 show that the value of «,; for H--
complexes of methanol with acetonitrile and acetone (Fig.
lal, Fig. 1a2), as well as H-complexes of benzimidazole and
isatin with acetone (Fig. 2el, Fig. 2f1) exceeds Size 0.25.
Thus, if we conclude that for the above complexes the con-
tribution to the shift in the frequencies of the O-H and N-H
vibrations during the formation of the H-complex is due on-
ly to the presence of the H-bond, such a conclusion would

not be completely correct.

The closeness of the dependence of the values of «
wiy 0N Py (AH) for the H-complexes of 2,2,3,3-tetrafluoro
propan-l-ol and 2,2,2-trifluoro ethanol (Fig.1b, 1c) means
that the efficiency of VWI of these alcohols with the environ-
ment is almost the same. This is apparently due to the fact

that the values of & ,;; due to the VWTI are determined by
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the individual nature of both proton-donor and proton-ac-
ceptor molecules, and since the structures and atomic com-
position of the molecules of these alcohols are very close,

the values of a;;; should not differ appreciably.

The obtained results allow us to make a cautious
assumption that the absence of a strict linear relationship be-
tween the shift of the A-H vibrational frequency in the H--
complex and the enthalpy of its formation AH, noted in
[2,38], consists in the fact that the value of the enthalpy of
formation was taken as a value proportional to the total
shift of the A-H vibrational frequency relative to the gas (or
Deutral solvent) [38]), while a noticeable contribution to
this shift may be given by the shift due to the influence of
VWL This circumstance may lead to the absence of a strict
linear dependence between the shift of the A-H vibrational
frequency in the H-complex and the enthalpy of its forma-
tion AH.

Also important for finding the true value of the
enthalpy of formation may be the determination of the shift
of the A-H vibrational frequency caused by VWI for H-com-
plexes formed by weak H-bonds such as {N-H...nm},
{OH...n}, {C-H...O}, {N-H...n}, {S-H...n},{C-H...N} [39,
40]. In such H-complexes, it is possible that the shift of the
A-H frequency of the proton donor molecule due only to the
influence of VWI may be comparable or even larger than the
shift of the A-H frequency due directly to H-bond forma-

tion. Such a possibility was pointed out as early asin [40].
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Thus, when using vibrational spectroscopy methods to ob-
tain information on the enthalpy of H-bond formation, fail-
ure to take into account the contribution of VAW interac-

tions may give incorrect values.

The application of the approach used in this work

may allow us to directly identify the shift in the frequencies
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of the stretching vibrations of proton donor molecules
caused by the VWI interaction in solutions with weak H-
bonds. To do this, it is necessary to have information about
the values of the v, ;, v¢c,;and vy, (the frequency designa-
tions correspond to formula (2)) and then obtain the value

of a;; from relation (2).
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