
Soviet-era science, translated into English

PHYSICAL CHEMISTRY
D. N. SHIGORIN, N. A. SHCHEGLOVA, N. S. DOKUNIKHIN,
and V. A. PUCHKOV

1960

SovietRxiv

View the original and related papers at https://sovietrxiv.org/items/ru-196001.12513

Source: Math-Net.Ru and CyberLeninka. Machine translation. Verify with the original.

https://sovietrxiv.org/items/ru-196001.12513


Abstract
Full Text

PHYSICAL CHEMISTRY
D. N. SHIGORIN, N. A. SHCHEGLOVA, N. S. DOKUNIKHIN, and V. A.
PUCHKOV

THE NATURE OF THE HYDROGEN BOND
AND ITS INFLUENCE ON THE ELEC-
TRONIC SPECTRA OF MOLECULES
(Presented by Academician A. N. Terenin, February 11, 1960)

A large number of works have been devoted to the influence of the hydrogen
bond on the vibrational spectra of molecules. The results obtained in this
field characterize manifestations of the hydrogen bond mainly in the electronic
ground state. The quantum-mechanical treatment of the three-atomic model
A—H…B, without 𝜋-electrons, given by N. D. Sokolov (1), shows that the
nature of the H-bond in such systems is determined mainly by acceptor–donor
interaction; in this case one takes into account the use by the“unshared”electron
pair of the donor atom of the 𝑠-orbital of the hydrogen atom. The energy of the
hydrogen bond (𝐸) in the system A—H…B is composed of the energies of the
acceptor–donor 𝐸𝑎(𝑠) and dipole 𝐸𝑑 interactions, i.e. 𝐸 = 𝐸𝑑 +𝐸𝑎(𝑠). However,
even in order to explain the peculiarities of the manifestation of the hydrogen
bond in the vibrational spectra of molecules with 𝜋-electrons (the strong shift
and broadening of the bands of the groups X—H…, changes in their intensity,
the coplanarity effect, etc.), it was necessary to take into account new factors
determining its nature. In works (2−4) it was shown that the peculiarities of the
manifestation of the hydrogen (and also metal-element) bond can be understood
only by taking into account 𝜋-electron interaction in the formation of the H-
bond.

The mechanism by which the electrons of the group X—H… (whose electron
cloud is deformed in the 𝜎 → 𝜋 direction) participate in the 𝜋-electron interac-
tion of the molecule is apparently not standard, but depends on the structural
features of the molecular system. The peculiarities of the nature of the H-bond
in systems with 𝜋-electrons in works (2−4) are explained by the fact that the mea-
sured 𝑝-orbital of the hydrogen atom (in the case of a metal-element bond, the
𝑝- or 𝑑-orbitals of the metal atom), used by the 𝜋-electrons of the C = O group,
takes direct part in its formation (Fig. 1). In the case under consideration, an
additional (quasiaromatic) ring with 𝜋-electron interaction arises, involving 6
electrons of the system. Thus, the H-bond (as well as the metal-element bond)
is in the general case formed at the expense of three kinds of interactions: 𝐸𝑑,
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𝐸𝑎(𝑠), and 𝜋-electron interaction 𝐸𝜋(𝑝) with participation of the 𝑝-orbital of
the hydrogen atom, i.e. 𝐸 = 𝐸𝑑 + 𝐸𝑎(𝑠) + 𝐸𝜋(𝑝). The H-bond model taking
into account the participation of the measured 𝑝-orbital of the hydrogen atom
explains (so far qualitatively) all the peculiarities of its manifestation in vibra-
tional and electronic spectra of molecules. In compounds of the type of the
enol form of acetylacetone, tropolone, 𝛼-oxyanthraquinone, etc., the share of
the energy of 𝜋-electron interaction reaches almost 90% of the total energy of
the H-bond (3,4). Without this basis, it is apparently impossible to study the
influence of hydrogen and metal-element bonds on the electronic absorption and
emission spectra of molecules with 𝜋-electrons.
The influence of hydrogen and metal-element bonds on the electronic spectra
of molecules was considered by A. N. Terenin (5). The hydrogen bond strongly
shifts the absorption bands in electronic spectra into the red region. For exam-
ple, the corresponding absorption band of 𝛼-oxyanthraquinone, in comparison
with 𝛼-methoxyanthraquinone, is shifted into the long-wavelength region by 45
m𝜇 (Table 1). As a result of the formation of intermolecular hydrogen bonds,
the absorption bands of indigo in crystals are shifted into the red region, in
comparison with the spectrum of its vapors, by 100 m𝜇 (6). The reason for the
shift of the absorption band in the electronic spec-

toward longer wavelengths consists in the fact that an H bond, incorporated
into a conjugated system of bonds, causes a substantial change in the 𝜋-electron
interaction throughout the molecule and leads to a change in the positions of
the energy levels of the system. Owing to the participation of 𝜋 electrons in the
formation of the H bond, an additional ring with 𝜋-electron interaction arises,
which is equivalent to lengthening the chain with conjugated bonds or increasing
the width of the“potential box,”and therefore a shift of the absorption band in
the electronic spectrum toward the red should be observed, in accordance with
the equation:

𝜈𝑁→𝑁+1 = ℎ
8𝑚𝐿2 (2𝑁 + 1),

where 𝐿 is the width of the potential box, and 𝑁 is the number of atoms in the
conjugated chain (7).
However, in order to study more fully the influence of the H bond on the ab-
sorption and emission spectra of molecules with 𝜋 electrons, it is necessary to
determine what happens to the hydrogen bond upon excitation. For this pur-
pose let us consider the most typical case of a coplanar system with 𝜋-electron
interaction, in which there is a 𝐶 = 𝑂 group participating in the formation
of the H bond and “bearing responsibility”for electronic excitation. An ex-
ample of such a system is 𝛼-oxyanthraquinone (Fig. 1). Indeed, a study of
the electronic-vibrational spectra of anthraquinone and some of its derivatives
in frozen solutions at 𝑇 = 77∘K showed that the corresponding components of
the intense bands are separated from one another on the average by 1664 cm−1,
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Fig. 1. Electronic model of a ring with an H bond in 𝛼-oxyanthraquinone.
The dots denote electrons participating in the formation of the ring with

𝜋-electron interaction; the 𝑝∗-orbital of the H atom is used.

Figure 1: Fig. 1. Electronic model of a ring with an H bond in 𝛼-
oxyanthraquinone. The dots denote electrons participating in the formation
of the ring with 𝜋-electron interaction; the 𝑝∗-orbital of the H atom is used.

which characterizes the valence vibration of the 𝐶 = 𝑂 group in the ground elec-
tronic state (8). From these data it follows that a large share of responsibility for
the position of the electronic level of anthraquinone molecules and its derivatives
in the excited state falls on the 𝐶 = 𝑂 group. Upon excitation of the molecule
as a result of the 𝑛 → 𝜋∗ transition (with subsequent transition of the molecule
to the triplet state), the 𝜋 bond of the 𝐶 = 𝑂 group is sharply weakened. This
is shown by analysis of the electronic-vibrational spectra of anthraquinone and
some of its derivatives. The distribution of the intensity of the bands in the
spectrum can be explained, in accordance with the Franck–Condon principle,
by an increase in the internuclear equilibrium distance (in the 𝐶 = 𝑂 group)
for the excited electronic level. On the other hand, in 𝛼-oxyanthraquinone the
probability of participation of the electron pair of the hydroxyl group 𝑂—𝐻 …
in the 𝜋-electron interaction of the system also increases. Thus (Fig. 1), at the
moment when a molecule absorbs a quantum of light, changes arise in its struc-
ture (redistribution of electron density, internuclear distances, angles) that may
lead to strengthening of the ring with the H bond. In the excited state of the
molecule, participation of the 𝑝-orbital of the hydrogen atom (𝑂—𝐻 … 𝑂 = 𝐶)
in the 𝜋-electron interaction of the system apparently becomes still more prob-
able and considerably more effective (8). In this connection, the fraction of
electronic energy and the rate of its conversion into vibrational energy, as well
as the probability of redistribution of the latter over vibrational sublevels, will
be increased. Therefore the lifetime of each excited vibration will be shortened,
which may lead to blurring of the fine vibrational structure in the luminescence
spectra of compounds containing an H bond (since 𝜏Δ𝐸 ≃ ℎ).
Fig. 1. Electronic model of a ring with an H bond in 𝛼-oxyanthraquinone. The
dots denote electrons participating in the formation of the ring with 𝜋-electron
interaction; the 𝑝∗-orbital of the H atom is used.

Indeed, the luminescence spectra of 𝛼-oxy derivatives of anthraquinone (1-oxy,
1,4- and 1,5-dioxy) do not have a fine vibrational structure (8). They (Fig. 2,
see insert p. 1341) are strongly shifted into the red region and have the form
of rather blurred bands. The blurring of these bands is directly related to the
state of the carbonyl group directly participating in the formation of the H bond,
whereas the luminescence spectra

Table 1
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Compound
Absorption

𝜆 m𝜇
Absorption

Δ𝜆 m𝜇

Emission
at

𝑇 = 77∘K
𝜆 m𝜇

Emission
at

𝑇 = 77∘K
Δ𝜆 m𝜇

Presence
of
vibra-
tional
struc-
ture at
𝑇 =
77∘K

IR
spec-
trum of
vapors
𝜈 cm−1

Anthraquinone312/𝜋330/p 457/p Fine
vibra-
tional
struc-
ture

𝛼-
Methylanthraquinone

331/p 455/p Same

𝛼-
Phenylanthraquinone

322/p 455/p Same

𝛼-
Methoxyanthraquinone

340/𝜋368/p 0/𝜋0/p 455/p 0/p Same

𝛼-
Hydroxyanthraquinone

385/𝜋402/p 4534 550/𝜋552/p 97 Strongly
broad-
ened
band

Strongly
broad-
ened
band
with a
maxi-
mum
at
3050–
3100
cm−1

* 𝜋 —vapors; p —solution
𝛼-derivatives of anthraquinone (𝛼-methyl-, 𝛼-methoxy- and 𝛼-phenylanthraquinone),
which do not contain an H-bond, have a fine vibrational structure (Fig. 2, Table
1). The formation of an H-bond in the molecule of 𝛼-hydroxyanthraquinone
has such a profound effect on the entire system that it makes it impossible for
a fine vibrational structure due to the second carbonyl group to appear.

In the IR absorption spectra, the bands of the stretching vibrations of the
groups O—H⋯and C = O⋯are shifted into the long-wavelength region and are
broadened. Thus, parallelism is observed in the manifestation of the H-bond in
the electronic and vibrational spectra (Table 1).

Comparison of the absorption and emission spectra of compounds with and
without an H-bond shows that the magnitudes of the shifts of the corresponding
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bands in the absorption spectra are considerably smaller than in the emission
spectra. For example, the shift Δ𝜆 for 𝛼-hydroxyanthraquinone relative to
𝛼-methoxyanthraquinone in the absorption spectra is 34 m𝜇, whereas in the
emission spectra it is 97 m𝜇 (Table 1). The electronic emission spectra of
vapors of anthraquinone derivatives were first studied in the laboratory of A. N.
Terenin (9). The magnitude of the“Stokes”shift for compounds with an H-bond
is considerably greater than for those without one (10). The emission bands
are more strongly broadened than the absorption bands. The noted features
of the absorption and emission spectra are observed most characteristically in
molecules with a coplanar arrangement of the ring bearing the H-bond with
respect to the 𝜋-electronic system of the molecule. The facts presented can
evidently be explained only by the fact that the changes in the structure of the
molecule and in its electronic state, which begin at the moment of absorption
of an energy quantum ℎ𝜈𝑝, are completed in the system only by the moment of
emission of its light quanta ℎ𝜈𝑖.

It may be assumed that in systems with a hydrogen (or metalloelement) bond
the excited electronic level of the system (1Γ∗

𝑝), arising from the moment of
absorption of an energy quantum, and the electronic level at which the molecule
begins to emit energy (1Γ∗

𝑖 ), are not identical. Strengthening of the ring with a
hydrogen (or metalloelement) bond in the excited molecule leads to a lowering of
its electronic level, as is shown schematically in Fig. 3. A kind of photochemical
process occurs with a change in the structure of the molecule; at the same
time, the possibility of proton transfer from one oxygen atom to another is
not excluded. In molecules with a symmetrical structure (the enol form of
acetylacetone, tropolone, etc.) that are in the excited state, movement of the
hydrogen atom from one potential well to another is possible. The potential
barrier that the hydrogen atom overcomes classically in passing from one well
to another must be lowered because of the closeness and equal depth of the
potential wells (11). However, this question requires special investigation. In the
case under consideration, the motion of the electrons is by no means independent
of the motion of the nuclei; nonradiative transitions occur with transformation
of part of the electronic energy into the vibrational energy of the nuclei. Under
these conditions the law of mirror symmetry of Levshin does not

must be strictly obeyed (12). What has been said is confirmed by experiment.
Indeed, in molecules analogous to those considered, the law of mirror symmetry
is not fulfilled (10). The question of the relation between luminescence and
absorption spectra was considered in works (14–15).
Everything that has been said for an intramolecular bond can occur provided
that the coplanarity factor is fulfilled. Therefore, in the case of groups
H—N—H…O = C— or H—N—H…N ≡ N—, etc., for which the coplanarity
condition is insufficiently fulfilled, the indicated phenomena may not be ob-
served. In such systems it is possible not to have strengthening of the H-bond
upon excitation, but rather its weakening and even rupture, owing to violation
of the acceptor–donor interaction and the impossibility of participation of the
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Fig. 3. Scheme of possible electronic levels

Figure 2: Fig. 3. Scheme of possible electronic levels

group N—H in 𝜋-electron interaction.

Fig. 3. Scheme of possible electronic levels

An increase in interaction upon excitation is also possible in bridges with an
H-bond arising between molecules possessing 𝜋-electrons, as, for example, in
the case of 𝛽-oxyanthraquinone (8). A phenomenon of this kind was detected
from the fluorescence spectra by A. N. Terenin and A. V. Shablya, using 9-(𝑛-
oxy)-phenylacridine as an example (13). Upon excitation in the bridge

\\
C—O—H…N −𝛿1 + 𝛿2 − 𝛿3

the hydrogen atom proves to be more strongly bound to the nitrogen atom,

\\
C—O…H…N −𝛿4 + 𝛿5

owing to the strengthening of the acceptor–donor and especially the 𝜋-electron
interaction. Here one should also take into account the increase in stability
of the molecule donating the proton, owing to delocalization of the electron
(negative charge) in the system. In other words, the dissociation constant of the
system

Ar—OH ⇄ |Ar—O|− + H+

upon excitation should increase, but this limiting process is possible only under
definite conditions.

The phenomenon of strengthening of the interaction in bridges with an H-bond
upon excitation apparently plays an important role in processes of energy migra-
tion, which is of great significance in high-molecular compounds (polyamides,
proteins, etc.), and also for the study of questions connected with the splitting
off and transfer of a proton in excited systems.

Thus, investigation of the hydrogen bond in the excited state is of substantial
importance for elucidating its nature and for studying a number of phenomena.

Physicochemical Institute
named after L. Ya. Karpov

Received
10 I 1960
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