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CHEMISTRY
D. N. SHIGORIN, A. P. SKOLDINOV, T. S. RYABCHIKOVA

DETERMINATION OF THE ENERGY OF
FORMATION OF A QUASIAROMATIC RING
WITH AN H BOND FROM IR SPECTRA OF
MOLECULES
(Presented by Academician V. A. Kargin on 3 X 1962)

In works (1−5) it was assumed that the formation of an H bond in molecules
may lead to the appearance of a quasiaromatic (coplanar, six-membered) ring,
owing to the delocalization of the six electrons of the system: four 𝜋-electrons
of the 𝐶 = 𝐶 and 𝐶 = 𝑂 bonds, as well as two 𝑝-electrons of the oxygen atom
of the 𝑂—𝐻 group. In this treatment the hydrogen atom participates in the
formation of the quasiaromatic ring not only with its valence electron, but also
provides, in doing so, a modified 𝑝∗-orbit.

In the case of a quasiaromatic ring with an M bond, the delocalization (“delo-
calization”) of electrons is accomplished more effectively, owing to the presence
of free, energetically favorable orbits at the metal atom. However, the nature
of the phenomenon of formation of quasiaromatic rings with an H bond and an
M bond is analogous (1). In 𝜋-electron systems the H bond is formed through
three types of interaction: dipole 𝐸𝑑, acceptor-donor 𝐸𝑎(𝑆), and 𝜋-electron
interaction 𝐸𝜋(𝑝∗), i.e., the energy of the H bond is equal to:

𝐸″
H = 𝐸𝑑 + 𝐸𝑎(𝑆) + 𝐸𝜋(𝑝∗). (1)

In the case under consideration the term 𝐸𝜋(𝑝∗) is decisive. The question arises
of how to determine the energy of formation of the H bond 𝐸H (or of the quasiaro-
matic ring) from vibrational spectra of molecules. A quantum-mechanical treat-
ment of the three-atom model

X—H ⋯
𝑥
Z
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without 𝜋-electrons, given by N. D. Sokolov (6), shows that the energy of forma-
tion of the H bond is proportional to the relative displacement of the stretching-
vibration band of the 𝑋—𝐻 group, i.e.,

𝐸H = 1
𝑘

Δ𝜈
𝜈0

kcal. (2)

The numerical value of 𝑘 should be determined from experimental data for one
or two compounds similar in their nature to the compounds of the series under
consideration. The energy of formation of the H bond (with 𝜋-electron interac-
tion) in a dimer of carboxylic acids, according to the experimental data of work
(7), is ≈ 8 kcal/mol (Δ𝜈 ≅ 520 cm−1). Starting from these data, from formula
(2) we obtain the value 𝑘 ≈ 1.7 ⋅ 10−2 kcal−1. The energy of an intramolecular
H bond with 𝜋-electron interaction can also be determined from experimen-
tal data for 𝛼-oxyanthraquinone. Using the equation for the maximum work
of reaction 𝐴 = 𝑅𝑇 ln 𝐾𝑝 (𝐾𝑝 is the equilibrium constant), one can find the
difference in the energies of the H bonds of 𝛼-oxyanthraquinone (intramolecu-
lar) and 𝛽-oxyanthraquinone (intermolecular 𝑂—𝐻 ⋯ 𝑂—𝐻 ⋯), if their dissoci-
ation constants are known. The dissociation constant of 𝛼-oxyanthraquinone is
𝐾𝑝𝛼 = 3.2 ⋅ 10−12, and for 𝛽-oxyanthraquinone it is 𝐾𝑝𝛽 = 2.4 ⋅ 10−8 (8). The
difference in the dissociation constants is determined by the dif-

Table 1

H-
cycles
with
𝐸″

𝐻 𝜈OH, cm−1 Δ𝜈, cm−1 𝐸″
𝐻 , kcal 𝐸𝜋, kcal

H-
cycles
with
𝐸′

𝐻 𝑁C=C

I(CCl4 1 ∶
400)

3545 85 1.38 0 Ia

II(CCl4 1 ∶
400)

3620 0 0 0

III(CCl4 1 ∶
400)

3270(𝜈OD−
2440)

345 5.61 4.23 IIIa IIIb

IV(vapors
144∘)

3610
(𝛽)3265

(𝛼)

355 5.77 4.39 IVa

V(CCl4 1 ∶
400)

3230 39 6.35 4.97 Va

VI(CCl4 1 ∶
400)

3200 420 6.82 5.44 VIa

VII(vapors
300∘)

3150 470 7.64 6.26

VIII(CCl4 1 ∶
400)

3100(𝜈OD−
2325)

515 8.41 7.03 VIIIa VIIIb
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H-
cycles
with
𝐸″

𝐻 𝜈OH, cm−1 Δ𝜈, cm−1 𝐸″
𝐻 , kcal 𝐸𝜋, kcal

H-
cycles
with
𝐸′

𝐻 𝑁C=C

IX(vapors
290∘)

3620
(𝛽)3100

(𝛼)

520 8.46 7.08

X(CCl4 1 ∶
100)

3610 0

XI(CCl4 1 ∶
100)

∼
3000(𝜈OD−

2190)

610 9.93 8.55 XIa XIb

XII(CCl4 1 ∶
10)

2700(𝜈OD−
2000)

920 14.9 13.71 XIIa

XIII(CCl4 1 ∶
400)

3640 0 XIIIa

XIV(CCl4 1 ∶
10)

2640 1000 16.15 14.77 XIVa

XV(CCl4 1 ∶
10)

2630 1010 16.35 14.97 XVa

XVI(CCl4 1 ∶
10)

∼ 2600 1020 16.46 15.08 XVIa

Ia —structural formula shown; or IIIb —structural formula shown, 1.660.

IIIa —structural formula shown.

IVa; Va; VIa —structural formula shown.
IVb; Vb; VIb —structural formula shown, 1.667.

VIIIa —structural formula shown.
VIIIb —structural formula shown, 1.700.

XIa —structural formula shown.
XIb —structural formula shown, 1.733.

XIIa; XIIIa; XIVa; XVa; XVIa —structural formula shown.
XIIb; XIIIb; XIVb; XVb; XVIb —structural formula shown, 1.850.

Structural formulas I–XVI are shown below the table:

I —structural formula shown.
II —structural formula shown.
III —structural formula shown.
IV —structural formula shown, with OH (𝛽) and H-bond (𝛼).
V —structural formula shown.
VI —structural formula shown.
VII —structural formula shown.

sovietrxiv.org/items/ru-196301.32740 Machine Translation

https://sovietrxiv.org/items/ru-196301.32740


Fig. 1

Figure 1: Fig. 1

Fig. 2

Figure 2: Fig. 2

VIII —structural formula shown.
IX —structural formula shown, with (𝛼) and (𝛽) positions indicated.
X —structural formula shown.
XI —structural formula shown.
XII —structural formula shown.
XIII —structural formula shown.
XIV —structural formula shown.
XV —structural formula shown.
XVI —structural formula shown.

lower energy of H-bonds (all other conditions being equal), namely: −Δ𝐴 =
𝐸H𝛼−𝐸H𝛽 = −𝑅𝑇 ln 𝐾𝑝𝛼/𝐾𝑝𝛽 ≈ 5 kcal/mole. The energy of the intermolecular
H-bond (−O − H ⋯ O − H ⋯) of 𝛽-oxyanthraquinone (analogously to phenol,
naphthol, etc.), according to experimental data, is ≈ 3.5 kcal. Thus, the energy
of the intramolecular hydrogen bond of 𝛼-oxyanthraquinone is ≈ 8.5 kcal/mole.
If one takes into account that for 𝛼-oxyanthraquinone Δ𝜈 = 520 cm−1, and
𝜈0 = 3620 cm−1, then from formula (2) we obtain 𝑘 ≈ 1.7 ⋅ 10−2 kcal−1.

Fig. 1

Fig. 2

Thus, for the compounds of the series we are considering we obtain 𝑘 = 1.7 ⋅
10−2 kcal−1, and the H-bond energy can be determined from the equation

𝐸H = 1/1.7 ⋅ 10−2 𝜈0 − 𝜈
𝜈0

kcal. (3)

Such a choice of 𝑘 makes it possible to obtain values of 𝐸H close to the ex-
perimental values. Experimental determination of the energy of formation of
an intramolecular H-bond in systems with 𝜋-electrons on the basis of studying
thermal dissociation (by the equation of the reaction isochore 𝑑 ln 𝑘

𝑑𝑇 = 𝑄
𝑅𝑇 2 )

does not appear possible because of its high thermal stability. Thus, in the case
of 𝛼-oxyanthraquinones the H-bond is retained at 𝑡∘ = 300∘C (2). It was noted
above that in systems with 𝜋-electrons the term 𝐸𝜋(𝑝∗) in equation (1) is of
decisive importance. The question arises of how to estimate 𝐸𝜋(𝑝∗)—the energy
of 𝜋-electron interaction in the formation of a quasiaromatic ring. The quantity
𝐸𝜋(𝑝∗) characterizes the increase in the H-bond energy on going from a ring
without conjugated bonds to a ring with conjugated bonds.
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Table 1 gives several cases illustrating changes in the structural elements of
molecules in which a quasiaromatic ring with an H-bond arises. From Table 1
it is seen that in the present series of compounds the sum 𝐸𝑎(𝑆) + 𝐸𝑑 = 𝐸′

H
should be an approximately constant quantity. Then the energy of 𝜋-electron
interaction in the formation of the H-bond in the quasiaromatic ring is equal
to 𝐸𝜋(𝑝∗) = 𝐸″

H − 𝐸′
H (see Table 1). It follows from what has been said that

one of the compounds without conjugated bonds may be taken as a standard.
In the present work, diacetone alcohol (solution in CCl4; 1:400) was adopted as
the standard substance.

The H-bond energies 𝐸″
H and 𝐸′

H (standard) are determined from vibrational-
spectra data by formula (3). Table 1 gives the H-bond formation energies cal-
culated by the indicated method and the values of 𝐸𝜋(𝑝∗).
The change in the stretching-vibration frequency of the group O − H ⋯, equal
to Δ𝜈 = 𝜈0 − 𝜈, can be represented as two terms: Δ𝜈𝑎+𝑑, determined by the
magnitude of the energy of dipole and acceptor–donor interaction, and Δ𝜈𝜋(𝐸𝜋),
dependent on the energy of 𝜋-electron interaction. As already noted, in the
present series of compounds 𝐸𝑎 + 𝐸𝑑

changes little, and therefore Δ𝜈𝑎+𝑑 remains approximately constant, whereas
Δ𝜈𝜋(𝐸𝜋) changes as 𝐸𝜋 changes. Therefore we may write the relation

Δ𝜈 = Δ𝜈𝑎+𝑑 + Δ𝜈𝜋(𝐸𝜋), (4)

which is well confirmed by the experimental data (Table 1, Fig. 1).

It follows from equation (4) that Δ𝜈 must depend linearly not only on 𝐸𝜋, but
also on the multiplicity (the index 𝑁C=C) of the C=C bond on the basis of
which the quasiaromatic ring is built, i.e. Δ𝜈 = Δ𝜈𝑎+𝑑 + Δ𝜈𝜋(𝑁C=C).
This is explained by the fact that, all other conditions being equal, the value
of the energy 𝐸𝜋 is determined by the magnitude of the electron density or
multiplicity (𝑁C=C) of the C=C bond, which determines the effectiveness of
delocalization of the electrons of the quasiaromatic ring. Therefore a symbatic
relation should be observed between 𝐸𝜋, 𝑁C=C, and Δ𝜈O−H…. The values 𝑁C=C
were calculated from the equation 𝑁𝜎+𝜋 = 𝑁0 − Δ𝑁𝑛 + Δ𝑁

6 𝑛1 − Δ𝑁
72 𝑛2, based

on the rule of the number of neighbors (9). In this equation 𝑁0 = 2, Δ𝑁 =
0.200; 𝑛, 𝑛1, 𝑛2 are, respectively, the numbers of nearest, next-nearest, and more
distant bond neighbors. The experimental data do indeed show the presence
of a linear dependence between 𝐸𝜋 and 𝑁C=C, as well as between Δ𝜈O−H and
𝑁C=C (Table 1, Fig. 2). These dependences make it possible to solve the inverse
problem, namely: from Δ𝜈O−H or 𝐸𝜋, to find the multiplicity of the C=C bond
in an aromatic ring. For this it is necessary to“attach”a bridge with an H bond,
determine Δ𝜈, 𝐸, or Δ𝛿 (chemical shift of the NMR), and on this basis one can
analyze the change in electron density in the molecule under the influence of
various substituents. In work (10) the authors compared the change in Δ𝜈C=O
participating in the formation of the H bond and 𝑁C=C of the compounds. The

sovietrxiv.org/items/ru-196301.32740 Machine Translation

https://sovietrxiv.org/items/ru-196301.32740


proposed model of the H bond (1−5) with 𝜋-electron interaction, containing at
its basis the phenomenon of formation of a quasiaromatic ring (in which the
𝜋-electrons of the system use the 𝑝-orbital of the hydrogen atom), provides a
reliable basis for further study of various manifestations of the H bond both in
the ground and in excited states. The point of view considered here makes it
possible to give a quantitative justification of the keto–enol transformation (11).

From the data of Table 1 it is seen that the largest shift of the valence vibration
of the O − H … group, Δ𝜈 = 920–1020 cm−1, is observed for the enolic forms of
acetylacetone and its derivatives. The energy of formation of a quasiaromatic
ring with an H bond is 15–17 kcal/mole, and the energy 𝐸𝜋 = 14–15 kcal (∼ 90%
of the total H-bond energy).

Physical-Chemical Institute
named after L. Ya. Karpov

Received
24 IX 1962
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