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PHYSICAL CHEMISTRY
V. G. PLOTNIKOV, D. N. SHIGORIN

THE ROLE OF 𝑛 → 𝜋∗ PROMOTION IN PRO-
CESSES OF RADICAL GENERATION
(Presented by Academician S. S. Medvedev on 18 VIII 1964)

In works (1−4,6) it was shown that excited molecules containing chromophoric
groups 𝐶 = 𝑂×, −𝑁×, etc., responsible for long-wavelength absorption (the
𝑛 → 𝜋∗ electronic transition) and luminescence, can be deactivated through
interaction with molecules of the medium (alcohol, etc.) with formation of the
corresponding radicals. In such processes the yield of matrix (ethanol) radi-
cals is proportional to the light intensity 𝐼𝑚, where 𝑚 ≈ 2. On this basis, in
some works (5,7) the conclusion was drawn that the process of matrix-radical
generation occurs at a triplet excited level.

However, in works (2−4) it was shown that the process of radical generation
is a two-stage process proceeding without participation of the triplet excited
level. In investigations (1−4) it was shown that the process of radical generation
proceeds through a complex (luminophore + matrix) formed by means of an
H bond. It was assumed that, at the triplet level (scheme 1), transfer of a
hydrogen atom from the matrix molecule to the luminophore molecule occurs,
with formation of a radical complex. The second stage of the process is the
decomposition of the radical complex (in the presence of chains with H bonds)
upon absorption of a light quantum corresponding to the transition 𝑆𝑅 → 𝑆∗

𝑅,
with formation of matrix radicals and hydrogen atoms. In such processes the
radical yield must also be proportional to the light intensity 𝐼𝑚, where 𝑚 ≈ 2.

In the present communication a quantum-mechanical substantiation is given for
the possibility of addition of a hydrogen atom, detached from a matrix molecule,
to a luminophore molecule in the (𝑛𝜋∗) state, and the question of the relevance
of the 𝑆𝑛𝜋∗ and 𝑇𝑛𝜋∗ states in the processes under consideration is resolved.

It is known that in the ground state, in a complex with an H bond, there exists
a four-electron system
> 𝐶 = 𝑂 ↓↑ … 𝐻 ↓↑ 𝑂 − 𝑅, in which a weak donor–acceptor interaction is
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effected by the 𝑛 electrons of the = 𝑂 atom, partially using the 𝑠 orbital of the
hydrogen atom of the 𝐻 − 𝑂− group.

Upon excitation of the complex as a result of realization of the (𝑛𝜋∗) state of
the luminophore molecule, the donor–acceptor interaction is disrupted, and in
the H-bond bridge there arises a three-electron system
> 𝐶 = 𝑂 ↑ … 𝐻 ↓↑ 𝑂 − 𝑅. In this case the = 𝑂 ↑ atom has an unpaired 𝑛
electron on an atomic orbital and a relatively reduced electron density.

Thus, in systems with (𝑛𝜋∗) states a new type of promotion is realized, consisting
in the fact that the promoted electron occupies a molecular 𝜋∗ orbital, which
is considerably more favorable than promotion from a 2𝑝 to a 2𝑠 orbital of
the oxygen atom. This leads to the appearance of an additional valence of the
oxygen atom at a relatively smaller expenditure of energy. Two electronic states
are possible: singlet ex-

excited state (𝑆∗
𝑛𝜋∗): > C ↓= O ↑ … H ↓↑ O − R and the triplet state (𝑇 ∗

𝑛𝜋):
> C

↑= O ↑ … H ↓↑ O − R, which lead to the formation of the corresponding
radicals according to the following schemes:

Schemes 1

> C ↓= O ↑ … H ↓↑ O − R →> C ↓= O − H … O ↑ −R →> C ↓ −O − H … O ↑ −R

> C
↑= O ↑ … H ↓↑ O−R →> C

↑= O−H … O ↑ −R →> C ↑ −O−H … O ↑ −R.

From these schemes it is evident that the process of deactivation of the (𝑛𝜋∗)-
excited states of luminophore molecules can be divided into five stages that
determine the energetics of the entire process, namely: formation of a complex
through an H-bond in the ground state, excitation of the (𝑛𝜋∗)-state, the reac-
tion of hydrogen-atom transfer, formation of a ketyl radical, and formation of
a radical complex by means of an H-bond. For a complete description of the
entire process, in order to determine the reaction rate and the radical yield, an
analysis of all its stages is necessary. However, for ascertaining the fundamen-
tal possibility of the process occurring with the participation of (𝑛𝜋∗)-states of
luminophore molecules, the decisive importance belongs to the stage connected
with attachment of the hydrogen atom to the excited luminophore molecule. In
order to simplify the problem considered, this stage of the process is modeled
in the present work by the reaction of interaction of a luminophore molecule
R2C = O, in (𝑛𝜋∗)-states, with a hydrogen atom. It is assumed that rupture of
the H − O bond participating in the formation of the complex can occur if the
energy released upon interaction of the hydrogen atom with the luminophore
molecule in the (𝑛𝜋∗)-state is of the same order of magnitude as the energy of
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the O − H bond in the matrix molecule. To calculate the interaction energy
of the excited molecule R2C = O with a hydrogen atom, the Heitler—London
method was applied.

The wave function of the system R2C = O + H has the form

Ψ =
√

𝑁 ̂𝑃 (−1)𝑑(𝜎𝑖+𝜎𝑘)
𝑛

∏
𝑖

𝜑𝑖, (1)

where
√

𝑁 is the normalization factor, determined from

𝑁 = 1
∫ Ψ×Ψ 𝑑𝜏 ; (2)

̂𝑃 is the operator of permutation of electron coordinates; 𝑑(𝜎𝑖 +𝜎𝑘) is a function
defined by the relation

𝑑(𝜎𝑖 + 𝜎𝑘) = {0, if |𝜎𝑖 + 𝜎𝑘| = 0,
1, if |𝜎𝑖 + 𝜎𝑘| = 1, (3)

where 𝜎𝑖 and 𝜎𝑘 are the spins of the permuted 𝑖- and 𝑘-electrons.

As 𝜑𝑖 were used the atomic orbital 1𝑠 of the hydrogen atom, the 𝜋-electron
molecular orbitals

R
R > C = O

and the 𝑛-orbital of the oxygen atoms.

The bond energy of the system R2C = O + H, in accordance with (8), has the
form

𝐸bond = ∑
𝑖,𝑘
𝑖<𝑘

𝐾𝑖𝑘𝜆 + ∑
𝑖,𝑘
𝑖<𝑘

𝐴𝑖𝑘𝜆 − (−1)𝑑(𝜎𝑖+𝜎𝑘) + ∑
𝑔,𝑔′

𝑍𝑔𝑍𝑔′

𝑅𝑔𝑔′
+

′
∑
𝑖,𝑔

𝐶𝑖𝑔𝜆, (4)

where 𝐾𝑖𝑘 is the energy of the Coulomb interaction of the 𝑖- and 𝑘-electrons;

𝐴𝑖𝑘 is the energy of the exchange interaction of the 𝑖- and 𝑘-electrons;
𝑍𝑔𝑍𝑔′

𝑅𝑔𝑔′
is

the energy of the Coulomb interaction of nuclei 𝑔 and 𝑔′; 𝐶𝑖𝑔 is the energy of the
Coulomb interaction of the 𝑖-electron with the 𝑔-nucleus (the prime means that
the interaction of the electron only with foreign nuclei is taken into account);
𝜆 is a coefficient arising from the nonorthogonality of 𝜑𝑖 and defined by the
expression
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Fig. 1. Dependence of the interaction energy of a hydrogen atom with a
molecule (𝐶𝐻3)2𝐶 = 𝑂 in the (𝑛𝜋∗)-state. 1—triplet 𝐸min = −4.16 eV; 2—

singlet 𝐸min = −4.46 eV

Figure 1: Fig. 1. Dependence of the interaction energy of a hydrogen atom
with a molecule (𝐶𝐻3)2𝐶 = 𝑂 in the (𝑛𝜋∗)-state. 1—triplet 𝐸min = −4.16 eV;
2—singlet 𝐸min = −4.46 eV

𝜆 = 𝑛!
𝑁 , (5)

where 𝑛 is the order of the product (1).

The binding energy of a hydrogen atom with an excited 𝐶 = 𝑂 group is obtained
from (4) if, in the summation, we fix the sign corresponding to the 1𝑠-electron
of the hydrogen atom and its nucleus.

Fig. 1. Dependence of the interaction energy of a hydrogen atom with the
molecule (𝐶𝐻3)2𝐶 = 𝑂 in the (𝑛𝜋∗)-state.
1—triplet 𝐸min = −4.16 eV; 2—singlet 𝐸min = −4.46 eV

It follows from formula (4) that in the ground state the 𝐶 = 𝑂 group cannot, in
the main, form a bond with a hydrogen atom, since its ground state is singlet and
the exchange integrals vanish. Only the ordinary H-bond is realized. Each state
𝑅2 > 𝐶 = 𝑂 is occupied by two electrons; therefore the exchange integral of the
1𝑠-electron of the hydrogen atom with one of these electrons will be positive,
and with the other negative and equal in absolute value. The situation changes
sharply upon excitation. Now, even if the excited state is singlet, the exchange
energy is not equal to zero, since the wave function in the excited state may
differ sharply from the wave function in the ground state. Apparently, this effect
is especially noticeable for 𝑛 → 𝜋∗ excitation, since in this case the difference in
the exchange integrals of the 1𝑠-orbital of the hydrogen atom with the |𝑛⟩-orbital
and the |𝜋∗⟩-orbital (𝑅2𝐶 = 𝑂)∗ is especially large.

Concrete calculations were carried out for the reaction of an acetone molecule
in the excited 𝑆𝑛𝜋∗ -state and 𝑇𝑛𝜋∗ -state with a hydrogen atom. A preliminary
calculation of the acetone molecule was carried out by the MOLCAO method
in the 𝜋-electron approximation. The following parameters were chosen (9):
𝛽𝐶=𝑂 = 0.9𝛽𝐶=𝐶 , 𝛿𝛼0 = +1.2𝛽𝐶=𝐶 . The molecular orbitals of (𝐶𝐻3)2𝐶 = 𝑂 in
the ground and excited states were calculated. As the orbital of the 𝑛-electron
of the oxygen atom, its 𝑠𝑝2-hybrid orbital was taken (10). The integrals entering
into (4) were calculated according to (11). The results of the calculations are
presented in Fig. 1. From Fig. 1 it follows that the bond in the singlet (𝑛𝜋∗)-
state is somewhat greater than in the triplet one (under the assumption of the
same spatial function of 𝐶 = 𝑂 in the 𝑆𝑛𝜋∗ - and 𝑇𝑛𝜋∗ -states). This circumstance
is connected with the fact that the exchange integrals of the 𝑛- and 𝜋∗-orbitals
with the 1𝑠-orbital have different signs owing to the fact that the overlap integral
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∫ 𝜋∗1𝑠 𝑑𝜏 = 0.

Indeed, the two-center exchange integral has the form

𝐴𝑖𝑘 = 𝑆𝑖𝑘 ∫ (−𝑍𝑖
𝑟𝑖

− 𝑍𝑘
𝑟𝑘

) 𝜑∗
𝑖𝜑𝑘 𝑑𝜏 + ∫ 𝜑∗

𝑖 (1)𝜑𝑖(2)𝜑𝑘(1)𝜑∗
𝑘(2)

𝑟12
,

and when 𝑆𝑖𝑘 > 0, then 𝐴𝑖𝑘 < 0 (in the case of the 𝑛-electron); when 𝑆𝑖𝑘 = 0,
then 𝐴𝑖𝑘 > 0 (in the case of the 𝜋∗-electron).

The difference in bond energy in the triplet (𝑛𝜋∗) and singlet (𝑛𝜋∗) states,
amounting to 0.3 eV, is, as the calculation shows, completely compensated by
the 𝑆—𝑇 splitting in the acetone molecule, equal to ∼ 0.7 eV (12). The principal
contribution to the bond energy is made, naturally, by the exchange interaction
of the 1𝑠-electron with the 𝑛-electron of the oxygen atom, owing to the spatial
arrangement of the 𝑛-electron, which ensures the formation of an ordinary 𝜎-
bond.

Calculation of the radical > C ↑ O—H in the excited (𝑛𝜋∗) state gives, for
the O—H bond energy, a value of 4.16 eV; whereas the O—H bond energy in
ethanol, calculated in the same approximation, proves to be equal to 3.93 eV.

Thus, formation of the radical > C↑O—H, arising upon addition of a hydrogen
atom to an (𝑛𝜋∗)-excited luminophore molecule, must proceed with liberation
of energy. The calculation showed that, from the energy standpoint, under the
assumptions made, the triplet state is only slightly more favorable than the sin-
glet state (by approximately 0.4 eV). However, from the kinetic standpoint the
triplet state is more advantageous than the singlet state because of the consid-
erably longer lifetime of the excited state, which is necessary for the reaction to
proceed.

The mechanism considered for radical formation can be extended to hydrogen-
abstraction reactions occurring with participation of an oxygen molecule in the
triplet state (1). Thus, a quantum-mechanical treatment, in agreement with the
experimental data, shows the possibility of abstraction of a hydrogen atom in
a complex with an H-bond from a matrix molecule by a luminophore molecule
in the 𝑛𝜋∗-state, and the decisive role of (𝑛𝜋∗)-promotion in the processes of
radical generation.

Physico-Chemical Institutenamed after L. Ya. KarpovSiberian Physico-
Technical Institutenamed after V. D. Kuznetsov
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