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Abstract: All kinds of dynamic symmetries in dozy-chaos (quantum-classical) mechanics (Egorov, V.V.
Challenges 2020, 11, 16; Egorov, V.V. Heliyon Physics 2019, 5, e02579), which takes into account the
chaotic dynamics of the joint electron-nuclear motion in the transient state of molecular “quantum”
transitions, are discussed. The reason for the emergence of chaotic dynamics is associated with a
certain new property of electrons, consisting in the provocation of chaos (dozy chaos) in a transient
state, which appears in them as a result of the binding of atoms by electrons into molecules and
condensed matter and which provides the possibility of reorganizing a very heavy nuclear subsystem
as a result of transitions of light electrons. Formally, dozy chaos is introduced into the theory of
molecular “quantum” transitions to eliminate the significant singularity in the transition rates, which
is present in the theory when it goes beyond the Born–Oppenheimer adiabatic approximation and the
Franck–Condon principle. Dozy chaos is introduced by replacing the infinitesimal imaginary addition
in the energy denominator of the full Green’s function of the electron-nuclear system with a finite
value, which is called the dozy-chaos energy γ. The result for the transition-rate constant does not
change when the sign of γ is changed. Other dynamic symmetries appearing in theory are associated
with the emergence of dynamic organization in electronic-vibrational transitions, in particular with
the emergence of an electron-nuclear-reorganization resonance (the so-called Egorov resonance) and
its antisymmetric (chaotic) “twin”, with direct and reverse transitions, as well as with different values
of the electron–phonon interaction in the initial and final states of the system. All these dynamic
symmetries are investigated using the simplest example of quantum-classical mechanics, namely, the
example of quantum-classical mechanics of elementary electron-charge transfers in condensed media.

Keywords: quantum mechanics; molecular quantum transitions; singularity; dozy chaos; dozy-chaos
mechanics; charge transfer; condensed matter; direct and reverse processes; optical band shapes;
Egorov resonance

1. Introduction

A new physical theory—dozy-chaos mechanics or quantum-classical mechanics [1–4]—is designed
to describe elementary physico-chemical processes, taking into account the chaotic dynamics of their
transient state. The simplest version of quantum-classical mechanics is the quantum-classical mechanics
of elementary electron transfers in condensed media [5,6]. This theory arose about twenty years
ago [5,6] and proved its efficiency in explaining the optical spectra of polymethine dyes and their
aggregates [3–11] and other physico-chemical phenomena [2,12–14]. The very first attempts to create
it [15–18], which later turned out to be its particular cases [2,4,5,7–9], were undertaken more than thirty
years ago. Quantum-classical mechanics can be considered as a kind of “generalization” of quantum
mechanics, in which a new property of the electron is revealed [1,2,19]. This new property arises for an
electron when it forms chemical bonds between atoms and consists in the appearance as a result of
this ability to provoke chaos in the vibrational motion of nuclei in the process of molecular quantum
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transitions. The theoretical discovery of this unique ability of the electron made it possible to find
out the reason for the reorganization of the structure of the nuclear subsystem of the molecule and
molecular systems as a result of electronic transitions in them. In other words, the discovery of the
ability of an electron to create chaos in the motion of nuclei in a transient molecular state made it
possible to explain how a light electron manages to shift the equilibrium positions of vibrations of very
heavy nuclei, which occurs as a result of the redistribution of the electron charge during molecular
“quantum” transitions. This chaos is called dozy chaos [7,8,20], since it occurs only in a transient
molecular state and is absent in the initial and final adiabatic molecular states. As a result of the
appearance of dozy chaos, the energy spectrum of electrons and nuclei in the transient state becomes
continuous, which indicates the classical nature of the motion of electrons and nuclei in this state,
while the initial and final states are quantum states that differ sharply from each other in the electronic
and nuclear structure. For this reason, dozy-chaos mechanics can also be called quantum-classical
mechanics [1–3,19], and the electron itself, which creates chaos in the transient state, can be called a
quantum-classical electron [19]. Consequently, the molecular “quantum” transition can be called the
quantum-classical molecular transition.

Formally, dozy chaos arises, in theory, as a result of replacing the infinitesimal imaginary addition
iγ (γ > 0) in the energy denominator of the spectral representation of the full Green’s function of
an electron-nuclear system with a finite value [5–8,20]. This procedure of changing the quantity γ
is forced and is associated with the elimination of an essential singularity that exists in the rates
of molecular transitions if their dynamics are considered beyond the Born–Oppenheimer adiabatic
approximation and the Franck–Condon principle [21–26]. The quantity γ can be considered as the
width of the electron-nuclear energy levels in the transient molecular state, which ensures the exchange
of energy and motion between electrons and nuclei in the transient state. However, as the comparison
of theoretical results with experimental data on the optical spectra of polymethine dyes and their
aggregates shows, the value of γ turns out to be much larger than the value of the vibrational quantum
}ω of nuclei: γ >> }ω [1–9,19,20]. This circumstance points to the fact that the exchange of energy
and motion between electrons and nuclei is so intense that it leads to chaos in their joint motion in
a transient state. This chaos is the dozy chaos that we discussed above, and the quantity γ is called
dozy-chaos energy [7,8,20].

Note that the well-known imaginary, damping gamma terms in the standard theory of
radiation–matter interactions [27,28] are related to removing resonance singularities in perturbation
theory. In quantum-classical mechanics, we are talking about the elimination of an essential singularity
in the rates of electron-nuclear(-vibrational) transitions, which arises when taking into account the
full-fledged electron-nuclear motion in the transient state, that is, when considering the electron-nuclear
motion beyond the Born–Oppenheimer adiabatic approximation and the Franck–Condon principle.
This motion is singular due to the incommensurability of the masses of light electrons and heavy
nuclei and regardless of whether it is resonant or non-resonant. This is the fundamental novelty of our
problem and our approach to its solution, where it becomes necessary to damp the singular dynamics
in molecular systems, in comparison with the standard theory of radiation–matter interactions, where it
becomes necessary to damp only resonances in atomic systems. Moreover, our imaginary gamma term
already exists in the energy denominator of the total electron-nuclear(-vibrational) Green’s function,
by definition, as an infinitely small quantity. To eliminate the singularity in the rates of molecular
transitions, which, as indicated above, exists within the framework of quantum mechanics, this
gamma-term is simply assumed not to be infinitely small but finite, and thus becomes the dozy-chaos
energy γ. For details of the discussion of this issue, see [2–4,7,8].

Dozy chaos is a mix of chaotic motions of the electronic charge, nuclear reorganization, and the
electromagnetic field (dozy-chaos radiation) via which electrons and nuclei interact in the transient state.
Apparently, the main mechanism for the occurrence of dozy chaos is associated with the interaction of
an electron with optical phonons (see more details in Section 3 in [1]).
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The emergence of chaos in dynamical systems is usually associated with the presence of any
nonlinear interactions in them. In quantum-classical mechanics [2], the electron–phonon interaction in
the original Hamiltonian is assumed to be linear (see term

∑
κ Vκ(r)qκ in Equation (1), Section 2) and

has the same form as in the standard theory of many-phonon transitions [29], on the basis of which it
was built. The condition γ >> }ω arising in the complete Green’s function of the system (see above)
leads to its modification and, therefore, takes the whole theory beyond the scope of quantum mechanics.
Therefore, it presents a challenge to solve the inverse problem, namely, using the modified Green’s
function or/and the general result for the rate constant of quantum-classical transitions (see Section 3),
to find the form of the original non-Hermitian Hamiltonian [1] that corresponds to such a modified
Green function or/and our overall result for the rate constant. In this non-Hermitian Hamiltonian
obtained from the solution of the inverse problem, the electron–phonon interaction can turn out to be
nonlinear [1]. Thus, the successful solution of the inverse problem will make it possible to clarify, in
more detail, the nature of dozy chaos. On the other hand, it is also a challenge to register dozy chaos in
an experiment, for example, using X-ray free-electron lasers [2,20].

The quantum-classical electron that provokes dozy chaos can be considered as some organizing
physical principle in nature [19], and quantum-classical mechanics itself, and in this particular case, the
quantum-classical mechanics of elementary electron transfers in condensed media, can be considered
as the physical theory in which this organizing principle was discovered in science.

In any fundamental physical theory, as a rule, some kind of symmetry laws arises. Dozy-chaos
mechanics, or in other words, quantum-classical mechanics, is no exception. The purpose of this
concept review of the dozy-chaos mechanics of elementary charged particle (electron or proton)
transfers in condensed media is to draw attention to a certain set of symmetries that arise in theory
and are associated with various features and modes of charge-transfer dynamics. We call this set of
symmetries dynamic symmetry in dozy-chaos mechanics.

2. On Dozy-Chaos Mechanics of Elementary Electron Transfers

The Hamiltonian for describing the elementary electron transfers in condensed media has the
form [1–9]:

H = −
}2

2m
∆r + V1(r) + V2(r− L) +

∑
κ

Vκ(r)qκ +
1
2

∑
κ

}ωκ
(
q2
κ −

∂2

∂q2
κ

)
(1)

where 1 and 2 are the indices of the electron donor and acceptor, respectively; m is the effective mass
of the electron; r is the electron’s radius vector; qκ are the real normal phonon coordinates; ωκ are
the eigenfrequencies of normal vibrations; κ is the phonon index;

∑
κ Vκ(r)qκ is the electron–phonon

coupling term. In comparison with the Hamiltonian in the standard theory of many-phonon transitions
(see [29]), in the theory of elementary electron transfers, the Hamiltonian is complicated merely by an
extra electron potential well V2(r− L) set apart from the original well V1(r) by the distance L ≡ |L| [5,6].
The nuclear reorganization energy E associated with the reorganization of the structure of the nuclear
subsystem of the molecular system during electronic transitions in it (see Section 1), in this case, during
elementary electron transfers in condensed matter, is defined as follows [2–4]

E =
1
2

∑
κ

}ωκq̃2
κ (2)

where q̃κ are the shifts of the normal phonon coordinates qκ, which correspond to the shifts in the
equilibrium positions of the nuclei, caused by the presence of an electron in the medium on the donor
1 or on the acceptor 2.

The solution to the problem is sought by Green’s function method:

GH
(
r, r

′

; q, q′; EH
)
=

∑
s

Ψs(r, q) Ψs ∗
(
r
′

, q′
)

EH − Es − iγ
(3)
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where Ψs(r, q) are the eigenfunctions of the total Hamiltonian H of the system—in our case, the
Hamiltonian (1); (r, q) is the set of all electronic and nuclear (phonon) coordinates; Es are the
eigenvalues of H and EH is the exact value of the total energy of the system; iγ (γ > 0) is the
standard, infinitesimally small imaginary additive—the energy denominator vanishes when γ = 0;
the aforementioned singularity in the rates of “quantum” transitions is eliminated by replacing γ
in the energy denominator of Green’s function (3) with a finite quantity [2–9]. The general formula
for the rate constant of electron photo-transfers is obtained using the technique first described by
Egorov [15,16], which generalizes the generating polynomial technique of Krivoglaz and Pekar [30,31]
in the theory of many-phonon processes [29]; see the review article [2] for details.

3. General Formula for the Rate Constant of Electron Photo-Transfers

The general result for the rate constant (optical absorption) K is expressed in terms of Green’s
function of the elementary electron-charge transfers and two generating functions (see [2,5]):

K ∝
∞∑

ω1=−∞

∞∑
ω′1=−∞

GE(ω1, L)GE
∗

(
ω′1, L

)
×

1
(2πi)3

∮
dx

xω1+1

∮ dy

yω
′

1+1

∮
dz

zω12+1 Q(n1; x, y, z)S(n1; x, y, z)
(4)

where the contours encircle the points x = 0, y = 0, and z = 0, correspondingly. Green’s function
of the elementary electron-charge transfers GE(ω1, L) and the generating functions Q(n1; x, y, z) and
S(n1; x, y, z) can be found in [2,5], where n1 ≡ nκ1,l1 (Planck’s distribution function) is as follows

nκ1,l1 =
[
exp

(
}ωκ,l/kBT

)
− 1

]−1
(5)

The energy }Ω of the absorbed photon and the heat energy }ω12 > 0 are related by the law of
conservation of energy:

}Ω = J1 − J2 + }ω12 (6)

J1 is the electron binding energy on the donor 1 and J2 is the electron-binding energy on the
acceptor 2. The heat energy }ω12 < 0 corresponds to the inverse processes relative to optical absorption,
i.e., to luminescence [3,29] (see Section 10). The wavelength λ, indicated on the x-axis in the figures
below, corresponds to the frequency Ω in Equation (6) by the standard formula λ = 2πc/Ωnrefr (c
and nrefr are the speed of light in vacuum and the refractive index, respectively). The conservation
law (Equation (6)) corresponds to the entire shape of the optical band as a whole: by varying the heat
energy }ω12, we vary the frequency of light Ω and determine one or another part of the absorption
band [2–9,29].

4. The Analytical Result for Optical Absorption Band Shapes and Its Invariance with Respect to
the Change in the Sign of Dozy-Chaos Energy γ

From the general result of dozy-chaos mechanics of elementary electron transfers, Equation (4), the
expression for the light absorption factor K (the optical extinction coefficient ε [2–9,29] is proportional to
K), has been obtained. The obtained expression for K in the framework of the Einstein model of nuclear
vibrations in the framework of the Einstein model of nuclear vibrations (ωκ = constant ≡ ω), although
it is rather complex, is fully expressed in elementary functions and has the following form [2,5,6]:

K = K0 exp W (7)

W = 1
2 ln

(ωτ sinh βT
4π cosh t

)
−

2
ωτ

(
coth βT −

cosh t
sinh βT

)
+(βT − t) 1

ωτΘ −
sinh βT

4ωτΘ2cosh t

(8)
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1 <<
1

ωτΘ
≤

2cosh t
ωτ sinh βT

(9)

where βT ≡ }ω/2kBT,

t =
ωτe

θ

AC + BD
A2 + B2 +

2Θ(Θ − 1)

(Θ − 1)2 + (Θ/θ0)
2 +

θ0
2

θ02 + 1

 (10)

|θ0| >>
E

2J1
(11)

θ ≡
τe

τ
=

L E

}
√

2J1/m
, Θ ≡

τ′

τ
=

E
}ω12

, θ0 ≡
τ0

τ
=

E
γ

(12)

τe =
L√

2J1/m
, τ =

}
E

, τ′ =
1
ω12

, τ0 =
}
γ

(13)

Here, we use the notation

A = cos
(
θ
θ0

)
+ Λ +

(
1
θ0

)2

N (14)

B = sin
(
θ
θ0

)
+

1
θ0

M (15)

C = θ

[
cos

(
θ
θ0

)
−

1− ξ2

2θ0
sin

(
θ
θ0

)]
+ M (16)

D = θ

[
sin

(
θ
θ0

)
+

1− ξ2

2θ0
cos

(
θ
θ0

)]
−

2
θ0

N (17)

and ξ ≡
(
1−

E
J1

)1/2

(J1 > E by definition) (18)

and where we finally have

Λ = −(Θ − 1)2E +

[
(Θ − 1)θ

ρ
+ Θ(Θ − 2)

]
E

1−ρ
1−ξ (19)

M = 2Θ(Θ − 1)E−
[
(2Θ − 1)θ

ρ
+ 2Θ(Θ − 1)

]
E

1−ρ
1−ξ (20)

N = Θ
[
ΘE−

(
θ
ρ
+ Θ

)
E

1−ρ
1−ξ

]
(21)

E ≡ exp
( 2θ

1 + ξ

)
, ρ ≡

√
ξ 2 +

1− ξ 2

Θ
(22)

The factor K0 becomes
K0 = Ke

0Kp
0 (23)

where

Ke
0 =

2τ3 J1

m

(
A2 + B2

)
ρ3Θ4ξ

θ2
[
(Θ − 1)2 +

(
Θ
θ0

)2
]2[

1 +
(

1
θ0

)2
] ·η (24)

and η ≡ exp
(
−

4θ
1− ξ2

)
(25)
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and

Kp
0 =

1
ωτ

[
1 +

sinh(βT − 2t)
sinh βT

]2

+
cosh(βT − 2t)

sinh βT
(26)

Inequalities (9) and (11) are not any significant restrictions on the parameters of the system and
associated with items of routine approximations made in the calculations (see [2]). The time scales τe,
τ, and τ0, given by Equation (13), control the dynamics of elementary electron-transfer processes. They
are discussed in Section 9. The time scale τ′ (see Equation (13)) together with the law of conservation
of energy (6) and the other parameters of a donor–acceptor system control the dynamics of producing
the shape of optical bands [2,4].

Let us consider further the issues related to the change in the sign of the dozy-chaos energy γ.
On the one hand, in standard quantum mechanics, where the value of γ is infinitesimal and where
this value is introduced formally in order to avoid zero in the energy denominator of the spectral
representation of Green’s function (see Equation (3)), the sign of γ can be either positive or negative.
On the other hand, in quantum-classical mechanics, although the value of γ becomes a finite value, the
choice of its sign turns out to be insignificant here too. It is easy to show, for example, that our result
for the light absorption factor K, given by Equations (6)–(26), is an even function of γ. For this, it is
sufficient to consider those equations that include the dimensionless quantity θ0 = E

γ (see Equation
(12)), in which the reorganization energy E is positive by definition (see Equation (2)). So, it is easy to
see that the quantity t = t(Θ,θ0) (see Equation (10)) is an even function of θ0: in the nontrivial term
AC + BD, the cofactors A and C are even functions of θ0, and the cofactors B and D are odd functions
of θ0. Further, the factor Ke

0 (see Equation (24)) is obviously an even function of θ0.
The invariance with respect to the change in the sign of the dozy-chaos energy γ is consistent with

the physical case that both the virtual acts of transformation of electron movements and energies into
nuclear reorganization movements and energies and the reverse acts occur in the transient dozy-chaos
state [4,7–9]. For definiteness, we set γ > 0 here, there, and everywhere.

5. Potential Box with a Movable Wall. Optical Absorption Band Shapes as Dependent on the
Dozy-Chaos Energy γ: From Symmetry to Asymmetry

The reason for the appearance of a singularity in the rates of molecular “quantum” transitions
can be seen already from the example of a one-dimensional potential box with a movable wall [1].
The movable wall corresponds to the reorganization of the nuclear subsystem of the molecular
system. As indicated above (Section 1), within the framework of quantum mechanics, due to the
incommensurability of the masses of electrons and nuclei, the dynamics of nuclear reorganization
is singular. Accordingly, if the movable wall of the potential box moves without friction, then this
corresponds to an infinitely fast expansion of the potential box during the transition of an electron from
the ground state to the first excited state, which leads to a singular “collapse” of their energy levels.

The singularity can be eliminated by assuming that the wall moves with friction [1]. In the
exact theory, this assumption corresponds to the introduction of transient chaos into the dynamics of
reorganization of the electron-nuclear motion, that is, the introduction of dozy chaos.

In Figure 1, optical absorption band shapes (for kBT > }ωκ/2), as dependent on the dozy-chaos
energy γ, are computed from Equations (6)–(26). At high energies γ, the band shape is close to
symmetric and is Gaussian-like (see Section 6). With a decrease in the value of γ, in the red region of the
spectrum, a peak appears against the background of a Gaussian-like band, which, with decreasing γ,
shifts more and more to the red region of the spectrum and becomes more and more pronounced. Thus,
with a decrease in the value of the dozy-chaos energy γ, the band shape transforms from symmetric
to asymmetric.
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Figure 1. Singularity in the rate of molecular quantum transitions: the optical absorption band shape
dependent on the dozy chaos available to a given quantum transition; the band shape with the strongly
pronounced peak (J-band) corresponds to the least dozy chaos [9]. The dozy-chaos-dependent optical
absorption band is displaced to the red spectral region and narrowed. The position, the intensity, and
the width of the optical absorption band are determined by the ratio between the dozy-chaos energy γ
and the reorganization energy E (see Section 4). The smaller the value of γ is, the higher the degree of
organization of the molecular “quantum” transition and the higher the intensity and lower the width
of the optical band. The position of the wing maximum is determined by the energy E, whereas the
position of the peak is determined by the energy γ [9].

6. Passage to the Limit to the Standard Theory of Many-Phonon Transitions and the Symmetry of
the Standard Result. The Reason for the Asymmetry of the Optical Absorption Band Shape in
Dozy-Chaos Mechanics

The limit passage from expressions (6)–(26) for the optical absorption K to the standard result in
the theory of many-phonon transitions [29] can be realized by letting the dozy-chaos energy γ tend to
infinity (θ0 = E/γ→ 0 according to Equation (12)) in Equation (10) for t (see Figure 3 in [2]) and to
zero (θ0 →∞ ) in Equation (24) for Ke

0 (see Equation (162) in [2]). An equation of the standard type for
the optical absorption K (for kBT > }ωκ/2) is thus obtained [2,5]:

K =
a2}√

4πλrkBT
exp

(
−

2L
a

)
exp

− (}ω12 − λr)
2

4λrkBT

 (27)

where a ≡ }/
√

2mJ1 andλr ≡ 2E. A formula of this type was obtained by Markus in his electron-transfer
model [32–37] and is often called the Marcus formula, and the energy λr is called the reorganization
energy of Marcus. Similar and more general formulas were previously obtained in the theory of
many-phonon transitions (see [29,38]) for optical transitions by Huang and Rhys [39] and Pekar [40–42]
(see also Lax [43] and Krivoglaz and Pekar [30]), and for nonradiative transitions, by Huang and
Rhys [39] and Krivoglaz [31].

The result in the standard theory of many-phonon transitions, given by Equation (27) and
corresponding to high (i.e., room) temperatures, is a symmetric Gaussian function for the shape of
the optical absorption band. It completely neglects the dynamics of the transient molecular state.
This result corresponds to the high values of the dozy-chaos energy γ in dozy-chaos mechanics (see
Figure 1). Physically, large values of γ in dozy-chaos mechanics correspond to a pronounced chaos in
the transient state and, hence, a weak organization of the quantum-classical molecular transition (see
Section 1). With a decrease in the dozy-chaos energy γ, the transient state becomes less chaotic and the
organization of the quantum-classical transition increases, which is manifested in the appearance of a
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narrow optical absorption peak in the red spectral region and a strong asymmetry of the absorption
band shape (see Figure 1).

We also note that the half-width of the Gaussian function for the shape of the optical absorption
band (Equation (27))

w1/2 = 2
√

2 ln 2
√

2λrkBT (28)

is determined both by the individual properties of the “donor-acceptor + medium” system, which are
expressed in the reorganization energy λr, and by the properties of an ensemble of these systems, which
are expressed in temperature T. In other words, even within the framework of the well-known standard
theory of many-phonon transitions [29,38], the effects of homogeneous and inhomogeneous broadening
in the optical band cannot be separated. The introduction into the theory of a new “homogeneous effect”
in the form of the dozy-chaos energy γ in Green’s function of the system (Equation (3)) further confuses
homogeneous and inhomogeneous effects in the shape of an optical band, greatly complicating the
analytical result for it (cf. Equation (27) and Equations (6)–(26)). A discussion of the physical meaning
of each of the terms included in this complex analytical result (Equations (6)–(26)) can be found in [2,4].
Our complex result gives a greater variety of optical band shapes (see, e.g., Figure 1) compared to the
two band shapes, Lorentzian and Gaussian, which are the result of homogeneous and inhomogeneous
effects known from the standard quantum theory of spectral line broadening. These two differences can
only be understood in an open quantum system framework where the quantum system is coupled to
an external classical bath. In contrast to the standard quantum theory, where the dynamics of quantum
transitions are not considered, in quantum-classical mechanics, this bath, which is already quantum
here, enters the entire closed quantum “donor-acceptor + medium” system (see the last, phonon term
in the Hamiltonian (1)) and becomes classical only in a dynamic (chaotic) transient state (see Green’s
function (3) with γ >> }ω).

7. The Egorov Resonance

One of the main results of quantum-classical mechanics is a dynamic electron-nuclear-
reorganization resonance (the so-called transferon resonance) [5,6] (see also [2]) or, according to [10],
the Egorov resonance [1,10]

(2τe)
−1 = τ−1 (29)

where τe is the characteristic time of motion of the electron in the donor–acceptor system and τ is the
characteristic time of motion of the reorganization of nuclear vibrations in the environment. These
times are given by the following equations

τe =
L√

2J1/m
(30)

where L is the distance between the donor and the acceptor of an electron (see Section 2; L is equal to
the length of the polymethine chain—the main optical chromophore of polymethine dyes, (see Section
7 in [1]) [3–9]; J1 is the binding energy of the electron on the donor 1 (see Section 3; electronic energy of
the ground state of the dye) [3–9], and

τ =
}
E

(31)

where E is the energy of reorganization of the nuclear vibrations in the medium (see Section 2, Equation
(2)). Equations (30) and (31) are a part of Equation (13) (see Section 4).

8. Implementation of the Egorov Resonance in the Quasi-Symmetric Serious of Optical Band
Shapes of a Representative Polymethine Dye

Experimentally, the dynamic electron-nuclear-reorganization resonance (the Egorov resonance,
see Section 7) manifests itself, for example, in polymethine dyes [3–9], namely, in the resonance nature
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of the dependence of the shape of the optical absorption band on the length of the polymethine chain L
(see Figure 2). The optical band with n = 3 corresponds to the Egorov resonance or is close to it.
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Figure 2. Experimental [44,45] (a) and theoretical [6] (b) monomers’ optical absorption spectra,
dependent on the length of the polymethine chain L = 2(n + 2)d , where d are certain roughly
equal bond lengths in the chain (thiapolymethinecyanine in methanol at room temperature; ε is the
extinction coefficient) [4,9]. The optical absorption band with n = 3 corresponds to the dynamic
electron-nuclear-reorganization resonance (the Egorov resonance, see Section 7) or is close to it.
(Original citation)—Reproduced by permission of The Royal Society of Chemistry. For the short chains
(n = 0, 1, 2, 3), the tunnel effects, associated with the quantity η in Equation (25), can be neglected (η = 1).
For the long chains (n = 4, 5), the tunnel effects are small but they must be taken into account (η < 1).
The absorption bands are computed by Equations (6)-(26) with η ≤ 1 instead of the Gamow tunnel factor
(Equation (25)) when fitting them to the experimental data of Brooker and co-workers [44] (a) in terms
of wavelength λmax, extinction εmax, and half-width w1/2 with a high degree of accuracy. The following
parameters of the “dye + environment” system are used [6]: m = me, where me is the electron mass; d =

0.14 nm; ω = 5× 1013 s−1; nrefr = 1.33; for n = 0, 1, 2, 3, 4, 5, one has J1 = (5.63, 5.40, 4.25, 3.90, 3.74, 3.40)
eV, J1 − J2 = (1.71, 1.31, 1.11, 0.90, 0.74, 0.40) eV, E = (0.245, 0.248, 0.256, 0.275, 0.297, 0.496) eV, and
γ = (0.402, 0.205, 0.139, 0.120, 0.129, 0.131) eV, respectively; for n = 0, 1, 2, 3, factor η = 1, and for
n = 4, 5, factor η = 0.55, 0.1, respectively; T = 298 K.

To fit the theoretical result for the optical bands, which is given by Equations (6)–(26) to the
corresponding experimental data (Figure 2a), we need estimated numerical values for the ground-state
energies of the dye monomers, J1M, and also for the energy gaps between their ground and excited states,
J1M − J2M. These estimates follow from literature data [5,46–49]: J1M � 5 eV and J1M − J2M � 1 eV. In
addition, we need estimated numerical values for the reorganization energy of the nuclear environment
of dye monomers, EM. The estimate of EM is found from the Egorov resonance (see Equations (29)–(31))

from the length of the optical chromophore [5,6]:
√

2J1M/m
2LM

= EM
} , where LM is the length of the optical

chromophore of the dye monomers (LM = 10d, d = 0.14 nm; see the caption to Figure 2).
Under resonance conditions (Equation (29)), the motion of the reorganization of the nuclei of the

medium significantly contributes to the electronic transition in the optical π-electron chromophore—the
polymethine chain with n = 3 as compared to the electronic transition in the optical π-electron
chromophores of polymethine dyes with n , 3. As can be seen from the numerical data in the caption to
Figure 2, the series of the dozy-chaos energies γ has a minimum at n = 3. Therefore, the appearance of
the resonant band corresponding to n = 3 can also be interpreted as the transfer of chaos (dozy chaos)
from the peak of a band into its wing(s) by a chaotic motion of the quantum-classical π-electronic state
of the polymethine chain embedded in the medium as a result of the transition from “non-resonant”
chains with n , 3 to the “resonant” chain with n = 3.
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Thus, the presence of symmetry in the shape of an optical band at high (room) temperatures
is associated with a primitive, Franck–Condon picture of the dynamics of molecular “quantum”
transitions. The loss of this symmetry and the appearance of a peak against the background of a wide
band wing are related, as already noted in Section 6, to the effect of self-organization of transition
dynamics in dozy-chaos mechanics, which is expressed, in particular, in the “pumping” of dozy chaos
from one part of the optical band to another part (from the peak region to the wing). Therefore, the
series for the shape of the optical bands of a representative polymethine dye, thiapolymethinecyanine,
depending on the length of its polymethine chain, has a quasi-symmetric character with respect to the
Egorov resonance (see Figure 2), which corresponds to the most organized quantum-classical transition.

9. The Egorov Resonance and Its “Antisymmetric Twin”

The five principal parameters of the problem, viz. electron mass m, electron-donor binding energy
J1 ≡ J, distance between the donor and the acceptor L, environmental reorganization energy E, and
dozy-chaos energy γ, may be combined into three quantities:

τe =
L√

2J/m
, τ =

}
E

, and τ0 =
}
γ

(32)

having a time dimension (cf. Equations (13)) and representing two physically meaningful resonances [6]:

(2τe)
−1 = τ−1 and (2τe)

−1 = τ−1
0 (33)

The former resonance is between the extended electron motion and the ordered constituent
of the environmental nuclear reorganization motion, i.e., it is the Egorov resonance (cf. Equations
(29)–(31)). The latter is between the electron motion and, conversely, the chaotic constituent of nuclear
reorganization. Since the dozy-chaos energy γ can be considered, in a sense, as the imaginary part
of a complex reorganization energy in which the reorganization energy E is its real part [9], then this
second resonance can be considered as some antisymmetric twin with respect to the Egorov resonance.
Both of these resonances can be regarded as the simplest dynamic invariants for the transient state.
The dynamic resonance-invariants are alternatives to the Born–Oppenheimer adiabatic invariants
(potential energy surfaces). In other words, these two resonances are the simplest manifestation of the
relationship between electron and nuclear movements in the transient state.

Details of the transient-state-dynamics interpretation based on the Heisenberg uncertainty
relation can be found in [6–8]. In particular, according to this interpretation, in the simplest cases,
elementary electron transfers can be considered as a motion of a free electron–phonon quasiparticle,
the so-called transferon, corresponding to the Egorov resonance, or, alternatively, as a motion of a free
electron–phonon antiquasiparticle, the so-called dissipon, corresponding to the antisymmetric twin of
the Egorov resonance.

10. Symmetry between Optical Absorption and Luminescence in the Standard Theory and Its
Violation in Dozy-Chaos Mechanics as a Consequence of the Dynamic Organization of
Quantum-Classical Transitions

10.1. Luminescence and Absorption Spectra. Their Mirror Symmetry

According to the standard theory of many-phonon processes [29], which ignores the dynamics of
the transient state, the transition from absorption spectra to luminescence spectra is carried out by
changing the sign before the heat energy }ω12. Then, the luminescence and absorption spectra appear
to be mirror-symmetric with respect to the “pure electronic” transition line }Ω = J1 − J2. If we apply
this standard rule to the shapes of optical absorption bands obtained according to quantum-classical
mechanics from Equations (6)–(26) and shown in Figure 1, then it can be seen that with decreasing
chaos (with decreasing the dozy-chaos energy γ), which corresponds to improving the dynamic
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self-organization of the “quantum” transition, the luminescence and absorption bands narrow and
shift towards each other and towards the “pure electronic” transition line (see Figure 1 in [3]). In other
words, with the improvement of the dynamic self-organization of quantum-classical transitions, the
corresponding luminescence and absorption bands are narrowed and their Stokes shift is reduced. A
detailed discussion of the physics related to the nature of the change in the position and shape of the
optical bands with decreasing quantity of γ can be found in [4,9].

10.2. Optical Spectra, Nature of the Small Stokes Shift, and Dynamic Asymmetry of Luminescence and
Absorption

A striking example of the considered molecular “quantum” transitions, with the dynamics of their
transient states taken into account, are the “quantum” transitions in the basic optical chromophore of
J-aggregates of polymethine dyes embedded in a solvent—in the system “J-aggregate + environment” [4–
8,10,11].

Figure 3 compares the results of the experiment [50] with the result of fitting them to the theoretical
result (6)–(26) for optical absorption and the same theoretical result, in which the sign in the heat energy
}ω12 is changed to negative (Section 10.1), for luminescence (fluorescence). In the experiment, a very
small Stokes shift was obtained for the J-band [50]. Therefore, we are forced to assume that the energy
gap between the ground and excited electron states for fluorescence is greater than this gap for optical
absorption [3]. This fact means that at the very initial stage of spontaneous emission, the binding
energy of the electron in the excited state of the molecule, before the electron creates a photon, decreases
markedly. This effect can be associated with the spontaneous loosening of the excited electronic state
immediately before the act of production of a photon by an electron during spontaneous emission [3].
(For polymethine dyes and J-aggregates, the universal effect of spontaneous dynamic loosening is
abnormally strong due to the very long π-electron systems in which the quantum-classical transitions
under consideration occur [3].) Apparently, nothing of the kind occurs with optical absorption. In
other words, with respect to the loosening effect, the processes of optical absorption and luminescence
are asymmetric.
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10.3. Luminescence and Absorption Spectra. Their Mirror Asymmetry

It can be seen from Figure 3 that when the sign changes only in the heat energy }ω12, the
theoretical absorption and luminescence spectra turn out to be symmetric with respect to each other
(see Section 10.1), while the experiment shows their mirror asymmetry. According to quantum-classical
mechanics [3], when passing from optical absorption to luminescence, the sign should be changed not
only in the heat energy }ω12 but also in the quantity L (the distance between the donor and acceptor in

https://doi.org/10.17632/h4g2yctmvg.2
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the elementary electron-charge transfers). The change in the sign of L corresponds physically to the
reverse motion in space of the electron charge in the luminescence process relative to the absorption
process. After that, the luminescence and absorption spectra cease to be mirror-symmetric with respect
to the “pure electronic” transition line }Ω = J1 − J2 and, as we can see from Figure 4, the theory
reproduces well the asymmetry of the absorption and luminescence spectra, which is observed in the
experiment. This mirror asymmetry of the spectra is a consequence of taking the chaotic dynamics of
the transient state of quantum-classical transitions into account, and it manifests itself under conditions
of fairly weak dozy chaos, that is, under conditions of a sufficiently high degree of self-organization of
quantum-classical transitions.Symmetry 2020, 12, x FOR PEER REVIEW  13 of 20 
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Figure 4. (a) The same as in Figure 3a. (b) Theoretical absorption and fluorescence spectra [3], fitted
to the experimental data [50] (see (a)) in the J-aggregates. In the analytical result for the shape of the
optical bands (Equations (6)–(26)), the transition from absorption spectrum to fluorescence spectrum
is carried out by changing the sign before the heat energy }ω12 and before the length of the optical
chromophore (electron-charge-transfer distance) L as well. See details in the Egorov, Vladimir (2018),
Mendeley Data, V2, https://doi.org/10.17632/h4g2yctmvg.2.

11. A Simplified Version of Dozy-Chaos Mechanics—Nonradiative Transitions

All of the results of the optical spectra match, generally, weak dozy chaos (γ << E). Strong dozy
chaos (γ ≥ E) leads to the elucidation of important patterns in the reactions of proton transfers [12,51]
and comparatively fresh temperature-dependent effects on electron transfers in Langmuir–Blodgett
films [13,52]. In the case of strong dozy chaos, the dynamics of quantum-classical transitions become
weakly dependent on dozy chaos, and the electronic component of the complete electron-nuclear
amplitude of transitions can be fitted by the Gamow tunnel exponential, dependent on the transient
phonon environment. This elementary method permit us to evade the consideration of the imaginary
additive iγ in the spectral representation of the complete Green’s function and to word the physical
nature of the transient state, not in the concept of dozy chaos but in the concept of a large number of
tunnel and over-barrier energy states providing the “quantum” transition of an elementary charged
particle. This method was worked out [16] long before the development of quantum-classical
(dozy-chaos) mechanics [2–9], and now we can say that the concept of a large number of tunnel and
over-barrier states is a simplified version of the concept of dozy chaos.

The general result for the rate constant in the simplified version of dozy-chaos mechanics
K is expressed in terms of the the Gamow tunnel exponential, dependent on the transient
phonon-environment-energy }ω1 and one generating function [15,16]:

K ∝
∞∑

ω1=−∞

∞∑
ω′1=−∞

G0(ω1, L)G0 ∗
(
ω′1, L

)
×

1

(2πi)3

∮
dx

xω1+1

∮
dy

yω
′

1+1

∮
dz

zω12+1
S(n1; x, y, z) (34)

https://doi.org/10.17632/h4g2yctmvg.2
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where the contours encircle the points x = 0, y = 0, and z = 0, correspondingly (cf. Equation (4)). The
Gamow tunnel exponential is

G0 = G0(α, L) = exp(−αL) (35)

where the function α = α(ω1) is given by the following formula:

α ≡ α(ω1) = [2m(J + }ω1)]
1/2/} (36)

(here, there, and everywhere, J ≡ J1). The generating function is as follows:

S(n1; x, y, z) = exp
{
−
∑
κ

q̃2
κ(2nκ1 + 1) + 1

2
∑
κ

q̃2
κ[(nκ1 + 1)(xωκyωκ + 1)zωκ

+nκ1(x−ωκ y−ωκ + 1)z−ωk ]
} (37)

The result (34) applies to both optical and nonradiative processes. In the case of optical processes,
the heat energy }ω12 is determined from the law of conservation of energy (6) (}ω12 > 0—absorption
and }ω12 < 0—luminescence), where the frequency Ω ≡ 0 in the cases of nonradiative endothermic
and exothermic processes:

}ω12 = J2 − J1 < 0 (38)

and
}ω12 = J1 − J2 ≡ −}ω21 > 0 (39)

From the general result for the rate constant in the simplified version of dozy-chaos mechanics,
Equations (34)–(39), in the framework of the Einstein model of nuclear vibrations (ωκ = constant ≡ ω),
the simple expression for the rate constant K has been obtained [16]:

K ∝ exp
{
−

2L
a −

2E
}ω

[
coth }ω

2kBT −
cosh t

sinh(}ω/2kBT)

]
+

(
}ω

2kBT − t
)
ω12
ω −

}ω sinh(}ω/2kBT)
4E cosh t

(
ω12
ω

)2
} (40)

(cf. Equations (7) and (8)), where exp
(
−

2L
a

)
is the Gamow exponential (cf. Equation (27)) and

t =
ω L√
2J/m

(41)

(cf. Equations (10) and (13)). If, as in the case of the complete theory for optical processes (Sections 2–4),
we assume that the expression for the rate constant of the reverse process Krev is obtained by changing
the sign in the heat energy }ω12 and in the donor–acceptor distance L (see Sections 10.1 and 10.3) in
corresponding expression for the rate constant of the direct process K in the considered simplified
version of dozy-chaos mechanics, then, applying this position to Equation (40), we obtain

Krev

K
= exp

(
−
}ω12

kBT

)
exp

(4L
a

)
≡ K−1

eq exp
(4L

a

)
(42)

where Keq exp
(
−

4L
a

)
is the equilibrium constant of charged-particle-transfer reactions in the simplified

version of dozy-chaos mechanics. In the limit L→ 0 , we obtain from Equation (42) the well-known
detailed balance relationship in statistical physics and in the standard theory of many-phonon
transitions [29,31].
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12. The Simplified Version of Dozy-Chaos Mechanics: Proton-Transfer Reactions. On Symmetry
in the Brönsted Relationship

Grounded on the simplified version of dozy-chaos mechanics [16] (Section 11), in 1990, a theoretical
description of the basic experimental patterns in the Brönsted relationship [51] for the reactions of
proton transfer (acid-base catalysis) was given [12]. The Brönsted relationship was found by Brönsted
and Pedersen in 1924 (see [51]). The theory in [16] is immediately appropriate to the explanation of
electron transfers. To explain the reactions of transfers of heavy charged particles (proton transfers),
the result of thermic fluctuations of the potential barrier transparence must be considered because of
fluctuations in the barrier width. In contrast to the elementary proton transfer, the electron-transfer
process is insensitive to small fluctuations in the barrier width due to the large size of the electronic
wave function in the initial and final states. The analytical formulas for the proton-transfer rate
constants are obtained. In acid catalysis, the empirical Brönsted relationship is

lgK(acid) = α lgKemp
eq + a (43)

where K(acid) is the rate constant, Kemp
eq is the empirical equilibrium constant, and α and a are constants.

In base catalysis, the empirical Brönsted relationship is

lg K(base) = β lg Kemp
eq + b (44)

The theoretically-obtained Brönsted coefficients α and β (the Einstein model of nuclear vibrations
ωκ = constant ≡ ω) for direct (acid catalysis) and inverse (base catalysis) reactions [12]

α =
1
2
+

L kBT

}(2J/m)1/2
−

[
1−

E sinh t
2J sinh(}ω/2kBT)

]
2m(kBT)2

}2γb
(45)

and

β =
1
2
−

L kBT

}(2J/m)1/2
+

[
1−

E sinh t
2J sinh(}ω/2kBT)

]
2m(kBT)2

}2γb
(46)

(t is given by Equation (41) and γb is barrier rigidity) are symmetric relative to 1
2 and meet the generally

known empirical equality [53,54]
α+ β = 1 (47)

(which directly follows from the Brönsted relationships (43) and (44)).

13. The Simplified Version of Dozy-Chaos Mechanics: Symmetrization of the Amplitude and
Rate Constant of the Transition for the Case of Different Electron–Phonon Interactions on the
Donor and Acceptor

Until now, both in the case of the complete theory for optical processes (Sections 2–4) and in the
case of its simplified version for nonradiative processes (Section 11), we have considered the case
of the same electron–phonon interaction when a light charged particle, in particular an electron, is
localized on the donor or on the acceptor. In other words, it was assumed that the reorganization
energy E ≡ E1 = E2 (Equation (2)). For example, “quantum” transitions and the corresponding
shapes of optical bands in polymethine dyes are well described by the case of the same value of the
electron–phonon interaction on the donor and on the acceptor, because charge alternation occurs in the
polymethine chain upon optical excitation [1,3–6]. In this section, we will briefly consider the case
of different electron–phonon interactions when an electron is localized on a donor or acceptor. This
corresponds to different magnitude shifts of the normal phonon coordinates q̃κ1 and q̃κ2 (in the case of
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the same interaction, q̃κ ≡ q̃κ1 = −q̃κ2 [2]) and an obvious redefinition of the reorganization energy E
(Equation (2)):

E1,2 =
1
2

∑
κ

}ωκq̃2
κ1,2 (48)

where E1 , E2. For example, in the case of nonradiative processes, the change in sign in the heat
energy }ω12 (Equations (38) and (39)) and in the donor–acceptor distance L ≡ |L ≡ L12| (Equation (1)) is
associated with the permutation of indices 1 and 2 in the reverse order. The assumption E1 , E2 leads
to asymmetry with respect to the permutation of indices 1 and 2 in the expression for the rate constant
of transitions and the loss of connection between forward and reverse processes, expressed in Equation
(42). To restore this connection, it is necessary to symmetrize the expression for the amplitude and rate
constant of electron transfers with respect to different values of the electron–phonon interaction at the
donor and at the acceptor, which leads to the case of reorganization energies E1 , E2.

The symmetrization method proposed in [14,17,18] consists of the fact that, in addition to the
transition amplitude [2–4]

A12 =
〈
Ψ2(r− L, q)

∣∣∣V∣∣∣Ψ1(r, q)
〉

(49)

which, in view of taking the wave function Ψ2 in the Born–Oppenheimer adiabatic approximation
Ψ2 = ΨBO

2 and taking into account the entire dynamics of the transition only in the wave function
Ψ1 = G Ṽ ΨBO

1 (G is Green’s function of the Hamiltonian H − Ṽ, Ṽ ≡
∑
κ

Vκ(r)(qκ − q̃κ) [2–4]), can

be called the amplitude of the transition on the acceptor Aa
12, we introduce into the theory also

the amplitude
Ad

12 = Aa
21 (50)

in which, on the contrary, the wave function Ψ1 is taken in the adiabatic approximation Ψ1 = ΨBO
1 , and

the entire dynamics of the transition are taken into account only in the wave function Ψ2 = GṼ ΨBO
2 .

This new amplitude Ad
12 can be called the amplitude of the transition on the donor. Then, the half-sum

of these two amplitudes is taken as the total transition amplitude:

A12 =
Ad

12 + Aa
12

2
= A21 (51)

Since the symmetrization is carried out only with respect to the electron–phonon interaction, in
Equation (51), the permutation of indices 1 and 2 in the quantity L12 is not performed and the sign of
L ≡ |L| ≡ |L12| does not change.

Using Equation (51), for the case of different electron–phonon interactions on the donor and
acceptor in the framework of the Einstein model of nuclear vibrations (ωκ = constant ≡ ω), the simple
analytical expression for the rate constant has been obtained [17,18]:

K ∝ 1
2

(E1e−t+E2et

E1et+E2e−t

)ω12
2ω

+
(

E1e−t+E2et

E1et+E2e−t

)− ω12
2ω


× exp

{
−

2L
a −

E1+E2
}ω coth }ω

2kBT +

√
(E1e−t+E2et)(E1et+E2e−t)

}ω sinh(}ω/2kBT)

+
(

}ω
2kBT − t

)
ω12
ω −

}ω sinh(}ω/2kBT)

2
√
(E1e−t+E2et)(E1et+E2e−t)

(
ω12
ω

)2
} (52)

where e±t
≡ exp(±t). Substituting E2 = E1 ≡ E into Equation (52), we obtain Equation (40) for the rate

constant in the case of the same electron–phonon interaction on the donor and acceptor. It is easy to see
that Equation (52) satisfies the relationship of detailed balance in the simplified version of dozy-chaos
mechanics (Equation (42)).
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14. Conclusions

In this final section, we will list all kinds of symmetries in dozy-chaos mechanics of elementary
electron transfers considered in the article and discuss their physical meaning.

First of all, one should note the symmetry associated with the invariance of the expression for
the rate constant of elementary electron transfers with respect to sign reversal in the dozy-chaos
energy γ (Section 4). This invariance is consistent with the physical case that both the virtual acts
of transformation of electron movements and energies into nuclear reorganization movements and
energies and the reverse acts occur in the transient dozy-chaos state [4,7–9].

The result in the standard theory of many-phonon transitions [29], corresponding to high (that is,
room) temperatures, is a symmetric Gaussian function for the shape of the optical absorption band.
It completely neglects the dynamics of the transient molecular state. This result corresponds to the
high values of the dozy-chaos energy γ in dozy-chaos mechanics (see Figure 1). Physically, the high
values of γ in dozy-chaos mechanics correspond to the weak organization of the quantum-classical
molecular transition (Section 1). With a decrease in the dozy-chaos energy γ, the organization of the
quantum-classical transition increases, which is manifested in the appearance of a narrow optical
absorption peak in the red region of the spectrum and strong asymmetry of the absorption band
(Section 5, Figure 1). In other words, the presence of symmetry in the shape of an optical band
at high (room) temperatures is associated with a primitive, Franck–Condon picture of molecular
“quantum” transitions. The loss of this symmetry is associated with taking into account the effect
of self-organization of the dynamics of transitions in dozy-chaos mechanics, which is expressed, in
particular, in the “pumping” of dozy chaos from one part of the optical band (narrow peak) to another
part (wide wing).

A series for the shape of optical absorption bands in polymethine dyes, depending on the length
of the polymethine chain, has a quasi-symmetric and resonant character, where a certain “average”
chain length corresponds to the resonance (Section 8, Figure 2). In theory, this resonance—the “center
of symmetry” of the series—is the Egorov resonance (Section 7).

An important illustration of the dynamics of the transient state for the Egorov resonance (Equations
(29)–(31)) is a qualitative picture of the dynamics based on the use of the Heisenberg uncertainty
relation [6–8] (Section 9). In this picture, a quasiparticle called transferon corresponds to the Egorov
resonance. This quasiparticle has an antisymmetric twin—an antiquasiparticle called dissipon (Equation
(33)). The transferon is depicted by a narrow optical band and the dissipon by a broad one. Strictly
speaking, the dissipon is a certain broad resonance rather than (narrow) resonance proper.

Dozy-chaos mechanics, where the transition from absorption spectra to luminescence spectra is
carried out by changing only the sign in the heat energy }ω12, as in the standard theory of many-phonon
transitions [29], gives a mirror-symmetric picture of the shapes of absorption and luminescence bands
(Section 10.1). However, the need to take into account the dynamics of the “quantum” transition in the
theory leads to the need to change the sign in the donor–acceptor distance L as well. This, in turn, leads
to the appearance of mirror asymmetry in the pattern of absorption and luminescence band shapes
(Section 10.3): transitions with light emission give narrower bands in comparison with absorption
bands. Physically, this means that, as a result of taking into account the chaotic dynamics of “quantum”
transitions in dozy-chaos mechanics, transitions with emission of photons show themselves to be more
organized in comparison with transitions with absorption of photons.

Nonradiative transitions are considered within the framework of a simplified version of dozy-chaos
mechanics, in which the electronic component of the complete electron-nuclear amplitude of transitions
is fitted by the Gamow tunnel exponential, dependent on the transient phonon environment (Section 11).
As in dozy-chaos mechanics for optical processes in its full formulation, this simplified version of
dozy-chaos mechanics is considered for the case of the same electron–phonon interactions on the
donor and acceptor. Direct and reverse processes turn out to be related not by the standard detailed
balance relationship known from statistical physics but by a new, more complex, detailed balance
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relationship, which, in addition to the standard equilibrium constant, includes an exponential factor
with the donor–acceptor distance in the exponent (Equation (42)).

Within the framework of the simplified version of dozy-chaos mechanics and the Einstein model
of nuclear vibrations, the previously obtained [12] expressions for the Brönsted coefficients α and β for
proton-transfer reactions (Section 12), which satisfy the well-known symmetric relation (Equation (47)),
are given.

A simplified version of dozy-chaos mechanics is also considered for the case of electron–phonon
interactions on the donor and acceptor of different magnitudes (Section 13), where a special procedure
for the symmetrization of the total amplitude of the quantum-classical transition (Equation (51)) and
the corresponding rate constant is performed. The analytical result obtained earlier [17,18] for the
rate constant of nonradiative transitions (Equation (52)), which satisfies the new detailed balance
relationship (Equation (42)), is presented.

In conclusion, we note that it is of interest to generalize dozy-chaos mechanics for optical processes
in its full formulation (Sections 2–4) for the case of different electron–phonon interactions on the donor
and acceptor, as well as to construct a theory of nonradiative dozy-chaos processes in its full version. An
important point in the formulation of the problem in the theory of nonradiative dozy-chaos processes
is the determination of the perturbation operator in the amplitude of the transition which causes the
nonradiative transition. In the standard theory of many-phonon transitions [29], the well-known
operator of nonadiabaticity [29,31] is taken as such an operator (see [2]). It is also of interest to
generalize dozy-chaos mechanics to the case of nonlinear optics [1,10,19].

Funding: This work was supported by the Ministry of Science and Higher Education within the State assignment
Federal Scientific Research Center “Crystallography and Photonics” Russian Academy of Sciences.

Conflicts of Interest: The author declares no conflict of interest.

Data Availability Statement: The data on which this article is based are available as an online resource with
digital object identifier (doi) 10.5061/dryad.t0r3p and at the Egorov, Vladimir (2018), Mendeley Data, V2,
https://doi.org/10.17632/h4g2yctmvg.2 [3].

References

1. Egorov, V.V. Dozy-Chaos Mechanics for a Broad Audience. Challenges 2020, 11, 16. [CrossRef]
2. Egorov, V.V. Quantum-classical mechanics as an alternative to quantum mechanics in molecular and chemical

physics. Heliyon Phys. 2019, 5, e02579. [CrossRef]
3. Egorov, V.V. Quantum-classical mechanics: Luminescence spectra in polymethine dyes and J-aggregates.

Nature of the small Stokes shift. Res. Phys. 2019, 13, 102252. [CrossRef]
4. Egorov, V.V. Nature of the optical band shapes in polymethine dyes and H-aggregates: Dozy chaos and

excitons. Comparison with dimers, H*- and J-aggregates. R. Soc. Open Sci. 2017, 4, 160550. [CrossRef]
5. Egorov, V.V. On electrodynamics of extended multiphonon transitions and nature of the J-band. Chem. Phys.

2001, 269, 251–283. [CrossRef]
6. Egorov, V.V. Nature of the optical transition in polymethine dyes and J-aggregates. J. Chem. Phys. 2002, 116,

3090–3103. [CrossRef]
7. Egorov, V.V.; Alfimov, M.V. Theory of the J-band: From the Frenkel exciton to charge transfer. Phys. Uspekhi

2007, 50, 985–1029. [CrossRef]
8. Egorov, V.V. Theory of the J-band: From the Frenkel exciton to charge transfer. Phys. Procedia 2009, 2, 223–326.

[CrossRef]
9. Egorov, V.V. Optical lineshapes for dimers of polymethine dyes: Dozy-chaos theory of quantum transitions

and Frenkel exciton effect. RSC Adv. 2013, 3, 4598–4609. [CrossRef]
10. Petrenko, A.; Stein, M. Toward a molecular reorganization energy-based analysis of third-order Nonlinear

optical properties of polymethine dyes and J-aggregates. J. Phys. Chem. A 2019, 123, 9321–9327. [CrossRef]
11. Petrenko, A.; Stein, M. Molecular Reorganization energy as a key determinant of J-band formation in

J-aggregates of polymethine dyes. J. Phys. Chem. A 2015, 119, 6773–6780. [CrossRef] [PubMed]
12. Egorov, V.V. Effects of fluctuations in the transparency of the barrier in proton transfer reactions. Russ. J.

Phys. Chem. 1990, 64, 1245–1254.

https://doi.org/10.17632/h4g2yctmvg.2
http://dx.doi.org/10.3390/challe11020016
http://dx.doi.org/10.1016/j.heliyon.2019.e02579
http://dx.doi.org/10.1016/j.rinp.2019.102252
http://dx.doi.org/10.1098/rsos.160550
http://dx.doi.org/10.1016/S0301-0104(01)00261-0
http://dx.doi.org/10.1063/1.1436076
http://dx.doi.org/10.1070/PU2007v050n10ABEH006317
http://dx.doi.org/10.1016/j.phpro.2009.07.014
http://dx.doi.org/10.1039/c3ra22148b
http://dx.doi.org/10.1021/acs.jpca.9b05039
http://dx.doi.org/10.1021/acs.jpca.5b01269
http://www.ncbi.nlm.nih.gov/pubmed/26091059


Symmetry 2020, 12, 1856 18 of 19

13. Egorov, V.V. On electron transfer in Langmuir-Blodgett films. Thin Solid Films 1996, 284–285, 932–935,
Erratum. Thin Solid Films 1997, 299, 190. [CrossRef]

14. Egorov, V.V. Electron transfer in condensed media: Failure of the Born-Oppenheimer and Franck-Condon
approximations, collective phenomena and detailed balance relationship. J. Mol. Struct. THEOCHEM 1997,
398–399, 121–127. [CrossRef]

15. Egorov, V.V. The Method of Generating Polynomials in the Theory of Electron Transfer. In Proceedings of the
Second All-Union Conference on Quantum Chemistry of Solid State, Jurmala, Latvia, 8–11 October 1985;
Latvia University: Riga, Latvia, 1985; p. 141. (In Russian).

16. Egorov, V.V. Theory of tunnel transfer. Khimicheskaya Fiz. 1988, 7, 1466–1482.
17. Egorov, V.V. Theory of Acid-Base Catalysis. In Proceedings of the Scientific Research: Physico-Chemical

Processes in Energy Converters, Moscow Institute of Physics and Technology: Dolgoprudnyi, Moscow,
Russia, 25–26 November 1988; MPhTI: Moscow, Russia, 1989; pp. 4–16. (In Russian).

18. Egorov, V.V. Towards theory of elementary charge transfers in acid-base catalysis. Russ. J. Phys. Chem. 1994,
68, 221–228.

19. Egorov, V.V. Quantum-classical electron as an organizing principle in nature. Int. J. Sci. Tech. Soc. 2020, 8,
93–103. [CrossRef]

20. Egorov, V.V. Where and why quantum mechanics ceases to work in molecular and chemical physics. In
Proceedings of the European XFEL Theory Seminar, Schenefeld, Hamburg, Germany, 6 March 2018; Available
online: https://indico.desy.de/indico/event/20069/ (accessed on 21 February 2018).

21. Born, M.; Oppenheimer, J.R. Quantum theory of the molecules. Ann. Phys. 1927, 84, 457–484. [CrossRef]
22. Franck, J.; Dymond, E.G. Elementary processes of photochemical reactions. Trans. Faraday Soc. 1925, 21,

536–542. [CrossRef]
23. Condon, E.U. A theory of intensity distribution in band systems. Phys. Rev. 1926, 28, 1182–1201. [CrossRef]
24. Condon, E.U. Nuclear motions associated with electron transitions in diatomic molecules. Phys. Rev. 1928,

32, 858–872. [CrossRef]
25. Condon, E.U. The Franck-Condon principle and related topics. Am. J. Phys. 1947, 15, 365–374. [CrossRef]
26. Mustroph, H. Potential-Energy Surfaces, the Born-Oppenheimer Approximations, and the Franck-Condon

Principle: Back to the Roots. Chem. Phys. Chem. 2016, 17, 2616–2629. [CrossRef] [PubMed]
27. Davydov, A.S. Quantum Mechanics; Pergamon Press: Oxford, UK, 1976.
28. Berestetskii, V.B.; Lifshitz, E.M.; Pitaevskii, L.P. Quantum Electrodynamics, 2nd ed.; Elsevier: Amsterdam, The

Netherlands, 1982.
29. Perlin, Y.E. Modern methods in the theory of many-phonon processes. Sov. Phys. Uspekhi 1964, 6, 542–565.

[CrossRef]
30. Krivoglaz, M.A.; Pekar, S.I. The shape of the spectra of the impurity light absorption and luminescence in

dielectrics. Tr. Inst. Fiz. Akad. Nauk UKR. SSR 1953, 4, 37–70. (In Russian)
31. Krivoglaz, M.A. The theory of thermal transitions. Zh. Eksp. Teor. Fiz. 1953, 25, 191–207. (In Russian)
32. Marcus, R.A. On the theory of oxidation-reduction reactions involving electron transfer. I. J. Chem. Phys.

1956, 24, 966–978. [CrossRef]
33. Marcus, R.A. Electrostatic free energy and other properties of states having nonequilibrium polarization. J.

Chem. Phys. 1956, 24, 979–989. [CrossRef]
34. Marcus, R.A. On the theory of oxidation-reduction reactions involving electron transfer. II. Applications to

data on the rates of isotopic exchange reactions. J. Chem. Phys. 1957, 26, 867–871. [CrossRef]
35. Marcus, R.A. On the theory of oxidation-reduction reactions involving electron transfer. III. Applications to

data on the rates of organic redox reactions. J. Chem. Phys. 1957, 26, 872–877. [CrossRef]
36. Marcus, R.A.; Sutin, N. Electron transfers in chemistry and biology. Biochim. Biophys. Acta 1985, 811, 265–322.

[CrossRef]
37. Marcus, R.A. Electron transfer reactions in chemistry. Theory and experiment. Rev. Mod. Phys. 1993, 65,

599–610. [CrossRef]
38. Frank-Kamenetskii, M.D.; Lukashin, A.V. Electron-vibrational interactions in polyatomic molecules. Sov.

Phys. Uspekhi 1975, 18, 391–409. [CrossRef]
39. Huang, K.; Rhys, A. Theory of light absorption and non-radiative transitions in F-centres. Proc. R. Soc. A

1950, 204, 406–423.
40. Pekar, S.I. Theory of F-centers. Zh. Eksp. Teor. Fiz. 1950, 20, 510–522. (In Russian)

http://dx.doi.org/10.1016/S0040-6090(95)08483-5
http://dx.doi.org/10.1016/S0166-1280(97)00004-3
http://dx.doi.org/10.11648/j.ijsts.20200804.12
https://indico.desy.de/indico/event/20069/
http://dx.doi.org/10.1002/andp.19273892002
http://dx.doi.org/10.1039/tf9262100536
http://dx.doi.org/10.1103/PhysRev.28.1182
http://dx.doi.org/10.1103/PhysRev.32.858
http://dx.doi.org/10.1119/1.1990977
http://dx.doi.org/10.1002/cphc.201600243
http://www.ncbi.nlm.nih.gov/pubmed/27346879
http://dx.doi.org/10.1070/PU1964v006n04ABEH003587
http://dx.doi.org/10.1063/1.1742723
http://dx.doi.org/10.1063/1.1742724
http://dx.doi.org/10.1063/1.1743423
http://dx.doi.org/10.1063/1.1743424
http://dx.doi.org/10.1016/0304-4173(85)90014-X
http://dx.doi.org/10.1103/RevModPhys.65.599
http://dx.doi.org/10.1070/PU1975v018n06ABEH001963


Symmetry 2020, 12, 1856 19 of 19

41. Pekar, S.I. To the theory of luminescence and light absorption by impurities in dielectrics. Zh. Eksp. Teor. Fiz.
1952, 22, 641–657. (In Russian)

42. Pekar, S.I. On the effect of lattice deformations by electrons on optical and electrical properties of crystals.
Uspekhi Fiz. Nauk 1953, 50, 197–252. (In Russian) [CrossRef]

43. Lax, M. The Franck-Condon principle and its application to crystals. J. Chem. Phys. 1952, 20, 1752–1760.
[CrossRef]

44. Brooker, L.G.S.; Sprague, R.H.; Smith, C.P.; Lewis, G.L. Color and constitution. I. Halochromism of
anhydronium bases related to the cyanine dyes. J. Am. Chem. Soc. 1940, 62, 1116–1125. [CrossRef]

45. James, T.H. (Ed.) The Theory of the Photographic Process; Macmillan: New York, NY, USA, 1977.
46. Shapiro, B.I. Aggregates of cyanine dyes: Photographic problems. Uspekhi Khimii 1994, 63, 243–268. [CrossRef]
47. Gurevich, Y.Y.; Pleskov, Y.V. Electrochemistry of semiconductors: New problems and prospects. Uspekhi

Khimii 1983, 52, 563–595. (In Russian) [CrossRef]
48. Shapiro, B.I. Chemical theory of the spectral sensitization of silver halides. Uspekhi Nauchn. Fotogr. 1986, 24,

69–108. (In Russian)
49. Lenhard, J.R.; Hein, B.R. Effects of J-aggregation on the redox levels of a cyanine dye. J. Phys. Chem. 1996,

100, 17287–17296. [CrossRef]
50. Aviv, H.; Tischler, Y.R. Synthesis and characterization of a J-aggregating TDBC derivative in solution and in

Langmuir-Blodgett films. J. Lumin. 2015, 158, 376–383. [CrossRef]
51. Brönsted, J.N. Acid and basic catalysis. Chem. Rev. 1928, 5, 231–338. [CrossRef]
52. Naito, K.; Miura, A. Photogenerated charge storage in hetero-Langmuir-Blodgett films. J. Am. Chem. Soc.

1993, 115, 5185–5192. [CrossRef]
53. Bell, R.P. The Proton in Chemistry; Cornell University Press: Ithaca, New York, NY, USA, 1959.
54. Shapiro, I.O. The Brönsted relationship in proton-transfer reactions. In Proceedings of Physical Chemistry:

Modern Problems; Kolotirkin, Y.M., Ed.; Khimija: Moscow, Russia, 1987; pp. 128–164. (In Russian)

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3367/UFNr.0050.195306b.0197
http://dx.doi.org/10.1063/1.1700283
http://dx.doi.org/10.1021/ja01862a034
http://dx.doi.org/10.1070/RC1994v063n03ABEH000082
http://dx.doi.org/10.1070/RC1983v052n04ABEH002820
http://dx.doi.org/10.1021/jp961650l
http://dx.doi.org/10.1016/j.jlumin.2014.10.019
http://dx.doi.org/10.1021/cr60019a001
http://dx.doi.org/10.1021/ja00065a034
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	On Dozy-Chaos Mechanics of Elementary Electron Transfers 
	General Formula for the Rate Constant of Electron Photo-Transfers 
	The Analytical Result for Optical Absorption Band Shapes and Its Invariance with Respect to the Change in the Sign of Dozy-Chaos Energy  
	Potential Box with a Movable Wall. Optical Absorption Band Shapes as Dependent on the Dozy-Chaos Energy : From Symmetry to Asymmetry 
	Passage to the Limit to the Standard Theory of Many-Phonon Transitions and the Symmetry of the Standard Result. The Reason for the Asymmetry of the Optical Absorption Band Shape in Dozy-Chaos Mechanics 
	The Egorov Resonance 
	Implementation of the Egorov Resonance in the Quasi-Symmetric Serious of Optical Band Shapes of a Representative Polymethine Dye 
	The Egorov Resonance and Its “Antisymmetric Twin” 
	Symmetry between Optical Absorption and Luminescence in the Standard Theory and Its Violation in Dozy-Chaos Mechanics as a Consequence of the Dynamic Organization of Quantum-Classical Transitions 
	Luminescence and Absorption Spectra. Their Mirror Symmetry 
	Optical Spectra, Nature of the Small Stokes Shift, and Dynamic Asymmetry of Luminescence and Absorption 
	Luminescence and Absorption Spectra. Their Mirror Asymmetry 

	A Simplified Version of Dozy-Chaos Mechanics—Nonradiative Transitions 
	The Simplified Version of Dozy-Chaos Mechanics: Proton-Transfer Reactions. On Symmetry in the Brönsted Relationship 
	The Simplified Version of Dozy-Chaos Mechanics: Symmetrization of the Amplitude and Rate Constant of the Transition for the Case of Different Electron–Phonon Interactions on the Donor and Acceptor 
	Conclusions 
	References

