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Abstract: Quantum-—classical mechanics and the Franck-Condon principle related to quantum me-
chanics are discussed as two alternative theoretical approaches to molecular optical spectroscopy.
The statement of the problem is connected with the divergence (singularity) of the series of time-
dependent perturbation theory in molecular and chemical physics, on which the theory of quantum
transitions in quantum mechanics is based. On the example of elementary electron transfers in con-
densed media, it is shown that this singularity is eliminated by introducing chaos into the electron-
nuclear(-vibrational) transient state. This chaos is called dozy chaos, and quantum mechanics itself,
supplemented by dozy chaos, is called quantum-—classical mechanics. It is shown that the results of
quantum-—classical mechanics for the case of strong dozy chaos correspond to the physical picture
based on quantum mechanics and the Franck-Condon principle. The same chaos can be strong for
small molecules in standard molecular spectroscopy and weak at the same time in photochemistry
and nanophotonics of large molecules, where quantum mechanics no longer works, but quantum-
classical mechanics works, taking into account the chaotic dynamics of transitions. Thus, the erro-
neous Franck-Condon physical picture of molecular “quantum” transitions is workable from a prac-
tical point of view as long as we are dealing with sufficiently small molecules, just as the erroneous
geocentric picture of the world is workable until we went out into outer space.

Keywords: transient state dynamics; dozy chaos; quantum-—classical mechanics; Franck-Condon
principle; charge transfer; condensed matter; optical band shapes; polymethine dyes; J-aggregates;

EgOI‘OV nano-resonance

1. Introduction

As is known, quantum mechanics is inextricably linked with classical mechanics. Its
justification is connected with the need to consider the interaction of a microparticle with
a macroscopic classical measuring device [1]. The basic dynamical equation, the Schro-
dinger equation, was postulated by Schrodinger but actually derived from the Hamilton-
Jacobi equation for action in classical mechanics by introducing the wave function in some
form, which is now called the semiclassical approximation. The width of the levels, “in-
side which” the energy spectrum is continuous, is a sign of the partially classical nature
of the dynamics in quantum systems. Quantum-—classical mechanics is not a “mixture” of
quantum mechanics and classical mechanics, but is a substantially modified quantum me-
chanics, in which the initial and final states are quantum in the Born-Oppenheimer adia-
batic approximation [2-6], and the chaotic transient state due to chaos is classical. The
Franck-Condon principle [7-10] in molecular physics avoids the consideration of transi-
ent state dynamics, which is unreasonably assumed to be unimportant. Classicality,
which is immanently inherent in quantum mechanics itself, in molecular physics, is sup-
plemented by classicism, which is associated with the Franck-Condon principle. It is as-
sumed that the quantum transition (fast vertical jump) of an electron from the ground to
the excited electronic state of the molecule occurs between the turning points of classically
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moving nuclei, where the nuclei are at rest. In fact, the classical nature of motion in mo-
lecular physics is not associated with the Franck-Condon principle, but with the chaotic
dynamics of the motion of an electron and nuclei in a transient state.

As is known, the theory of quantum transitions in quantum mechanics is based on
the convergence of a series of time-dependent perturbation theory [11]. This series con-
verges in atomic and nuclear physics, as well as in molecular physics, provided that the
Born-Oppenheimer adiabatic approximation and the Franck-Condon principle are strictly
observed. If this condition is not met, the series of time-dependent perturbation theory
diverges. Obviously, in real molecules, the adiabatic approximation is not strictly ob-
served, which makes the application of Franck-Condon principle unfounded in theory,
and with it the whole physical picture of molecular transitions based on it. The only phys-
ical way to eliminate the singularity of the series of time-dependent perturbation theory
in molecular physics is the postulate of the presence of dynamics in the transient electron-
nuclear(-vibrational) state, which the Franck-Condon principle ignores, and that this dy-
namics is chaotic. In this case, in the case of strong chaos, as in the case of the Franck-
Condon picture of molecular transitions, the transition rates do not depend on the specific
dynamics of the transient state, but depend only on the initial and final states, taken in the
adiabatic approximation. In the case of weak chaos, against the background of chaos, the
regular nature of the dynamics of the transient state manifests itself. Chaos, which is weak
in the case of large molecules, may be strong in the case of small molecules. Therefore, the
Franck-Condon picture of transitions often gives good agreement with experimental data
on optical spectra in conventional molecular spectroscopy [12-14] of small molecules. In
photochemistry and nanophotonics, where, as a rule, we deal with large molecules, where
chaos is not strong, but weak, elements of dynamic self-organization often appear in the
chaotic dynamics of the transient state. A striking example of this is the well-known nar-
row and intense J-band of J-aggregates of polymethine dyes [15-24], which can no longer
be explained on the basis of quantum mechanics, but finds its explanation in quantum-—
classical mechanics as a Egorov nano-resonance [25-34]. Thus, in the case of small mole-
cules, the Franck-Condon principle gives the correct result, although an erroneous theory
and an erroneous physical picture are used. In the case of large molecules, this erroneous
theory and the erroneous physical picture no longer lead to the correct result. The ana-
logue of this situation is well known.

This analogue is the collision between two pictures of the world, namely, geocentric
and heliocentric. As is well known, the correct picture is the heliocentric picture of the
world, in which the Earth rotates both around the Sun and around its own axis. However,
being on the surface of the Earth, the rotation of the Earth around its own axis is perceived
by the observer as the movement of the Sun across the sky, which is well simulated by an
erroneous geocentric picture. It is even customary to talk about the time of sunrise and
the time of its sunset at a given particular point on the surface of the Earth. However, the
exit from the surface of the Earth to a sufficiently large distance into space directly shows
the fallacy of the geocentric picture of the world.

At present, quantum-—classical mechanics and the physical picture of molecular
“quantum” transitions corresponding to it are based on their simplest example, namely,
on the example of quantum-—classical mechanics of elementary electron transfers in con-
densed media [31,35]. Here, chaos is introduced into the transient state by replacing the
infinitely small imaginary additive in the energy denominator of the total Green’s func-
tion of the system by a finite value [27,31,35]. This chaos is called dozy chaos [28,29].

It is shown below that the result of quantum-—classical mechanics of elementary elec-
tron transfers for the case of strong dozy chaos corresponds to the result based on quan-
tum mechanics and the Franck-Condon principle. Also, using the example of the transfor-
mation of the shape of the optical absorption band in quantum-classical mechanics, it is
shown how, with a decrease in the extent of the quantum-—classical transition, the result
of quantum-—classical mechanics, where dozy chaos is rather weak, passes into the result
of quantum mechanics, where the same dozy chaos is already strong enough.
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2. Quantum-Classical Mechanics of Elementary Electron Transfers in Condensed Me-
dia

In a sense, quantum-—classical mechanics of elementary electron transfers in con-
densed media [31,35] is a generalization of the theory of many-phonon transitions [3]
based on quantum mechanics, the Born-Oppenheimer adiabatic approximation and the
Franck-Condon principle, where the simplest problem solved was the problem on the
shape of optical bands arising as a result of many-phonon transitions in F-centers [36-39].
It was in the case of this problem of elementary electron transfers that the Egorov nano-
resonance (see Sections 1 and 3) was discovered [30-32]: the region of space of the molec-
ular system, in which such a resonant transition is localized, is determined by the distance
between the donor and acceptor, when it is on the order of a nanometer. Compared to the
simplest Hamiltonian, which was used in the F-center problem, our Hamiltonian is com-
plicated only by an additional electron potential well [3,28-32,35]:

72 1 o?
H= —%A, +V,(r)+V,(r-L)+ ;Vk(r)q,( +§;h60{q,3 _OE] )

where the first term corresponds to the kinetic energy of the electron with an effective
mass M, the last term corresponds to the kinetic and potential energy of vibrations of the

nuclei of the medium in the harmonic approximation, (, are the real normal phonon
coordinates, @, are the phonon frequencies, V, (I’) and V, (I’— L) are the potential

, the term

wells of the electron donor 1 and acceptor 2 separated by distance L = |L

ZVK (r) g, corresponds to the electron-phonon interaction, x is the phonon index.
K

The considered below energy (Sections 3-5)
1 ~
E=22 108, @

is the energy of reorganization of the medium nuclei associated with the localization of
an electron on the donor or acceptor. The quantities {, are the shifts of the normal pho-
non coordinates (, associated with this presence of an electron in the medium.

As shown in my pioneering works [30-32], an attempt to take into account the tran-
sient state dynamics by the Green'’s function method in quantum mechanics with Hamil-
tonian (1) leads to a significant singularity in the rates of “quantum” transitions.

This singularity is eliminated by replacing the infinitesimally small 7 with a finite

quantity [28-35,40] in the Green’s function

R Y (r,q)P, *(r',q
GH(r1r1qaq1EH):Z (Equ —(ij/q), (3)
S H S

where ‘P, (I’, q ) are the eigenfunctions of the Hamiltonian (1); (I’, q) are all electronic
and nuclear coordinates; E, are the eigenvalues of H, and E, is the total energy of

the system. The aforementioned replacement of 7 with a finite quantity in Equation (3),
or in similar Green’s functions of more complex molecular and/or condensed matter sys-
tems, lies at the foundation of a new theory —dozy-chaos or quantum-—classical mechanics
[35] (cf. Section 1).

Comparison of theory with experiment shows that y >> o (@, =constant = o,
see below, Section 3) [25,26,28-34,40]. Therefore, the energy 7 is a measure of dynamic
or dozy chaos in the transient state and can be called dozy-chaos energy [28,29] (see Figure
1). Dozy chaos is a “sum” of chaotic motions of the electronic charge and nuclear reorgan-
ization and “plus” fluctuating electromagnetic field (dozy-chaos radiation) that provides
interaction between electrons and nuclei [41,42].
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Figure 1. The simplest demonstration of singularity in the rate of molecular “quantum” transitions
[33-35,40]. (a) The physical picture of quantum transitions in a potential box with a moving wall
simulates the presence of a singularity in molecular “quantum” transitions when the wall moves
without friction [33-35,40]. The case of a wall moving with friction corresponds to quantum-—classi-
cal (dozy-chaos) mechanics [30-32,35], in which dozy chaos plays the role of friction. (b) Shapes of
optical absorption bands obtained from dozy-chaos mechanics, as a function of dozy-chaos intensity
[33-35,40]. The band with the most pronounced peak (J-band, red) corresponds to the weakest dozy
chaos. The Gaussian-like band (blue) corresponds to the strongest dozy chaos. (Original citation) —
Reproduced by permission of The Royal Society of Chemistry.

The main source of dozy chaos is a light and mobile electron, the motion of which,
together with the entire molecular system associated with it, is subject to a new, dozy-
chaos mechanics [35] (cf. Section 1).

The emergence of dozy-chaos mechanics can be considered as some generalization
of the well-known theory of many-phonon transitions [3], which is a quantum mechanics
of condensed matter [43].

Due to chaos, the energy spectrum of the entire system in a transient state is contin-
uous. Therefore, dozy-chaos mechanics can also be called quantum-—classical mechanics
[35] (cf. Section 1).

Apparently, the root cause of the emergence of dozy chaos lies in the interaction of
the actual electron with the induction field of optical phonons [43]. However, the clarifi-
cation of this issue can be obtained only after creating quantum-—classical electrodynamics,
which will be created in future similarly to how quantum electrodynamics [44-46] was
created in due time after the creation of quantum mechanics [1,11].

There is an obvious analogy in the history of the discovery of the elementary quan-
tum of action, Planck’s constant /i [47], and the discovery of the dozy-chaos energy ¥

[28-32,35,41,43]. However, h isauniversal physical constant, while y isnota universal

physical constant and its value depends on a specific physical systems. As a comparison
of theory with experiment shows, the numerical value of the energy J is not completely

indefinite, but approximately ranges from y =E (strong dozy chaos) to
ho <<y << E (weak dozy chaos).

If we keep in mind the inseparable connection between quantum mechanics and clas-
sical mechanics, which was noted above (see Section 1), then we can say that Planck’s
constant 7 is a hidden parameter in classical mechanics, and dozy-chaos energy 7 isa

hidden parameter in quantum mechanics.
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3. Shape of the Optical Absorption Band and Egorov Nano-Resonance (Enr)

In this section, we present the analytical result for absorption band shapes
K= K(Q) (Equations (4)—(24), Q) is frequency of light) [28-35,40] shown below (see
Figures 1 and 2 st mgee2). In the framework of the Einstein model of nuclear vibrations
(o, = constant = @) this result is as follows [31,32,35]:

K=K,expW, @)
W :lm(wrsmh B j_i coth . c_:osht
2 \ 4rcosht ot sinh £, )
1 sinh £
+(B —1) - T,
(5 ‘@w1® 4wr®cosht
1< 1 < 2cosht ©)

w1®  wrsinh B’

where f; =hw/2K,T, T is the absolute temperature,

t:a)r{AC+BD 200-1) ¢’ }

@)

+
6| A“+B* (0-1Y+(0©/6,F 6, +1
E
G, >>—,
B> 55 ®)
T LE 7 E r, E
gz_e:—, =—=—, 9:—0=—,
r ny23,/m t AT Tty ©)
T -t T—E r'—ﬁ T _h
©T 20 /m’ E’ AT (10)
Here, we use the notation
2
A=cos[£]+/\+[i] N, (11)
90 90
B= sin[£J+iM, (12)
0 0
2
C=40|co 9 —ﬁsin 9 +M, (13)
6, 20, 6,
_ 2
D=6{sin[£}+l 3 COS[QH—EN, (14)
o, 26, 6, g,
and
EY
55(1—\]—) (J, > E by definition), (15)
1

and where we finally have
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The factor K, becomes
Ko = KoKy, (20)
where
3 2 2 34
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21
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90 00
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40
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1 [, sinh(g, —2t)] cosh(s, —2t)
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In Equations (9) and (10), A >0 is the heat energy associated with the energy 7€)
of the absorbed photon by the law of energy conservation:

nQ=J,-J, +A, (24)

where J, and J, are the electron binding energy at the donor 1 and acceptor 2.
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Figure 2. Quantum-classical mechanics: transformation of the theoretical absorption spectra of a
model polymethine dye with different extents of quantum-classical transitions (different lengths of
polymethine chains) L. Optical bands are calculated from Equations (4)—(24) (n = 1 [28-34,40] in
Equations (21) and (22)). The following numerical values of the parameters are used: m = e, where
me is the electron mass; nretr =1.33; 0 =5x108s"; [1=5eV;Ji-2=05eV; E=1eV; y=0.34eV; and
T =298 K [26,27]. In this figure, for simplicity, the energy gap J1 — J2 = 0. Extent of the quantum-—
classical transition L = 1.4 Lo (blue), Lo (red), 0.7 Lo (green), 0.45 Lo (magic), rae Lo = L(Enr) = 0.384 nm
[26,27]. Quantum mechanics: Gaussian absorption spectrum (black) given by Equation (28), where
E=1eVand T=298 K.

The time scales given by Equation (10) control the chaotic dynamics of the transient
state of elementary electron transfers in condensed media. They are discussed in
[28,29,32,33,35,48-50]. The donor-acceptor distance L is also equal to the length of the
polymethine chain—the main optical chromophore of polymethine dyes, where the elec-
tronic charge on carbon atoms alternates along the chain and alternatively redistributes
upon optical excitation; therefore, in Equations (21) and (22), we can often take 77 =~ 1
[28-34,40].

Given by Equation (10) the time scales

L

7, 2m (25)

(the characteristic time of motion of the electron in the donor—acceptor system) and

=— 26
T £ (26)

(the characteristic time of motion of the reorganization of nuclear vibrations in the envi-
ronment) are included in the Egorov nano-resonance (see Section 1) [25-34] as follows

(27,) =c". 27)

4. Passage to the Standard Theory Based on Quantum Mechanics, Born-Oppenheimer
Adiabatic Approximation and Franck-Condon Principle

Just as there is no strict limit transition from quantum mechanics to classical mechan-
ics, so there is no strict limit transition from quantum-classical mechanics to quantum
mechanics. The standard result in the theory of many-phonon transitions [3] is effected
from Equations (4)-(24) by 7 —> © (6, = 0 according to Equation (9)) in Equation (7)
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for t (see Figure 3 in [35]) and by y — 0 (6, = ®©) in Equation (21) for K; (see
Equation (162) in [35]) [31,35]:

a’h 2L (A-A)
K=————exp —— |exp| —————= (28)
JArA kT a 44 KsT

7

where a = h/ \2mJ, and A, = 2E . The Gaussian formula (Marcus formula, see below)

K=K(A)ox exp{— M}

42.K,T

is the well-known simplest result in the theory of many-phonon transitions for
kgT > 7iw/2 (see [3,4]) and is associated with the works of Marcus on his electron-trans-
fer model [51-56], and with the previous works by Huang and Rhys [57], Pekar [36-38],
Lax [58], Krivoglaz and Pekar [39], and Krivoglaz [59]. Usually, the aforementioned
Gaussian formula is called the Marcus formula, and the energy A, is called the Marcus
reorganization energy. In contrast to Equations (4)—(24), where the dynamics of the tran-
sient state is properly taken into account, in Equation (28) and the Marcus formula the
dynamics of the transient state is completely neglected.

So, the result (4)—(24) of quantum-—classical mechanics, in none of the limiting cases
of y, zero or infinity, does not pass into any result of quantum mechanics. With y — 0,

we get infinity for the transition rate, and with } — o, we get zero for it. This situation

is easy to understand from a qualitative examination of quantum-—classical transitions in
a potential box with a movable wall, the movement of which simulates the reorganization
of the positions of the nuclei in space during electronic transitions, see Figure 1a; the
graphs in Figure 1b (Equations (4)—(24)) explain this situation as well.

In Figure 1b, the shift of the optical band peak to the red region and its narrowing
with decreasing } is explained by the decrease in friction at the base of the moving wall

(see Figure 1a): higher wall mobility leads to a greater decrease in the effective gap be-
tween the ground and excited electronic energy levels and to a higher the degree of or-
ganization of the quantum-classical transition.

The fact that there is no rigorous transition from quantum-—classical mechanics to
quantum mechanics indicates the fundamental novelty of quantum-classical mechanics,
which is fundamentally not reduced to quantum mechanics [27].
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5. Extent of Quantum-Classical Transitions as a Measure of Dozy Chaos

From general considerations, one can expect that weak chaos of any physical nature
in large systems can turn out to be strong chaos for small systems. Therefore, one would
expect dozy chaos to be no exception in this respect. In other words, the weak dozy chaos
in long-extended quantum-classical transitions can look like a strong dozy chaos for
short-extended quantum-—classical transitions. Figure 2 demonstrates this. The Gaussian
shape of the optical band (Figure 2, black graph), obtained as a result of the “limit transi-
tion” from quantum-—classical mechanics to quantum mechanics, i.e., as a result of the lim-
iting transition of dozy-chaos energy ¥ to infinity in the exponent (see details in Section

4), corresponds to an extremely strong dozy chaos. This means that if, for example, with
a decrease in a sufficiently large length of the polymethine chain L (a decrease in the extent
of the quantum-—classical transition) and the constancy of all other parameters of the sys-
tem, including a sufficiently small value of ¥, corresponding to weak dozy chaos

(7 << E, see Section 2), as a result, we obtain a Gaussian-like band, then this band corre-

sponds to effectively strong dozy chaos at small L. Figure 2 (colored graphs) demonstrates
the transformation of the shape of the optical band as a result of a decrease in the extent
of the quantum-—classical transition, which leads to just such a transient state with an ef-
fectively strong dozy chaos (magic graph).

The shift of the Gaussian-like band (magic) to the red region and its narrowing with
respect to the Gaussian band (black) from quantum mechanics is explained by the pres-
ence of a chaotic transient state in quantum-—classical mechanics, which is absent in quan-
tum mechanics by definition. The presence of a chaotic transient state leads to some effec-
tive reorganization energy of lesser energy E: a part of the reorganization energy E is rep-
resented in quantum-classical mechanics as a chaotic, dynamic transient state reorgani-
zation energy, which is formally expressed in dozy-chaos energy J . Another way of in-

terpreting the discussed effects follows from the consideration of a potential box with a
movable wall (Figure 1a). We can say that the moving wall, which simulates nuclear reor-
ganization in quantum-classical mechanics, has a much smaller “mass” compared to the
“mass” of a fixed wall in quantum mechanics. If we correlate the “mass” of the wall with
the value of the reorganization energy, similarly to how we correlated the friction value
at the wall base with the value of dozy-chaos energy above, then here the discussed effects
find their analogous explanation at the qualitative level [26,27]. Another qualitative ex-
planation of the “redshift”” and narrowing with decreasing nuclear reorganization energy
is based on the use of standard theory and can be found in [40] (see Figures 3 and 4 therein).

Thus, using the example of the transformation of the shape of the optical absorption
band, it is shown that with a decrease in the extent of the quantum-—classical transition,
the result of quantum-—classical mechanics, where the dozy chaos is sufficiently weak, es-
sentially passes into the result of quantum mechanics, where the same dozy chaos is al-
ready sufficiently strong. Therefore, as a measure of dozy chaos, one can consider not only
the dozy-chaos energy J, but also the extent of quantum-—classical transitions L.

6. Conclusions

It is shown that in quantum-—classical mechanics, in the case of strong dozy chaos,
which is almost always realized for sufficiently small molecules, the rates of quantum-—
classical transitions do not depend on the specific dynamics of the transient state, but de-
pend only on the initial and final states. As is known, we have the same result in the
standard Franck-Condon picture obtained in the framework of quantum mechanics (see,
e.g., [11]). Thus, we get an explanation why the erroneous standard Franck-Condon pic-
ture [7-10] (see Section 1), in the case of sufficiently small molecules, is able to interpolate
experimental data [12-14] well in standard molecular spectroscopy. We note that a so-
phisticated researcher, especially a theoretical physicist, should not be confused by the
conclusion that an erroneous theory and an erroneous physical picture can often agree
with experimental data. For example, the erroneous Aristotelian geocentric picture of the
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world has existed in human civilization for hundreds of years and quite suited it from a
practical point of view. If we ignore the genius of Galileo and other innovators like him,
then the need for the appearance of a correct, namely heliocentric, picture of the world
arose in practice only with the release of mankind into space. A similar need arises in our
time in the quantum physics of molecular physico-chemical systems and in the quantum
physics of condensed matter. Namely, this need is expressed in the creation and develop-
ment of quantum-—classical mechanics in their exhaustive completeness to account for the
chaotic dynamics of the transient state in extended systems.
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