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Abstract: The well-known narrow and intense optical absorption J-band was discovered experimen-

tally by Jelley and independently Scheibe in 1936. In 1938, Franck and Teller, associating the appear-

ance of the J-band with the formation of molecular J-aggregates, gave a theoretical explanation for 

the J-band based on the Frenkel exciton model. This explanation has been developed in detail over 

a long period of time by many authors, including the author of this paper. The main shortcoming 

of all those explanations is the inability to explain the shape of the dye monomer bands from which 

J-aggregates are formed. In this mini review, the author gives an explanation of the J-band as the so-

called Egorov nano-resonance discovered in a new theory, quantum–classical mechanics, which in-

cludes an explanation of the shape of monomer bands. 
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1. Introduction 

The well-known optical absorption J-band arises as a result of the formation of J-ag-

gregates of polymethine dyes in their aqueous solutions. Compared to dye monomers, 

this band is narrow and high intensity, and redshifted. The narrowness and high intensity 

of the J-band are used in many applications, in particular, in the development of modern 

dye lasers. The J-band was discovered experimentally by Jelley and independently by 

Scheibe in 1936 [1,2]. In 1938, Franck and Teller [3] gave a theoretical explanation of the J-

band based on the Frenkel exciton model. In 1984, based on the same exciton model, 

Knapp explained the shape of the J-band [4]. Subsequently, within the framework of the 

Frenkel exciton model, the shape of the J-band was studied by a large number of theorists, 

including the author of this paper [5]. The author’s reviews [6,7] discuss the fundamental 

shortcomings of the exciton model of the J band. In particular, a significant drawback of 

this model is its inability to explain the optical bands of dye monomers from which J-

aggregates are formed [6–8]. The author gives an alternative explanation of the nature of 

the J-band in the framework of a new fundamental physical theory—quantum–classical 

mechanics of elementary electron transfers in condensed matter, which also explains the 

nature of band shapes of dye monomers that form J-aggregates [8]. This theory is the sim-

plest case of quantum–classical mechanics, where one can take the Green’s function of 

free electron motion (propagator) as the electronic Green’s function, and also neglect local 

phonons and take into account only non-local phonons. Quantum–classical mechanics is 

a significantly modified quantum mechanics, in which the initial and final states of the 

“electron + nuclear environment” system for its “quantum” transitions are quantum in 

the adiabatic approximation, and the transient chaotic electron-nuclear(-vibrational) state 

due to chaos is classical [8]. This chaos is called dozy chaos. The new explanation of the 

nature and shape of the J-band is based on the so-called Egorov nano-resonance discov-

ered in quantum–classical mechanics of elementary electron transfers [8]. Egorov nano-

resonance is an electron-nuclear-reorganization resonance during quantum–classical 
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transitions in the optical chromophore under the condition of weak dozy chaos in the 

electron-nuclear (-vibrational) transient state. 

2. Result for the Shape of the Optical Absorption Band from Quantum–Classical Me-

chanics of Elementary Electron Transfers and Egorov Nano-Resonance 

When using the Einstein model  = constant , the result for the optical ab-

sorption ( )= KK  (  is frequency of light) is given by the following equations [9–11]: 

WKK  exp= , (1) 
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The factor 
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In Equations (6) and (7),   is thermal energy which is included in the energy con-

servation law: 

+−= 21 JJ , (21) 

where 
J  and 

J  are the binding energies of the electron at the donor and acceptor (1 

and 2); E  is the nuclear reorganization energy;   is the dozy-chaos energy [6,7]; L is 
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the donor–acceptor distance or the length of the polymethine chain—the main optical 

chromophore of polymethine dyes [6,7,9–11,13,15–17]; m   is the effective mass of the 

electron. The time scales given by Equation (7) are discussed in [6,7,9,11–14], where 
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are included in the Egorov nano-resonance as follows 
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The extinction coefficient  , measured in the experiment, is related to the optical ab-

sorption K  by the equation [18]: 
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where q  is the electron charge transferred in a quantum–classical transition, and 
AN  is 

the Avogadro constant. 

3. Adaptation of Quantum–Classical Mechanics of Elementary Electron Transfers to 

Quantum–Classical Transitions in Extended Polymethine Chromophores 

The possibility of applying of quantum–classical mechanics of elementary electron 

transfers to quantum–classical transitions in polymethine dyes is based on the sufficiently 

long length of the polymethine chain—the main optical chromophore of polymethine 

dyes, and on the alternation of the electronic charge on carbon atoms along the chain (see 

Figure 1), which alternatively redistributes upon optical excitation. This fact of the redis-

tributes can be described as the sum of many acts of short elementary transfers of an elec-

tron charge, interacting with the nuclear environment, along a sequence of methine 

groups, that quickly follow each other [13,15]. The short distance electron-charge transfers 

within a polymethite chain make it possible to almost completely neglect the tunneling 

effects and take the tunneling factor   close to unity [6,7,10,11,13,15–17] (see above, Sec-

tion 2, Equations (18) and (19),  ). This picture also assumes taking into account the 

interaction of transferred charges only with vibrations of the nuclei of the medium and 

neglecting the interaction of charges with intramolecular vibrations, which is justified for 

sufficiently long polymethine chains L , when the number of effective vibrational modes 

of the nuclei of the environment significantly exceeds the number of effective intramolec-

ular modes. Therefore, due to the dominant role of nonlocal phonons, the Egorov nano-

resonance (22)–(24) is already observed for polymethine dye monomers (see below, Figure 

2a), and not only for J-aggregates (see below, Figures 3 (top) and 4); see discussion above 

in Section 1. 

 

Figure 1. The ground state of a quasilinear polymethine chain with alternating positive (1) and neg-

ative (2) charges on carbon atoms [16,19,20]. The chain length L is determined by the distance 
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between nitrogen atoms (N). (Original citation)—Reproduced by permission of The Royal Society 

of Chemistry. 

 

Figure 2. Transformation of the optical absorption band of a thiacarbocyanine dye with varying 

length of the polymethine chain L [13,16]; (a) experiment [21,22], (b) theory [9,11,23]. The chain 

length L for n = 3 corresponds to the Egorov nano-resonance (L = 1.4 nm). (Original citation)—Re-

produced by permission of The Royal Society of Chemistry. 

Experimentally, the Egorov nano-resonance is observed by changing the shape and 

intensity of optical absorption bands with a change in chain length L (Figure 2a). 

Figure 2b shows the fitting of the theoretical shape of the optical band (1)–(21), (25) 

to the well-known experimental data of Brooker et al. [22]. The Egorov nano-resonance 

corresponds to a band with n = 3 or chain length L = 1.4 nm. 

4. Explanation of the J-Band of J-Aggregates by Egorov Nano-Resonance 

Figure 3 (top) shows the well-known experimental data of Herz [21,24], obtained by 

increasing the concentration of the polymethine dye, benzimidazolocarbocyanine, in an 

aqueous solution, which leads to the formation of J-aggregates in it. 
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Figure 3. At the (top): Concentration equilibrium of monomers (M) of benzimidazolocarbocyanine 

and their J-aggregates (J) in an aqueous solution of NaOH ( −
 l  mol  . ) at Co , and correspond-

ing experimental data on optical absorption [21,24]. (A) Concentration of the dye is equal to 0.5 (1), 

1.0 (2), 5.0 (3), 10 (4), 100 (5), and 400 (6) micromole/liter. (B) Finding the number of molecules n in 

the optical J-chromophore (see Figure 4) from the law of mass action for the dye concentrations (CM 

and CP) indicated above. At the (bottom): Fitting the theoretical result to the experimental data on 

the shape of the optical absorption bands given at the (top) [10,11,17]. (A) M- and J-bands are com-

puted from Equations (1)–(21),(25) where = . Percentage of dye in J-aggregates in solution with 

increasing dye concentration: 1% (1), 9% (2), 53% (3), 66% (4), 82% (5), and 99% (6). (B) Finding the 

number of molecules n in the optical J-chromophore from the law of mass action for the concentra-

tions of monomers (CM) and J-aggregates (CJ), which are obtained from the absolute concentrations 

of the dye in the experiment (see the caption at the (top)) and the relative concentrations derived 

from our theoretical fitting (see above; n = 4, cf. (B) at the (top)). The parameters used in Equations 

(1)–(21) and (25) for the “J-aggregate + environment” and “monomer + environment” systems are 

e.J mm =   and e.M mm =  , −= s   , = .d   nm, = .refn  ; ==  MJ JJ  

eV, =−  .JJ JJ   eV and =−  .MM JJ   eV, = .
J

E
  

eV and = .
M

E   eV, 

= .J  eV and = .M  eV; the total charges transferred along chromophores dL =J  = 

1.12 nm and dL =M  = 0.84 nm of J-aggregate and monomer are e.ELεq  Jr,JdJ   and 

e.ELεq  Mr,MdM  , where permittivity = .d   [25] (contribution from   -electrons 

and the solvent). Reprinted from [17], Copyright 2001, with permission from Elsevier. 

From the law of mass action Herz showed that the optical chromophore of the J-ag-

gregate consists of four dye monomer molecules. Following Hans Kuhn (see [25] and ref-

erences therein), Herz [24] suggested that the J-aggregate forms a brickwork-like structure 

from the dye monomers. 

Figure 4 shows the scheme for the formation of an optical J-chromophore from four 

dye monomers and the scheme for the formation of the entire J-aggregate, which has the 

form of a long thin rod [6,7,10,11,13,15,17] with a brickwork-like structure. 
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Figure 4. A brickwork-like structure of J-chromophore of four molecules and J-aggregate (bottom) 

[13,21,24,25]. The  -electron system of the polymethine chain stacks with the  -electron sys-

tem of the benzene rings of two neighboring molecules ( d  is a some unit bond length). The fourth 

molecule acts only as a stabilizer of the J-chromophore structure [6,7,10,11,13,15,17]. 

Figure 3 (bottom) shows the result of fitting the theoretical band shape (1)–(21), (25) 

to Hertz’s experimental data [21,24] (Figure 3 (top)). 

In Egorov nano-resonance, the movement of the nuclear reorganization of the me-

dium surrounding an extended electronic transition promotes this transition and leads to 

a resonance-like change of the optical band shape for polymethine dye monomers, shown 

in Figure 2. The Egorov nano-resonance corresponds to the chain length L for n = 3 (L = 

1.4 nm). In the case of optical chromophores of J-aggregates, the stacking of the  -elec-

tron structure of the quasi-one-dimensional polymethine chain of one molecule with the 

 -electron structures of planar benzene rings of two neighboring molecules (see Figure 

4), due to such a transition from one-dimensional to two-dimensional geometry and the 

formation of an optical J-chromophore of four molecules, leads to a significant increase in 

the interaction of the electronic transition for the nano-resonance chain (Figure 2, n = 3) 

with the nuclear environment and, accordingly, to a significant increase in the Egorov 

nano-resonance. 

5. Conclusions 

In ordinary molecular physics of small molecules, one can use standard quantum 

mechanics in the framework of the Born-Oppenheimer adiabatic approximation [26] and 

the Franck-Condon principle [27–30], since the shape of the optical spectra depends only 

on the characteristics of the initial and final states of the molecular transition and very 

weakly depends on the dynamics of the transient state, which, according to new theory—

quantum–classical mechanics [8,9]—is chaotic. In photochemistry and nanophotonics, 

where the spatial extension of a molecular transition can be large, that is, on the order of 

a nanometer or more, it becomes necessary to take into account the regular nature of the 

dynamics of the transient state, which occurs against the background of transient or dozy 

chaos [8]. One of the most striking results of quantum–classical mechanics is the Egorov 

nano-resonance between the electron motion and the nuclear reorganization motion, 

which currently explains the nature of the well-known narrow and intense J-band of J-

aggregates of polymethine dyes [6–8,31–33] that arises in aqueous solutions of their mon-

omers (Figures 3 and 4), as well as a resonance-like transformation of the optical band 

shape of a dye monomer with varying length of its polymethine chain (Figure 2). 
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