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Frenkel excitons (FEs) as collectivized electronic excitations are studied using 
the models of two-strands regular structures with B-DNA geometry. As basic excitations we 
consider the excitations of the pairs of complementary bases, not the excitations of separate 
bases, because of the following reasons: 1. Permanent pairing of complementary bases A-T 
and C-G; 2. Small inter-bases distances. The following cases are treated: 
A. Resonant transfer of FEs between equal pairs of complementary bases, e.g. A-T. The 
models of homopolymers are supposed to contain the equal pair at each step of double helix 
and one strand contains one base (A-A-A- ...) or alternatively ordered bases (A-T-A-T-…). 
B. Non resonant transfer of FEs between different pairs AT↔CG. Two models are 
studied: a) two-step order sequence with bases in one strand   A-C-A-C…; b) four-step order 
sequence in one strand A-C-T-G-A-C-… 

The studied FEs originate from electronic excitations of the pair with transition electric 
dipole moment perpendicular to the helical axis (for π-π* transitions) or parallel to the axis 
(for n-π* transitions). The corresponding Hamiltonians for each case allow to calculate the 
tensors of dielectric permittivity and of gyration, by using Green functions method (at 
temperature T=0). The calculations give formulas for excitonic spectra and the manifestation 
of FEs in linear absorption and in Circular Dichroism spectra 

 
1. Introduction 
In this paper we study the spectra and manifestation of transferable electronic excitations 

(Frenkel excitons – FEs) in regular double helix of DNA type with symmetry point group (∞).    
DNA is the biggest molecule and the sequences of pairs of complementary bases carry genetic 
information and information for production of proteins. It is also very stable independently of 
sequences of pairs AT and CG and on orientation of the pairs (AT or TA) at given location [1,2]. 

Our models treat regular double helical structures of B-form of DNA with perfect order of the 
pairs and of orientation of the bases. These models do not describe FEs in native DNA. But the 
transfers of electronic excitations in DNA are studied, as a first step, namely in regular structures 
(see e.g. [3]). In this way we understand the mechanism of transfer and corresponding excitonic 
spectra. Regular structures demand equivalent coupling of excitations with both nearest neighbors, 
mutatis mutandis. 

As basic electronic excitations we introduce excitations of the pairs AT or CG, not of their 
complementary bases. Our approach differs the approaches of many other studies of FEs in DNA, 
see Ref. [4,5,3,6] in which as initial are used the excitations of the four bases (A, T, C, G). We 
prefer to study FEs transferred in stacking coupling of the pairs which are structural units of DNA 
(see [7]). On the other hand, the inter-bases distance in the pair is small and permanent pairing 
requires the treating of the pair as a hole. 

Our description concerns two types of electronic transitions in the pairs: π→π* transitions 
which are strong and their transition electric dipole moments are parallel to the planes of the pairs 
and perpendicular to helical axis and n→π* transition with transition moments parallel to the 
helical axis. 

In our calculations we are interested in the excitonic spectra and their demonstrations in linear 
absorption and in Circular Dichroism (CD). Applying methodics of condensed matter physics      
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[8-10] we calculate dielectric permittivity ε(ω,k) and gyration tensor ρ(ω,k) near excitonic 
resonances. The necessary Green functions are calculated at temperature T=0. It is gyration tensor 
which describes optical activity (gyration) and correspondingly CD. 

The organization of the paper is as follows: Section 2 contains short description of methodics 
of calculations. In Section 3 we treat two models of resonant transfers of FEs between equal pairs. 
Other two models in Section 4 allow to study the non-resonant transfers of FEs between different 
pairs. Section 5 is concluding and summarize some results and recommendations.  

2. Methods 

Let operators 𝑇𝑇𝑖𝑖𝑖𝑖(𝑇𝑇𝑖𝑖𝑖𝑖
+) are operators of annihilation (creation) of electronic excitations with 

number i in the step n of B-ladder of regular DNA. The transition electric dipole moment is  

 𝑅⃗𝑅 (𝑖𝑖)(𝑛𝑛) =< 0|𝑇𝑇𝑖𝑖𝑖𝑖 ∑ (𝑒𝑒𝑟𝑟𝑚𝑚)⃗⃗⃗⃗⃗⃗ 𝑚𝑚 |0 >                                  (1) 
in which |0 > is the ground state of the pair and sum m concerns all electric charges and their 
positions in the pair n. In our calculations we need also the matrix elements of the tensor 𝑄𝑄𝛼𝛼,𝛽𝛽

(𝑛𝑛) 
which is the sum of electric quadrupole plus magnetic dipole transition moments. They can be 
expressed in the same way as 𝑅⃗𝑅 (𝑖𝑖), notably: 

 𝐷𝐷𝛼𝛼𝛼𝛼
𝑖𝑖 (𝑛𝑛) =< 0|𝑇𝑇𝑖𝑖𝑖𝑖𝑄𝑄𝛼𝛼𝛼𝛼

𝑛𝑛 |0 >                    (2) 

 The helical symmetry lead to the following relations (in the simplest model with equal and 
equally positioned steps, see Section 3, model A). 

 𝑅𝑅𝛼𝛼
(𝑖𝑖)(𝑛𝑛) = ∑𝛼𝛼𝛼𝛼𝛼𝛼

(𝑛𝑛)𝑅𝑅𝛽𝛽
(𝑖𝑖)(0) ; 𝐷𝐷𝛼𝛼,𝛽𝛽

(𝑖𝑖) (𝑛𝑛) = ∑ 𝛼𝛼𝛼𝛼,𝛾𝛾
(𝑛𝑛)𝛼𝛼𝛽𝛽,𝛿𝛿

(𝑛𝑛)𝐷𝐷𝛾𝛾,𝛿𝛿
(𝑖𝑖)

𝛾𝛾,𝛿𝛿              (3) 

in which 𝑅⃗𝑅 (𝑖𝑖)(0) and 𝐷𝐷(𝑖𝑖) are corresponding quantities for the step n=0, and  𝛼𝛼𝛼𝛼𝛼𝛼
(𝑛𝑛) are expressed 

in the following matrix (supposing the helical axis directed along axis 𝑧̂𝑧 and arbitrary axis (x,y)┴z): 

 ‖𝛼𝛼𝛼𝛼𝛼𝛼
(𝑛𝑛)‖ = ‖

cos (𝑛𝑛𝑛𝑛) −sin (𝑛𝑛𝑛𝑛) 0
sin (𝑛𝑛𝑛𝑛) cos (𝑛𝑛𝑛𝑛) 0

0 0 1
‖                  (4) 

 In more complicated models of Sections 3,4 the similar formulas (1) – (4) are valid but the 
arguments (nφ) in formula (4) are replaced, depending on the model (for model B the argument is 
n(π+φ). 
 Using matrix elements (1) – (2) we can calculate the tensor 𝜀𝜀𝛼𝛼𝛼𝛼(𝜔𝜔, 𝑘⃗𝑘 ) which connects vector 
D of electric displacement and vector  𝐸𝐸(𝜔𝜔, 𝑘⃗𝑘 ) of electric field of electromagnetic wave (see [4-
7]): 

∆𝜀𝜀𝛼𝛼𝛼𝛼(𝜔𝜔, 𝑘𝑘) = −𝐴𝐴∑ [𝑅𝑅𝛼𝛼
(𝑖𝑖)(𝑛𝑛)𝑅𝑅𝛽𝛽

(𝑗𝑗)(𝑚𝑚) + 𝑖𝑖𝑘𝑘𝛾𝛾 (𝑅𝑅𝛽𝛽
(𝑖𝑖)(𝑚𝑚)𝐷𝐷𝛼𝛼𝛾𝛾

(𝑗𝑗)(𝑛𝑛) −𝑛𝑛,𝑚𝑚
𝑖𝑖,𝑗𝑗=1,2

𝛾𝛾=(𝑥𝑥,𝑦𝑦,𝑧𝑧)

−𝑅𝑅𝛼𝛼
(𝑗𝑗)(𝑛𝑛)𝐷𝐷𝛽𝛽𝛾𝛾

(𝑖𝑖)(𝑚𝑚))] . 𝑒𝑒−𝑖𝑖𝑘𝑘(⃗⃗⃗⃗ 𝑛⃗𝑛 −𝑚𝑚)⃗⃗⃗⃗⃗⃗  < 0|𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡)𝑇𝑇𝑗𝑗𝑗𝑗+ (0)| >              (5) 

in which A∿N/v, where N is number of the steps in helix and v is volume of one step. The last 
multiple  is Fourier-component of the following retarded Green function (𝜃𝜃(𝑡𝑡) is step function): 

 𝐺𝐺𝑖𝑖𝑖𝑖(𝑛𝑛, 𝑚𝑚) = −𝑖𝑖𝑖𝑖(𝑡𝑡) < 0|𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡)𝑇𝑇𝑗𝑗𝑗𝑗+ (0)|0 >                (6)  

 Green functions (6) are calculated using well known methodics [8,10] and averaging in 
calculations is at temperature T=0 because of big excitation energy of FE, EFE»kBT (kB – Boltzman 
constant). Green functions depend on Hamiltonian of the system. 
 Tensor 𝜌𝜌𝛼𝛼𝛼𝛼(𝜔𝜔, 𝑘𝑘) of gyration describes optical activity and CD. It is connected with dielectric 
permittivity 𝜀𝜀𝛼𝛼𝛼𝛼(𝜔𝜔, 𝑘𝑘) with relations [9,11]: 

 𝜀𝜀𝛼𝛼𝛼𝛼(𝜔𝜔, 𝑘𝑘) = 𝜀𝜀𝛼𝛼𝛼𝛼
(1)(𝜔𝜔) + 𝑖𝑖 ∑ 𝑘𝑘𝛾𝛾𝑒𝑒𝛼𝛼𝛼𝛼𝛿𝛿𝜌𝜌𝛿𝛿𝛾𝛾 + 𝑂𝑂(𝑘𝑘2)𝛾𝛾,𝛿𝛿                (7)  

in which functions 𝜀𝜀𝛼𝛼𝛼𝛼
(1)(𝜔𝜔) describe linear absorption in UV-spectra, 𝑒𝑒𝛼𝛼𝛼𝛼𝛿𝛿 is Levi-Civita unit 

tensor and 𝑂𝑂(𝑘𝑘2) depends on higher powers of wave vector k. 

3. Resonant transfers of FEs in homopolymers 
 In this Section we consider two models of homopolymers with the same pair (e.g. AT) at each 
step of double helix. Thus transfers of FEs between neighbor steps are resonant. 

 The schemes of two models are shown on Fig. 1. A more simple model A is described with 
formula (4). The realistic case of nondegenerate excitations of the pair is treated. For π→π* 
transitions the transition dipole moment is perpendicular to the helical axis 𝑧̂𝑧 . The case of collinear 
transition dipole moments of two different excitations is exotic. But in regular structures the 
transfers in both directions along helical axis must be equivalent and this is impossible at non 
collinear transition moments. That is why stacking coupling makes possible inter-step transfers of 
the same excitation only. For n→π* transitions with parallel to the axis 𝑧̂𝑧 transition moments, 
(equal for all steps for a given excitation) the transfers with the change of excitations are possible. 
The Hamiltonians are as follows: 
(π→π*)  𝐻̂𝐻𝑥𝑥𝑥𝑥 = ∑ [𝐸𝐸𝑖𝑖 + 2𝑉𝑉𝑖𝑖cos (𝑘𝑘𝑘𝑘)]𝑇𝑇𝑖𝑖𝑖𝑖+𝑇𝑇𝑖𝑖𝑖𝑖𝑘𝑘,𝑖𝑖                    (8a) 
(n→π*)  𝐻̂𝐻𝑧𝑧 = ∑ {[𝐸𝐸𝑖𝑖 + 2𝑉𝑉𝑖𝑖cos (𝑘𝑘𝑘𝑘)]𝑇𝑇𝑖𝑖𝑖𝑖+𝑇𝑇𝑖𝑖𝑖𝑖 + 𝑉𝑉 [𝑇𝑇3𝑘𝑘+ 𝑇𝑇4𝑘𝑘(1 + 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖) + ℎ. 𝑐𝑐]}𝑘𝑘,𝑖𝑖=3,4         (8b) 
(a – inter-step distance along helical axis 𝑧̂𝑧).  
 In Hamiltonian 𝐻̂𝐻𝑧𝑧 three transfers parameters  V3, V4, V modulate excitonic spectra which at 
k=0  (these spectra enter tensors ε and ρ) for z-excitations): 

𝐸𝐸𝐹𝐹𝐹𝐹(𝑘𝑘 = 0) = 1
2 [𝐸𝐸3 + 𝐸𝐸4 + 2(𝑉𝑉3 + 𝑉𝑉4)] ± √[𝐸𝐸3−𝐸𝐸4+2(𝑉𝑉3−𝑉𝑉4)

2 ]
2

+ 4𝑉𝑉2                    (9) 

Using formulas of Section 2, one obtains: 

∆𝜀𝜀𝑥𝑥𝑥𝑥 = ∆𝜀𝜀𝑦𝑦𝑦𝑦 = −𝐴𝐴
2 ∑ 𝑅𝑅(𝑖𝑖)2(0)𝐺𝐺𝑖𝑖 (𝑞𝑞 = 𝜑𝜑

𝑎𝑎)𝑖𝑖              (10a) 

∆𝜀𝜀𝑥𝑥𝑥𝑥 = −∆𝜀𝜀𝑦𝑦𝑦𝑦 = 𝑖𝑖𝑖𝑖(𝐴𝐴2)∑ 𝑅𝑅(𝑖𝑖)2 𝜕𝜕𝐺𝐺𝑖𝑖
𝜕𝜕𝜕𝜕 |𝑞𝑞=𝜑𝜑𝑎𝑎𝑖𝑖              (10b) 

𝐺𝐺𝑖𝑖(𝑞𝑞) = 1
ℏ𝜔𝜔−𝐸𝐸𝑖𝑖−2𝑉𝑉𝑖𝑖cos (𝑞𝑞𝑞𝑞)                (10c) 

𝜀𝜀𝑧𝑧𝑧𝑧 = − 𝐴𝐴
2∆𝑧𝑧(𝑘𝑘=0) [𝑅𝑅𝑧𝑧

(3)2(ℏ𝜔𝜔 − 𝐸𝐸4 − 2𝑉𝑉4) + 𝑅𝑅𝑧𝑧(4)2(ℏ𝜔𝜔 − 𝐸𝐸3 − 2𝑉𝑉3) + 4𝑉𝑉𝑅𝑅𝑧𝑧
(3)𝑅𝑅𝑧𝑧

(4)]         (10d) 

∆𝑧𝑧(𝑘𝑘 = 0) =  (ℏ𝜔𝜔 − 𝐸𝐸3 − 2𝑉𝑉3)(ℏ𝜔𝜔 − 𝐸𝐸4 − 2𝑉𝑉4) − 4𝑉𝑉2                      (10e) 

 
 

 

Model A: complementary homopolymers 

    

 
Model B: self – complementary co-polymers 

FIGURE 1. Schemes of two models of homopolymers. Corresponding contacting bases A or T are denoted on 
two strands of double helix. 
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[8-10] we calculate dielectric permittivity ε(ω,k) and gyration tensor ρ(ω,k) near excitonic 
resonances. The necessary Green functions are calculated at temperature T=0. It is gyration tensor 
which describes optical activity (gyration) and correspondingly CD. 

The organization of the paper is as follows: Section 2 contains short description of methodics 
of calculations. In Section 3 we treat two models of resonant transfers of FEs between equal pairs. 
Other two models in Section 4 allow to study the non-resonant transfers of FEs between different 
pairs. Section 5 is concluding and summarize some results and recommendations.  

2. Methods 

Let operators 𝑇𝑇𝑖𝑖𝑖𝑖(𝑇𝑇𝑖𝑖𝑖𝑖
+) are operators of annihilation (creation) of electronic excitations with 

number i in the step n of B-ladder of regular DNA. The transition electric dipole moment is  

 𝑅⃗𝑅 (𝑖𝑖)(𝑛𝑛) =< 0|𝑇𝑇𝑖𝑖𝑖𝑖 ∑ (𝑒𝑒𝑟𝑟𝑚𝑚)⃗⃗⃗⃗⃗⃗ 𝑚𝑚 |0 >                                  (1) 
in which |0 > is the ground state of the pair and sum m concerns all electric charges and their 
positions in the pair n. In our calculations we need also the matrix elements of the tensor 𝑄𝑄𝛼𝛼,𝛽𝛽

(𝑛𝑛) 
which is the sum of electric quadrupole plus magnetic dipole transition moments. They can be 
expressed in the same way as 𝑅⃗𝑅 (𝑖𝑖), notably: 

 𝐷𝐷𝛼𝛼𝛼𝛼
𝑖𝑖 (𝑛𝑛) =< 0|𝑇𝑇𝑖𝑖𝑖𝑖𝑄𝑄𝛼𝛼𝛼𝛼

𝑛𝑛 |0 >                    (2) 

 The helical symmetry lead to the following relations (in the simplest model with equal and 
equally positioned steps, see Section 3, model A). 

 𝑅𝑅𝛼𝛼
(𝑖𝑖)(𝑛𝑛) = ∑𝛼𝛼𝛼𝛼𝛼𝛼

(𝑛𝑛)𝑅𝑅𝛽𝛽
(𝑖𝑖)(0) ; 𝐷𝐷𝛼𝛼,𝛽𝛽

(𝑖𝑖) (𝑛𝑛) = ∑ 𝛼𝛼𝛼𝛼,𝛾𝛾
(𝑛𝑛)𝛼𝛼𝛽𝛽,𝛿𝛿

(𝑛𝑛)𝐷𝐷𝛾𝛾,𝛿𝛿
(𝑖𝑖)

𝛾𝛾,𝛿𝛿              (3) 

in which 𝑅⃗𝑅 (𝑖𝑖)(0) and 𝐷𝐷(𝑖𝑖) are corresponding quantities for the step n=0, and  𝛼𝛼𝛼𝛼𝛼𝛼
(𝑛𝑛) are expressed 

in the following matrix (supposing the helical axis directed along axis 𝑧̂𝑧 and arbitrary axis (x,y)┴z): 

 ‖𝛼𝛼𝛼𝛼𝛼𝛼
(𝑛𝑛)‖ = ‖

cos (𝑛𝑛𝑛𝑛) −sin (𝑛𝑛𝑛𝑛) 0
sin (𝑛𝑛𝑛𝑛) cos (𝑛𝑛𝑛𝑛) 0

0 0 1
‖                  (4) 

 In more complicated models of Sections 3,4 the similar formulas (1) – (4) are valid but the 
arguments (nφ) in formula (4) are replaced, depending on the model (for model B the argument is 
n(π+φ). 
 Using matrix elements (1) – (2) we can calculate the tensor 𝜀𝜀𝛼𝛼𝛼𝛼(𝜔𝜔, 𝑘⃗𝑘 ) which connects vector 
D of electric displacement and vector  𝐸𝐸(𝜔𝜔, 𝑘⃗𝑘 ) of electric field of electromagnetic wave (see [4-
7]): 

∆𝜀𝜀𝛼𝛼𝛼𝛼(𝜔𝜔, 𝑘𝑘) = −𝐴𝐴∑ [𝑅𝑅𝛼𝛼
(𝑖𝑖)(𝑛𝑛)𝑅𝑅𝛽𝛽
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𝛾𝛾=(𝑥𝑥,𝑦𝑦,𝑧𝑧)
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(𝑗𝑗)(𝑛𝑛)𝐷𝐷𝛽𝛽𝛾𝛾

(𝑖𝑖)(𝑚𝑚))] . 𝑒𝑒−𝑖𝑖𝑘𝑘(⃗⃗⃗⃗ 𝑛⃗𝑛 −𝑚𝑚)⃗⃗⃗⃗⃗⃗  < 0|𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡)𝑇𝑇𝑗𝑗𝑗𝑗+ (0)| >              (5) 

in which A∿N/v, where N is number of the steps in helix and v is volume of one step. The last 
multiple  is Fourier-component of the following retarded Green function (𝜃𝜃(𝑡𝑡) is step function): 

 𝐺𝐺𝑖𝑖𝑖𝑖(𝑛𝑛, 𝑚𝑚) = −𝑖𝑖𝑖𝑖(𝑡𝑡) < 0|𝑇𝑇𝑖𝑖𝑖𝑖(𝑡𝑡)𝑇𝑇𝑗𝑗𝑗𝑗+ (0)|0 >                (6)  

 Green functions (6) are calculated using well known methodics [8,10] and averaging in 
calculations is at temperature T=0 because of big excitation energy of FE, EFE»kBT (kB – Boltzman 
constant). Green functions depend on Hamiltonian of the system. 
 Tensor 𝜌𝜌𝛼𝛼𝛼𝛼(𝜔𝜔, 𝑘𝑘) of gyration describes optical activity and CD. It is connected with dielectric 
permittivity 𝜀𝜀𝛼𝛼𝛼𝛼(𝜔𝜔, 𝑘𝑘) with relations [9,11]: 
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(1)(𝜔𝜔) describe linear absorption in UV-spectra, 𝑒𝑒𝛼𝛼𝛼𝛼𝛿𝛿 is Levi-Civita unit 

tensor and 𝑂𝑂(𝑘𝑘2) depends on higher powers of wave vector k. 

3. Resonant transfers of FEs in homopolymers 
 In this Section we consider two models of homopolymers with the same pair (e.g. AT) at each 
step of double helix. Thus transfers of FEs between neighbor steps are resonant. 

 The schemes of two models are shown on Fig. 1. A more simple model A is described with 
formula (4). The realistic case of nondegenerate excitations of the pair is treated. For π→π* 
transitions the transition dipole moment is perpendicular to the helical axis 𝑧̂𝑧 . The case of collinear 
transition dipole moments of two different excitations is exotic. But in regular structures the 
transfers in both directions along helical axis must be equivalent and this is impossible at non 
collinear transition moments. That is why stacking coupling makes possible inter-step transfers of 
the same excitation only. For n→π* transitions with parallel to the axis 𝑧̂𝑧 transition moments, 
(equal for all steps for a given excitation) the transfers with the change of excitations are possible. 
The Hamiltonians are as follows: 
(π→π*)  𝐻̂𝐻𝑥𝑥𝑥𝑥 = ∑ [𝐸𝐸𝑖𝑖 + 2𝑉𝑉𝑖𝑖cos (𝑘𝑘𝑘𝑘)]𝑇𝑇𝑖𝑖𝑖𝑖+𝑇𝑇𝑖𝑖𝑖𝑖𝑘𝑘,𝑖𝑖                    (8a) 
(n→π*)  𝐻̂𝐻𝑧𝑧 = ∑ {[𝐸𝐸𝑖𝑖 + 2𝑉𝑉𝑖𝑖cos (𝑘𝑘𝑘𝑘)]𝑇𝑇𝑖𝑖𝑖𝑖+𝑇𝑇𝑖𝑖𝑖𝑖 + 𝑉𝑉 [𝑇𝑇3𝑘𝑘+ 𝑇𝑇4𝑘𝑘(1 + 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖) + ℎ. 𝑐𝑐]}𝑘𝑘,𝑖𝑖=3,4         (8b) 
(a – inter-step distance along helical axis 𝑧̂𝑧).  
 In Hamiltonian 𝐻̂𝐻𝑧𝑧 three transfers parameters  V3, V4, V modulate excitonic spectra which at 
k=0  (these spectra enter tensors ε and ρ) for z-excitations): 

𝐸𝐸𝐹𝐹𝐹𝐹(𝑘𝑘 = 0) = 1
2 [𝐸𝐸3 + 𝐸𝐸4 + 2(𝑉𝑉3 + 𝑉𝑉4)] ± √[𝐸𝐸3−𝐸𝐸4+2(𝑉𝑉3−𝑉𝑉4)

2 ]
2

+ 4𝑉𝑉2                    (9) 

Using formulas of Section 2, one obtains: 

∆𝜀𝜀𝑥𝑥𝑥𝑥 = ∆𝜀𝜀𝑦𝑦𝑦𝑦 = −𝐴𝐴
2 ∑ 𝑅𝑅(𝑖𝑖)2(0)𝐺𝐺𝑖𝑖 (𝑞𝑞 = 𝜑𝜑

𝑎𝑎)𝑖𝑖              (10a) 

∆𝜀𝜀𝑥𝑥𝑥𝑥 = −∆𝜀𝜀𝑦𝑦𝑦𝑦 = 𝑖𝑖𝑖𝑖(𝐴𝐴2)∑ 𝑅𝑅(𝑖𝑖)2 𝜕𝜕𝐺𝐺𝑖𝑖
𝜕𝜕𝜕𝜕 |𝑞𝑞=𝜑𝜑𝑎𝑎𝑖𝑖              (10b) 

𝐺𝐺𝑖𝑖(𝑞𝑞) = 1
ℏ𝜔𝜔−𝐸𝐸𝑖𝑖−2𝑉𝑉𝑖𝑖cos (𝑞𝑞𝑞𝑞)                (10c) 

𝜀𝜀𝑧𝑧𝑧𝑧 = − 𝐴𝐴
2∆𝑧𝑧(𝑘𝑘=0) [𝑅𝑅𝑧𝑧

(3)2(ℏ𝜔𝜔 − 𝐸𝐸4 − 2𝑉𝑉4) + 𝑅𝑅𝑧𝑧(4)2(ℏ𝜔𝜔 − 𝐸𝐸3 − 2𝑉𝑉3) + 4𝑉𝑉𝑅𝑅𝑧𝑧
(3)𝑅𝑅𝑧𝑧

(4)]         (10d) 

∆𝑧𝑧(𝑘𝑘 = 0) =  (ℏ𝜔𝜔 − 𝐸𝐸3 − 2𝑉𝑉3)(ℏ𝜔𝜔 − 𝐸𝐸4 − 2𝑉𝑉4) − 4𝑉𝑉2                      (10e) 

 
 

 

Model A: complementary homopolymers 

    

 
Model B: self – complementary co-polymers 

FIGURE 1. Schemes of two models of homopolymers. Corresponding contacting bases A or T are denoted on 
two strands of double helix. 
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 As usual, excitonic spectra with q=φ/a are manifested in the plane of the pairs, whereas FEs 
with q =0 are active for polarization along helical axis 𝑧̂𝑧. The component 𝜀𝜀𝑥𝑥𝑥𝑥 expresses so called 
excitonic contribution to gyrotropy [12] and in CD spectra it gives sigmoidal curves with zero at 
excitonic maximum of linear absorption. 
 Now we turn to model B, see Fig. 1. The unit cell of self-complementary co-polymers contains 
two equal pairs with opposite orientation. For π→π* transitions the following model Hamiltonian 
can be used: 

𝐻̂𝐻(𝑥𝑥𝑥𝑥) = ∑ {[𝐸𝐸𝑖𝑖 + 2𝑉𝑉𝑖𝑖cos (2𝑘𝑘𝑘𝑘)][𝑇𝑇𝑖𝑖1+𝑇𝑇𝑖𝑖1 + 𝑇𝑇𝑖𝑖2+𝑇𝑇𝑖𝑖2] + 𝐹𝐹𝑖𝑖[𝑇𝑇𝑖𝑖1+𝑇𝑇𝑖𝑖2(1 + 𝑒𝑒2𝑖𝑖𝑖𝑖𝑖𝑖) + ℎ. 𝑐𝑐] }𝑘𝑘,𝑖𝑖       (11) 

in which second index of operators denotes the number of step in unit cell, and 𝐹𝐹𝑖𝑖 is transfer 
parameter of FEs between two neighbor steps. In excitonic spectra so called Davydov splitting is 
observed [4,6], notably: 

 𝑊𝑊𝑖𝑖(𝑘𝑘) = 𝐸𝐸𝑖𝑖 + 2𝑉𝑉𝑖𝑖cos (2𝑎𝑎𝑎𝑎) ± 2𝐹𝐹𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐(𝑘𝑘𝑘𝑘)                    (12) 

 But in linear absorption and in CD spectra only the level with sign “-“ is active. One obtains: 

∆𝜀𝜀𝑥𝑥𝑥𝑥 = ∆𝜀𝜀𝑦𝑦𝑦𝑦 = −𝐴𝐴
2 ∑ 𝑅𝑅(𝑖𝑖)2 𝜕𝜕𝐺𝐺𝑖𝑖(𝑞𝑞)

𝜕𝜕𝜕𝜕 |𝑞𝑞=𝜑𝜑𝑎𝑎
 ;  𝑖𝑖 𝐺𝐺𝑖𝑖(𝑞𝑞) = 1

ℏ𝜔𝜔−𝐸𝐸𝑖𝑖−2𝑉𝑉𝑖𝑖 cos(2𝑎𝑎𝑎𝑎)+2𝐹𝐹𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐(𝑞𝑞𝑞𝑞)           (13)  

The excitonic contribution 𝜀𝜀𝑥𝑥𝑥𝑥 = −𝜀𝜀𝑦𝑦𝑦𝑦 can be expressed with formula (10b) with Green 
functions (13) and multiplied by 2. Using formulas of Section 2 we obtain the following 
components of gyration tensor for model A: 

 𝜌𝜌𝑥𝑥𝑥𝑥 = 𝜌𝜌𝑦𝑦𝑦𝑦 = (𝐴𝐴2)∑ [𝑅𝑅𝑦𝑦
(𝑖𝑖)𝐷𝐷𝑧𝑧𝑧𝑧

(𝑖𝑖) − 𝑅𝑅𝑥𝑥
(𝑖𝑖)𝐷𝐷𝑧𝑧𝑧𝑧

(𝑖𝑖)]𝐺𝐺𝑖𝑖 (
𝜑𝜑
𝑎𝑎)𝑖𝑖                              (14a)  

 𝜌𝜌𝑧𝑧𝑧𝑧 = 𝐴𝐴∑ [𝑅𝑅𝑥𝑥
(𝑖𝑖)𝐷𝐷𝑦𝑦𝑦𝑦

(𝑖𝑖) − 𝑅𝑅𝑦𝑦
(𝑖𝑖)𝐷𝐷𝑥𝑥𝑥𝑥

(𝑖𝑖)]𝐺𝐺𝑖𝑖 (
𝜑𝜑
𝑎𝑎)𝑖𝑖=1,2             (14b) 

 The component 𝜌𝜌𝑥𝑥𝑥𝑥 = −𝜌𝜌𝑦𝑦𝑦𝑦 does not enter the formula for “effective” gyration tensor for light 
beam which includes angle θ with helical axis 𝑧̂𝑧, namely: 

 𝜌𝜌(𝜃𝜃) = 𝜌𝜌𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃 + 𝜌𝜌𝑧𝑧𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃                 (15) 

 For n→π* transitions the transition dipole moments of excitation I of the pair 1 and 2, being 
parallel to helical axis, have opposite directions in model B. That is why the only active 
superposition can be expressed with the operators: 

𝑍𝑍𝑖𝑖𝑖𝑖 = 1
√2

(𝑆𝑆𝑖𝑖1(𝑛𝑛) − 𝑆𝑆𝑖𝑖2(𝑛𝑛)), 𝑖𝑖 = 3,4                (16) 

Model Hamiltonian and components 𝜀𝜀𝑧𝑧𝑧𝑧 can be represented using formulas (8b) and (10d) for 
operators (16) at k=0. 

In formula (8b) one obtains Ei-Fi, see (11), and the expression of (10d) is multiplied by 2.        
A little surprising result, treating model B, is the vanishing of corresponding components of 
gyration tensor. In calculations of components 𝜌𝜌𝑥𝑥𝑥𝑥 = 𝜌𝜌𝑦𝑦𝑦𝑦 for transitions with transition moments 
parallel to axis 𝑧̂𝑧, one obtains the difference 𝑑𝑑𝑥𝑥𝑥𝑥

(𝑖𝑖) = 𝐷𝐷𝑥𝑥𝑥𝑥
(𝑖𝑖) − 𝐷𝐷𝑦𝑦𝑦𝑦

(𝑖𝑖). We apply equations (3) – (4) for 
neighbor step n=1 but with argument n(π+φ) instead of nφ. One obtains the same expressions for 
𝑑𝑑𝑥𝑥𝑥𝑥

(𝑖𝑖) of the neighbor steps but their difference is zero for operators (16). Hence corresponding 
components of tensor ρ are zero. The CD signal is caused by other excitations (not n→π*). 

4. Non-resonant transfers of FEs 
Non-resonant transfers of FEs are transfers of electronic excitation between different pairs in 

double helix ladder. Taking into account the functions of DNA molecule they are so important as 
resonant transfers. We treat again two models of regular structures with different pairs (Fig. 2).  

Model C contains two different pairs in unit cell. The pairs (AT)0 and (AT)1 are rotated at 
angle 2φ along helical axis with the same orientation of bases A and T (also for pair CG). We 
introduce transition dipole moments  𝑝𝑝 𝑎𝑎(𝑚𝑚), 𝑝𝑝 𝑐𝑐(𝑚𝑚) and transition quantities 𝐷𝐷𝛼𝛼𝛼𝛼

(𝑎𝑎)(𝑚𝑚), 𝐷𝐷𝛼𝛼𝛼𝛼
(𝑐𝑐)(m) for 

electronic excitations in the two pairs (AT) and (CG). They can be expressed with the transition 
parameters of unit m=0 using formulas (3) – (4) with argument 2nφ. 

Both vectors 𝑝𝑝 𝑎𝑎(0) and 𝑝𝑝 𝑐𝑐(0) for π→π* transitions are parallel to the planes of the pairs. But 
the coupling of the two excitonic modes in regular structures is possible in the case of collinear 
vectors 𝑝𝑝 𝑐𝑐 and 𝑝𝑝 𝑎𝑎 (the last transformed according formulas (3), (4)). Then the following model 
Hamiltonian can be introduced: 

𝐻̂𝐻(𝑥𝑥𝑥𝑥) = ∑ {[𝐸𝐸𝑎𝑎 + 2𝑉𝑉𝑎𝑎cos (2𝑘𝑘𝑘𝑘)]𝐴𝐴𝑘𝑘
+𝐴𝐴𝑘𝑘 + [(𝐸𝐸𝑐𝑐 + 2𝑉𝑉𝑐𝑐cos (2𝑘𝑘𝑘𝑘)]𝐶𝐶𝑘𝑘

+𝐶𝐶𝑘𝑘 + 𝑉𝑉 [𝐴𝐴𝑘𝑘
+𝐶𝐶𝑘𝑘(1 +𝑘𝑘

+𝑒𝑒−2𝑖𝑖𝑖𝑖𝑖𝑖) + ℎ. 𝑐𝑐] }                                  (17) 

in which Ea, Ec are excitation energy of both excitations and V is transfer parameter of FEs between 
different neighbor pairs. As a result of mixing of the two excitations one obtains the following 
equation for excitonic levels E1,2(q):  

Δ(𝑞𝑞) = [𝐸𝐸1,2(𝑞𝑞) − 𝐸𝐸𝑎𝑎 − 2𝑉𝑉𝑎𝑎𝑐𝑐𝑜𝑜 𝑠𝑠(2𝑘𝑘𝑘𝑘)][(𝐸𝐸1,2(𝑞𝑞) − 𝐸𝐸𝑐𝑐 − 2𝑉𝑉𝑐𝑐cos (2𝑘𝑘𝑘𝑘)] −
−4𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐2(𝑞𝑞𝑞𝑞) = 0                     (18) 
with excitonic levels  

𝐸𝐸1,2(𝑘𝑘) = 1
2 [𝐸𝐸𝑎𝑎 + 𝐸𝐸𝑐𝑐 + 2cos (2𝑘𝑘𝑘𝑘)(𝑉𝑉𝑎𝑎 + 𝑉𝑉𝑐𝑐)] ± √[𝐸𝐸𝑎𝑎−𝐸𝐸𝑐𝑐+2cos (2𝑘𝑘𝑘𝑘)(𝑉𝑉𝑎𝑎−𝑉𝑉𝑐𝑐)

2 ]
2

+ 4𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐2(𝑘𝑘𝑘𝑘)          (19) 

 

 
 
 
 
 
 
 
 
 
 

Model C: two – step order 

 
 
 
 
 
 
 
 
 

Model D: four – step order 

FIGURE 2. Scheme of double helix with different pairs. (AT) and (CG) are complementary bases, m is number 
of unit cell. 
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 As usual, excitonic spectra with q=φ/a are manifested in the plane of the pairs, whereas FEs 
with q =0 are active for polarization along helical axis 𝑧̂𝑧. The component 𝜀𝜀𝑥𝑥𝑥𝑥 expresses so called 
excitonic contribution to gyrotropy [12] and in CD spectra it gives sigmoidal curves with zero at 
excitonic maximum of linear absorption. 
 Now we turn to model B, see Fig. 1. The unit cell of self-complementary co-polymers contains 
two equal pairs with opposite orientation. For π→π* transitions the following model Hamiltonian 
can be used: 

𝐻̂𝐻(𝑥𝑥𝑥𝑥) = ∑ {[𝐸𝐸𝑖𝑖 + 2𝑉𝑉𝑖𝑖cos (2𝑘𝑘𝑘𝑘)][𝑇𝑇𝑖𝑖1+𝑇𝑇𝑖𝑖1 + 𝑇𝑇𝑖𝑖2+𝑇𝑇𝑖𝑖2] + 𝐹𝐹𝑖𝑖[𝑇𝑇𝑖𝑖1+𝑇𝑇𝑖𝑖2(1 + 𝑒𝑒2𝑖𝑖𝑖𝑖𝑖𝑖) + ℎ. 𝑐𝑐] }𝑘𝑘,𝑖𝑖       (11) 

in which second index of operators denotes the number of step in unit cell, and 𝐹𝐹𝑖𝑖 is transfer 
parameter of FEs between two neighbor steps. In excitonic spectra so called Davydov splitting is 
observed [4,6], notably: 

 𝑊𝑊𝑖𝑖(𝑘𝑘) = 𝐸𝐸𝑖𝑖 + 2𝑉𝑉𝑖𝑖cos (2𝑎𝑎𝑎𝑎) ± 2𝐹𝐹𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐(𝑘𝑘𝑘𝑘)                    (12) 

 But in linear absorption and in CD spectra only the level with sign “-“ is active. One obtains: 

∆𝜀𝜀𝑥𝑥𝑥𝑥 = ∆𝜀𝜀𝑦𝑦𝑦𝑦 = −𝐴𝐴
2 ∑ 𝑅𝑅(𝑖𝑖)2 𝜕𝜕𝐺𝐺𝑖𝑖(𝑞𝑞)

𝜕𝜕𝜕𝜕 |𝑞𝑞=𝜑𝜑𝑎𝑎
 ;  𝑖𝑖 𝐺𝐺𝑖𝑖(𝑞𝑞) = 1

ℏ𝜔𝜔−𝐸𝐸𝑖𝑖−2𝑉𝑉𝑖𝑖 cos(2𝑎𝑎𝑎𝑎)+2𝐹𝐹𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐(𝑞𝑞𝑞𝑞)           (13)  

The excitonic contribution 𝜀𝜀𝑥𝑥𝑥𝑥 = −𝜀𝜀𝑦𝑦𝑦𝑦 can be expressed with formula (10b) with Green 
functions (13) and multiplied by 2. Using formulas of Section 2 we obtain the following 
components of gyration tensor for model A: 

 𝜌𝜌𝑥𝑥𝑥𝑥 = 𝜌𝜌𝑦𝑦𝑦𝑦 = (𝐴𝐴2)∑ [𝑅𝑅𝑦𝑦
(𝑖𝑖)𝐷𝐷𝑧𝑧𝑧𝑧

(𝑖𝑖) − 𝑅𝑅𝑥𝑥
(𝑖𝑖)𝐷𝐷𝑧𝑧𝑧𝑧

(𝑖𝑖)]𝐺𝐺𝑖𝑖 (
𝜑𝜑
𝑎𝑎)𝑖𝑖                              (14a)  

 𝜌𝜌𝑧𝑧𝑧𝑧 = 𝐴𝐴∑ [𝑅𝑅𝑥𝑥
(𝑖𝑖)𝐷𝐷𝑦𝑦𝑦𝑦

(𝑖𝑖) − 𝑅𝑅𝑦𝑦
(𝑖𝑖)𝐷𝐷𝑥𝑥𝑥𝑥

(𝑖𝑖)]𝐺𝐺𝑖𝑖 (
𝜑𝜑
𝑎𝑎)𝑖𝑖=1,2             (14b) 

 The component 𝜌𝜌𝑥𝑥𝑥𝑥 = −𝜌𝜌𝑦𝑦𝑦𝑦 does not enter the formula for “effective” gyration tensor for light 
beam which includes angle θ with helical axis 𝑧̂𝑧, namely: 

 𝜌𝜌(𝜃𝜃) = 𝜌𝜌𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃 + 𝜌𝜌𝑧𝑧𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃                 (15) 

 For n→π* transitions the transition dipole moments of excitation I of the pair 1 and 2, being 
parallel to helical axis, have opposite directions in model B. That is why the only active 
superposition can be expressed with the operators: 

𝑍𝑍𝑖𝑖𝑖𝑖 = 1
√2

(𝑆𝑆𝑖𝑖1(𝑛𝑛) − 𝑆𝑆𝑖𝑖2(𝑛𝑛)), 𝑖𝑖 = 3,4                (16) 

Model Hamiltonian and components 𝜀𝜀𝑧𝑧𝑧𝑧 can be represented using formulas (8b) and (10d) for 
operators (16) at k=0. 

In formula (8b) one obtains Ei-Fi, see (11), and the expression of (10d) is multiplied by 2.        
A little surprising result, treating model B, is the vanishing of corresponding components of 
gyration tensor. In calculations of components 𝜌𝜌𝑥𝑥𝑥𝑥 = 𝜌𝜌𝑦𝑦𝑦𝑦 for transitions with transition moments 
parallel to axis 𝑧̂𝑧, one obtains the difference 𝑑𝑑𝑥𝑥𝑥𝑥

(𝑖𝑖) = 𝐷𝐷𝑥𝑥𝑥𝑥
(𝑖𝑖) − 𝐷𝐷𝑦𝑦𝑦𝑦

(𝑖𝑖). We apply equations (3) – (4) for 
neighbor step n=1 but with argument n(π+φ) instead of nφ. One obtains the same expressions for 
𝑑𝑑𝑥𝑥𝑥𝑥

(𝑖𝑖) of the neighbor steps but their difference is zero for operators (16). Hence corresponding 
components of tensor ρ are zero. The CD signal is caused by other excitations (not n→π*). 

4. Non-resonant transfers of FEs 
Non-resonant transfers of FEs are transfers of electronic excitation between different pairs in 

double helix ladder. Taking into account the functions of DNA molecule they are so important as 
resonant transfers. We treat again two models of regular structures with different pairs (Fig. 2).  

Model C contains two different pairs in unit cell. The pairs (AT)0 and (AT)1 are rotated at 
angle 2φ along helical axis with the same orientation of bases A and T (also for pair CG). We 
introduce transition dipole moments  𝑝𝑝 𝑎𝑎(𝑚𝑚), 𝑝𝑝 𝑐𝑐(𝑚𝑚) and transition quantities 𝐷𝐷𝛼𝛼𝛼𝛼

(𝑎𝑎)(𝑚𝑚), 𝐷𝐷𝛼𝛼𝛼𝛼
(𝑐𝑐)(m) for 

electronic excitations in the two pairs (AT) and (CG). They can be expressed with the transition 
parameters of unit m=0 using formulas (3) – (4) with argument 2nφ. 

Both vectors 𝑝𝑝 𝑎𝑎(0) and 𝑝𝑝 𝑐𝑐(0) for π→π* transitions are parallel to the planes of the pairs. But 
the coupling of the two excitonic modes in regular structures is possible in the case of collinear 
vectors 𝑝𝑝 𝑐𝑐 and 𝑝𝑝 𝑎𝑎 (the last transformed according formulas (3), (4)). Then the following model 
Hamiltonian can be introduced: 

𝐻̂𝐻(𝑥𝑥𝑥𝑥) = ∑ {[𝐸𝐸𝑎𝑎 + 2𝑉𝑉𝑎𝑎cos (2𝑘𝑘𝑘𝑘)]𝐴𝐴𝑘𝑘
+𝐴𝐴𝑘𝑘 + [(𝐸𝐸𝑐𝑐 + 2𝑉𝑉𝑐𝑐cos (2𝑘𝑘𝑘𝑘)]𝐶𝐶𝑘𝑘

+𝐶𝐶𝑘𝑘 + 𝑉𝑉 [𝐴𝐴𝑘𝑘
+𝐶𝐶𝑘𝑘(1 +𝑘𝑘

+𝑒𝑒−2𝑖𝑖𝑖𝑖𝑖𝑖) + ℎ. 𝑐𝑐] }                                  (17) 

in which Ea, Ec are excitation energy of both excitations and V is transfer parameter of FEs between 
different neighbor pairs. As a result of mixing of the two excitations one obtains the following 
equation for excitonic levels E1,2(q):  

Δ(𝑞𝑞) = [𝐸𝐸1,2(𝑞𝑞) − 𝐸𝐸𝑎𝑎 − 2𝑉𝑉𝑎𝑎𝑐𝑐𝑜𝑜 𝑠𝑠(2𝑘𝑘𝑘𝑘)][(𝐸𝐸1,2(𝑞𝑞) − 𝐸𝐸𝑐𝑐 − 2𝑉𝑉𝑐𝑐cos (2𝑘𝑘𝑘𝑘)] −
−4𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐2(𝑞𝑞𝑞𝑞) = 0                     (18) 
with excitonic levels  

𝐸𝐸1,2(𝑘𝑘) = 1
2 [𝐸𝐸𝑎𝑎 + 𝐸𝐸𝑐𝑐 + 2cos (2𝑘𝑘𝑘𝑘)(𝑉𝑉𝑎𝑎 + 𝑉𝑉𝑐𝑐)] ± √[𝐸𝐸𝑎𝑎−𝐸𝐸𝑐𝑐+2cos (2𝑘𝑘𝑘𝑘)(𝑉𝑉𝑎𝑎−𝑉𝑉𝑐𝑐)

2 ]
2

+ 4𝑉𝑉2𝑐𝑐𝑐𝑐𝑐𝑐2(𝑘𝑘𝑘𝑘)          (19) 

 

 
 
 
 
 
 
 
 
 
 

Model C: two – step order 

 
 
 
 
 
 
 
 
 

Model D: four – step order 

FIGURE 2. Scheme of double helix with different pairs. (AT) and (CG) are complementary bases, m is number 
of unit cell. 
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Calculations of the components of tensor 𝜀𝜀(𝜔𝜔, 𝑞𝑞) give the following results: 

 𝜀𝜀𝑥𝑥𝑥𝑥(𝜔𝜔, 𝜑𝜑𝑎𝑎) = 𝜀𝜀𝑦𝑦𝑦𝑦(𝜔𝜔, 𝜑𝜑𝑎𝑎) = − 𝐴𝐴
2Δ(𝜑𝜑 𝑎𝑎⁄ )

 𝛾𝛾(𝜑𝜑)                (20a) 

    𝛾𝛾(𝜑𝜑) = 𝑝𝑝𝑎𝑎
2(ℏ𝜔𝜔 − 𝐸𝐸𝑐𝑐 − 2𝑉𝑉𝑐𝑐cos (2𝜑𝜑)) + 𝑝𝑝𝑐𝑐

2(ℏ𝜔𝜔 − 𝐸𝐸𝑎𝑎 − 2𝑉𝑉𝑎𝑎cos (2𝜑𝜑)) + 4𝑉𝑉𝑝𝑝𝑎𝑎𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (20b) 

𝜀𝜀𝑥𝑥𝑥𝑥 = −𝜀𝜀𝑦𝑦𝑦𝑦 = 𝑖𝑖𝑖𝑖𝑖𝑖 {
𝜕𝜕(1 ∆(𝑞𝑞)⁄ )

𝜕𝜕𝜕𝜕 |𝑞𝑞=𝜑𝜑 𝑎𝑎⁄ 𝛾𝛾(𝜑𝜑) − 2𝑎𝑎
Δ(𝜑𝜑 𝑎𝑎⁄ )

𝑝𝑝𝑎𝑎𝑝𝑝𝑐𝑐𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉}         (20c) 

Hamiltonian 𝐻̂𝐻𝑧𝑧 for n→π* excitations contains the same terms as Hamiltonian 𝐻̂𝐻(𝑥𝑥𝑥𝑥) , see 
(17), but with other values of Ea, Ec, Va, Vc, V. Consequently, formula for component εzz(ω,0) is 
analogous of (20a) with new excitonic parameters and (2γ(0)) instead of γ(φ). 

Model D of four – step order includes four pairs; the first two different pairs are neighbors of 
the second row of the same different pairs with opposite orientation of the complementaries bases. 
We consider only non-resonant transfers between the nearest neighbor steps. For π→π* transitions 
this type of transfers is possible in regular structures in the case of collinear vectors 𝑝𝑝 𝑎𝑎, 𝑝𝑝 𝑐𝑐 (see 
model C). Then one obtains the following model Hamiltonian: 

𝐻̂𝐻(𝑥𝑥𝑥𝑥) = ∑ {𝐸𝐸𝑎𝑎(𝐴𝐴1𝑘𝑘
+ 𝐴𝐴1𝑘𝑘 + 𝐴𝐴3𝑘𝑘

+ 𝐴𝐴3𝑘𝑘) + 𝐸𝐸𝑐𝑐(𝐶𝐶2𝑘𝑘
+ 𝐶𝐶2𝑘𝑘 + 𝐶𝐶4𝑘𝑘

+ 𝐶𝐶4𝑘𝑘) + 𝑀𝑀[𝐴𝐴1𝑘𝑘
+ (𝐶𝐶2𝑘𝑘 − 𝐶𝐶4𝑘𝑘𝑒𝑒−𝑖𝑖4𝑘𝑘𝑘𝑘) +𝑘𝑘

+𝐴𝐴3𝑘𝑘
+ (𝐶𝐶4𝑘𝑘 − 𝐶𝐶2𝑘𝑘) + ℎ. 𝑐𝑐]}                    (21) 

with one transfer parameter M. For excitonic spectra EFE we obtain a quartic equation 

(𝑏𝑏𝑏𝑏)2 − 4𝑏𝑏𝑏𝑏𝑀𝑀2 + 4𝑀𝑀4𝑠𝑠𝑠𝑠𝑠𝑠2(2𝑘𝑘𝑘𝑘) = 0               (22) 
in which 𝑑𝑑 = 𝐸𝐸𝐹𝐹𝐹𝐹 − 𝐸𝐸𝑎𝑎 , 𝑏𝑏 = 𝐸𝐸𝐹𝐹𝐹𝐹 − 𝐸𝐸𝑐𝑐 . Its roots are as follows: 

Δ(𝑞𝑞) = [𝑏𝑏𝑏𝑏 − 4𝑀𝑀2𝑐𝑐𝑐𝑐𝑐𝑐2(𝑞𝑞𝑞𝑞)][𝑏𝑏𝑏𝑏 − 4𝑀𝑀2𝑠𝑠𝑠𝑠𝑠𝑠2(𝑞𝑞𝑞𝑞)] = 0         (23a)

 𝐸𝐸𝐹𝐹𝐹𝐹
(1,2) = 𝐸𝐸𝑎𝑎+𝐸𝐸𝑐𝑐

2 ± √(𝐸𝐸𝑎𝑎−𝐸𝐸𝑐𝑐
2 )

2
+ 4𝑀𝑀2𝑐𝑐𝑐𝑐𝑐𝑐2(𝑞𝑞𝑞𝑞)   :   𝐸𝐸𝐹𝐹𝐹𝐹

(3,4)         (23b) 

The pair 𝐸𝐸𝐹𝐹𝐹𝐹
(3,4) is analogous of 𝐸𝐸𝐹𝐹𝐹𝐹

(1,2) with 𝑠𝑠𝑠𝑠𝑠𝑠2(𝑞𝑞𝑞𝑞) instead of 𝑐𝑐𝑐𝑐𝑐𝑐2(𝑞𝑞𝑞𝑞) . Lengthy calculations 
of dielectric permittivity give at Hamiltonian (21) curious result, notably 

𝜀𝜀𝑥𝑥𝑥𝑥 = 𝜀𝜀𝑦𝑦𝑦𝑦 = −𝐴𝐴
bd−4𝑀𝑀2𝑐𝑐𝑐𝑐𝑐𝑐2(𝑞𝑞𝑞𝑞)  𝛾𝛾(𝜑𝜑);  𝛾𝛾(𝜑𝜑) = 𝑝𝑝𝑎𝑎

2𝑑𝑑 + 𝑝𝑝𝑐𝑐
2𝑏𝑏 − 4𝑝𝑝𝑎𝑎𝑝𝑝𝑐𝑐𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀       (24) 

𝜀𝜀𝑥𝑥𝑥𝑥 = −𝜀𝜀𝑦𝑦𝑦𝑦 = 𝑖𝑖𝑖𝑖𝑖𝑖 { 𝜕𝜕
𝜕𝜕𝜕𝜕 ( 1

Δ(𝑞𝑞))𝑞𝑞=𝜑𝜑
𝑎𝑎

𝛾𝛾(𝜑𝜑)(𝑏𝑏𝑏𝑏 − 4𝑀𝑀2𝑠𝑠𝑠𝑠𝑠𝑠2𝜑𝜑) + 8𝑎𝑎 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
Δ(𝜑𝜑𝑎𝑎)

[(𝑏𝑏𝑏𝑏 −

−4𝑀𝑀2𝑐𝑐𝑐𝑐𝑐𝑐2𝜑𝜑)𝑝𝑝𝑎𝑎𝑝𝑝𝑐𝑐 − 𝑀𝑀2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑝𝑝𝑎𝑎
2𝑑𝑑 + 𝑝𝑝𝑐𝑐

2𝑏𝑏)]}               (25) 

The maxima of linear absorption are zeros of the first multiple only in (23a). In CD spectra 
described with component 𝜀𝜀𝑥𝑥𝑥𝑥 the both multiplies in (23a) are active and four peaks would be 
observed, not two as in linear absorption. 

In calculations of  component 𝜀𝜀𝑧𝑧𝑧𝑧 we need Hamiltonian 𝐻̂𝐻𝑧𝑧(𝑘𝑘 = 0) and component 𝑃̂𝑃𝑧𝑧 of 
transition dipole moment. Taking into account that z – component, parallel to the helical axis, is 
equal for all steps of double helix, one obtains: 

𝑃̂𝑃𝑧𝑧 = ℎ𝑎𝑎𝑎𝑎(𝑍𝑍1,𝑘𝑘=0 − 𝑍𝑍3,𝑘𝑘=0) + ℎ𝑐𝑐𝑐𝑐(𝑍𝑍2,𝑘𝑘=0 − 𝑍𝑍4,𝑘𝑘=0)            (26)  
𝐻̂𝐻𝑧𝑧(𝑘𝑘 = 0) = 𝐸𝐸𝑎𝑎𝑎𝑎(𝑍𝑍1,0

+ 𝑍𝑍1,0 + 𝑍𝑍3,0
+ 𝑍𝑍3,0) + 𝐸𝐸𝑐𝑐𝑐𝑐(𝑍𝑍2,0

+ 𝑍𝑍2,0 + 𝑍𝑍4,0
+ 𝑍𝑍4,0) + 𝑉𝑉𝑧𝑧[(𝑍𝑍1,0

+ − 𝑍𝑍3,0
+ )(𝑍𝑍2,0 −

−𝑍𝑍4,0) + ℎ. 𝑐𝑐]                      (27) 

        𝜀𝜀𝑧𝑧𝑧𝑧 = − 𝐴𝐴
𝑏𝑏1𝑑𝑑1−4𝑉𝑉𝑧𝑧2

[ℎ𝑎𝑎𝑎𝑎
2 𝑑𝑑1 + ℎ𝑐𝑐𝑐𝑐

2 𝑏𝑏1 + 4𝑉𝑉𝑧𝑧ℎ𝑎𝑎𝑎𝑎ℎ𝑐𝑐𝑐𝑐]                                 (28) 

in which  𝑏𝑏1 = ℏ𝜔𝜔 − 𝐸𝐸𝑎𝑎𝑎𝑎 , 𝑑𝑑1 = ℏ𝜔𝜔 − 𝐸𝐸𝑐𝑐𝑐𝑐  ,and   ℎ𝑎𝑎𝑎𝑎, ℎ𝑐𝑐𝑐𝑐 are parallel to the helical axis transition 
dipole moments.                        

5. Conclusions 
Our study illustrates the importance of resonant and nonresonant transfers which modulate 

strongly excitonic spectra of DNA-like structures and as a result change the energy transport. We 
stress on the permanent pairing of the complementary bases and thus the choice of the excitations 
of the pairs as initial is natural and preferable (not excitations of separate bases). Nonresonant 
transfers can be effective in the case of comparable  difference of excitation energy in the two pairs 
and coupling parameters.  

In the study we use methodics of treating of FEs in condensed matter structures which is 
consistent not only because DNA molecule is the biggest one but also because of its helical 
symmetry and of a common nature of transfer processes in DNA and in other molecular structures. 
In applications of the excitonic theory one must take into account the existence of several close 
maxima with big spectral width in spectra of DNA, On the other hand, rotation of the pairs 
relatively helical axis decreases the coupling between second third and so on neighbors and 
stacking coupling between first neighbor pairs would prevail. So the feeling of non-very mobile 
Frenkel excitons in DNA molecule is, perhaps, correct. 

Probably the right approach treating DNA – like structures is to consider transfers of FEs in 
some important units with known sequence of the pairs of complementary bases, and, as next step, 
transfers between these units.  

 Acknowledgment 
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Calculations of the components of tensor 𝜀𝜀(𝜔𝜔, 𝑞𝑞) give the following results: 

 𝜀𝜀𝑥𝑥𝑥𝑥(𝜔𝜔, 𝜑𝜑𝑎𝑎) = 𝜀𝜀𝑦𝑦𝑦𝑦(𝜔𝜔, 𝜑𝜑𝑎𝑎) = − 𝐴𝐴
2Δ(𝜑𝜑 𝑎𝑎⁄ )

 𝛾𝛾(𝜑𝜑)                (20a) 

    𝛾𝛾(𝜑𝜑) = 𝑝𝑝𝑎𝑎
2(ℏ𝜔𝜔 − 𝐸𝐸𝑐𝑐 − 2𝑉𝑉𝑐𝑐cos (2𝜑𝜑)) + 𝑝𝑝𝑐𝑐

2(ℏ𝜔𝜔 − 𝐸𝐸𝑎𝑎 − 2𝑉𝑉𝑎𝑎cos (2𝜑𝜑)) + 4𝑉𝑉𝑝𝑝𝑎𝑎𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (20b) 

𝜀𝜀𝑥𝑥𝑥𝑥 = −𝜀𝜀𝑦𝑦𝑦𝑦 = 𝑖𝑖𝑖𝑖𝑖𝑖 {
𝜕𝜕(1 ∆(𝑞𝑞)⁄ )

𝜕𝜕𝜕𝜕 |𝑞𝑞=𝜑𝜑 𝑎𝑎⁄ 𝛾𝛾(𝜑𝜑) − 2𝑎𝑎
Δ(𝜑𝜑 𝑎𝑎⁄ )

𝑝𝑝𝑎𝑎𝑝𝑝𝑐𝑐𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉}         (20c) 

Hamiltonian 𝐻̂𝐻𝑧𝑧 for n→π* excitations contains the same terms as Hamiltonian 𝐻̂𝐻(𝑥𝑥𝑥𝑥) , see 
(17), but with other values of Ea, Ec, Va, Vc, V. Consequently, formula for component εzz(ω,0) is 
analogous of (20a) with new excitonic parameters and (2γ(0)) instead of γ(φ). 

Model D of four – step order includes four pairs; the first two different pairs are neighbors of 
the second row of the same different pairs with opposite orientation of the complementaries bases. 
We consider only non-resonant transfers between the nearest neighbor steps. For π→π* transitions 
this type of transfers is possible in regular structures in the case of collinear vectors 𝑝𝑝 𝑎𝑎, 𝑝𝑝 𝑐𝑐 (see 
model C). Then one obtains the following model Hamiltonian: 

𝐻̂𝐻(𝑥𝑥𝑥𝑥) = ∑ {𝐸𝐸𝑎𝑎(𝐴𝐴1𝑘𝑘
+ 𝐴𝐴1𝑘𝑘 + 𝐴𝐴3𝑘𝑘

+ 𝐴𝐴3𝑘𝑘) + 𝐸𝐸𝑐𝑐(𝐶𝐶2𝑘𝑘
+ 𝐶𝐶2𝑘𝑘 + 𝐶𝐶4𝑘𝑘

+ 𝐶𝐶4𝑘𝑘) + 𝑀𝑀[𝐴𝐴1𝑘𝑘
+ (𝐶𝐶2𝑘𝑘 − 𝐶𝐶4𝑘𝑘𝑒𝑒−𝑖𝑖4𝑘𝑘𝑘𝑘) +𝑘𝑘

+𝐴𝐴3𝑘𝑘
+ (𝐶𝐶4𝑘𝑘 − 𝐶𝐶2𝑘𝑘) + ℎ. 𝑐𝑐]}                    (21) 

with one transfer parameter M. For excitonic spectra EFE we obtain a quartic equation 

(𝑏𝑏𝑏𝑏)2 − 4𝑏𝑏𝑏𝑏𝑀𝑀2 + 4𝑀𝑀4𝑠𝑠𝑠𝑠𝑠𝑠2(2𝑘𝑘𝑘𝑘) = 0               (22) 
in which 𝑑𝑑 = 𝐸𝐸𝐹𝐹𝐹𝐹 − 𝐸𝐸𝑎𝑎 , 𝑏𝑏 = 𝐸𝐸𝐹𝐹𝐹𝐹 − 𝐸𝐸𝑐𝑐 . Its roots are as follows: 

Δ(𝑞𝑞) = [𝑏𝑏𝑏𝑏 − 4𝑀𝑀2𝑐𝑐𝑐𝑐𝑐𝑐2(𝑞𝑞𝑞𝑞)][𝑏𝑏𝑏𝑏 − 4𝑀𝑀2𝑠𝑠𝑠𝑠𝑠𝑠2(𝑞𝑞𝑞𝑞)] = 0         (23a)

 𝐸𝐸𝐹𝐹𝐹𝐹
(1,2) = 𝐸𝐸𝑎𝑎+𝐸𝐸𝑐𝑐

2 ± √(𝐸𝐸𝑎𝑎−𝐸𝐸𝑐𝑐
2 )

2
+ 4𝑀𝑀2𝑐𝑐𝑐𝑐𝑐𝑐2(𝑞𝑞𝑞𝑞)   :   𝐸𝐸𝐹𝐹𝐹𝐹

(3,4)         (23b) 

The pair 𝐸𝐸𝐹𝐹𝐹𝐹
(3,4) is analogous of 𝐸𝐸𝐹𝐹𝐹𝐹

(1,2) with 𝑠𝑠𝑠𝑠𝑠𝑠2(𝑞𝑞𝑞𝑞) instead of 𝑐𝑐𝑐𝑐𝑐𝑐2(𝑞𝑞𝑞𝑞) . Lengthy calculations 
of dielectric permittivity give at Hamiltonian (21) curious result, notably 

𝜀𝜀𝑥𝑥𝑥𝑥 = 𝜀𝜀𝑦𝑦𝑦𝑦 = −𝐴𝐴
bd−4𝑀𝑀2𝑐𝑐𝑐𝑐𝑐𝑐2(𝑞𝑞𝑞𝑞)  𝛾𝛾(𝜑𝜑);  𝛾𝛾(𝜑𝜑) = 𝑝𝑝𝑎𝑎

2𝑑𝑑 + 𝑝𝑝𝑐𝑐
2𝑏𝑏 − 4𝑝𝑝𝑎𝑎𝑝𝑝𝑐𝑐𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀       (24) 

𝜀𝜀𝑥𝑥𝑥𝑥 = −𝜀𝜀𝑦𝑦𝑦𝑦 = 𝑖𝑖𝑖𝑖𝑖𝑖 { 𝜕𝜕
𝜕𝜕𝜕𝜕 ( 1

Δ(𝑞𝑞))𝑞𝑞=𝜑𝜑
𝑎𝑎

𝛾𝛾(𝜑𝜑)(𝑏𝑏𝑏𝑏 − 4𝑀𝑀2𝑠𝑠𝑠𝑠𝑠𝑠2𝜑𝜑) + 8𝑎𝑎 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
Δ(𝜑𝜑𝑎𝑎)

[(𝑏𝑏𝑏𝑏 −

−4𝑀𝑀2𝑐𝑐𝑐𝑐𝑐𝑐2𝜑𝜑)𝑝𝑝𝑎𝑎𝑝𝑝𝑐𝑐 − 𝑀𝑀2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑝𝑝𝑎𝑎
2𝑑𝑑 + 𝑝𝑝𝑐𝑐

2𝑏𝑏)]}               (25) 

The maxima of linear absorption are zeros of the first multiple only in (23a). In CD spectra 
described with component 𝜀𝜀𝑥𝑥𝑥𝑥 the both multiplies in (23a) are active and four peaks would be 
observed, not two as in linear absorption. 

In calculations of  component 𝜀𝜀𝑧𝑧𝑧𝑧 we need Hamiltonian 𝐻̂𝐻𝑧𝑧(𝑘𝑘 = 0) and component 𝑃̂𝑃𝑧𝑧 of 
transition dipole moment. Taking into account that z – component, parallel to the helical axis, is 
equal for all steps of double helix, one obtains: 

𝑃̂𝑃𝑧𝑧 = ℎ𝑎𝑎𝑎𝑎(𝑍𝑍1,𝑘𝑘=0 − 𝑍𝑍3,𝑘𝑘=0) + ℎ𝑐𝑐𝑐𝑐(𝑍𝑍2,𝑘𝑘=0 − 𝑍𝑍4,𝑘𝑘=0)            (26)  
𝐻̂𝐻𝑧𝑧(𝑘𝑘 = 0) = 𝐸𝐸𝑎𝑎𝑎𝑎(𝑍𝑍1,0

+ 𝑍𝑍1,0 + 𝑍𝑍3,0
+ 𝑍𝑍3,0) + 𝐸𝐸𝑐𝑐𝑐𝑐(𝑍𝑍2,0

+ 𝑍𝑍2,0 + 𝑍𝑍4,0
+ 𝑍𝑍4,0) + 𝑉𝑉𝑧𝑧[(𝑍𝑍1,0

+ − 𝑍𝑍3,0
+ )(𝑍𝑍2,0 −

−𝑍𝑍4,0) + ℎ. 𝑐𝑐]                      (27) 

        𝜀𝜀𝑧𝑧𝑧𝑧 = − 𝐴𝐴
𝑏𝑏1𝑑𝑑1−4𝑉𝑉𝑧𝑧2

[ℎ𝑎𝑎𝑎𝑎
2 𝑑𝑑1 + ℎ𝑐𝑐𝑐𝑐

2 𝑏𝑏1 + 4𝑉𝑉𝑧𝑧ℎ𝑎𝑎𝑎𝑎ℎ𝑐𝑐𝑐𝑐]                                 (28) 

in which  𝑏𝑏1 = ℏ𝜔𝜔 − 𝐸𝐸𝑎𝑎𝑎𝑎 , 𝑑𝑑1 = ℏ𝜔𝜔 − 𝐸𝐸𝑐𝑐𝑐𝑐  ,and   ℎ𝑎𝑎𝑎𝑎, ℎ𝑐𝑐𝑐𝑐 are parallel to the helical axis transition 
dipole moments.                        

5. Conclusions 
Our study illustrates the importance of resonant and nonresonant transfers which modulate 

strongly excitonic spectra of DNA-like structures and as a result change the energy transport. We 
stress on the permanent pairing of the complementary bases and thus the choice of the excitations 
of the pairs as initial is natural and preferable (not excitations of separate bases). Nonresonant 
transfers can be effective in the case of comparable  difference of excitation energy in the two pairs 
and coupling parameters.  

In the study we use methodics of treating of FEs in condensed matter structures which is 
consistent not only because DNA molecule is the biggest one but also because of its helical 
symmetry and of a common nature of transfer processes in DNA and in other molecular structures. 
In applications of the excitonic theory one must take into account the existence of several close 
maxima with big spectral width in spectra of DNA, On the other hand, rotation of the pairs 
relatively helical axis decreases the coupling between second third and so on neighbors and 
stacking coupling between first neighbor pairs would prevail. So the feeling of non-very mobile 
Frenkel excitons in DNA molecule is, perhaps, correct. 

Probably the right approach treating DNA – like structures is to consider transfers of FEs in 
some important units with known sequence of the pairs of complementary bases, and, as next step, 
transfers between these units.  
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