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Calculating the Reflection of Light by 
Streptocyanine Crystals   
Stacey Fun  

Cyanine dyes show intense absorption which makes them useful as pigments, active material in organic 
electronic devices and spectroscopic probes. The packing of the molecules in the crystalline or 
aggregated state is known to affect the optical properties. For example, many crystals show a minimum 
in their reflection band. In this report, the reflection spectra of 1,5-bis(dimethylamino)pentamethine 
and 1,7-bis(dimethylamino)heptamethine were modeled with and without renormalization of the 
resonance frequency. The renormalization was performed with an Ewald summation between the 
transition charge densities. Two methods are used to calculate the transition charge density: density 
functional theory and the Hückel approximation. By comparing the two with experimental results, it 
was found that density functional theory gives a better prediction. It is shown that the renormalization 
affects the number of minima in the reflection band and location of the graph. 
 

I. INTRODUCTION 
The streptocyanines are the simplest class of polymethine dyes. They consist of a polymethine chain 
flanked by two amine groups and show high absorption and polarizability. Also, the molecules easily 
self-assemble into supramolecular structures [1,2], which changes their optical properties [3]. 
Polymethine dyes are applied in different areas including nonlinear optics and photovoltaics [2]. The 
dyes are used as spectral sensitizers in silver halide photography [4] and as spectral-fluorescent probes 
for biomacromolecules [5]. So, there is an interest in understanding the spectroscopic properties of 
these dyes and their aggregates [6]. For instance, when used as pigments, the reflectivity of the solid 
material is of prime importance, as it determines the color. A noticeable feature is that many crystals 
of streptocyanine dyes show a minimum in their reflection band [7]. Because of the simple nature of 
the streptocyanines, they are easy to study with quantum mechanical methods [8].  

Over the years, a considerable number of studies have appeared on the spectroscopic 
properties of crystals of streptocyanine dyes. M. Otsu and J. Tanaka have explained the splitting in the 
reflection band by calculating the interactions between the molecules using the dipole approximation 
and using the Ewald sum. They showed that both had a justifiable agreement with experimental data 
[9]. S.C.J. Meskers and G. Lakhwani contributed to the development of a theory that could predict 
reflection spectra based on polaritons. They take a cubic lattice of Lorentz oscillators oriented parallel 

to the surface and model their response to electromagnetic 
waves polarized parallel to the longitudinal axis of the 
molecules. A dispersion relation has been formulated without 
renormalization of the resonance frequency. They do however 
note that it is advisable to do so for non-cubic lattices by means 
of an Ewald summation [7].   

In this report, the reflection spectra are modeled with 
and without renormalization of the resonance frequency, as 
suggested by Meskers and Lakhwani. This is done for two 
streptocyanines, namely 1,5-bis(dimethylamino)pentamethine 
(BDP) and 1,7-bis(dimethylamino)heptamethine (BDH) (Figure 
1). They are compared with experimental reflection spectra to 
determine whether the renormalization gives a better prediction 
of the experimental results. The Ewald summation is performed 
with the transition charge density of the streptocyanines. In 
Section II, two methods have been explored to calculate the 
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Figure 1: Schematic structures of 
BDT, BDP and BDH 
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transition charge density: density functional theory and the Hückel approximation. This is done for 1,3-
bis(dimethylamino)trimethine (BDT), BDP and BDH (Figure 1). They are assessed by calculating the 
transition dipole moment and comparing that to the transition dipole moment calculated from 
experimental data. In Section III, the reflection spectra are calculated, and in Section IV, the conclusion 
is given. 
 

II. TRANSITION DIPOLE MOMENT 
In this section, the transition charge density that can be used in the calculation of the reflectivity is 
derived using density functional theory (DFT) and Hückel molecular orbital (HMO) theory. The focus 
lies on the transition charge density associated with the lowest optical transition of the dyes which is 
approximated as the excitation of an electron from the highest occupied molecular orbital (HOMO) to 
the lowest unoccupied molecular orbital (LUMO). Transition dipole moments are calculated from these 
transition charge densities and compared to the experimentally determined values. This has been done 
for the three smallest polymethine dyes: BDT, BDP and BDH.  
 In the first subsection, the relevant theoretical background is given on DFT, HMO theory, and 
how the transition dipole moment can be calculated from both experimental data and transition 
charge densities. In the second subsection, the procedure and parameters are given, and in the last 
subsection, the results are provided and discussed. 
 
Theoretical background 
To calculate the electronic structure of a molecule, the Schrödinger equation (Equation 1) should be 
solved, where 𝐸𝐸 is the energy and 𝛹𝛹 the state function. Applying the Born-Oppenheimer 
approximation, which says that nuclei can be treated stationary because they are so much heavier 
than the electrons [10], the problem can be reduced to just finding the eigenstates and -values of the 
electronic Hamiltonian 𝐻𝐻�, see Equation 2. The first term corresponds to the kinetic energy of all 
electrons, the second term to the potential energy between the nuclei and electrons and the third 
term to the potential energy between electron pairs [10]. However, with the current computational 
technologies, this is not yet possible for a many-body system [11]. Therefore, DFT could be used.  
 
𝐻𝐻�𝛹𝛹 =  𝐸𝐸𝛹𝛹            (1) 

𝐻𝐻� = − ℏ2

2𝑚𝑚𝑒𝑒
∑ ∇𝑖𝑖2
𝑁𝑁𝑒𝑒
𝑖𝑖 − ∑ ∑ 𝑍𝑍𝐼𝐼𝑒𝑒2

4𝜋𝜋𝜀𝜀0𝑟𝑟𝐼𝐼𝐼𝐼
+ 1

2
𝑁𝑁𝑛𝑛
𝐼𝐼

𝑁𝑁𝑒𝑒
𝑖𝑖 ∑ 𝑒𝑒2

4𝜋𝜋𝜀𝜀0𝑟𝑟𝐼𝐼𝑖𝑖
𝑁𝑁𝑒𝑒
𝑖𝑖≠𝑗𝑗        (2) 

 
In the 1960s, P. Hohenberg, W. Kohn and L.J. Sham proved that the ground-state energy of a 

molecule is a function of the electron density which itself is a function of the electron positions. This is 
called a functional, hence density ‘functional’ theory [10]. So, to determine the energy states of a 
molecule, one focusses on the electron density rather than the many-electron wave function.  

Hohenberg and Kohn found that the ground-state energy can be described by Equation 3. In 
this equation, 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶 is the kinetic energy, electron-nucleus interactions and the classical electron-
electron potential energy and 𝐸𝐸𝑋𝑋𝐶𝐶  is the exchange-correlation (XC) energy. An exact expression for 𝐸𝐸𝑋𝑋𝐶𝐶  
is not known. As a first approximation, the local density approximation (LDA) can be used. This 
approximation states that 𝐸𝐸𝑋𝑋𝐶𝐶  at a certain position only depends on the particle density at that point. 
This dependency is equal to that of a homogeneous electron gas with the same density that can be 
calculated precisely [11].  
 
𝐸𝐸[𝜌𝜌]  =  𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶[𝜌𝜌] + 𝐸𝐸𝑋𝑋𝐶𝐶[𝜌𝜌]         (3) 
 
 Another method to obtain an approximate solution to the Schrödinger equation was initiated 
by Hückel. In the section below, a brief outline is given of the Hartree-Fock approach and the Roothaan 
equation for a better understanding of the approximations involved in HMO theory. An elaborate 
derivation of HMO can be found in [10]. Here, only the most important steps are summarized. 



 
 

3 
 

In the theory it is assumed that the many-electron wavefunction is the product of the individual 
electron wavefunctions: 𝛹𝛹(𝑟𝑟1, 𝑟𝑟2, . . . )  =  𝜓𝜓(𝑟𝑟1)𝜓𝜓(𝑟𝑟2). ...  𝛹𝛹 should have the lowest possible energy by 
varying all individual 𝜓𝜓s. D.R. Hartree and V. Fock showed that this implies that each 𝜓𝜓 should satisfy 
Equation 4, where 𝑓𝑓 is the Fock operator and 𝜀𝜀 the orbital energy.  
 
𝑓𝑓 𝜓𝜓 = 𝜀𝜀𝜓𝜓            (4) 
 

To be able to solve Equation 4, another assumption is needed. This assumption was 
independently developed by C.C.J. Roothaan and G.G. Hall and implies that a molecular orbital is a 
linear combination of atomic orbitals (LCAO), Equation 5. Equation 4 can then be rewritten to Equation 
6, where 𝐹𝐹 is the Fock matrix with elements ∫𝜓𝜓𝑜𝑜𝑓𝑓𝜓𝜓𝑜𝑜′𝑑𝑑𝑟𝑟, 𝑆𝑆 the overlap matrix with elements 
∫𝜓𝜓𝑜𝑜𝜓𝜓𝑜𝑜′𝑑𝑑𝑟𝑟 and 𝑐𝑐 a vector comprising the coefficients. 
 
𝛹𝛹 =  ∑ 𝑐𝑐𝑖𝑖𝜓𝜓𝑖𝑖𝑖𝑖             (5) 
𝐹𝐹𝑐𝑐 = 𝜀𝜀𝑆𝑆𝑐𝑐            (6) 
 

Equation 6 has been applied 
to the molecules under study in this 
report and will be shown for BDT. 
The first step is to specify a basis set 
of AOs that will be used in the 
calculation. For now, that are the 1pz 
orbitals of the nitrogen atoms and 
the carbon atoms in between, 
denoted as shown in Figure 2. 𝐹𝐹 is 
given in Equation 7. Integrals where 
the two wavefunctions are similar 
are called Coulomb integrals 𝛼𝛼 and 
integrals where the two 
wavefunctions are dissimilar are 
called resonance integrals 𝛽𝛽 [12]. 𝑆𝑆 is given in Equation 8. The overlap between identical orbitals is 
equal to 1 and the overlap between dissimilar orbitals is equal to 𝑠𝑠. Note that in the matrices 𝛽𝛽 and 𝑠𝑠 
are denoted as if they are similar, but this is not necessarily the case. This will become evident later. 𝑐𝑐 
is given in Equation 9. 
 

𝐹𝐹 =

⎝

⎜⎜
⎛
∫𝑝𝑝1𝑓𝑓𝑝𝑝1𝑑𝑑𝑟𝑟 ∫ 𝑝𝑝1𝑓𝑓𝑝𝑝2𝑑𝑑𝑟𝑟 ∫𝑝𝑝1𝑓𝑓𝑝𝑝3𝑑𝑑𝑟𝑟 ∫ 𝑝𝑝1𝑓𝑓𝑝𝑝4𝑑𝑑𝑟𝑟 ∫𝑝𝑝1𝑓𝑓𝑝𝑝5𝑑𝑑𝑟𝑟
∫ 𝑝𝑝2𝑓𝑓𝑝𝑝1𝑑𝑑𝑟𝑟 ∫ 𝑝𝑝2𝑓𝑓𝑝𝑝2𝑑𝑑𝑟𝑟 ∫𝑝𝑝2𝑓𝑓𝑝𝑝3𝑑𝑑𝑟𝑟 ∫𝑝𝑝2𝑓𝑓𝑝𝑝4𝑑𝑑𝑟𝑟 ∫ 𝑝𝑝2𝑓𝑓𝑝𝑝5𝑑𝑑𝑟𝑟
∫ 𝑝𝑝3𝑓𝑓𝑝𝑝1𝑑𝑑𝑟𝑟 ∫ 𝑝𝑝3𝑓𝑓𝑝𝑝2𝑑𝑑𝑟𝑟 ∫𝑝𝑝3𝑓𝑓𝑝𝑝3𝑑𝑑𝑟𝑟 ∫ 𝑝𝑝3𝑓𝑓𝑝𝑝4𝑑𝑑𝑟𝑟 ∫ 𝑝𝑝3𝑓𝑓𝑝𝑝5𝑑𝑑𝑟𝑟
∫ 𝑝𝑝4𝑓𝑓𝑝𝑝1𝑑𝑑𝑟𝑟 ∫ 𝑝𝑝4𝑓𝑓𝑝𝑝2𝑑𝑑𝑟𝑟 ∫ 𝑝𝑝4𝑓𝑓𝑝𝑝3𝑑𝑑𝑟𝑟 ∫ 𝑝𝑝4𝑓𝑓𝑝𝑝4𝑑𝑑𝑟𝑟 ∫ 𝑝𝑝4𝑓𝑓𝑝𝑝5𝑑𝑑𝑟𝑟
∫ 𝑝𝑝5𝑓𝑓𝑝𝑝1𝑑𝑑𝑟𝑟 ∫ 𝑝𝑝5𝑓𝑓𝑝𝑝2𝑑𝑑𝑟𝑟 ∫𝑝𝑝5𝑓𝑓𝑝𝑝3𝑑𝑑𝑟𝑟 ∫𝑝𝑝5𝑓𝑓𝑝𝑝4𝑑𝑑𝑟𝑟 ∫ 𝑝𝑝5𝑓𝑓𝑝𝑝5𝑑𝑑𝑟𝑟⎠

⎟⎟
⎞

 =  

⎝

⎜
⎛

𝛼𝛼𝑁𝑁 𝛽𝛽 𝛽𝛽 𝛽𝛽 𝛽𝛽
𝛽𝛽 𝛼𝛼𝐶𝐶 𝛽𝛽 𝛽𝛽 𝛽𝛽
𝛽𝛽 𝛽𝛽 𝛼𝛼𝐶𝐶 𝛽𝛽 𝛽𝛽
𝛽𝛽 𝛽𝛽 𝛽𝛽 𝛼𝛼𝐶𝐶 𝛽𝛽
𝛽𝛽 𝛽𝛽 𝛽𝛽 𝛽𝛽 𝛼𝛼𝐶𝐶⎠

⎟
⎞

 (7) 

 

𝑆𝑆 =

⎝

⎜⎜
⎛
∫𝑝𝑝1𝑝𝑝1𝑑𝑑𝑟𝑟 ∫𝑝𝑝1𝑝𝑝2𝑑𝑑𝑟𝑟 ∫𝑝𝑝1𝑝𝑝3𝑑𝑑𝑟𝑟 ∫𝑝𝑝1𝑝𝑝4𝑑𝑑𝑟𝑟 ∫𝑝𝑝1𝑝𝑝5𝑑𝑑𝑟𝑟
∫𝑝𝑝2𝑝𝑝1𝑑𝑑𝑟𝑟 ∫𝑝𝑝2𝑝𝑝2𝑑𝑑𝑟𝑟 ∫𝑝𝑝2𝑝𝑝3𝑑𝑑𝑟𝑟 ∫𝑝𝑝2𝑝𝑝4𝑑𝑑𝑟𝑟 ∫𝑝𝑝2𝑝𝑝5𝑑𝑑𝑟𝑟
∫𝑝𝑝3𝑝𝑝1𝑑𝑑𝑟𝑟 ∫𝑝𝑝3𝑝𝑝2𝑑𝑑𝑟𝑟 ∫𝑝𝑝3𝑝𝑝3𝑑𝑑𝑟𝑟 ∫𝑝𝑝3𝑝𝑝4𝑑𝑑𝑟𝑟 ∫𝑝𝑝3𝑝𝑝5𝑑𝑑𝑟𝑟
∫𝑝𝑝4𝑝𝑝1𝑑𝑑𝑟𝑟 ∫𝑝𝑝4𝑝𝑝2𝑑𝑑𝑟𝑟 ∫ 𝑝𝑝4𝑝𝑝3𝑑𝑑𝑟𝑟 ∫𝑝𝑝4𝑝𝑝4𝑑𝑑𝑟𝑟 ∫𝑝𝑝4𝑝𝑝5𝑑𝑑𝑟𝑟
∫𝑝𝑝5𝑝𝑝1𝑑𝑑𝑟𝑟 ∫𝑝𝑝5𝑝𝑝2𝑑𝑑𝑟𝑟 ∫𝑝𝑝5𝑝𝑝3𝑑𝑑𝑟𝑟 ∫𝑝𝑝5𝑝𝑝4𝑑𝑑𝑟𝑟 ∫𝑝𝑝5𝑝𝑝5𝑑𝑑𝑟𝑟⎠

⎟⎟
⎞

=

⎝

⎜
⎛

1 𝑠𝑠 𝑠𝑠 𝑠𝑠 𝑠𝑠
𝑠𝑠 1 𝑠𝑠 𝑠𝑠 𝑠𝑠
𝑠𝑠 𝑠𝑠 1 𝑠𝑠 𝑠𝑠
𝑠𝑠 𝑠𝑠 𝑠𝑠 1 𝑠𝑠
𝑠𝑠 𝑠𝑠 𝑠𝑠 𝑠𝑠 1⎠

⎟
⎞

  (8) 

 

Figure 2: From the named atoms, the 1pz orbitals are used in the 
Hückel calculation. For simplicity, they are called p1, p2, p3, p4 and 
p5. Note that only one resonance structure is depicted here.  
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𝑐𝑐 =

⎝

⎜
⎛

𝑐𝑐1
𝑐𝑐2
𝑐𝑐3
𝑐𝑐4
𝑐𝑐5⎠

⎟
⎞

            (9) 

 
To make the calculation easier and use less computation power, HMO theory was developed 

[13]. It comprises three approximations: (i) all overlap integrals are set equal to zero, (ii) all Coulomb 
integrals of carbon atoms are equal to 𝛼𝛼, and (iii) all resonance integrals between non-neighbors are 
zero and 𝛽𝛽 for neighbors [12]. When filling in Equation 7, 8 and 9 in Equation 6 and applying the Hückel 
approximations, Equation 10 is obtained. The eigenvalues and –vectors of Equation 10 can be 
calculated using MATLAB when there are numerical values for 𝛼𝛼 and 𝛽𝛽.  
 

⎝

⎜
⎛

𝛼𝛼𝑁𝑁 𝛽𝛽𝐶𝐶𝑁𝑁 0 0 0
𝛽𝛽𝐶𝐶𝑁𝑁 𝛼𝛼𝐶𝐶 𝛽𝛽𝐶𝐶𝐶𝐶 0 0

0 𝛽𝛽𝐶𝐶𝐶𝐶 𝛼𝛼𝐶𝐶 𝛽𝛽𝐶𝐶𝐶𝐶 0
0 0 𝛽𝛽𝐶𝐶𝐶𝐶 𝛼𝛼𝐶𝐶 𝛽𝛽𝐶𝐶𝑁𝑁
0 0 0 𝛽𝛽𝐶𝐶𝑁𝑁 𝛼𝛼𝑁𝑁 ⎠

⎟
⎞

⎝

⎜
⎛

𝑐𝑐1
𝑐𝑐2
𝑐𝑐3
𝑐𝑐4
𝑐𝑐5⎠

⎟
⎞

= 𝜀𝜀

⎝

⎜
⎛

1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1⎠

⎟
⎞

⎝

⎜
⎛

𝑐𝑐1
𝑐𝑐2
𝑐𝑐3
𝑐𝑐4
𝑐𝑐5⎠

⎟
⎞

     (10) 

 
 By using Equation 11, the transition dipole moment can be calculated [14]. µ is the transition 
dipole moment in C m, 𝑞𝑞 the transition charge density in C, 𝑟𝑟 the position in m and 𝑖𝑖 the individual 
atoms.  
 
µ�⃗ =  ∑ 𝑞𝑞𝑖𝑖𝑟𝑟𝚤𝚤��⃗𝑖𝑖                    (11) 
 

The transition dipole moment can also be calculated from experimentally determined 
absorption spectra using Equation 12. The equation is derived in [15]. µ is the transition dipole moment 
in statC cm, 𝑁𝑁𝐶𝐶𝑎𝑎 Avogadro’s number equal to 6.022 · 1023, 𝑐𝑐 the speed of light in cm s-1, ℎ Planck’s 
constant equal to 6.626 · 10-27 erg s, 𝑛𝑛 the refractive index, 𝜀𝜀 the molar extinction coefficient in                
M-1 cm-1 and 𝜈𝜈 the frequency in s-1. These units are known as the Gaussian units. They are often used 
in electromagnetism to make the equations simpler, but they are less popular than SI units [16]. Since 
the SI unit system is the most popular, Equation 12 will be converted to SI units here.  
 
�𝜇𝜇𝑖𝑖𝑖𝑖�

2  =  2303
𝑁𝑁𝑎𝑎𝑎𝑎

 3𝐶𝐶ℎ
8𝜋𝜋3𝑛𝑛

 ∫ 𝜀𝜀(𝜈𝜈)
𝜈𝜈
𝑑𝑑𝜈𝜈          (12) 

 
 There are several differences between SI and Gaussian units. The two relevant in this 
discussion are described. In the SI unit system, the meter, kilogram and second are used while in 
Gaussian units this is the centimeter, gram and second. The second difference is the definition of the 
unit of charge. In SI this is the coulomb (C) which is a combination of the base units of ampere and 
second. In Gaussian units, however, the unit of charge has a more ‘complex’ background. It is defined 
such that the force constant (𝑘𝑘𝑒𝑒) in Coulomb’s law (Equation 13) is equal to unity, whereas in SI units 
𝑘𝑘𝑒𝑒 is equal to 1

4 𝜋𝜋 𝜀𝜀0
 with 𝜀𝜀0  the vacuum permittivity equal to 8.854 · 10-12 F m-1 [16]. In Equation 13, 𝐹𝐹 

is the force between two charges in Dyne or N, 𝑞𝑞 the charge in statC or C and 𝑟𝑟 the distance between 
two charges in cm or m for Gaussian or SI units respectively. 
 
𝐹𝐹 =  𝑘𝑘𝑒𝑒

𝑞𝑞1𝑞𝑞2
𝑟𝑟2

            (13) 
 
 From Equation 13 it can be derived that a statC is equal to 𝐶𝐶

�4𝜋𝜋𝜀𝜀0
 ∙  104.5. It follows that 

Equation 12 can be rewritten to Equation 14 in SI units by realizing that 1 N = 105 dyn and 1 J = 107 erg.  
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�𝜇𝜇𝑖𝑖𝑖𝑖�
2  =  2303

𝑁𝑁𝑎𝑎𝑎𝑎
 3𝐶𝐶ℎ
2𝜋𝜋2𝑛𝑛

 𝜀𝜀0
103 ∫

𝜀𝜀𝑆𝑆𝐼𝐼(𝜈𝜈)
𝜈𝜈

𝑑𝑑𝜈𝜈        (14) 

 
The molar extinction coefficient is commonly not expressed in SI units but in the conventional units of 
M-1 cm-1. When rewriting Equation 14 to including the conventional unit of the extinction coefficient, 
an extra factor 10-1 should be taken into account (Equation 15).  
 

�𝜇𝜇𝑖𝑖𝑖𝑖�
2  =  2303

𝑁𝑁𝑎𝑎𝑎𝑎
 3𝐶𝐶ℎ
2𝜋𝜋2𝑛𝑛

 𝜀𝜀0
104 ∫

𝜀𝜀(𝜈𝜈)[𝑀𝑀−1𝐶𝐶𝑚𝑚−1]
𝜈𝜈

𝑑𝑑𝜈𝜈       (15) 

 
This equation corresponds to the one reported in [17] with the only difference being that J. Michl and 
E. E. Thulstrup use a factor that takes the solvent polarizability into account instead of only using 𝑛𝑛, 
see Equation 16. The equation with the solvent correction is used in this report to calculate the 
transition dipole moment. 
 

�𝜇𝜇𝑖𝑖𝑖𝑖�
2  =  2303

𝑁𝑁𝑎𝑎𝑎𝑎
 3𝐶𝐶ℎ
2𝜋𝜋2𝛼𝛼𝐿𝐿𝐿𝐿𝐿𝐿𝑒𝑒𝑛𝑛𝐿𝐿𝐿𝐿

 𝜀𝜀0
104 ∫

𝜀𝜀(𝜈𝜈)[𝑀𝑀−1𝐶𝐶𝑚𝑚−1]
𝜈𝜈

𝑑𝑑𝜈𝜈 ; 𝛼𝛼𝐿𝐿𝑜𝑜𝑟𝑟𝑒𝑒𝑛𝑛𝐿𝐿𝐿𝐿 = 𝑛𝑛

�𝑛𝑛
2+2
3 �

2    (16) 

 
Computational methods 
For the computation of the transition charge density, Amsterdam Modeling Suite (AMS) is used. This 
quantum chemistry software package involves DFT. First, the ground state geometry of the molecule 
of interest is optimized using Amsterdam Density Functional (ADF) included in AMS in the local density 
approximation (LDA). Subsequently, the appropriate symmetry of the molecule was assigned using the 
routine supplied in AMS. The singlet-singlet UV/vis excitations were calculated using the Davidson 
method. For this, the default settings were used: XC functional – LDA; Relativity – None; Basis set – DZ; 
Frozen core – Large; Numerical quality – Normal. 

 The calculated data allows the transition 
charge density on every atom to be calculated for 
all singlet-singlet excitations. The transition charge 
density (in units of the elementary charge) is the 
product of the coefficients of the HOMO and LUMO. 
To calculate these coefficients, there are three 
important tables in the output file, which are given 
in Appendix 1 for the HOMO of BDT. In the Jablonski 
diagram, the excitation of interest can be found 
(4b1  4a2 for BDT). In the calculation, so-called 
fragments containing either single atoms or larger 
moieties are involved [18]. In Table A1, it is given 
which atoms can be found in which fragment and 
their coordinates. For the molecules under study in 
this report, the fragments always consist of single 
atoms. Since the molecules have a symmetry, the 
fragment orbitals (FOs) are linearly combined into 
symmetrized fragment orbitals (SFOs). In Table A2, 
the coefficients of the FOs are given that expand an 
SFO. In Table A3, an overview of the molecular 
orbitals (MO) is given with the SFO contributions in 
percentage per MO. The coefficients were 
calculated by taking the square root of the SFO 
contributions and multiplying them with the FO 
coefficients. An image of the charge density was 
made by ADF to manually adjust the sign of the 

Figure 3: Schematic image of the charge density 
of the (top) HOMO (middle) LUMO and (bottom) 
transition of BDT. 
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coefficients. See Figure 3 for the images of the charge densities of BDT. The transition dipole moment 
is calculated using Equation 11. 

The SFO contributions may be negative as a result of the Mulliken-type analysis [19] making it 
impossible to get a real number when taking the square root. In this calculation of the transition charge 
densities, these contributions are neglected because they are small relative to the other, positive 
contributions. It can also happen that there are two coefficients per atom. This is derived from the 
atomic orbitals (AO) that contribute to the SFO. Several SFOs are made of the 2px AOs of the carbon or 
nitrogen atoms. Most of them have a negative contribution, so they are already neglected. The others 
show a small contribution because the 2p AOs lie much higher in energy than any of the other 
contribution AOs. Therefore, they have also been neglected.  

To calculate the transition charge density using HMO theory, numerical values for 𝛼𝛼 and 𝛽𝛽 are 
needed. A first approximation for 𝛼𝛼 is the ionization energy of the isolated atom [12]. For carbon, this 
is equal to -11.26 eV [20], so 𝛼𝛼𝐶𝐶  = 𝛼𝛼 = -11.26 eV. 𝛽𝛽 is more difficult to determine, so this has been done 
by applying the Hückel approximation to ethene. Ethene has two MOs with an energy separation of 
2β. It starts absorbing light at 200 nm (6.2 eV) [21], so 𝛽𝛽𝐶𝐶𝐶𝐶 = 𝛽𝛽 ~ -3.1 eV.  For atoms other than carbon, 
the Hückel parameters may be expressed in 𝛼𝛼 and 𝛽𝛽. For this study, only nitrogen is of importance. 
When nitrogen donates one electron into the π-system, one may use 𝛼𝛼𝑁𝑁 = 𝛼𝛼 + 0.5𝛽𝛽 and 𝛽𝛽𝐶𝐶𝑁𝑁 = 𝛽𝛽, 
according to [12]. When nitrogen donates two electrons into the π-system, 𝛼𝛼𝑁𝑁 = 𝛼𝛼 + 1.5𝛽𝛽 and 𝛽𝛽𝐶𝐶𝑁𝑁 =
0.8𝛽𝛽. Because of the existing resonance structures of the streptocyanine dyes, each nitrogen donates 
on average one and a half electron. Therefore, the two values for 𝛼𝛼𝑁𝑁 and 𝛽𝛽𝐶𝐶𝑁𝑁 are averaged to 𝛼𝛼𝑁𝑁 =
𝛼𝛼 + 𝛽𝛽 and 𝛽𝛽𝐶𝐶𝑁𝑁 = 0.4𝛽𝛽 [12].   

The atomic coefficients for HOMO and LUMO that follow from this Hückel calculation are used 
to calculate the transition dipole moment with Equation 11. Like when using DFT, the transition charge 
density was calculated by multiplying the coefficients of the HOMO and the LUMO. The positions of 
the atoms were taken from the ground state geometry optimized with ADF.  

To calculate the transition dipole moment from experimental data, absorption spectra for the 
streptocyanines were taken from literature and digitized using ORIGIN. They were transferred to Excel 
and the integral in Equation 16 was approximated with a midpoint Riemann sum. The value for the 
refractive index was chosen as such that it corresponds with the wavenumber at the maximum of the 
absorption. 
 
Results and discussion 
The transition charge densities that are obtained 
from DFT and the Hückel approximation are given 
in Appendix 2. The transition dipole moments 
calculated with the different methods are given in 
Table 1. In the first column, the results from using 
DFT are given. The transition dipole moments are 
oriented along the long axis of the molecules. It is 
worth noting that in this calculation the transition 
charge density on some atoms is approximated to 
zero, but in the image of the transition charge 
density from AMS, there sometimes appears a non-
zero transition charge density near those atoms.  This indicates that actual values obtained for the 
transition dipole moment may be influenced by the truncation of the transition density in this research.  
 The results from the Hückel method are given in the second column of Table 1. Also here the 
transition dipoles lie along the long axis of the molecule. The dipoles obtained from the Hückel method 
are significantly lower than the ones calculated with DFT and those from the experiment. It was 
expected that the values would differ because the Hückel method is less accurate due to its severe 
approximations. Notwithstanding its simplicity, the Hückel method provides an accurate estimate of 
the order of magnitude of the transition dipole moment. A specific source of discrepancies between 
the values of the transition dipole moment is that the transition charge density calculated via the 

 DFT HMO Absorption spectra 
BDT 7.42 4.74 8.64                      [9] 

7.72                    [23] 
BDP 9.84 7.47 10.53                  [24] 

9.67                    [23] 
BDH 12.78 10.05 13.19                    [8] 

13.14                  [23] 
Table 1: The transition dipole moments in D for BDT, 
BDP and BDH calculated using DFT, HMO and 
absorption spectra. 
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Hückel method turns out to be zero on some atoms, whereas the more elaborate DFT method predicts 
a finite value. This causes the largest difference because when comparing it with DFT and using the 
same atoms in the calculation, more similar values are found (5.43 D for BDT, 7.97 D for BDP and 10.59 
D for BDH). 
 The transition dipole moments from experimental data are given in the last column of Table 1. 
They are structurally higher than the ones calculated with the other two methods. Deviations for the 
same molecules can be caused by experimental inaccuracies. For all methods, the transition dipole 
moment increases with the length of the methine chain. This is as expected because the transition 
dipole moment is a measure for the intensity of an absorption [22]. If it increases, it means that more 
charge oscillates over a larger distance. This holds for the streptocyanines as shown in [23], where the 
absorption intensity increases with the length of the methine chain. 
 To conclude, based on these results, it is preferred to approximate the transition charge 
density with DFT, because these values describe the experimental results best. 
 

III. PREDICTING REFLECTION SPECTRA 
Until now, the properties of individual dye molecules were investigated in solution. Now, the reflection 
spectra of crystals of dye molecules will be examined. A noticeable feature of reflection spectra in 
general is that they all show a minimum in their reflection band [7]. This minimum has been associated 
with the formation of exciton-polaritons. However, there is no complete theory yet that predicts the 
reflectance of various crystal facets [25].  

In this chapter, the reflection band of BDP and BDH will be modeled using a procedure 
developed in our laboratory. This model renormalizes the resonance frequency of the molecular 
oscillators by taking the interactions between the dye molecules into account. It will be compared to 
a model that does not take the interactions into account to see which one predicts the experimental 
reflection spectra better. In the first section, the theory behind the model will be explained in more 
detail. In the second section, it is explained how to come to the parameters needed for the models, 
and in the last section, the results are shown and discussed. 
 
Theoretical background 
The interaction between light and molecules can be described using the Lorentz oscillator model. In 
short, a molecule is described by an electron that is bound to a nucleus via a spring-like force. The 
electric field of incoming electromagnetic waves interacts with the electron. It starts to oscillate with 
the electric field [26] and by doing so, creates additional electromagnetic waves that are transmitted 
in all directions. In a crystal, there are many molecules packed together. Their electrons start to 
oscillate in response to the incoming electric field and the secondary radiation emitted by the other 
molecules. Because the molecules are packed closely, their oscillations become strongly coupled. An 
exciton-polariton is formed in the crystal [7]. This is a quasiparticle that is a combination of a photon 
and an exciton [27].  

To describe the polariton in the crystal, a dispersion relation is needed. There are several 
methods to determine a dispersion relation, see [25]. By using the Kramers-Kronig relations, the 
dispersion relation as in Equation 17 is obtained, where 𝜅𝜅 is the wavevector in eV, 𝜔𝜔 the frequency of 
light in eV, 𝜔𝜔𝑃𝑃 the plasma frequency in eV and 𝜔𝜔𝐷𝐷 the resonance frequency in eV. From the 
wavevectors calculated by the dispersion relation, the reflectance 𝑅𝑅 can be modeled using Equations 
18 and 19. 
 

𝜅𝜅(𝜔𝜔) = 𝜔𝜔 �1 + 𝜔𝜔𝑃𝑃
2

𝜔𝜔𝐷𝐷2−𝜔𝜔2�          (17) 

𝑛𝑛(𝜔𝜔) = 𝜅𝜅(𝜔𝜔)
𝜔𝜔

            (18) 

𝑅𝑅 = �1−|𝑛𝑛(𝜔𝜔)|
1+|𝑛𝑛(𝜔𝜔)|�

2
           (19) 
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By using the equations above, it should be considered that the interactions between the 
molecules in the crystal may alter the resonance frequency 𝜔𝜔𝐷𝐷 of the molecule in the crystal in 
comparison to the free molecule in vacuum. In our laboratory, a model was constructed that calculates 
changes in 𝜔𝜔𝐷𝐷 due to the intermolecular interactions. This procedure involves the transition charge 
density on the molecules and uses the Ewald method to sum the contributions of all molecules in the 
crystal. The modified resonance frequency is expressed in Equation 20, where V is the expectation 
value for the additional contribution in electronic potential energy of a particular molecular oscillator 
due to the interaction with the other molecular oscillators. By substituting Equation 20 in Equation 17, 
an improved dispersion relation is obtained (Equation 21). It is an implicit formulation of the dispersion 
relation 𝜅𝜅(𝜔𝜔) because also the right-hand side depends on 𝜅𝜅 via the renormalized resonance 
frequency 𝜔𝜔𝐷𝐷,𝐸𝐸 . Yet, using standard numerical methods, self-consistent solutions to Equation 21 in 
terms of explicit numerical values for 𝜅𝜅 at a particular frequency 𝜔𝜔 can easily be found. Limits to the 
model are that the dye molecules should lie parallel to the crystal surface and the light should enter 
the crystal perpendicular to the surface. Also, the light is polarized parallel to the longitudinal direction 
of the molecule, parallel to the transition dipole moment. 
 
𝜔𝜔𝐷𝐷,𝐸𝐸(𝜅𝜅,𝜔𝜔) = 𝜔𝜔𝐷𝐷 + ∑ < |𝑉𝑉| >          (20) 

𝜅𝜅(𝜔𝜔) = 𝜔𝜔 �1 + 𝜔𝜔𝑃𝑃
2

𝜔𝜔𝐷𝐷,𝐸𝐸2(𝜅𝜅,𝜔𝜔)−𝜔𝜔2�          (21) 

 
Computational methods 
To model the reflection spectrum using Equation 17, values for 𝜔𝜔𝐷𝐷 and 𝜔𝜔𝑃𝑃 should be found. However, 
exact values are not known for crystals of dye molecules. So, as a first approximation, they are 
determined for molecules in solution. 𝜔𝜔𝐷𝐷 is equal to the frequency of light where the absorption by 
dye molecules is at a maximum. This can thus be found in an absorption spectrum. 𝜔𝜔𝑃𝑃 in rad s-1 can be 
calculated using Equation 22, where 𝑁𝑁 is the molecule number density in m-3, 𝑞𝑞𝑒𝑒 the oscillating charge 
in C, 𝜀𝜀0 the vacuum permittivity equal to 8.854 · 10-12 F m-1 and 𝑚𝑚𝑒𝑒 the electron mass in kg [28]. 𝑁𝑁 is 
equal to 𝑍𝑍

𝑉𝑉𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐
, where 𝑍𝑍 is the number of molecules in the unit cell and 𝑉𝑉𝐶𝐶𝑒𝑒𝐶𝐶𝐶𝐶 the volume of the unit cell 

in m3. 𝑞𝑞𝑒𝑒2 is equal to 𝑓𝑓 𝑒𝑒2 with 𝑓𝑓 the oscillator strength and 𝑒𝑒 the electron charge in C. The oscillator 
strength can be determined from an absorption spectrum using Equation 23. To convert the plasma 
frequency to eV, it is multiplied by ℏ

𝑒𝑒
. The values can be found in Table 2. 

 

 

Crystal (CCDC)  BDP: MAPMIP03 BDH: YOHRES 
Lattice parameters a (Å) 13.671 a (Å) 9.038 

b (Å) 14.899 b (Å) 11.693 
c (Å) 6.186 c (Å) 14.914 
α (°) 90 α (°) 73.60 
β (°) 97.27 β (°) 85.03 
γ (°) 90 γ (°) 81.35 
Vcell (Å3) 1249.8

6 
Vcell (Å3) 1493.18 

Z 4 Z 2 
ωD (eV) [23] 3.02 2.41 
ωP for Equation 21 (eV) 0.847 0.952 
ωP for Equation 17 (eV) 1.694 1.346 
f [23] 0.649 0.980 
Facet (010) (010) 

Table 2: Parameters used for modelling the reflection spectra with and 
without renormalization of 𝜔𝜔𝐷𝐷. 
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𝜔𝜔𝑃𝑃 =  �𝑁𝑁𝑞𝑞𝑒𝑒2

𝜀𝜀0𝑚𝑚𝑒𝑒
            (22) 

𝑓𝑓 =  4.39·10−9

𝑛𝑛 ∫ 𝜀𝜀(ṽ)𝑑𝑑ṽ           (23) 
 
 To model the reflection spectrum using Equation 21, more parameters are needed for the 
Ewald summation. They are summarized in Table 2. The lattice parameters and coordinates of the 
atoms are obtained from the Cambridge Crystallographic Data Center (CCDC). The transition charge 
density is used as calculated by DFT. As an approximation for the centers of the molecules in the unit 
cell, the average of the two nitrogen atoms is used. In the derivation of 𝜔𝜔𝑃𝑃, a small change must be 
made: 𝑁𝑁 is equal to 1

𝑉𝑉𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐
. The difference is corrected for in the model. Lastly, a crystal facet is needed 

from which the light is reflected. This is a facet on which the dye molecules lie as parallel to the surface 
as possible. 
 
Results and discussion 
In Figure 4 the results from the different models for calculating the reflectivity are shown. On the left, 
the reflection spectra for BDP are shown and on the right for BDH. The top row shows the reflection 
calculated using Equation 17, The middle row using Equation 21, and the bottom row shows 
experimental reflection spectra. 
 Both methods show the general feature of experimental reflection spectra; one or more 
minima separated by several maxima. The splitting between the peaks does not differ a lot between 
the calculated and experimental spectra. For BDP, the splitting is approximately 0.5 eV and for BDH 
around 0.35 eV. For both crystals under study, the spectrum is shifted to the left when taking the 
interactions into account.  
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2.13 2.19
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0.97

Figure 4: (a) Reflection spectra for BDP without interactions between the molecules (b) Reflection spectra for 
BDP with interactions between the molecules (c) Experimental reflection spectrum retrieved from [24] (d) 
Reflection spectra for BDH without interactions between the molecules (e) Reflection spectra for BDH with 
interactions between the molecules (f) Experimental reflection spectrum retrieved from [29]. 
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For both models, 𝜔𝜔𝐷𝐷 was calculated from absorption spectra in a solution. In general, solvents 
carry a certain polarizability that could affect the 𝜔𝜔𝐷𝐷 of a molecule. This influences the location of the 
graph. If 𝜔𝜔𝐷𝐷 would be higher, the spectrum would shift to higher energies [25].  The renormalization 
of 𝜔𝜔𝐷𝐷 causes more minima to appear in the reflection spectrum; three for BDP and two for BDH (Figure 
4b, e). At a minimum, the dispersion curve of the polariton is equal to the dispersion curve of a photon 
[7]. There could be a correlation between the number of molecules in the unit cell and the number of 
minima appearing in the spectrum. This holds for BDH, but not for BDP. However, by increasing the 
resolution of the calculation, and with that the calculation time, more minima could appear. Not all 
these minima are found back in the experimental spectra (Figure 4c, f). It is, however, possible that 
they were not found in the experiment, because some of them lie very close together and may not 
have been detected because of insufficient spectral resolution.  

In the calculated reflectance spectra, almost all peaks have the same intensity, but this is not 
the case for the experimental spectra. This raises the question whether the transition dipole moments 
lie parallel to the crystal surface, as is assumed by the model. In Figure 5, the unit cells of BDP (a) and 
BDH (b) are given. For BDH, the anions are not given for clarity. On the left, the (010) face is shown. As 
can be seen, the molecules do not lie parallel to the surface. So, their transition dipole moments do 
neither, because they 
lie on the longitudinal 
axis of the molecule. 
There is some 
experimental evidence 
that the lower energy 
reflection band will 
become less intense 
when the angle 
between the surface 
and the transition 
dipole moment 
becomes larger. This 
can for instance be 
seen in Figure 4c [3]. 

  
IV. CONCLUSION 

In this report the reflection spectra of BDP and BDH were calculated with and without renormalization 
of the resonance frequency, to see whether the renormalization has an effect on the results. The 
renormalization was performed by taking the interaction between molecules into account. This was 
done by Ewald summation with the transition charge densities. DFT and HMO theory were used to 
calculate the transition charge density and transition dipole moment for BDT, BDP and BDH, and they 
were compared to experimentally determined transition dipole moments. It followed that DFT had the 
best prediction. 

As follows from Figure 4, the renormalization does affect the shape of the spectrum. However, 
it is difficult to conclude whether the model with the renormalization gives a better prediction because 
both theoretical methods resemble the experimental data in some way.  For BDP (Figure 4a, b, c), the 
number of peaks is better assessed by not taking the interactions between the molecules into account, 
but the energy of the peaks is better predicted by taking the interactions into consideration. For BDH 
(Figure 4d, e, f) it is the other way around. When using the interactions between the molecules, the 
number of peaks is predicted better, but the location of the peaks is better predicted without using 
the interactions. 
 There are still several uncertainties associated with these differences. The resonance 
frequencies have been approximated from solution spectra of the dye molecules. Ideally, the 
resonance frequency of the isolated molecule should be determined in vacuum. The polarizability of 

Figure 5: Unit cells of (a) MAPMIP03 and (b) YOHRES with the (010) crystal face 
on the left. 

(a) (b) 



 
 

11 
 

the solvent modified the resonance frequency in solution, but this influence is not accounted for in the 
model. the polarizability of the solvent thus indirectly influenced the position of the maxima in the 
predicted. Also, the resolution of both the calculated and the experimental reflection spectra could be 
increased to determine whether there are more, narrow peaks present.  
 There are also several options to improve the model. Currently, it assumes that the transition 
dipole moments of the molecules lie parallel to the surface and that the light is polarized with the 
dipole moments. It could be interesting to add a feature that makes it possible to take the different 
angels of the molecules and the surface into account. This also makes it possible to calculate the 
reflection spectrum for different crystal facets. Furthermore, it could be interesting to add the different 
polarizations of light because the dye molecule would react differently to this. Overall, these changes 
would have a similar effect; it influences the angle between the transition dipole moment and the 
electric field of the light. 
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APPENDIX 1 
 

Fragment Atoms in this fragment Cart. coord.s (Å) 
1  N 1  N 0.000 -2.4054 -0.1280 
2  N 5  N 0.000 2.4054 -0.1280 
3  C 2  C 0.000 -1.2016 -0.6812 
4  C 3  C 0.000 0.000 -0.0731 
5  C 4  C 0.000 1.2016 -0.6812 
6  C 6  C 0.000 3.6219 -0.9286 
7  C 7  C 0.000 2.5629 1.3199 
8  C 8  C 0.000 -2.5629 1.3199 
9  C 9  C 0.000 -3.6219 -0.9286 

10  H 10  H 0.000 3.6353 1.5660 
11  H 11  H 0.9048 2.1053 1.7598 
12  H 12  H 0.000 1.1844 -1.7789 
13  H 13  H 0.000 -3.6353 1.5660 
14  H 14  H -0.9048 -2.1053 1.7598 
15  H 15  H 0.000 0.000 1.1120 
16  H 16  H -0.9048 2.1053 1.7598 
17  H 17  H -0.9008 4.2198 -0.7038 
18  H 18  H 0.000 3.3717 -2.0007 
19  H 19  H 0.9008 4.2198 -0.7038 
20  H 20  H 0.000 -1.1844 -1.7789 
21  H 21  H 0.9048 -2.1053 1.7598 
22  H 22  H -0.9008 -4.2198 -0.7038 
23  H 23  H 0.9008 -4.2198 -0.7038 
24  H 24  H 0.000 -3.3717 -2.0007 

Table A1: An overview of how the atoms of BDT are divided over the fragments and  
their coordinates in x, y and z direction 
 

SFO 
Indx 

(index 
incl.CFs) 

Fragment Generating 
FragmentType 

Expansion in Fragment 
Orbitals 

Occup Orb.Energy Coeff. Orbital on Fragment 
1 1 1.000 -0.272 au N 0.71 1 P:x 1    

(-7.394 eV)  0.71 1 P:x 2 
2 2 -- 0.571 au N 0.71 2 P:x 1    

(15.547 eV)  0.71 2 P:x 2 
3 3 0.667 -0.206 au C 0.71 1 P:x 3    

(-5.600 eV)  0.71 1 P:x 5 
4 4 -- 0.432 au C 0.71 2 P:x 3    

(11.757 eV)  0.71 2 P:x 5 
5 5 0.667 -0.206 au C 1.00 1 P:x 4    

(-5.600 eV)  
   

6 6 -- 0.432 au C 1.00 2 P:x 4    
(11.757 eV)  

   

7 7 0.667 -0.206 au C 0.71 1 P:x 6    
(-5.600 eV)  0.71 1 P:x 9 
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8 8 -- 0.432 au C 0.71 2 P:x 6    
(11.757 eV)  0.71 2 P:x 9 

9 9 0.667 -0.206 au C 0.71 1 P:x 7    
(-5.600 eV)  0.71 1 P:x 8 

10 10 -- 0.432 au C 0.71 2 P:x 7    
(11.757 eV)  0.71 2 P:x 8 

11 11 1.000 -0.234 au H 0.50 1 S 11    
(-6.379 eV)  -0.50 1 S 14      

-0.50 1 S 16      
0.50 1 S 21 

12 12 -- 0.403 au H 0.50 2 S 11    
(10.964 eV)  -0.50 2 S 14      

-0.50 2 S 16      
0.50 2 S 21 

13 13 1.000 -0.234 au H 0.50 1 S 17    
(-6.379 eV)  -0.50 1 S 19      

0.50 1 S 22      
-0.50 1 S 23 

14 14 -- 0.403 au H 0.50 2 S 17    
(10.964 eV)  -0.50 2 S 19      

0.50 2 S 22      
-0.50 2 S 23 

Table A2: An overview of the SFOs spanned by the FOs in BDT for the B1 irrep. 
 

Orb. 1 2 3 4 5 6 7 8 
Occup 2.00 2.00 2.00 2.00 0.00 0.00 0.00 0.00 
CF+SFO         
1 36.32 0.07 3.79 49.97 9.41 0.82 4.96 -2.46 
2 -0.21 0.00 0.00 -1.98 -2.38 -0.02 0.02 -1.28 
3 10.74 0.18 40.55 1.87 55.77 -0.11 0.06 -0.11 
4 -1.40 0.00 -0.52 -0.08 -6.73 0.21 -0.32 46.60 
5 3.53 0.44 25.33 30.03 49.21 -0.09 -0.01 -1.65 
6 -0.28 0.00 -0.53 -0.05 -7.92 1.25 0.80 5.36 
7 18.03 36.25 6.18 3.02 -0.05 6.65 20.29 9.46 
8 -0.63 0.01 0.00 0.05 0.15 -5.53 -22.13 20.48 
9 22.42 26.47 12.20 1.68 -0.03 22.57 2.11 7.67 
10 -0.56 0.05 0.02 -0.02 0.03 -21.10 -4.83 7.96 
11 5.20 13.21 6.30 6.78 1.60 72.42 15.13 1.54 
12 1.39 3.80 1.92 0.24 -0.13 3.040 8.61 1.41 
13 4.28 14.52 3.71 7.89 1.09 20.40 69.94 0.08 
14 1.17 5.00 1.05 0.58 -0.02 -0.49 5.38 4.93 

Table A3: The MOs in BDT for the B1 irrep with the SFO contributions in percentage.
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APPENDIX 2 
 
Trimethine 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A1: A schematic image of BDT with atom numbering 

  TCD 
N(1)  0.207753 
C(2) 0.054506 
C(3) 0 
C(4) -0.05451 
C(5) -0.20775 
C(6) -0.00339 
C(7) 0 
C(8) 0 
C(9) 0.003393 
H(10) 0 
H(11) -0.01662 
H(12) 0 
H(13) 0 
H(14) 0.016622 
H(15) 0 
H(16) -0.01662 
H(17) -0.01481 
H(18) 0 
H(19) -0.01481 
H(20) 0 
H(21) 0.016622 
H(22) 0.014814 
H(23) 0.014814 
H(24) 0 

Table A4: Transition charge 
densities calculated with 
DFT for BDT 

 TCD 
N(1) 1.45E-01 
C(2) 0.120078 
C(3) -7.9E-17 
C(4) -0.12008 
N(5) -0.14518 

Table A5: Transition charge 
densities calculated with the 
Hückel approximation for BDT 
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Pentamethine 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A2: A schematic image of BDP with atom numbering 

 
TCD 

N(1) -0.15695 
C(2) -0.07884 
C(3) -0.05547 
C(4) 0 
C(5) 0.055468 
C(6) 0.078844 
N(7) 0.156954 
C(8) 0 
C(9) -0.00247 
C(10) 0 
C(11) 0.00247 
H(12) 0 
H(13) 0 
H(14) 0 
H(15) 0 
H(16) 0 
H(17) 0 
H(18) 0.012694 
H(19) 0.012694 
H(20) 0.011155 
H(21) 0 
H(22) 0.011155 
H(23) -0.01269 
H(24) 0 
H(25) -0.01269 
H(26) 0 
H(27) -0.01116 
H(28) -0.01116 

Table A6: Transition charge 
densities calculated with 
DFT for BDP 

 TCD 
N(1) -0.09591 
C(2) -0.1715 
C(3) -1.13E-02 
C(4) -2.5E-16 
C(5) 0.011314 
C(6) 0.171498 
N(7) 0.095912 

Table A7: Transition charge 
densities calculated with the 
Hückel approximation for BDP 
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Heptamethine 
 
 

Figure A3: A schematic image of BDH with atom numbering 

 
TCD 

N(1) -0.12812 
C(2) -0.07788 
C(3) -0.06106 
C(4) -0.03701 
C(5) 0 
C(6) 0.037012 
C(7) 0.061061 
C(8) 0.077878 
N(9) 0.128123 
C(10) 0.001893 
C(11) 0 
C(12) 0 
C(13) -0.00189 
H(14) 0 
H(15) 0 
H(16) 0 
H(17) 0 
H(18) 0 
H(19) 0 
H(20) 0 
H(21) 0.009087 
H(22) 0 
H(23) 0.009087 
H(24) 0 
H(25) 0.010361 
H(26) 0.010361 
H(27) -0.01036 
H(28) 0 
H(29) -0.01036 
H(30) 0 
H(31) -0.00909 
H(32) -0.00909 

Table A8: Transition charge 
densities calculated with 
DFT for BDP 

 TCD 
N(1) -0.06478 
C(2) -0.17014 
C(3) -0.01293 
C(4) -0.06507 
C(5) 1.6E-16 
C(6) 0.065069 
C(7) 0.012932 
C(8) 0.170145 
N(9) 0.064781 

Table A9: Transition charge 
densities calculated with the 
Hückel approximation for BDH 


