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ABSTRACT 
Wilson’s GF matrix method is generally utilized to 
obtain normal vibrations and normal coordinates of 
molecules. The function of the product of G and F in 
Wilson’s GF matrix method is also a key to determine 
the line-shape function (LSF) which expresses 
molecular absorption or emission spectra. In this 
paper, the method for calculating the function of the 
product of G and F is shown. 
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I. INTRODUCTION 
The line shape-function (LSF) plays an important role 
in a variety of research (ordinary optical absorption or 
emission, band shape of the circular dichroism, 
excitation energy transfer between ions in solids, 
electron transfer between molecules in the sol
in photosynthetic systems, intersystem crossing and 
internal conversion in a molecule, thermal ionization 
of an electron trapped on an impurity in the solid, 
intersystem crossing process of organic light
diodes and so on) [1-17], since these transition rates 
by the familiar Fermi golden rule are expressed in 
terms of LSF. If an initial state of system exists in a 
thermalized condition, the LSF is defined as 
following: 
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Here the suffix i or j and the suffix u or 
specification of a zero-order electronic state and a 
vibrational state, respectively. The variable 
(or Ejv), Ee, and Siu,jv

2 represent the Boltzmann 
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function (LSF) plays an important role 
in a variety of research (ordinary optical absorption or 
emission, band shape of the circular dichroism, 
excitation energy transfer between ions in solids, 
electron transfer between molecules in the solvent and 
in photosynthetic systems, intersystem crossing and 
internal conversion in a molecule, thermal ionization 
of an electron trapped on an impurity in the solid, 
intersystem crossing process of organic light-emitting 

ese transition rates 
by the familiar Fermi golden rule are expressed in 
terms of LSF. If an initial state of system exists in a 
thermalized condition, the LSF is defined as 
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or v are used for 
order electronic state and a 

vibrational state, respectively. The variable piu(), iuE

represent the Boltzmann 

distribution of initial vibrational states, a vibrational
energy level measured from the bottom of the 
adiabatic potential surface in each electronic state, the 
energy gap between the two bottoms, and the square 
of the vibrational overlap integral between one 
electronic state and another electronic state called 
Franck-Condon factor, respectively. And the 
independent variables of the LSF, 
angular frequency of the light emitted (absorbed) 
between two energy levels and the value 1/(
respectively. Here k is the Boltzmann constant and 
is temperature. Namely, the LSF is a function 
depending on temperature and the energy gap 
between two vibronic states. 
 
Another expression of LSF was derived on the basis 
of the Liouville-von Neumann equation for the 
density matrix [18], and an approximate ex
was also described. One feature of the approximate 
formula is to express the LSF in terms of both 
changes in molecular structure and in force constants 
between the initial and final electronic states. The 
change in molecular structure is expressed
change in G matrix, and the changes in force 
constants are expressed as the change in 
between the initial and final electronic states. Here 
and F are defined in Wilson’s GF matrix method 
Another feature is that the outline of spectrum shape 
can easily be estimated if both 
from quantum chemical calculation.
 
However, in the approximate formula there is the 
following function of the product of 
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distribution of initial vibrational states, a vibrational 
energy level measured from the bottom of the 
adiabatic potential surface in each electronic state, the 
energy gap between the two bottoms, and the square 
of the vibrational overlap integral between one 
electronic state and another electronic state called the 

Condon factor, respectively. And the 
independent variables of the LSF,  and , mean the 
angular frequency of the light emitted (absorbed) 
between two energy levels and the value 1/(kBT), 

is the Boltzmann constant and T 
temperature. Namely, the LSF is a function 

depending on temperature and the energy gap 

Another expression of LSF was derived on the basis 
von Neumann equation for the 

density matrix [18], and an approximate expression 
was also described. One feature of the approximate 
formula is to express the LSF in terms of both 
changes in molecular structure and in force constants 
between the initial and final electronic states. The 
change in molecular structure is expressed as the 

matrix, and the changes in force 
constants are expressed as the change in F matrix 
between the initial and final electronic states. Here G 

are defined in Wilson’s GF matrix method [19]. 
Another feature is that the outline of spectrum shape 
can easily be estimated if both G and F are obtained 
from quantum chemical calculation. 

However, in the approximate formula there is the 
following function of the product of G and F: 
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Here the suffix e means the electronic excited state. In 
this paper, the calculating method for (2) is 
introduced. 
 
II. THE DEFINITION OF WILSON’S G-

MATRIX AND F-MATRIX 
In this section, the definition of the G and F matrix of 
Wilson’s GF matrix method [19] is shown. Within a 
small displacement, the internal displacement 
coordinates S can be related by linear transformation 
of the Cartesian displacement coordinates: 
 

.i i i S B X  (3) 

 
where Bi is the (3N-6)×3N matrix whose elements 
depend on the molecular structure. Here, i represents 
the i-th electronic state, and N is the number of atoms. 
The G matrix is defined by Gi = Bi M

-1 Bi
T (M is the 

3N×3N diagonal matrix whose elements are the 
nuclear masses). The Fi is a symmetric matrix 
consisting of force constants. 
 
To describe the normal vibration, we employ the 
transformation from the internal displacement to the 
normal coordinates: 
 
Si = Li Qi (4) 
 
The transformation matrix Li is then determined so 
that it can satisfy the following eigenvalue equation 
and orthonormal condition: 
 
Gi Fi Li = Li i, (5) 
Li

T Gi
-1 Li = I. (6) 

 
Here i is the diagonal matrix whose diagonal 
elements consist of the square of the angular 
frequencies {i

2} of the molecular vibration. The 
method for obtaining the matrix Li concretely is given 
in [19–21]. 
 
III. FORMULA OF LSF WITHIN A GAUSSIAN 

APPROXIMATION 
In [18], the approximate formula of LSF within 
Gaussian approximation was derived using Wilson’s 
GF matrix as follows: 

 
Here, Req is the structural difference between the 
initial and final state in the internal coordinate. 
 
IV. A METHOD TO CALCULATE FUNCTIONS 

OF THE PRODUCT OF G AND F 
This section is the main part of this paper and the 
calculation method for functions of the product of G 
matrix and F matrix. Concretely, the solving method 
for (16) is elucidated. 
 
From Eq. (5), we obtain 
GF = L  L-1. (17) 
 
Here, the suffix representing the electronic state is 
omitted. Consequently, we also obtain 
(GF) = L  L-1. (18) 
 
Next, we consider the polynomial expansion of    
f(GF):  
f(GF) = C0I+C1(GF)+C2(GF)2+C3(GF)3+···. (19) 
 
From (18), (19) can be expressed as 

1 1
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Because the matrix  is a diagonal matrix,  
[ f () ]ij = f (

ij. (21) 
 
Here ij is Kronecker delta. From Mclaurin series 
expansion for exponential functions, the function 
“coth” can be calculated using (21). 
 
Then, because the derivative of x does not have a 
defined value at 0, Mclaurin series expansion for x  
may immediately seems to be impossible. The case of

GF  is the same as the case of x . 
 
However, we consider the polynomial expansion for 

X I instead of GF . Here I is the unit matrix. 
Namely,  

2
0 1 2( ) ( ) .C C C      X I I X X  (22) 

 
Then, squaring both side of (22), we obtain the 
following: 

2 2 2
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From this equation, it is found that C0=1, C1=1/2,  
C2= – (1/8), C3=1/16, and so on. Thus,  

2 3(1/ 2) (1/ 8) (1/16) .



     

X I

I X X X
 (24) 

 
Here, suppose X to be GF – I, we can make the 
following expression from (24) 

2
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The right hand side of this equation is just the infinite 
power series for the matrix GF. Namely, GF  can be 
expressed as the power series and be calculated using 
(21). 
 
V.  CONCRETE CALCULATION 
We calculated the LSF of the one-photon emission of 
SO2 within Gaussian approximation, using (21). As 
for the temperature T, 300K was used. 

 
Fig. 1 The LSF of SO2 based on the formula (7). The 

horizontal axis represents the emission wave length of 
SO2, and the vertical axis represents the value of the 

LSF. The peak value of LSF is about 5×10 –16 seconds 
at 240nm. 

 
First, we calculated the electronic ground state and the 
first excited state using ab-initio quantum chemical 
calculation software Gaussian 09 [21]. The 6-
31G(d,p) basis set was used in the calculation of both 
the ground and the excited states. We optimized the 
structure of the ground state with HF and of the 
excited state with CIS (Nstates=5), respectively. 
 
Second, the G matrix, the F matrix, and the L matrix 
in (5) in both the ground and the excited states were 
obtained according to the calculation method in [22]. 
 
Finally, the LSF was calculated using the calculation 
method described in IV. The result of the calculation 
was shown in Fig. 1. The calculated LSF additionally 
agrees with the experimental data [23]. 
 
V. CONCLUSION 
The solving method of (16) are elucidated, and it was 
found that not only (16) but also functions of the 
product of G and F shown in Wilson’s GF matrix 
method can generally be calculated using the angular 
frequencies which are the eigen values of the product 
of G and F.  
 
REFERENCES 
1. S. H. Lin, L. Colangelo and H. Eyring, 

“Theoretical analysis of emission spectra of 
electronic transitions of molecules in dense 
media,” Proc. Natl. Acad. Sci. USA vol. 68, pp. 
2135-2140, Sep. 1971. 



International Journal of Trend in Scientific Research and Development (IJTSRD) ISSN: 2456-6470 

@ IJTSRD  |  Available Online @ www.ijtsrd.com |  Volume – 2  |  Issue – 4  | May-Jun 2018    Page: 2519 

2. R. Englman and J. Jortner, “The energy gap law 
for radiationless transitions in large molecules,” 
Mol. Phys. Vol. 18, pp. 145-164, 1970. 

3. M. Lax, “The Franck‐Condon Principle and Its 
Application to Crystals,” J. Chem. Phys. Vol. 20, 
pp. 1752-1760, Nov. 1952. 

4. R. Kubo, “Thermal Ionization of Trapped 
Electrons,” Phys. Rev. vol. 86, pp. 929-937, June 
1952. 

5. R. Kubo and Y. Toyozawa, “Application of the 
Method of Generating Function to Radiative and 
Non-Radiative Transitions of a Trapped Electron 
in a Crystal,” Prog. Theor. Phys. Vol. 13, pp. 160-
182, 1955. 

6. S. H. Lin, “Band Shape of the Circular 
Dichroism,” J. Chem. Phys. Vol. 55, pp. 3546-
3554, Oct. 1971. 

7. S. H. Lin, “Rate of Interconversion of Electronic 
and Vibrational Energy,” J. Chem. Phys. Vol. 44, 
pp. 3759-3767, May 1966. 

8. K. F. Freed and J. Jortner, “Multiphonon 
Processes in the Nonradiative Decay of Large 
Molecules,” J. Chem. Phys. Vol. 53, pp. 6272-
6291, June 1970. 

9. T. Miyakawa and D. L. Dexter, “Phonon 
Sidebands, Multiphonon Relaxation of Excited 
States, and Phonon-Assisted Energy Transfer 
between Ions in Solids,” Phys. Rev. B vol. 1, pp. 
2961-2969, April 1970. 

10. S. Yomosa, “Temperature Dependence of the 
Excitation Transfer in Photosynthetic Systems,” J. 
Phys. Soc. Jpn. Vol. 45, pp. 967-975, March 1978. 

11. J. Ulstrup, and J. Jortner, “The effect of 
intramolecular quantum modes on free energy 
relationships for electron transfer reactions,” J. 
Chem. Phys. Vol. 63, pp. 4358-4368, Sep. 1975. 

12. N. R. Kestner, J. Logan and J. Jortner, “Thermal 
electron transfer reactions in polar solvents,” J. 
Phys. Chem. Vol. 78, pp. 2148-2166, Oct. 1974. 

13. J. Jortner, “Temperature dependent activation 
energy for electron transfer between biological 
molecules,” J. Chem. Phys. Vol. 64, pp. 4860-
4867, Aug. 1976. 

14. M. Bixon and J. Jortner, “In Electron Transfer-
From Isolated Molecules to Biomolecules,” Adv. 
Chem. Phys. Vol. 106, pp. 35-202, Jan. 1999. 

15. E. Neria, A. Nitzan, “Semiclassical evaluation of 
nonadiabatic rates in condensed phases,” J. Chem. 
Phys. Vol. 99 pp. 1109-1123, March 1993. 

16. D. Beljonne, Z. Shuai, G. Pourtois, and J. L. 
Bredas, “Spin−Orbit Coupling and Intersystem 
Crossing in Conjugated Polymers:  A 
Configuration Interaction Description,” J. Phys. 
Chem. A vol. 105, pp. 3899-3907, March 2001. 

17. T. Sato, D. L. Jiang, and T. Aida, “A Blue-
Luminescent Dendritic Rod:  
Poly(phenyleneethynylene) within a Light-
Harvesting Dendritic Envelope,” J. Am. Chem. 
Soc. Vol. 121, pp. 10658-10659, Oct. 1999. 

18. K. Umesaki and H. Kikuchi, “A line-shape 
function interms of changes in both molecular 
structure and force constants: A Gaussian 
approximation,” J. Chem. Phys. 124, 074304, Feb. 
2006 

19. E. B. Wilson, J. C. Decius, and P. C. Cross, 
Molecular Vibrations (McGraw-Hill, New York, 
1955). 

20. H. Kikuchi, M. Kubo, N. Watanabe, and H. 
Suzuki, “Computational method for calculating 
multidimensional Franck-Condon factors: Based 
on Sharp-Rosenstock’s method,” J. Chem. Phys., 
vol. 119, pp. 729–736, March 2003. 

21. M., J., Frisch et al. Gaussian 09, Revision A. 1 
(Gaussian, Inc., Connecticut) 2009. 

22. H. Kikuchi, “A Versatile Method for Making 
Wilson’s B-Matrix in Silico and a Study of Force 
Constant Transformation between Internal and 
Cartesian Coordinates,” Bull. Lib. Arts & Sci. 
Nippon Med. Sch. Vol. 29, 2000. (in Japanese) 

23. K. Yamaouchi, S. Takeuchi, and S. Tsuchiya, 
“Vibrational level structure of highly excited SO2 
in the electronic ground state. II. Vibrational 
assignment by dispersed fluorescence and 
stimulated emission pumping spectroscopy,” J. 
Chem. Phys., vol. 92, pp. 4044-4054, Nov. 1990. 

 

 

 


