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Making use of a set of quantum chemistry methods, the harmonic potential surfaces of the ground state 
(S0(1Ag)) and the first (S1(1B3u)) excited state of pyrazine are investigated, and the electronic structures 
of the two states are characterized. In the present study, the conventional quantum mechanical method, 
taking account of the Born-Oppenheimer adiabatic approximation, is adopted to simulate the absorp-
tion spectrum of S1(1B3u) state of pyrazine. The assignment of main vibronic transitions is made for 
S1(1B3u) state. It is found that the spectral profile is mainly described by the Franck-Condon progression 
of totally symmetric mode ν6a. For the five totally symmetric modes, the present calculations show that 
the frequency differences between the ground and the S1(1B3u) state are small. Therefore the displaced 
harmonic oscillator approximation along with Franck-Condon transition is used to simulate S1(1B3u) 
absorption spectra. The distortion effect due to the so-called quadratic coupling is demonstrated to be 
unimportant for the absorption spectrum, except the coupling mode ν10a. The calculated S1(1B3u) ab-
sorption spectrum is in reasonable agreement with the experimental spectra.  

pyrazine, absorption spectrum, quantum mechanical method, electronic structure 

1  Introduction 

The electronic structures and absorption spectra of pyra- 
zine have attracted much attention over the past several 
decades as it is one of the especially significant mole-
cules in relation to intramolecular electronic relaxa-
tion[1,2]. In the experimental studies[3－5], the absorption 
spectra and the electronic structures of the low-lying 
excited state have been determined accurately; the first 
excited state S1(1B3u) has an nπ* electronic configuration, 
and the second excited state S2(1B2u) has a ππ* feature. 
The so-called “channel three” problem well studied in 
the benzene has also been demonstrated in pyrazine[3]. 
That is, the non-radiative decay of S2(1B2u) state in-
creases sharply when the excitation energy is above a 
threshold, which makes the two types of lowest singlet 
excited state have different features of the absorption 

spectra. 
In the aspect of the theoretical investigations, the 

spectroscopies and the radiationless decay dynamics of 
the S1(1B3u) and S2(1B2u) state were explored in great 
detail by means of several different methods[63－11]. 
Seidner et al. set up an S1-S2 vibronic-coupling model 
consisting of four most important vibrational modes 
(ν1, ν6a, ν9a and ν10a)[6,7,12]. Most recently, Shalashilin et 
al.[10] reported the quantum simulation of absorption 
spectrum of pyrazine based on the coupled coherent 
state (CCS)[13] technique. In the previous theoretical 
studies, the absorption spectra of pyrazine were calcu- 
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lated by considering the vibronic coupling of S1(1B3u) 
and S2(1B2u) state. As demonstrated in the previous 
studies, the vibrational mode ν10a, the single normal 
mode of pyrazine which can couple the S1(1B3u) and 
S2(1B2u) state in the first order, plays an important role in 
the simulation of absorption spectra. However, it is not 
really well understood that how this vibronic coupling 
affects absorption spectra in detail, namely, what could 
happen if this coupling is not included in the simulation. 
This is one of the questions the present study wants to 
answer. In the present work, the general quantum me-
chanic method without considering the conical intersec-
tion of S1(1B3u) and S2(1B2u) state is performed to char-
acterize the S1(1B3u) absorption spectrum of pyrazine. In 
this method, the Born-Oppenheimer and harmonic ap-
proximations are adopted. The predicted absorption 
band shape is compared with experimental spectrum. It 
is known that the vibrational modes of molecules are 
defined with respect to the potential energy surface 
minimum and are described well by harmonic oscillators 
near the equilibrium position. The geometries of the 
ground and first excited state are required in order to 
calculate the absorption coefficient in the present theory. 
Therefore, another goal of the present study will be to 
perform the characterizations of geometries and elec-
tronic structures of the ground state and the first excited 
state. 

2  Method and theory 

2.1  Computational methods 

The geometries of the ground state (S0(1Ag))of pyrazine 
in vapors is optimized at MP2 level with 6-311++G** 
basis set. Then, the optimization of S0(1Ag) is carried out 
again using the multi-reference CASSCF approach with 
the same basis set in terms of that the first low-lying 
excited state S1(1B3u) is optimized. For comparison, the 
ground state is optimized with the HF method and the 
first excited stated is optimized with CIS method with 
the same 6-311++G** basis set. The active space used in 
CASSCF calculations of the two electronic states con-
sists of eight active orbitals and ten active electrons 
(denoted as (10e, 8o)), that is, ten electrons are distrib-
uted in six valence orbitals (three of which are occupied 
and three are unoccupied) and two occupied nonbonding 
orbitals located on nitrogen. This kind of selection of the 
active space is demonstrated by Woywood et al.[8] to be 

appropriate. The stability of all the optimized geometries 
is checked by the frequency simulation in which the 
normal modes and the harmonic vibrational frequencies 
of pyrazine in the two electronic states are all obtained. 
The Gaussian03 program package[14] is used for all the 
above-mentioned calculations. 

As the time-dependent density functional theory 
(TDDFT) is now available for excited-state geometry 
optimization[15]. It is very interesting to see if the ge-
ometry of excited state S1(1B3u) is also optimized by 
means of the hybrid functional BHLYP with 
aug-cc-pVDZ basis set, and then the simulated results 
are compared with the CIS and CASSCF results. The 
TDDFT calculation is carried out by the TURBOMOLE 
5.9 package[16]. 

2.2  General theory 

In this section, the basic theoretical approach used in the 
calculations of spectra is presented briefly. In gas phase, 
the absorption coefficient α(ω) for the electronic transi-
tion from state a to state b with vibrational quanta v and 
v′, respectively, can be expressed as[17,18] 

24( )
3 c

ωα ω π
= ⋅

h
 

22
,( ),ba a b a b aP Dν ν ν ν ν

ν ν
μ ω ω′ ′

′
Θ Θ −∑∑r   (1) 

in which the Born-Oppenheimer adiabatic approxima-

tion is used, 2
b aν ν′Θ Θ  represents the Franck-Con- 

don factor, 2
baμr  denotes the electronic transition di-

pole moment, Pav the Boltzmann factor, c the speed of 
light and ,( )b aD ν νω ω′ −  the Lorentzian line-shape 

function. As shown in the previous theoretical calcula-
tions[6,7] within the harmonic approximation, the wave 
function of system is assumed to be that of harmonic 
oscillator and can be expressed as a product of wave 
function of each mode, 
 ( )
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i

Qν νχΘ = ∏ , ( )
ib b i

i
Qν νχ′ ′ ′Θ = ∏ ,  (2) 

where ( )
ia iQνχ  and ( )

ib iQνχ ′ ′  represent the vibrational 

wave functions belonging to electronic state a and b, 
respectively. For an allowed transition with the har-
monic surfaces, Eq. (1) can be rewritten as 
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Here, ωi and iω′  are the oscillator frequencies of the ith 

mode in the electronic state a and b, and ωba denotes the 
electronic energy gap. Using the relation of the Slater 
sum[19], we have 
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in which di denotes the normal coordinate difference of 
the two electronic states. For the displaced oscillators, 

i iβ β ′=  and 0id ≠ , then Eq. (3) is deduced to 
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where γba represents the dephasing (or damping) con-
stant, which is related to the lifetime and pure dephasing 
of the two states; / 1( 1)i kT

in e ω −= −h , the phonon distri- 

bution; Si denotes the Huang-Rhys factor, which can be 
written as, 

 2

2
i

i iS d
ω

=
h

. (8) 

The absorption coefficient can be calculated using Eq. (7) 
and then the spectra are simulated. 

3  Results and discussion 

3.1  Geometries of S0(1Ag) and S1(1B3u) state 

The geometrical parameters of pyrazine in its electronic 
ground state and the first excited state are shown in Ta-
ble 1, together with the experimental[4] and the other 
available theoretical data[7,20]. In the present study, the 
MP2, CASSCF, HF and hybrid functional BHLYP are 
utilized to optimize the equilibrium geometry of ground 
state, and the CASSCF, CIS and TD-BHLYP are used to 
optimize the equilibrium geometry of the excited state. 
As Seidner[7] and Raab[9] demonstrated, for the S0(1Ag) 
surface in the vicinity of the equilibrium geometry, MP2 
method can provide rather accurate geometry parameters 
and vibrational frequencies (Table 2) . By the inspection 
of Tables 1 and 2, we show that our MP2 results are in-
deed in good agreement with the previous computational 
and experimental data. Actually, the present CASSCF 
results in Tables 1 and 2 also show accurate geometry 
for the ground state.  

The simulated results for the first excited state, 
S1(1B3u), are shown in Table 1, showing that all the CC 
bonds and CN bonds of S1(1B3u) state are longer com-
pared with those of the ground state, that is, the molecu- 

 
Table 1  The selected geometrical parameters of S0(1Ag) and S1(1B3u) state obtained in the present worka) and the experimentalb) and previous theoretical 
datac), d) 

  CC CN CH ∠NCC ∠CNC ∠NCH ∠CCNC 

MP2 1.399 
(1.403) 

1.344 
(1.339) 

1.087 
(1.115) 

122.4 
(122.2) 

115.1 
(115.6) 

116.9 
(113.9) 

0.0 
(0.0) 

CASSCF 1.395 1.329 1.075 122.0 116.1 117.2 0.0 

BHLYP 1.390 1.325 1.084 121.9 116.3 117.4 0.0 

HF 1.387 1.317 1.075 121.7 116.6 117.5 0.0 

S0(1Ag) 

Calc. c) 1.402 1.346 1.085 122.3 115.3 116.8  

CASSCF 1.431 1.369 1.074 124.0 112.1 116.8 0.0 

BHLYP 1.391 1.334 1.082 119.8 120.3 121.1 0.0 

CIS 1.388 1.328 1.074 119.7 120.7 120.9 0.0 

S1(1B3u) 

Calc. d) 1.395 1.352 1.086  118.4 119.7  

a) The used basis set is aug-cc-pVDZ for functional BHLYP by Turbomole code, and 6-311++G** for other theoretical levels by Gaussian03 program; 
the experimental data are given in parentheses. The bond lengths are in angstrom and the angles in degree; b) ref.[4]; c) ref.[7]; d) ref.[20]. 
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Table 2  The Huang-Rhys factors and vibrational frequencies (cm-1) of the five totally symmetric modes and the coupling mode 

S0(1Ag) S1(1B3u)  
Sym 

 
mode Expt.a) Calt.b) MP2 CAS BHLYP HF Expt.c) CAS BHLYP CIS S d) S e) S 

f) 
iκ g) S h) 

Ag ν6a 596 597 601 643 608 655 585 568 629 660 0.420 0.087 0.116 −0.0964 0.837 

 ν1 1015 1027 1027 1074 1038 1118 970 988 1085 1090 0.245 0.016 0.028 −0.0470 0.068 

 ν9a 1230 1264 1258 1324 1244 1647 1104 1303 1291 1283 0.029 0.251 0.204 0.1594 0.526 

 ν8a 1582 1633 1613 1730 1615 1789 1377 1674 1706 1667 0.091 0.904 0.700 −0.0623 0.049 

 ν2 3055 3280 3221 3352 3177 3354  3287 3311 3372 0.028 0.099 0.113 0.0368 0.004 

B1g ν10a 919 914 903 953 984 1034 383 682 443 324 0.000 0.000 0.000   

a) Ref.[4]; b) refs.[7,9]. The optimization was performed at MP2/DZP level; c) ref.[5]; d) The CASSCF Huang-Rhys factors. These values are calcu-
lated using the frequencies obtained by MP2 and the geometries optimized by CASSCF; e) The BHLYP Huang-Rhys factors. Turbomole code is performed; 
f) The CIS Huang-Rhys factors. The geometry of S0(1Ag) state is optimized at HF level, and that of S1(1B3u) state is optimized at CIS level; g) The gradients 
of the excitation energy with respect to the totally symmetric normal coordinates (data are from ref. [8]). These data were calculated by MRCI method. 
Units are in eV; h) The corresponding Huang-Rhys factors from gradients. 
 
lar ring is expanded. For example, the CC bond of 
S0(1Ag) calculated by CASSCF is 1.395 Å, but that of 
S1(1B3u) from the same level is 1.431 Å. This result is 
understandable due to the electronic transition in the 
first excited state. It is well known that the S1(1B3u) is an 
nπ* state, indicating that an n-type electron located on 
nitrogen atom is transferred to the antibonding π* orbital 
on the pyrazine ring when excitation takes place. This 
leads to the longer bonds due to the increase of charge 
located on the antibonding orbital. According to our 
calculations, it is predicted that the first excited state 
results mainly from the excitation from HOMO orbital 
to LUMO orbital. Obviously, HOMO is an n-type orbital 
and LUMO is a π-type one (Figure 1), which confirms 
the nπ* feature of S1(1B3u) state. Because of the same 
level of theory, CIS data are compared with those of HF. 
As can be seen from Table 1, the CC bonds and CN 
bonds of CIS are also elongated slightly with respect to 
that of HF, indicating that CIS is also able to give an 
acceptable optimized geometry of the first excited state.  
 

   
HOMO                        LUMO 

 
Figure 1  The frontier molecular orbitals involved in the low-lying ex-
cited state. 

 

Further, it is found that the TD-BHLYP results are closer 
to CIS ones. 

As shown in Table 2, for the ground state of pyrazine, 
MP2 provides very accurate harmonic vibrational 
frequencies (only the five totally symmetric modes 
ν1, ν2, ν6a, ν8a and ν9a and coupling mode ν10a are listed). 
One can see that the frequencies of CASSCF and HF are 
overestimated slightly relative to those of MP2 and 
functional BHLYP. For the two types of electronic state 
S0(1Ag) and S1(1B3u), the harmonic frequencies predicted 
by CASSCF are nearly identical, and they agree with the 
MP2 frequencies very well for S0(1Ag) state. For the 
mode ν6α, for example, the CASSCF frequencies of 
S0(1Ag) and S1(1B3u) state are 643 and 568 cm−1, which 
have a small difference with respect to the MP2 one, 601 
cm−1 for S0(1Ag) state. This indicates that the displaced 
harmonic oscillator approximation is reasonable. How-
ever, for the BHLYP results, it is noted that the 
ground-state frequencies of modes ν6a and ν1 are larger 
than the excited-state ones, which is different from other 
theoretical data. 

3.2  Excitation energy and absorption spectrum 

Given in Table 3 are the vertical excitation energy (ΔE), 
transition dipole moments and oscillator strengths (f) of 
the S1(1B3u) state. Compared with experiment, it is found 
that the CIS nπ* transition energy is about 0.94 eV, that 
is, CIS significantly overestimates the excitation energy. 
Eq. (9) is often used to correct the CIS transition en-
ergy[21]: 
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Table 3  The calculated vertical excitation energy, transition dipole moments and oscillator strengthsa), together with the experimental and previous theo-
retical data 

 CIS TD-B3LYP TD-BHLYP CASSCF c) Calc. d) Expt. e) 

ΔE(S1, nπ*) 4.88(3.98) b) 3.94 4.40 3.73 4.65 3.94 

μ10 0.274 0.241 0.273    

f10 0.009 0.006 0.006  0.010 0.006 

a) In this work, basis set aug-cc-pVDZ is used for TD-BHLYP and 6-311++G** is used for other theoretical levels; b) the energy in parentheses is cor-
rected using eq. (9); c) the energy is corrected using MP2 method; d) ref. [8]. The calculations were performed at MRCI/DZP level considering the state 
average; e) ref. [4]. 
 
 exp . .1.02 1.00 (e )t calcE E V= − . (9) 

From Table 3, we can see the corrected excitation energy 
is acceptable. In addition, the TDDFT gives reliable ex-
citation energy for low-lying state in which the func-
tional B3LYP is chosen to estimate the vertical transi-
tion energy of nπ* state. Apparently, the TD-B3LYP 
level provides an appropriate vertical excitation energy 
for the nπ* state. Most recently, Li et al.[22] reported the 
excitation energy of pyrazine using B3LYP method, and 
the results are consistent with our present calculations. 
However, the excitation energy calculated by 
TD-BHLYP/aug-cc-pVDZ is greater in comparison with 
the experimental data. In order to obtain more reason-
able excitation energy, MP2 correction based on the 
CASSCF geometry is performed, and the experimental 
vertical excitation energy of S1(1B3u) state is satisfacto-
rily reproduced by our calculations. 

In this section, the absorption spectra of S1(1B3u) state 
of pyrazine will be detected by the method described in 
section Ⅱ B. As shown in Table 3, the predicted verti-
cal excitation energy, which determines the exact posi-
tion of the absorption band in the absolute energy scale, 
is slightly different from the experimental data. For the 
purpose to make the absorption spectra have correct po-
sition to conveniently compare with the experimental 
bands, the vertical excitation energy is adjusted to obtain 
the same value as the experimental data. This strategy 
was adopted by the previous literature[7,8]. In addition, 
the MP2 frequencies will be used to calculate the 
Huang-Rhys factor (Si) due to the excellent agreement 
with the experimental data. Using Eq. (8), the 
Huang-Rhys factors of the first excited singlet state of 
pyrazine are calculated and the results are listed in Table 
2. The temperature 298 K is taken in the theoretical cal-
culations (the experimental spectra were obtained at 
room temperature)[3].  

The Huang-Rhys factors (Si, i denote the normal 

modes) of the five Franck-Condon active totally sym-
metric normal modes and the coupling mode ν10a are 
shown in Table 2 (Si of non-totally symmetric normal 
modes are zero). For CASSCF results, the largest factor, 
S6a, is less than 1.0 (0.420). This indicates that the prob-
ability of the 0-0 transition is the highest when electron 
excitation takes place. Figure 2(a) shows the experi-
mental gas-phase absorption spectrum of S1(1B3u) state 
of pyrazine[3]. A striking feature is that there are two 
strong peaks, and the stronger band is assigned as 0-0 
transition. Figure 2(b) displays that the simulated ab-
sorption spectrum after convolution of the calculated 
stick spectrum with a Lorentzian broadening (the normal 
coordinate difference of S0(1Ag) and S1(1B3u) state, di, is 
calculated by CASSCF). The Lorentzian width of each 
transition is assumed to be proportional to the vibra-
tional energy and about 500 fs is taken for the dephasing 
constant γba. It seems that the calculated S1(1B3u) absorp-
tion spectrum in this work only reproduces qualitatively 
the essential features in comparison with the experi-
mental observation. We present the tentative assignment 
of vibrational transition in the absorption spectrum of 
S1(1B3u) state. Obviously, the spectral profile is mainly 
described by the Franck-Condon progression of mode 
ν6a, which is in good agreement with the experimental 
assignments[3－5]. The intensity of the vibronic line as-
signed as 6a1, however, is somewhat underestimated in 
the present calculation. Table 2 shows that in the ex-
perimental data, the frequency difference between  
S0(1Ag) and S1(1B3u) state for coupling mode ν10a is large 
(the frequency is 919 cm−1 for S0 state and 383 cm−1 for 
S1 state). This means that the distorted effect of mode 
ν10a is significant for the S1(1B3u) spectrum (see Section 
3.3, the distorted effect is estimated by Eq. (10)). For 
simplicity, only the vibronic lines 10a2 are calculated 
and the result is shown in Figure 2(b). In addition, the 
vibronic line 10a1 induced by the mode ν10a was not re- 



 

 HE RongXing et al. Sci China Ser B-Chem | Dec. 2008 | vol. 51 | no. 12 | 1166-1173 1171 

 
 
Figure 2  The S1(1B3u)←S0(1Ag) absorption spectrum of pyrazine. (a) The experimental spectrum (ref. [3]); (b) the calculated spectrum by CASSCF; (c) 
by CIS; (d) by BHLYP. 
 
produced correctly in our work due to the Huang-Rhys 
factor of this mode being almost zero. This can be at-
tributed to the effect of vibronic coupling between 
S2(1B2u) and S1(1B3u) state that is not taken into account 
in this work, which will be reported in a future paper. 

The similar calculations are carried out to simulate 
the S1(1B3u) absorption spectrum by means of the CIS 
and BHLYP geometries, and the results are shown in 
Figure 2(c) and (d), respectively. Compared with the 
CASSCF spectrum, the CIS and BHLYP methods pre-
sent a large inconsistency between calculated and ex-
perimental results, which suggests the geometry of 
S1(1B3u) state optimized by CIS and BHLYP might be 
unreasonable. As shown in Figure 2, an unexpected 
thing is that the simulated absorption spectra of S1(1B3u) 
state by CIS and BHLYP are almost identical. The 
Huang-Rhys factors by these two methods are shown in 
Table 2. Obviously, the totally symmetric mode ν8a has 
the largest Huang-Rhys factor for the two methods 
(0.700 for CIS and 0.775 for BHLYP), which leads to 
the conflicting S1(1B3u) spectrum. 

3.3  Discussion 

The absorption spectra of S1(1B3u) state in pyrazine are 
simulated by employing the conventional methods[18], in 
which the Born-Oppenheimer adiabatic approximation 
and displaced oscillator approximation are used. In the 
displaced oscillator approximation, the Franck-Condon 

factor can be expressed as  

 ,
!

i
i

i

Si

i

S
F e

ν

ν ν

′
−

′ =
′

  (10) 

where iν ′  denotes the vibrational quantum number of 
ith normal mode, and Si is the Huang-Rhys factor. When 
Si =0, Eq. (10) is zero, so that we have to consider cor-
rection to Franck-Condon factor from the distorted os-
cillator approximation, 

 
[ ]21

!

2 ( 2)!
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i i

i i i i i

i i i i i

F
ν

ν ν

ω ω ω ω ν
ω ω ω ω ν

′

′ ′−

′ ′ ′⎛ ⎞−
= ⎜ ⎟′ ′+ + ′⎝ ⎠

, (11) 

where iν ′  is an even integer. We can see that unless 

i iω ω′ >>  (or i iω ω′ << ), 
i

Fν ′  is much smaller than 

unity in most cases. In other words, the distortion effect 
due to the so-called quadratic coupling is unimportant. 
For example, for the ν4 mode in CASSCF calculations 
(the frequencies are not shown in Table 2), 

4 0( )Sω = 777 cm−1, while 4 1( )Sω = 491 cm−1 (Table 2), 
and 

6 62 0/
b b

F F′ ′  in this case is only 0.025. This value is 

too small to affect the S1(1B3u) spectral profile. However, 
the frequency difference between S0 and S1 state for 
mode ν10a is large (other modes are very small), that is, 
the distorted effect of mode ν10a is not negligible, and in 
this way, we estimate this distorted contribution and plot 
it in Figure 2(b). It should be emphasized that the dis-
torted correction in Eq. (11) is attributed to that vibra-
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tional quantum number iν ′  is even integer. That means 
the vibronic lines 10a2, 10a4, ..., are due to distorted 
contributions, but the lines 10a1, 10a3, …, are not. 

The present model without considering conical inter-
section is the same as the previous theoretical model in 
nature[6－8]. Taking the ab initio data from ref. [8], the 
absorption spectra of S1(1B3u) state of pyrazine can be 
calculated by means of Eq. (3) or Eq. (7). According to 
the model proposed by Woywood et al.[8], the excited 
state Hamiltonians can be expressed as 

2
2 ( ) ( )

,2
,2

k ki
k i k i i i j i j

i i i ji
H Q E Q Q Q

Q
ω

κ γ
⎛ ⎞∂

= − + + + +⎜ ⎟⎜ ⎟∂⎝ ⎠
∑ ∑ ∑ , (12) 

where ω and Q represent the vibrational frequencies and 
coordinates, respectively; k=1, 2, denotes the excited 
state S1(1B3u) and S2(1B2u); i, j include the totally sym-
metric modes (ν1, ν6a, ν9a, ν8a,ν2) and the S1-S2 coupling 
mode ν10a; ( )

,
k

i jγ  for i j≠  is responsible for the 

Duschinsky effect and ( )
,
k

i iγ  is responsible for the nor-

mal mode frequency modifications. In the present work, 
( )
,
k

i jγ  are neglected due to their small values[8], and all 

five totally symmetric modes are considered to be 
Franck-Condon active. In this case, Eq. (12) can be 
written as 
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where ( )k
iκ  denotes the gradients of the excitation en-

ergy Ek (k=1, 2) of S1(1B3u) and S2(1B2u) state with re-
spect to the totally symmetric coordinates. In order to  

calculate the Huang-Rhys factors, we rewrite Eq. (13) as 
2 2( ) ( )2

22 2

k k
i i i i

k k i
i ii ii

H E Q
Q

ω κ ω κ
ω ω

⎡ ⎤⎛ ⎞ ⎛ ⎞∂⎢ ⎥= − − + + +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎢ ⎥∂ ⎝ ⎠ ⎝ ⎠⎣ ⎦
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where 
( )k
i

i

κ
ω

 is the normal coordinate difference be-

tween two electronic states, di, as denoted in Eq. (6). 
Therefore, the Huang-Rhys factors of five totally sym-
metric modes can be obtained.  

For comparison, the gradients calculated in ref. [8] 
are reproduced in Table 2. Using these gradients, the 
corresponding Huang-Rhys factors are obtained and the 
results are also listed in Table 2. Apparently, the largest 
Huang-Rhys factor in the first excited state is from mode 
ν6a (the value is about 0.837), which is in agreement 
with our results. The simulated absorption spectra of 
S1(1B3u) state using the present theoretical framework 
and the four-mode model result (see Figure 9(b) in ref. 
[8]) are shown in Figure 3. Obviously, the present cal-
culations reproduce the previous theoretical result rea-
sonably, except the contribution of coupling mode ν10a; 
in which the Huang-Rhys factor is zero.  

4  Conclusions 

In this work, the geometries and electronic structures of 
the ground and the first singlet excited state of pyrazine 
are detected in detail by using several quantum chemis- 
try methods. The ground state geometries optimized by 
MP2 and CASSCF methods are quite reasonable com- 
pared with the experimental data[4] and the previous 
theoretical calculations[7,20]. As discussed in the previous 

 

 
 
Figure 3  (a) The simulated absorption spectrum of S1(1B3u) state using the ab initio data from ref. [8] within the present theoretical framework; (b) the 
four-orbital model result of ref. [8]. 
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sections, the CIS and BHLYP geometries simulate un-
reasonable absorption spectrum profiles, which means 
that these two methods are unreliable for the geometrical 
optimization of the excited state in the present case. The 
electronic structure calculations confirm that the S1(1B3u) 
state has nπ* configuration. 

Using the Born-Oppenheimer approximation, the ab-
sorption spectra of S1(1B3u) state of pyrazine are simu-
lated by the conventional quantum mechanical 
method[18]. It is demonstrated that the distortion effect is 
unimportant for S1(1B3u) absorption spectrum, except the 
coupling mode ν10a. The calculated absorption spectra 

are in a reasonable agreement with experimental ones, 
which indicates that the present model without consid-
ering the conical intersection of S1-S2 can provide an 
acceptable interpretation. However, the vibronic line 
10a1 induced by the mode ν10a is not reproduced cor-
rectly, which denotes that the vibronic coupling between 
S2(1B2u) and S1(1B3u) state plays an important role in the 
S1(1B3u) spectrum. Taking the ab initio data from ref. [8], 
the absorption spectrum of S1(1B3u) state is reproduced 
within the present theoretical framework, and the result 
is in agreement with the theoretical spectrum excluding 
the effect of mode ν10a. 
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