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Abstract: In the present paper, the non-radiative transition S1→S0 of pyrazine was 

investigated by employing the improved Born-Oppenheimer adiabatic approximation, 

in which the conical intersection is shown to be avoided. Vibrational frequencies, 

normal coordinates, and non-adiabatic coupling matrix elements were obtained by ab 

initio quantum chemical methods. Calculated rate constants of internal conversion S1→

S0 are τ(υ=0)=61.7 ps and τ(υ=1)=61.2 ps  in good agreement with the experimental 

findings. 
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1. Introduction 

Pyrazine is a diazine molecule, and its electronic structures, ultraviolet absorption spectra 

and internal conversions have been studied theoretically and experimentally over half a 

century.[1-4] The electronic spectroscopy and ultrafast dynamical processes of other diazine 

molecules such as pyrimidine and pyridazine have also been a very interesting subject due 

to its rich excited-state dynamical and photochemical properties.[5-8] Substituting a pair of 

nitrogen atoms for carbon ones at the para-position in the benzene molecule, pyrazine has a 

different electronic structure from benzene. As a symmetrical molecule with point group D2h, 

the first excited state S1 of pyrazine has a nπ* electronic configuration. 

Pyrazine molecule has been studied by both theoretical simulations and experimental 
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measurements for its low-lying excited states with applications of photophysics and 

photochemistry. Internal conversion process of pyrazine is described by Domcke and his 

co-workers through ab initio calculations which combined with mathematical models in the 

1980s,[9] Domcke et al. proposed an ultrafast internal conversion after S2 state excitation 

through conical intersection,[10-13] and the corresponding lifetime was estimated by ab initio 

calculations to be about 20fs.[14] Knee firstly determined experimental results for S1 state 

lifetime to be about 110 ps for the vibrationless excitation,[15] and about 100 ps for the 

vibrationally excited S1 state,  reported by Suzuki.[16, 17] V. Stert[18] The results show that 

the lifetime of S2 state due to internal conversion to the lower electronic states was about 20 

fs. 

Since the development of femtosecond lasers and their application to photochemistry 

and photophysics, the pump-probe experiments have become a powerful technique to study 

the femtosecond time-resolved spectroscopies and femtosecond dynamical processes. It is 

due to its numerous dynamical processes in biology and chemistry and physics are in 

femtosecond time scale. A main purpose of this paper is to analyze the experimental results 

of ultrafast dynamical processes by using the improved Born-Oppenheimer adiabatic 

approximation. Therefore, the experimental results of Suzuki’s group[16, 17] will be 

analyzed and the improved Born-Oppenheimer adiabatic approximation will be employed 

to calculate the lifetime of vibronic states of pyrazine. 

2. Computational methods and theoretical details 

The improved Born-Oppenheimer adiabatic approximation is briefly described in the 

following.[19] Notice that the molecular Schrödinger equation is given by 

 ˆ ˆ( , ) ( , )H Q r E Q r ,                                (1) 
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Substituting Eqs.(4) and (5) into Eq.(1) yields  
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In the improved adiabatic approximation, we obtain 

bbbn ΘEΘ)UT̂(  ,                             (8) 

where 

bnbbb ΦT̂ΦUU  ,                             (9) 

and Ub denotes the conventional adiabatic approximation, while U̅b denotes the improved 

adiabatic approximation. 

Notice that 
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Based on the discussion of improved adiabatic approximation the internal conversion from 

electronic state b to a, for the vibronic state aν can be expressed as 

 

Figure 1: Numbering of atoms for pyrazine optimized by DFT/B3LYP. 
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Here the equation is based on the improved adiabatic approximation. 

Notice that the conical intersection is based on the relation Ua = Ub in the conventional 

adiabatic approximation. In this paper, we calculate the internal conversion based on the 

break-down of the improved adiabatic approximation. For example, if we are concerned 

with the crossing between the electronic states a and b, we obtain U̅a = U̅b. In the improved 

Born-Oppenheimer adiabatic approximation this can approximately happen when other 

electronic states are very far away from a and b states. 

To investigate the equilibrium geometries and all 24 normal-mode frequencies of 

relevant electronic states of pyrazine, Gaussian09[20] program package was employed to 

calculate the electronic structures of the ground state S0 and the first singlet excited state S1. 

The numbering of atoms for pyrazine optimized by DFT/B3LYP is shown in Figure 1. On 

one hand, the geometries of the ground state S0 of pyrazine in vapors was optimized at the 

MP2, B3LYP and CASSCF level with the 6-311++G** basis set. On the other hand, we have 

employed TD-B3LYP and CASSCF approaching with the same basis set to calculate the 

excited state S1. The stability of all the optimized geometries is checked by the frequency 

simulation which the normal modes and the harmonic vibrational frequencies of pyrazine in 

the two electronic states are all obtained. 

3. Results and discussion 

We optimized the geometrical parameters of pyrazine in its electronic ground state and the 

excited state by using DFT and ab initio calculation shown in Table 1, together with the 

experimental and other theoretical data.[21-23] In this work, the B3LYP, MP2 and CASSCF 

were applied to optimize the equilibrium geometry of the ground state S0, and the 

TD-B3LYP and CASSCF were used to optimize the equilibrium geometry of excited state. 

From Table 1, the present CASSCF results are indeed in good agreement with the 

previous computational and experimental data, revealing accurate geometries for the 

ground state and excited states. The optimized results for the first excited state S1 in the 

Table 1 indicate that all the C-C bonds and C-N bonds of S1 state are longer compared with 

those of the ground state. It means the molecular ring is expanded. For example, the C-C 

bond of S0 calculated by CASSCF is 1.395 Å , but that of S1 at the same level is 1.423 Å . It is 

obvious that S1 is an nπ* state, so the electronic transition of the first excited state makes the 

javascript:void(0);
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result understandable, indicating that an n-type electron located on nitrogen atom is 

transferred to the anti-bonding π* orbital on the pyrazine ring when the excitation takes 

place. This leads to the longer bonds because of the increase of charge located on the 

anti-bonding orbital. 

Table 1. The optimized geometries of pyrazine in its ground state (S0 (1Ag)), the first excited state (S1 (1B3u 

nπ*)). The bond length (r) is in Å and the angle (θ) in degree. 

method sym r(C-N) R(C-C) r(C-H) θCNC θNCC θ NCH 

S0 1Ag 

EXPa) 

B3LYPb) 

CASSCFb) 

B3LYP 

CAMB3LYP 

MP2 

HF 

CAS 

D2h 

D2h 

D2h 

D2h 

D2h 

D2h 

D2h 

D2h 

1.338 

1.335 

1.329 

1.335 

1.328 

1.317 

1.317 

1.330 

1.397 

1.395 

1.395 

1.396 

1.389 

1.386 

1.386 

1.395 

1.083 

1.086 

1.075 

1.086 

1.085 

1.075 

1.075 

1.075 

115.7 

116.0 

116.1 

116.1 

116.2 

116.6 

116.6 

116.0 

122.2 

122.0 

122.0 

121.9 

121.9 

121.7 

121.7 

122.0 

117.9 

117.2 

117.2 

117.1 

117.2 

117.5 

117.5 

117.3 

S1 1B3u 

TD-B3LYPb) 

CASSCFb 

B3LYP 

CAMB3LYP 

CAS 

D2h 

D2h 

D2h 

D2h 

D2h 

1.343 

1.353 

1.343 

1.336 

1.353 

1.396 

1.383 

1.396 

1.390 

1.423 

1.084 

1.072 

1.084 

1.083 

1.082 

120.0 

119.6 

120.0  

120.4  

119.6  

120.0 

120.2 

120.0 

119.8 

120.2 

120.5 

119.5 

120.6 

120.8 

119.5 

a)Ref.[22]; b) Ref.[21]. 

Table 2. The calculated vertical excitation energies (∆EFC), adiabatic excitation energies (∆Ead) and 

oscillator strengths, together with the experimental and previous theoretical data. 

State S1 (1B3u) 

Excitation energy ∆EFC ∆Ead f10 

EXPa) 3.94 3.83 0.006 

TD-B3LYPb) 3.94 3.83 0.707 

CASSCFb) 4.87 4.72 - 

CISb) 4.88 - 0.009 

TD-B3LYP 3.71 3.83 0.706 

CASSCF 4.56 4.42 - 

CIS 4.88 - 0.010 
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According to the molecular orbital maps and excitation coefficients calculated by 

TD-DFT shown in Figure 2 and Table 2, the present CASSCF calculations make clear that the 

results of the first excited state S1 are mainly from the excitation from HOMO orbital to 

LUMO orbital which the non-bonding electron enters the C-N-bonding or C-C-anti-bonding 

orbital, leading to the ring deformation. 

Vibrational frequencies of all 24 modes are calculated by B3LYP, HF, MP2 and CASSCF 

(10, 8) for S0 and by B3LYP, CIS and CASSCF (10, 8) for S1 with the basis set 6-311++g**.The 

results are shown in Table 3. In comparison with the experimental results[24] measured by 

the infrared and Raman spectroscopy, both results calculated by B3LYP and CASSCF 

methods are in good agreement with experiment. The 24 modes, the total symmetry modes, 

exhibit the differences of the frequency between the excited state and the ground state. Four 

modes ν6a , ν1, ν9a and ν2 are significant figures for the first excited state, which explains the 

great changes in the inner angles of the ring account for the highest intensity of the bending 

mode ν6a. Therefore, the displaced oscillator approximation can be considered as a good 

approximation for calculating the non-radiative transition rate. 

As shown in Table 3, MP2 and B3LYP provide very accurate harmonic vibrational 

frequencies for the ground state of pyrazine, and it is obvious that the frequencies of 

CASSCF and HF are slightly overestimated relative to those of MP2 and functional B3LYP. 

For the electronic state S1, the harmonic frequencies predicted by CASSCF are nearly 

identical. However, for the B3LYP results, it is noted that the frequencies of modes ν6a and ν1 

are larger than the experimental results, and the results of CIS are also higher than the 

theoretical and experimental data. 

 

Figure 2: Frontier molecular orbital maps of pyrazine calculated by DFT/B3LYP. HOMO and HOMO-2 show 

the nonbonding character, HOMO-1 and HOMO-3 are π bonding, and LUMO and LUMO+1 are π* 

anti-bonding excitation. (1) S0 (1Ag) →S1 (nπ*1B3u) excitation. (2) S0 (1Ag) →S2 (ππ*1B2u) excitation. 
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Table 3. Experimental and calculated vibrational frequencies (cm-1) of 24 normal modes for the ground and 

the excited states of pyrazine. 

  S0 S1 

sym Modea) EXPb) B3LYP MP2 CAS   EXP B3LYP CAS 

ag v6a 596 612 601 644   585 620 561 

 v1 1015 1038 1026 1073   970 1024 1007 

 v9a 1230 1253 1259 1324   1104 1195 1257 

 v8a 1582 1612 1613 1734   1377 1534 1589 

 v2 3055 3173 3221 3351    3195 3405 

b1g v10a 919 940 903 960   383 468 287 

b2g v4 756 772 676 784   518 511 577 

 v5 983 979 897 997   552 810 914 

b3g v6b 704 720 711 758   662 688 686 

 v3 1346 1373 1372 1467   - 1295 1391 

 v8b 1525 1579 1565 1663   - -602 932 

 v7b 3040 3152 3201 3328   - 3160 3337 

au v16a 341 347 304 388   400 432 478 

 v17a 960 988 844 1005   743 823 913 

b1u v12 1021 1035 1034 1152   - 624 925 

 v18a 1136 1165 1162 1237   - 1013 1061 

 v19a 1784 1511 1505 1625   - 1390 1523 

 v13 3012 3153 3202 3331   - 3169 3341 

b2u v15 1063 1088 1088 1133   - 1080 1138 

 v14 1149 1218 1352 1165   - 1267 1458 

 v19b 1416 1440 1442 1532   - 1357 1499 

 v20b 3063 3167 3216 3346   - 3192 3400 

b3u v16b 420 432 406 461   236 220 224 

 v11 785 801 778 832   898 722 710 

a) ν8a and ν9a are according to Refs.[4, 11]; b) Ref.[23]. 

We construct harmonic potential energy surfaces from both present adiabatic S1 and S2 

states at their corresponding equilibrium geometries. For the S1 state, the equilibrium 

geometries are slightly different, but vibrational frequencies are about the same from 

adiabatic representations. Thus S0 and S1 states potential energy surfaces are completely 

superimposed. The reason is that the equilibrium geometry of the S1 state is not close to 

conical intersection, and the vibronic coupling does not affect its minimum so much. Four 
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modes ν6a, ν1, ν9a and ν8a in adiabatic representation presents a quantitative description of 

deviation for S0 and S1 potential energy surfaces calculated from adiabatic and non-diabatic 

representations. This deviation represents that vibronic coupling at conical intersection may 

not affect S1 state strongly. Thus, we can use the equilibrium geometries of the calculated S0, 

S1 states to estimate the Huang-Rhys factors. For mode ν6a, the CASSCF and B3LYP Huang–

Rhys factors are 0.680 and 0.347, respectively. This indicates that the CASSCF Huang-Rhys 

factors are reasonable.  

As the case of absorption spectra and non-radiative transition process of pyrazine, the 

curve crossing does not happen very often compared with the tunneling events. The reason 

is that the Born-Oppenheimer approximation works well in the treatment of absorption and 

emission spectra and their non-adiabatic transition. The formalism described in the theory 

section allows the calculation of the rate constants of internal conversion between various 

singlet electronic states using vibronic coupling. The S1→S0 transition rate constant of 

non-radiative relaxation pathways was calculated, and the results are presented in Table 4. 

Once the improved Born-Oppenheimer coupling matrix elements are obtained by collecting 

calculated vibrational frequencies and Franck-Condon factors, the total transition rate 

constant of internal conversion was estimated by using the saddle point method. It was 

noticed that additional approximations concerning displaced oscillator and the improved 

Born-Oppenheimer adiabatic approximation have also been taken into account in generating 

nuclear correlation functions. The single level rate constant of the internal conversion S1→S0 

of pyrazine is determined by the following factors: 1) energy gap between the two electronic 

states ωab; 2) frequency of the promoting mode ωp; 3)Huang-Rhys factors Si and frequencies 

ωi of the totally symmetric displaced accepting modes; 4)vibronic coupling. It should be 

mentioned again that the elements in the dipole terms, including vibronic coupling 

coefficients and transition dipole moments between different excited states, depend subtly 

on the active space as well as on the number of states averaged in the CASSCF calculations. 

Table 4. Non-radiative transition rate constants (W) and lifetimes (τ) of the S1→S0 and S2→S1. 

 S1→S0 

it*/fs 2.262×104 

G(t*) 1.008 

W(0)/fs-1 1.621×10-5 

W(1)/fs-1 1.634×10-5 

τ(0)/fs 6.170×104 

τ(1)/fs 6.120×104 
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Summarized in Table 4, this method estimated the lifetime of S1→S0 is 𝜏𝜐𝑘
= 61.7 ps and 

𝜏𝜐𝑘=0
= 61.2 ps, which agrees with experimental order of magnitude τ~100ps. Therefore, using 

the improved Born-Oppenheimer adiabatic approximation to calculate the rate constant of 

internal conversion of the S1→S0 non-radiative nπ* transition is applicable. 

4. Conclusions 

In this work, we calculated the rate constant of internal conversion of the S1→ S0 

non-radiative nπ* transition by using harmonic oscillator approximation and the improved 

Born-Oppenheimer adiabatic approximation for pyrazine molecule. The geometries and 

electronic structures of the ground and the first excited state were detected using several 

quantum chemistry methods. By using the improved Born-Oppenheimer approximation, the 

calculated lifetimes of S1→S0 of pyrazine are in good agreement with experimental one 

indicating that the present model can provide an acceptable interpretation without 

considering the conical intersection. 
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