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ABSTRACT: We are presenting vibrationally selective pump-probe measurements of the first 

electronic excited-state (ππ*) lifetime of jet-cooled neutral catechol (1,2-dihydroxybenzene). The 

lifetime of the 0-0 transition is very short (7 ps) as rationalized by the small ππ*/πσ* gap 

calculated. However the lifetimes implying higher out-of-plane vibrational levels are longer 

(~11 ps). This emphasizes the role of the out-of-plane vibration in the ππ*/πσ* coupling not only 

in its nature but also in the number of quanta. 
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The excited-state dynamics of aromatic molecules containing an heteroatom (phenol 

being the prototype molecule) has received considerable attention since it was stated in 2002 that 

the excited-state dynamics is linked to an Hydrogen atom loss mediated by the tunneling of the H 

atom from the bound ππ* to the πσ* state dissociative along the OH coordinate.1 This statement, 

which was already based on clear experimental2–4 and theoretical work,5 has been reinforced by 

many experimental evidences and calculations.6–13 In particular, a clear correlation between the 

ππ* and πσ* energy gap and the ππ* excited-state lifetime has been measured recently:14 the 

smaller the gap, the shorter the lifetime. It should be mentioned that in Cs symmetry (to which 

ground state phenol and catechol belong) the ππ* (A’) and πσ* (A”) are not of the same 

symmetry, the former being A’ and the latter A”, so that they are not electronically coupled, the 

coupling occurring through out-of-plane vibrations.7,13 

The catechol (1,2-dihydroxybenzene) case is quite interesting since it contains two 

adjacent hydroxyl groups linked by a hydrogen bond. Some unexpected and complicated 

behavior has been recorded in the product energy distribution.8 In particular, the energy 

distribution in the product obtained in detecting the kinetic energy of the H atom is remarkably 

dependent on the initial S1 out-of-plane vibration.15  

The excited-state vibrational spectroscopy of the molecule is quite complex and the 

interpretation has been subject of controversy.16,17 The agreement is that the low vibrational 

modes observed are due to out-of-plane OH vibrations and that the excited state has lost the Cs 

symmetry of the ground state.    

A 12 ps excited-state lifetime has been measured with a vibrational excess energy in S1 of  

�1800 cm-1.9 This short lifetime as compared to that of phenol was assigned to the loss of 
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planarity and to the small calculated ππ* /πσ* energy gap (0.29 eV). It was also measured that the 

S1 lifetimes of resorcinol (1,3-dihydroxybenzene) and of hydroquinone (1,4-dihydroxybenzene) 

are in nanosecond range (> 1 ns and 0.43 ns respectively)9 similarly to phenol.14 These isomers 

have a larger ππ* /πσ* energy gap (0.51 eV for resorcinol and 0.55 eV for hydroquinone) than 

catechol. 

Very recently, ultrafast time-resolved velocity map ion imaging and time-resolved ion-

yield experiments allowed a very detailed analysis of the electronic state relaxation dynamics of 

photoexcited catechol.18 In this nice experiment, the excited S1 lifetimes have been recorded on a 

very broad energy scale from S1 (v = 0) to 5000 cm-1 excess energy. Two components have been 

observed in the decay: one in the 500-900 fs range and one in the 8-10 ps range. The first decay 

has been ascribed to the IVR in S1 and the second one to the S1(ππ*)/S2(πσ*) H atom tunneling. 

The observation of the fast component on the v = 0 level of S1 is somewhat surprising but it is 

clear that owing to the laser bandwidth (around 500 cm-1), S1 (v = 0) cannot be excited 

selectively.  

The catechol is a chromophore involved in many neurotransmitters and the 

conformational landscapes of these catecholamines have been recently unraveled in gas phase 

(supersonic jet) through UV/UV and UV/IR hole burning spectroscopy.19,20 It has been found that 

the number of isomers for neurotransmitters containing catechol is much less than for the other 

chromophores (phenol, resorcinol).19,20 The possibility of a very short lifetime of some isomers 

preventing their detection through REMPI method has to be investigated and the measurements 

of the catechol lifetime is the first step. 
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We present picosecond pump-probe experiment performed on catechol to see if the 

number of vibrational quanta observed in the internal distribution of the H-loss product8 is also 

observed in the lifetime of the initially excited-state by measuring the excited lifetime of 

selectively excited vibrational levels.  

The origin band at 35 646 cm-1 (280.54 nm) is in agreement with what was measured 

before (35 649 cm-1).17 A low frequency (113 cm-1) vibrational progression is observed and was 

previously characterized.16,17 The lifetimes have been recorded for selected vibrational levels in 

this paper. The transient signals for the origin and v=1 of the torsional  mode τ1
8,17 at 113 cm-1 are 

presented in Figure 1 and the fitted lifetime values (from the convolution of a monoexponential 

decay with 3 ps Gaussian laser width) are gathered in Table 1. Except for the 0-0 transition, all 

the lifetimes are the same (11 ps) within the experimental errors. They are similar to the ones 

observed at high vibrational excess energy (�1800 cm-1)9 and by Chatterley et al. on a very broad 

energy scale.18 The S1 (v = 0) transition has a significantly shorter lifetime (7 ps) than the excited 

levels which is not so common. No evidence of a shorter lifetime component could be found, but 

the laser temporal resolution (3 ps) may not allow such detection.  
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Figure 1. Pump-probe delay of catechol when exciting S1 origin (higher panel, thin line) and the 

vibronic band 113 cm-1 above origin (lower panel, thin line). Their fit using a monoexponential 

decay convoluted by a Gaussian laser width of 3 ps is represented by thick lines. 

Pump energy (cm-1) Pump energy above 
origin (cm-1) 

Assignment (from 
Gerhards et al.17 and 

King et al.8) 

Lifetime (ps) 

35 646 0  0
00  7±0.5 

35 759 113 1
01τ  11±1 

35 896 250 2
01τ  10±2 

36 378 732 1
0

1
01610 ab  10±2 

Table 1. Lifetimes of the origin and of different vibrational levels in S1 of jet-cooled catechol. 
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In agreement with previous calculations,8,9,18 the ππ* /πσ* energy gap at the ground state 

geometry is very small (0.07 eV) as compared to other phenolic systems.14 The calculations agree 

quite well with the experimental data (4.42 eV) for the adiabatic S1 <- S0 transition, calculated at 

4.34 eV (including the zero-point energy correction).  The optimized S1 excited-state is not planar 

as already stated in previous papers,9,16,17 and it is not purely of ππ* character but has a mixed 

ππ*−πσ* character. The out of plane deformation involves mainly the both OH (the oxygen are 

out of plane) but also the H nearby the OH. The carbon skeleton is also out of plane deformed. 

(see supplementary material the geometries and the vibrations can be viualised using molden or 

molekel software). The deformation is quite important so that the Cs symmetry rules are not 

proper to describe the system and that σ and π nomenclature have to taken as reminiscent of the 

ground state symmetry but do not apply for the excited state.  The same is true for the second 

excited state, which has a mixed πσ*−ππ*  character. 

The vibrational modes have been calculated, and the active vibrational modes cannot be 

assigned only to the OH out-of-plane bending coordinate since the carbon atoms of the aromatic 

part are strongly involved in the dynamics. The lowest active frequency mode can be seen in 

Figure 2. (see supplementary material) 
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Figure 2. Calculated spectrum (upper trace) and comparison with the ns one color REMPI 

spectrum (lower trace). The vibrations with a star are the ones pumped in the pump-probe 

measurement. The vibrational assignment based on the two lowest out-of-plane vibrational 

modes τ1 (calculated at 137 cm-1) and τ2 (calculated at 150 cm-1) is given above the upper trace. 

In the insert, the spectrum recorded with the picosecond laser shows that the spectral resolution is 

good enough to excite selectively v=0 and v=1 of the τ1 mode (observed at 113 cm-1).   

 

In the low energy part of the spectrum, the calculated lowest frequency τ1 (137 cm-1) 

which is responsible for the progression is in reasonable agreement with the observed one 

(113 cm-1). The simulated Franck-Condon envelope is not badly reproduced. As usual the CC2 

method tends to increase too much the out-of-plane deformation underestimating the Franck-

Condon factor of the 0-0 transition. The barrier calculated for the “inversion coordinate” i.e., 

when going from the optimized non planar S1 structure to the planar one, can be obtained by 
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optimizing the ππ* state in Cs symmetry. We found a barrier of 240 cm-1 which is probably 

overestimated since the calculated frequency is 15 % higher than the experimental one. 

Due to the small ππ* /πσ* energy gap and to the absence of symmetry in the excited-state, 

one expects a very fast H loss through the ππ* /πσ* tunneling1 i.e., a short lifetime as observed 

here and in other experiments.9,18  

The real unexpected result of the ps pump-probe experiment is coming from the fact that 

the 0-0 transition has a shorter lifetime than higher vibrational levels. This is not common and has 

not been observed in the phenol. We can tentatively explain this using a simplified scheme 

(Figure 3) similar to that of Gerhards et al.17 and King et al.8 

V=1

V=0

V=2

V=0

0 Torsional angle
 

Figure 3. artistic view of the wavefunction for the out-of-plane torsional coordinate. For v=0 the 

probability of presence is non-zero only for the bent geometry, which is not the case for v≥1, so 

that the ππ* /πσ* coupling is larger for v=0 than for v≥1, possibly explaining the shorter lifetime 

for the v=0 level adapted from reference 17. 
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In this picture, the vibrational wavefunctions are presented in a potential along an out-of-

plane torsion coordinate, assuming that the barrier is lying between the v=0 and v=1 excited 

vibronic levels, as calculated. The ππ* /πσ* coupling strongly depends on the out-of-plane 

deformation, the coupling being essentially zero at the planar geometry.13 The v=0 level is below 

the barrier to planarity and thus the vibrational wavefunction is essentially 0 at the planar 

geometry. Because geometry at v=0 level is always bent, the coupling is quite large and the 

lifetime should be short. For other vibrational levels the probability of presence in the planar 

geometry is not zero and the average of the coupling along the vibration is smaller (“the system 

spends more time in the planar geometry”) thus the lifetime should be longer. It would be 

interesting to see if theoretical calculations can reproduce this experimental result.  

The excited-state lifetimes of different vibronic levels in the first excited state of jet-

cooled catechol have been measured with ps pump-probe experiment. The lifetimes are very 

short (11 ps) and even shorter (7 ps) on the 0-0 transition. This can be understood in terms of 

variation of vibronic coupling between the bound ππ*  and dissociative πσ* states due to the 

absence of Cs symmetry in the excited state. The question of the evolution of this lifetime in 

substituted catechols and their conformers remains open. 
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EXPERIMENTAL TECHNIQUES AND CALCULATIONS 

Cold catechol is obtained in a molecular beam and investigated using nanosecond and picosecond 

laser systems, featuring pulse lengths of 5 ns and 3 ps, respectively. Details of the experimental 

setup, molecule generation, spectroscopic methods, and employed laser systems have been given 

elsewhere.21 Briefly, catechol in a supersonic expansion is seeded in 3 bar of Helium and ionized 

in the extraction region of a time-of-flight mass spectrometer via resonant two-color two-photon 

ionization (1 + 1’ REMPI). The first UV photon excites the molecules into the S1 electronic state, 

whereas a second UV photon is used for soft ionization with low excess energy. REMPI spectra 

are obtained by scanning ns UV laser through the vibronic resonances of the S1 state. Lifetime 

measurement spectra are obtained by fixing the UV wavelength of the ps laser to a particular S1 

resonance and scanning the delay of the probe ps laser set at 310 nm, by steps of 0.08 ps. 

Ab initio calculations have been performed with the TURBOMOLE program package,22 

making use of the resolution-of-the-identity (RI) approximation for the evaluation of the electron-

repulsion integrals.23 The equilibrium geometry of ground electronic state (S0) has been 

determined at the RI-MP224 level. Excitation energies and equilibrium geometry of the lowest 

excited singlet state (S1) have been determined at the RI-CC2 level.25,26 Calculations were 

performed with the correlation-consistent polarized valence triple-zeta aug-cc-pVTZ basis.27 The 

vibrations in the ground and excited-states have been calculated and the vibronic spectra 

simulated using PGOPHER software28 for the Frank-Condon analysis. 
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