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Abstract 

The fast dynamics of the population build-up of S2 state of azulene in ethylene glycol and the following relaxation processes are investigated 
by transient absorption spectroscopy. The transient spectrum shows bands at 469,413 and 366 nm. The spectra1 data are compared to the 
results of semi-empirical calculations based on the QCFF/PI method. The build-up of S2 population is measured by following the growth in 
intensity of the main peak (366 nm) as the function of the delay between the pump (340 nm) and the probe (broad continuum). The 
experimental points are fitted by a single exponential curve with time constant of 300 + 50 fs. The process is dominated by the fast motions 
of the solvent cage. The decay of the state occurs with a single exponential mechanism with time constant of 1.06 + 9 03 ns. 0 1997 Elsevier 
Science S.A. 
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1. Introduction 

Azulene (Fig. 1) is the most investigated among the 
known examples of closed-shel! po!y:+omic molecules 
exhibiting So+ Sz fluorescence [ I]. It has been the subject 
of extensive theoretical and experimental studies. In recent 
years the dynamics of S 1 and S2 states hake been characterised 
by time-resolved techniques. Several pump-probe experi- 
ments with sub-picosecond resolution have beGn performed 
to measure the lifetime of the short lived S, state in solution 
[ 2-71. The S2 lifetime and fluorescence quantum yield have 
been measured and correlated to the energy gap between Sz, 
S1 and related triplet states [ 81. Many calculations have been 
done in order to give a correct interpretation of ground state 
spectral data (Frequencies and intensities), and other prop- 
erties of the first excited states [g-12]. 

In this paper we present preliminary results obtained by 
measuring the transient absorption spectrum from S2 state. 
Transient absorption spectroscopy with a broad band probe 
is a unique tpol because it contains both spectral and dynam- 
ical information [ 13-15 ] _ It provides simultaneously the 
energy of the transition starting from a particularly prepared 
excited state and the dynamics of formation and decay of this 
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Fig. 1. Molecular structure of azulene. 

state. In addition, wavelength shifts of the peak maxima 
occurring in the first picosecond after excitation can provide 
more details than the simple evolution of the transient absorp- 
tion at fixed wavelength. The observation of the growth and 
disappearance of the bands provides a complete description 
of the dynamics of excited states. Furthermore the observa- 
tion of transitions to energy levels otherwise not observable 
in classical absorption spectroscopy is feasible because of 
different symmetry selection rules and the possibility to attain 
very high excitation energy up to the VUV spectral region. 

We report on the observation of some effects due to ultra- 
fast dynamics occurring in the S2 state after excitation and on 
the slower dynamics of population decay from the same state. 
The latter results are compared with those obtained by time 
resolved fluorescence spectroscopy. 
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2. Experimental and data handling 

The femtosecond laser system utilised in the present exper- 
iment has been described in previous papers [ 1617 3. Briefly, 
a titanium sapphire laser (Spectra Physics Tsunami) able 
to provide 70 fs (FWHM) pulses at 800 nm is amplified 
at 1 kI-Iz by a regenerative ampiifier (BMI Alpha 1000) 
pumped by a intracavity frequency doubled Nd:YLF (BMI 
62 1-D). The amplified pulses (typical energy 800 fl per 
pulse and duration 120 fs) is used to pump a travelling wave 
parametric generator tunable in the 1.2-2.4 pm range [ 18 1. 
The output (signal + idler) has an average power of about 
250 pJ ( > 25% conversion). In the present experiment the 
signal pulse ( 150 rJ and 80 fs at 1.36 mm) is doubled twice 
in two thin BBO crystals to achieve pulses in the UV at 
340 nm (3-5 p+J and 80 fs) [ 191 at the maximum of S2 + So 
transition of the absorption spectrum in ethylene glycol (see 
Fig. 2). A small portion of the amplified train (5 l.t+J) is split 
off before the parametric generator and focused, after passing 
through a delay line, into a 2 mm thick CaF* plate. In this 
way a broad white continuum (290-700 nm) is obtained. 
The components of the continuum are time-dispersed, owing 
to the dispersion of the linear and non linear refraction indices 
in the CaF* plate itself. The temporal behaviour of the probe 
has been characterised: the total dispersion is 1.5 ps between 
the wavelength limits and 1 ps between 290 and 450 nm 
components. Several spectra have been recorded at close 
intervals (30 fs) and then reconstructed in order to recover 
the dispersion within 200 fs. The cross correlation between 
the continuum and the excitation pulses has been measured 
by looking at the stimulalked Raman gain intensity of the CH 
stretching band of dodecane in a jet and was found to have a 
gaussian shape with a duration of 200 fs (FWHM). The UV 
and the continuum pulses, linearly polarised at 0” and 54.7” 
respectively, are focused by a parabolic mirror onto the sam- 
ple. In order to reduce the noise due to thermal fluctuations, 
the sample ( azulene solutio;r 5 X 10’ 3 M in ethylene glycol) 
is flowed through a 400 km jet. This method has two limi- 

tations: firstly, only solutions with viscous solvents can pro- 
vide stable jets and secondly, oxygen cannot be completely 
removed from the solution. 

Probe and reference beams are focused with a cylindrical 
lens onto the entrance slit of a flat field spectrograph. Two 
images deriving from the probe and the reference are selected 
on the CCD detector. The ratio between their intensities pro- 
vides the transient transmittance of the solution. Each spec- 
trum is collected over 4 min, corresponding to 240 000 la;e:. 
shots. In this way it is possible to observe transmittance var- 
iations of the order of 0.5%. 

3. Results and discussion 

In Fig. 3 the transient spectra recorded 2 ps and 16 ps after 
excitation are reported. The spectra are corrected for the dis- 
persion of the white continuum, as described in the previous 
section, and for the presence of fluorescence peaks, by sub- 
tracting spectra recorded with the pump only from the spectra 
recorded with pump, probe and reference together. In Fig. 4 
the build-up of the absorbance measured at the main peak 
wavelength at 363 nm is reported as a function of the delay 
between pump and probe. 

Compensating for both the contribution of the spike and 
convolution with the instrumental function, the rise time is 
300+50 fs. The fitting ha& been performed with a program, 
based on Powell’s method, which includes the convolution 
of the molecular response with the instrumental function 
[ 141. The signal S(t) is given by 

S(f) = 
I 

dtF(t- T)R(z) (1) 

where F(t) is the instrumental function measured according 
to the procedure described in the previous section and R(t) 
is the molecular response function: 

R(t) = W,8(t) + W2( 1 -e-“‘)H(t) (2) 

3 

0 

Wavelength (nm) 
Fig. 2. The absorption spectra of azulene in cyclohexune (dashed line) and ethylene glycol (solid line). 
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Fig. 3. Transient absorption spectrum of azulene in solution recorded 2 ps (upper line) and 16 ps (lower line) after excitation at 340 nm. 
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Fig. 4. Time evolution of the transient absorption of azulene in solution. 

where the Ws are the weights of the two contributions, r is 
the time constant of the population formation process and 
H(t) is the unitary step function. 

Owing to the complexity of the evolution of transient 
absorption spectra a detailed discussion is required. Therefore 
we divide the analysis of the results into three parts. The first 
one discusses the fast evolution of the transient in the first 
few picoseconds. The second one deals with the slower relax- 
ation dynamics and in the third part we discuss the transient 
spectrum of the relaxed S2 state and we compare the experi- 
mental data with the results of semi-empirical calculations. 

3.1. The fast dyrtamics 

The evolution of the various spectral features appearing in 
the transient spectra after excitation of S2 state must be dis- 
cussed taking into account the following observations. 
1. The excitation wavelength is at 340 nm. 
2. The main peak in the transient is at 366 nm. 

3. The maximum of the fluorescence spectrum from SZ state 
is at 377 nm. 

Within 40 nm we have the occurrence of three distinct proc- 
esses which can interact to produce more complex signals 
(see Fig. 5). In the light of the above mentioned points we 
can give an explanation of the fast changes observed in the 
transient spectra which can be summarised as follows. 

The central peak position moves from shorter (359 nm) 
to longer (366 nm) wavelengths. The latter value is then 
cbserved in the spectra recorded at longer delays. The 
overall effect occurs in about 300 fs. 
Around zero delay time an intensification of transient 
absorbance is observed together with stimulated emission. 
From the analysis of the transient absorbance the rise time 
of population formation in S2 state results to be 
300 f 50 fs. 

Points 1 and 2 can be interpreted as processes due to the fast 
relaxation dynamics involving the solvent cage around the 
molecule. It is well known that all solvents, independently of 
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Fig. 5. The evolution of the transmittance during the first 0.5 ps. When pump and probe are overlapped (0 and 80 fs curves) a strong absorption around 360 nm 
is observed together with the stimulated emission at 377 and 383 nm. When the pulses are well separated (500 fs curve) the regular absorption features are 
observed. 

their visccsity, possess femtosecond non-diffusive inertial 
relaxation, The fast relaxation time for ethylene glycol has 
been measured, by time resolved optical Kerr effect, to be of 
the order of 600 fs [ 201. The order of magnitude of the time 
constant for this process is the same as that observed in the 
present experiment. This interpretation is also consistent with 
the fact that the dephasing process, occurring in the excited 
state, is driven by the fast changes in the coordination of the 
solute molecule. The population build-up of the excited state 
must occur on the same time scale. This provides an expla- 
nation of the difference between the rise time measured in 
the present experiment and the dephasing time measured for 
azulene in cyclohexane, which is ten time shorter [ 21. 

fluorescence. The latter cannot be eliminated by the subtrac- 
tion procedure previously mentioned and consequently is 
interpreted as resulting from stimulated emission. Such inten- 
sification, which is the origin of the spike appearing in Fig. 4, 
may be attributed to the superposition of the transient elec- 
tronic signal with an overdamped oscillation which probably 
occurs in both the ground and excited state. The limited time 
resolution of the present experiment does not allow the obser- 
vation of any oscillatory behaviour such as has been reported 
in other experiments [ 2 1,221. 

3.2. The slow decay dynamics 

With regard to point 2, we observe that the intensification In Fig. 6 the comparison between the fluorescence decay 
of the signal at zero delay time occurs along with strong (solid line) and the decay of transient absorbance (open 

Fig. 6. Comparison between time resolved fluorescence (solid line) and transient absorption data (open circles). 
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Experimental and calculated transition wavelengths of transient absorption spectrum from azulene Sz state 

S,-+SS 
S2-+SB 
Sz+S7 
SZ”SB 
S*+S9 
s24s10 

Experiment (nm) a 

469 
413 

366 
(353) 

QCFF/PICIS (nm) Corrected QCFF/PICIS (nm) b Oscillator strength Final state symmetry 

598 617 0.0028 b2 
487 497 0.2673 ai 
429 434 0.1581 bt 
405 405 0.0044 ai 
373 379 0.0689 b;! 
360 383 0.2405 aI 

a Present work. 
b Difference between S, and S, energy levels corrected by zero-point vibrational energy (see text). 

circles) is reported. The transient absorption measurements 
are limited by the length of our delay line, however the agree- 
ment between the two results is good. The decay constant 
obtained by fitting present data with a single exponential is 
1.06 f0.03 ns. This is shorter than those obtained by time 
resolved fluorescence in various solvents. For example the 
fluorescence decay time of azulene in cyclohexane is 1.33 ns 
and in ethanol 1.3 1 ns [ 8 1. This discrepancy may be attrib- 
uted to the presence of oxygen in the solution and further 
measurements are needed to clarify this point. However the 
present experiment demonstrate the equivalence of transient 
absorption and time resolved fluorescence techniques. 

3.3. The transient spectrum 

As mentioned in Section 1, transient spectra also provide 
information about high energy molecular states not observ- 
able with other spectroscopic techniques [ 141. In the present 
case we have been able to observe electronic transitions up 
to60OOOcm- ’ above the ground state. Bands appearing at 
such a high energy revel could also be attributed to cation 
formation following multiphoton ionization of the molecule. 
If this was the case, a different time constant for the decay of 
the transient signal compared to that of fluorescence would 
be expected. This is not the case and therefore the main 
features of the transient spectrum are attributed to a S, + S2 
transitions. 

This study has been completed bj; perfonriing semi-empir- 
ical MO calculations on azulene within the QCFF/PI approx- 
imation and including single excitation configuration 
interaction [ 23 1. This procedure is particularly suitable for 
the interpretation of the transient spectrum because it gives 
vertical excitation energies of optimizedelectronic states.The 
program has also been applied to calculate oscillator strengths 
of S, * S,, in addition to S, + So transitions. The results are 
summarised in Table 1. A good overall agreement withexper- 
iment is found. The number of excited states higher than S2 
in the range 600-350 nm with sufficiently hi oscillator 
strength is equal to the observed transient band. Also, cal- 
culated vertical transition energies from optimised S2 state 
satisfactorily agree with experiment. It is finally concluded, 

considering the difference between vertical and (O-O) tran- 
sitions energies, that transient absorption probes in the present 
case the vibronic manifold of higher electronic states. 
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