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The transient spectra of azulene in solution have been measured in the spectral regi8&®B0AmM at room
temperature, pumping into the &d $ states with femtosecond pulses and probing with a delayed femtosecond
white light continumm. The spectra are a combination of ground-state bleaching, stimulated emission, and
excited-state absorption. The latter component gives a direct information on excited states which may be not
active in the ground-state absorption.-S S, and $ — S, absorptions have been discussed with the help of

ab initio calculations of the MCSCF/CAS type with the 6-31G* basis set and including perturbative corrections.
The calculated §— S,, Sieq— Sh, and Seq— S, vertical excitation energies and oscillator strengths are in
satisfactory agreement with the experimental results. It has been found that electronic states, weakly active
in the ground-state absorption, occur with high intensity in the femtosecond transient spectra, in particular in
the energy range 3608@4000 cm? above the ground-state energy.

I. Introduction hand, the fluorescent,State is relatively long-livedy1—1.6
ns in common solvents.
Time-resolved absorption with spectrally broad probe pulses
h having femtosecond/picosecond time duration (white light
continuum$3~26 may in principle give information both on the
relaxation dynamics and on the spectroscopy of excited states.
In the past few years, the technique has been in fact widely
applied to a variety of fast dynamical processes, including
internal conversioA!~3! intramolecular excited-state profgi3
and electroff transfer, and valence tautomeric interconversfon.
dTransient absorption of azulene is here measured to access
electronic states not active in the ground state absorption, once
recent study® the S decay time of azulene in cyclohexane the contribution of exciteq state gbsorption (ESA) to the oyerall
solution was accurately determined as a function of the excessSlglnal Is extracted. Sampllng regions of energy surfaqes different
vibrational energy above the 8rigin, decreasing from 1.7 ps from those_re§p0n3|ble for the ground state absorpn_on enables
at the origin t0~0.4 ps 1300 cm® higher. The radiationless us to acquire independent sets of spectral data which may be

decay was related to the occurrence ofSgconical intersec- usefully compared with theoretical predictions. In fact, ab initio
tion.2* Experimental evidence for the energetic location of the calculations of ESA have been already proposed in order to

conical intersection has been recently obtained for azulene inpre_dict materials WhiCh have_ op_timal characteristi_cs Wi.th respect
condensed pha&and in jet-cooled conditior®.On the other to important technical applications such as optical limifihg.

Azulene, the nonalternant aromatic isomer of naphthalene,
is known to have unusual photophysical propertiés.n
contrast with the vast majority of aromatic molecules whic
show § — & fluorescence under low excitation intensity,
azulene fluoresces from the second excited stateptovith
quantum yieldys,—s, = 0.046 in cyclohexane solution at room
temperatur®® and to § (s,-s, ~ 4 x 107%) in methylcyclo-
hexane glass at 7781 while only very weakly from $to S
(7s—s, < 1076) with laser excitatiod.The depopulation process
from S; in condensed media has been extensively investigate
with subpicosecond pumfprobe experiments:2° In the most

* To whom correspondence should be addressed. E-mail: piero.salvi@ Il. Experimental Section

unifi.it. Azulene from Aldrich (99% nominal purity) was used without

T Also at Laboratorio Europeo di Spettroscopie non Lineari (LENS), e .
Dipartimento di Fisica, Universitdi Firenze, via N. Carrara 1, and at INFM, further purification. Standard absorption and fluoresceigg (

Unita di Firenze, via G. Sansone 1, 50019 Sesto Fiorentino, Firenze, Italy. = 313 nm) spectra of azulene>4 10~> M in cyclohexane are
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in complete agreement with reference dataAzulene solutions

in cyclohexane were freshly prepared at the concentratioh 10
M and 5x 103 M to pump into § and S states, respectively.
Under our excitation conditions, the fraction of molecules
promoted to the excited states is estimated tetie-3%.

The experimental instrumentation and data processing for
time-resolved studies in the femtosecond time regime have been
described in detail in previous papé?s°In short, the ultrashort
pulses £70 fs at 800 nm) from a Ti:sapphire laser are stretched,
amplified at 1 kHz repetition rate by means of a regenerative
amplifier, and then recompressed {900 fs;~700 mW). The
amplified pulse train is divided into two portions, the most
intense of which generates, through parametric generation and
amplification into a BBO crystal® signal and idler output. In
the present experiment, the second harmonic of the signal at
the wavelength of maximum conversion efficiency, 680 nm,
pumps azulene directly into thg State. To pump directly into
the S state, the fourth harmonic of the signal is generated,
providing 3-6 ©J at 340 nm. The weakest portion;-2 uJ at
800 nm, is directed onto a Caplate and produces a slightly Figure 1. Atom numbering and axis reference system of azulene.
chirped white light continuum of femtosecond pulses from 350

S o (nm)
up to~750 nm, which is further split into two parts of equal 200 250 286 333 500 667
x40

intensity by a 50/50 fused silica Al beam splitter. One of these,

acting as probe beam, measures the transient transmittance at' |

any given delay time with respect to the excitation beam. The

second, travelling along a shorter optical path, interacts with

the same volume of the sample seen by the excitation and probe

beams before the excitation process and therefore provides a 10 t

convenient reference signal. The remaining intensity of the 800 A

nm light, still much larger than that of the white continuum, is

carefully filtered out of the whole beam before probe and

reference reach the sample. Because of the absence of filters in 0.5 | \
early transient absorption experiments pumping intca®u-

lene3® the pump beam mixed nonlinearly with the 800 nm beam

producing an efficient dumping of the population from t8

S;. The observed transient spectrum, incorrectly assigned to the ¢ | | | ; |

S, — S, transition3? is actually due to § On the other hand,
to avoid saturation effects on the detector because of the high
pump intensity, a short-wave pass filter is inserted along the

beam path after incidence on the sample, thus reducing the uppefigure 2. S — S, absorption spectrum of azulene>410°° M in
limit of the transient spectrum t&650 nm. cyclohexane solution. Bottom: calculated vertical excitation energies

) - ) and oscillator strengths of they S> S, transitions, according to our
The signal detection is operated by means of a back- MCSCF/CAS(10,10)/6-31G*/QDPT calculations (see text for details).

illuminated CCD camera with spectral response in the range The pump energies for transient-S S, and S — S, experiments are

300—-1000 nm. Two horizontal strips covering300 nm are also indicated in the Figure by vertical arrows.

selected on the CCD target to collect the probe and reference

signals spectrally dispersed after passing through a flat field 25 Ill. Excited State Absorption of Azulene

45000 40000 35000 30000 20000 15000
(cm’)

cm Czerny-Turner spectrograph. For the sake of clarity, let us first review the most important
The transient transmittance at a given delay timand results on the §— S, spectrum of azuler& 52 which are
wavelengthi, T(z,4), is defined ad(z,4)/10o(1), wherel(z,4) and pertinent to our study, making reference to Figure 1 for the axis

lo(4) are the intensities of the white light continuum reaching reference system and to Figure 2 for the ground-state absorption
the detector with and without the pump puf§&7 To take spectrum. There are four distinct absorption regions in the
advantage of the reference intensityfl), two measurements  azulene spectruma=700-500 nm, 356-310 nm, 296-260 nm,

are performed, the first with the probe beam only, thus acquiring 240-220 nm, with oscillator strengths 0.009, 0.64l, and 0.4,

[:() andlg(4) and then the baseline signal, and the second with respectively’® The two lowest systems have their electronic
both the excitation and probe beams, enabling us to Kifow) origins at 14320 and 28330 crhand show well resolved
and I(1). In this case, the transient transmittant@,4) is vibronic structures at room temperature. The third, i.e., the
obtained as I[t,A)/1,(A)] x[1:(A)/1o(A)]. In kinetic studies, for strongest band system of azulene, consists of three relatively
small variations ofT(z,A) it is usual to express the transient broad bands at 35 650, 36 350, and 36 770nhe fourth is
optical densityAOD = [1 — T(t,4)]/2.303. To prevent any effect  a single diffuse absorption centered around 42 100%cifhe

due to group velocity mismatch (GVM) between pump and allowed component of the first and fourth band system are
probe pulses, the azulene solution flows into a 0.3 mm thin knowr?48to be short axisy, see Figure 1) polarized, whereas
cell in all our experiments. Further, due to chirping of the white those of the second and third are long-axds folarized?47

light continuum transient spectra were corrected according to Interposed between the second and the third band system there
the procedure described in ref 26. is a separatg-polarized weak transitidf at ~33 800 cntl.
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Figure 3. Transient optical densityNOD, 350-600 nm spectral range)
of azulene 10 M in cyclohexane at room-temperature pumping at
680 nm after 0.2, 0.65, 1.3, 2.5, and 4 ps delay times [traces a

respectively] of the probe with respect to the pump pulse.
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Figure 4. Upper: transient optical densithOD, of azulene (10 M

in cyclohexane, 356600 nm spectral range, room temperature, 0.2 ps
delay time, pump wavelength 680 nm) fitted with seven bands of
Gaussian character (see text for details). Lower: the-S, spectrum
(dashed) in the same wavelength range.

Above 43 000 cm? (220 nm), three others bands are observed
in solution, at 48 200, 52500, and 62 600 ¢nwith no definite
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Figure 5. Transient optical densityAOD, of azulene 10" M in
cyclohexane at room temperature and with 680 nm pump wavelength
as a function of the delay time: asteriskgione = 390 nm; circles,
Aprobe = 360 nm. The two decay curves are normalized to unity.

TABLE 1: Band Centers (vo, x 10° cm™1), Widths [T

(fwhm), cm~1], and Oscillator Strengths f of the Seven
Component Bands, A, B, C, D, E, F, and G, of the Observed
Transient Spectrum § — S, Shown in Figure 4

A B Cc D E F G
vo 19.0 20.3 21.2 22.6 251 26.5 27.5
I 1170 1140 1220 2140 1560 1800 960

f 1x107° 6x10°% 1.7x10°° 1.3x10% 1x10% 2x104 3x10°5

vibronic manifold more than 3000 crhabove (3-0) $S—S,,

is expected to be quite small. Within this approximation it may
be seen from Figure 4 that the onset of the-SS, absorption
band distorts negligibly the transient spectrum. The bleaching
component has been subtracted to the experimental spectrum
and the resulting profile has been fit to seven Gaussian bands,
as shown in Figure 4. The fitting parameters are reported in
Table 1.

As to the positive signal, two different absorption mechanisms
must be considered. In fact, our results on the relaxation
dynamics of azulene transient bands, summarized in Figure 5,
indicate the occurrence of two decay mechanisms, both having
instantaneous rise time within the time resolution of our
experimental apparatus=(50 fs). The first has time constant
<1.4 ps probing at 390 and 440 nm, in fair agreement with the
most recent measuremenfsThe process has been interpreted

assignment! These are not however Rydberg excitations, easily as internal $— S conversiont2-20 In addition, with probe
observed in this energy range in gaseous azulene but efficientlywavelength around 360 nm, a second decay kinetics is found

quenched when azulene is in a condensed ptfase.

A. S; — S, Spectrum. The transient spectrum of azulene
101 M in cyclohexane solution, pumping at 680 nm, iz400
cm~1 above the Sorigin, and probing with a femtosecond white

having a time constant of 8 ps (see Figure 5). Decay times
between tens and hundreds of picoseconds have been observed
in azulene when exciting in the, $anifold and monitoring on

the long wavelength edge of higher absorption b&#&8sThese

light continuum pulse, has been measured as a function of thehave been ascribed to ground state deactivation of vibrationally
delay time of the probe with respect to the pump pulse. The hot molecules once the internal S> S is completed. This

time evolution of the transient optical densikOD, in the
spectral region 356600 nm is reported in Figure 3. Negative

process should be excluded in our case on the basis of the fact
that (i) the small excess energy of the pump with respect to the

signals correspond to ground-state bleaching (B) or stimulated S; origin plausibly causes a negligible increase of the internal
emission (SE) processes, whereas positive signals corresponanolecular temperature and (ii) the two observed maxima of

to excited-state absorption (ESH).As the 356-600 nm
wavelength range partially overlaps the azuleng-S S
(=500-700 nm) and $— S, (<360 nm) absorption bands,

Figure 5 are coincident, indicating that the slow decay does
not temporally follow internal conversion. The process may be
justified noting that the 680 nm pulse not only induces the S

bleaching in these regions is expected. The effect is easily— S; transition but also may mix nonlinearly with white

recognized above:500 nm in the transient spectra observed at

continuum pulses, when temporally coincident, to stimulate

early delay times by comparison with the ground state absorp- Raman modes. The CCC bending mode 825 %nstrongly
tion, as shown in Figure 4. The bleaching contribution may be active in the resonance Raman spectPinis a suitable

estimated more quantitatively considering the spectrum takencandidate, being available pulses at 720 nm in the white
at 0.2 ps delay time and assuming that the negative signal atcontinuum. Probing the vibrational relaxation through hot band
580 nm is due solely to bleaching. The ESA signal, 680 nm S, — S, absorption, a transient positive signal is expected to
pump plus 580 nm probe energy, i.e., in the region of the S the red of the &S, origin around 364 nm, in reasonable
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Figure 6. S — S, [(b), A units on the right] and ESA;S— S, [(a), Figure 7. Upper: transient optical densithOD, of azulene (5x

AOD units on the left] spectra of azulene in cyclohexane at room 1073 M in cyclohexane, 358650 nm spectral range, room temperature,
temperature. The ESA spectrum has been obtained from the transientl5 ps delay time, pump wavelength 340 nm). The contribution of the
spectrum of Figure 4 (see text for details) and is shifted by 14 320 S; — S stimulated emission has been subtracted from the transient
cm™, the energy of the (80) S — S; transition. spectrum and the component due to excited-state absorption (ESA) fitted
with four bands of Gaussian character (see text for details). Lower:

agreement with the transient peak observed at delay times ad"® & — S fluorescence spectrum.

late as 4 ps (see Figure 3).
The ESA spectrum of azulene in cyclohexane at 0.2 ps delay x10%m’”
time, resulting from further subtracting the hot band absorption 50.0 40.0 33.3
contribution to the transient spectrum, is compared with the S ' ' ' 115
— S, spectrum in Figure 6, setting the ESA starting level at (@
the § origin, 14 320 cm! above the ground state. Two
absorption maxima fall at 269 and 244 nm. The former lies in 007
the region of the third band system and may therefore be a0D (b) 14
confidently assigned as a transition fromt8 the same final
state. The latter has no cleag S S, counterpart. The ESALS 0.05
— S, comparison of Figure 6 suggests also the correspondence 405
of the weak 298 nm band33 500 cn?) with that at 296 nm
(=33 800 cnTl) in the § — S, spectrum. 0.03 |
Finally, going back to Figure 4 and considering our experi-
mental conditions (active volume10~5 cm™3; pulse energy 200 250 300
~5 uJ at 680 nm; ground-state absorbance of the 0.1 M solution nm
~1 at 680 nm), the S— S, extinction coefficientes g, was Figure 8. S — S, [(a), A units on the right] and ESAS— S, [(b),
estimated at 377 nm, i.e., the maximum of the strongest ESA AOD units on the left] spectra of azulene in c_yclohexane at room
band, to be 400mol~ cmi~L. Therefrom, the oscillator strengths temperature. The ESA spectrum has been obtained from the transient

of the seven bands have been also calculated and reported iriﬁ?i‘t%rg g:] eFrlg?;?f t7h ésé%)tgtfgzdfrﬁ?ﬁggd Is shifted by 28 330

Table 1.
B. S — S, Spectrum. Pumping azulene 5 1073 M in TABLE 2: I§l€tnd Centers (vo, x 10° cm™), Widths [T
cyclohexane solution with 340 nm radiatiorrZ9 400 cn?, (fwhm), cm™1], and Oscillator Strengths f of the Four

Component Bands, A, B, C, and D, of the Observed

1070 cntt above the Sorigin) and probing with the white light Transient Spectrum S — S, Shown in Figure 7

continuum in the 356650 nm spectral region, the; S~ S,

transient spectrum is measured (see Figure 7). Ground-state A B c b
bleaching abovex500 nm has in this case a negligible effect o 17.7 19.1 231 25.2
on the transient spectrum because of the concentration reduction. I 1950 1220 3630 4540

. . . 3 4 4 3
On the contrary, stimulated,S~ Sy emission may be sizable 1.8<10° 1x10° 7.4x10° 3.4x10°

and, in fact, decreases the positive ESA signal below 400 nm,

as it is seen by comparison with the fluorescense—SS, nm (46000 cnt’) by MCD spectroscopy on its alkyl

spectrum of azulene, shown in the same figure. Also the band derivatives’® On the contrary, the secon_d band around 190 nm
structure visible on the high energy transient band is entirely CloSely matches the broad S S, absorption centered at 190.5

due to SE. Once this component is subtracted, the ESA spectrun]™ (*52 500 cm®).5t

has been fitted to the sum of four Gaussians, shown in the same .

Figure. The fitting parameters and the oscillator strengths are IV. Structure and Energetics of the , S, and S States

reported in Table 2, having estimated that the extinction  Ab initio calculations on azulene were performed with the

coefficient,es, s, at 558 nm is~26001 cm™! mol™. GAMESS suite of prograni5” and using the 6-31G* basis
Taking into account the origin of thepS> S, absorption at set. The ground and lowest excited states #48d $) were

28 330 cnt?, the ESA spectrum at 15 ps delay time may be optimized at the MCSCF level, considering the complete active

compared in Figure 8 with thepS—> S, spectrum. Again, the  space (CAS) of 10 electrons distributed among the 10 lowest

218 nm band has hayS~> S, counterpart. However, a transition ~ molecular orbitals (hereafter designated CAS(10,10)). The total

of azulene, not obvious in absorption, has been observed at 217number of configurations amounts to 19 404. The stationary
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TABLE 3: C —C Bondlengths (A; Atom Numbering from
Figure 1) at the Stationary Points of the Ground and of the
Two Lowest Excited States of Azulene According to
CAS(10,10)/6-31G* and DF/B3-LYP/6-31G* Calculation%

S
DF/B3- St S
Co Cs LYP exp Co  C. Cu G
f, 1405 1443 1404 1.391 1.387 1400 1.400 1417 1.376
o 1405 1371 1.404 1398 1.400 1.400 1.417 1.472
f2s 1405 1.375 1405 1.413 1.395 1.461 1.461 1.447 1.447
foro 1.405 1441 1.405 1404 1.461 1461 1.447 1.404
f3s 1392 1425 1392 1.383 1.392 1441 1.441 1.447 1448
fo 1.392 1.366 1.392 1390 1.441 1.441 1.447 1.441
fs 1400 1.370 1.398 1.401 1.402 1382 1.382 1.412 1.396
f7s 1400 1434 1.398 1393 1.382 1.382 1412 1.452
fso 1399 1435 1398 1.385 1.397 1419 1.419 1.409 1.441
fe; 1.399 1.370 1.398 1391 1.419 1.419 1.409 1375
f3o 1497 1492 1500 1.483 1.498 1.388 1.388 1.400 1.429

a All entries refer to CAS(10,10)/6-31G* calculations except when
otherwise indicated? From refs 70 and 71.

TABLE 4: Stationary Points of the Ground and of the Two
Lowest Excited States of Azulene:Ecas, Calculated Energy
at the MCSCF/CAS(10,10)/6-31G* Level of Approximation;
Dqopr, Second-order Perturbative Correction to the CAS
Energies; AE, Difference between EnergiesEcas + Doopr)
of Stationary Points; AEq-o, Observed Energy Difference
between the Ground and Excited Statev = 0 Levels ofC,,
Azulene; y Equilibrium Dipole Moments of Sy, S5, and $#

CAS(10,10) exp
Ecas u Doopt AE u AEg—o
So(Ca0,1A1)P —383.414961  0.704—1.168169 O 0™ 0
So(Cs, 1A") —383.415687 0.603—1.162297 1.1
S1(C2,,1B;)  —383.357298 —0.265 —1.162737 13.8—-0.42 14.3
S1(Cs,2A") —383.357298 —0.265 —1.162737 13.8
Sy(Co,2A1)¢ —383.263829 —0.446 —1.182198 30.1—-0.31 28.9
SH(Cs,3A) —383.269110 —0.296 —1.174901 30.5

a All energy values are expressed in hartrees exddpand AEy—o
in 10° cm™L. The dipole moments are expressed in deby&addle
point with one b imaginary frequency, 7i@&m at the CAS level of
calculation.© From ref 72.9 From ref 73.¢ Saddle point with one b
imaginary frequency, 3118m at the CAS level of calculatiort From
ref 74.9 From ref 75.
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the $ energy surface, being all associated vibrational frequen-
cies real, and th€;,, structure a saddle point, having ong b
imaginary frequency, 7i6cm~1. However, when the pertur-
bative correction to the CAS energies is considered through the
QDPT approach, th€,, structure lowers at an energy below
that of theCs structure by~1140 cntl. In addition, theC,,
geometry is almost identical to that calculated by the DF
approach (see Table 3) corresponding to a minimum on ¢he S
energy surface (all of the vibrational frequencies are real). These
are strong indications abo@,, symmetry of azulene in the
ground state minimum. Only one equilibrium geometry is found
for S;: in fact, forcing the molecule t€s symmetry, a structure
is determined coincident within the computational accuracy with
that optimized inC,, symmetry. Finally, two critical points, one
saddle C,,) and one minimum@s), have been determined for
S, in close similarity with §. Also in this case, the QDPT
treatment favors th€&,, structure ovelCs by ~400 cn1? (see
Table 4). Experimentally, no conclusive information on the
molecular geometry comes from the X-ray diffraction data on
the solid because of the disordered crystal arrangerffein
the contrary, the crystal structure of the azulsttenitrobenzene
complex has a small degree of disordeiThe geometry of
azulene in the complex is substantially aromatic, i.e., with
markedly reduced bond alternan@Table 3 shows that, while
there is agreement between g and experiment&? "1 C—C
bond lengths of & a conspicuous discrepancy exists for e
values. In the Sstate, the -Cy cross-link contracts strongly
from 1.497 to 1.388 A, whereas the adjacent@ bonds
lengthen, G—Cz and G—Cyo from 1.405 to 1.461 A and &
C4 and G—Cg from 1.392 to 1.441 A, as noted in previous
calculationg189As for S, the Cy, structure has all EC bonds
of the ten-membered external ring elongated with respec§ to S
and the G—Cqg cross-link as short as 1.400 A. The dipole
moments of azulene in the,S5;, and $ states depend on the
molecular symmetry, as shown from Table 4 and compare
satisfactorily with the experimental resufés’3Last, the QDPT-
corrected energy values of the{0)S—S; and (0-0)S—S;
transitions, relative to th€,, structure of g, match closely the
observed value&:7®

The nature of the two excited stateg,@®d S, deserves some
other comments. The;State is largely represented by singly

pOIntS determ|ned by mea.ns of this procedure were C|aSSIerd excited Configurations' and among these, the (HOMO,LUMO)
as minimum or saddle points of the energy surface according has the largest weight62%). As long as this single config-
to the numbel', 0 or l, Of Imaglnal’y frequenCIeS found n the uration |S taken as representative of thQ sate, the

associated vibrational calculation. Vertical excitation energies,

AEg;—s,, AEs—s,, andAEs,—s,, and oscillator strengthfsfrom

(HOMO;LUMO) m* density is mostly centered between C
atoms so that Smay be classified as a covalent st&t@n the

the stationary points of the energy surfaces were then obtainedcontrary, the contributions to ,Sfrom all singly excited

A perturbative correction, up to second order, was applied to configurations is smaller®50%) and more balanced, with
the CAS energy of the ground and all excited states. This preponderance of (HOMO;LUM®1) and (HOMO-1;LUMO).
quantity takes into account the dynamical part of the electronic | is still convenient, however, to classify the State as ionic
correlation and is calculated by means of the MCQDPT routine pecause of these singly excited configurations, in close analogy

based on the quasi-degenerate perturbation theory (GOPT)

and interfaced with the GAMESS program. Few other density

functional (DF) calculations relative toy®ere carried out with
the Gaussian 98 progré&musing the B3-LYP exchange-
correlation function&f-63and the 6-31G* basis set.

Our CASSCF(10,10)/6-31G* results on the ground and

with the nature of the second excited state of benZ&ne.

V. Discussion

All wz* excited states ofC,, azulene belong to Aor B,
symmetry. Vertical excitation energies and oscillator strengths

excited-state structures are reported in Tables 3 and 4. TheS, — S, relative to theC,, equilibrium geometry of §have
ground state of azulene has been already studied by means obeen calculated through the CAS(10,10)/6-31G* procedure and
ab initio methods of varying accuracy in the past years in order QDPT corrected. Data relative to those falling in the 16-600

to establish whether the bond-alternating or the bond-equalized44 000 cnT?! energy range, are compared with solution data in

structure, withCs and C,, symmetry, respectively, is at the
energy minimum on the ¢Shypersurfacé!%% In our case,
the Cs equilibrium geometry is found to be more stable than
Cy, by ~160 cnTl. The C; stationary point is a minimum on

Table 5. When coupled with calculated oscillator strengths, they
allow a straightforward assignment of the-S S, spectrum up

to S$(3By), being the maximum deviation of calculated from
experimental energies not larger thai600 cntl,
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TABLE 5: Calculated and Observed Vertical Excitation TABLE 7: Excited States of Azulene: Coefficients of the
Energies AEs,-s,, x 10° cm™) and Oscillator Strengths, Dominant Configurations (H = HOMO, L = LUMO,
fsy—s. to the Lowestaa* States of Azulené CAS(10,10)/MCSCF/6-31G* Results)
AESO—Sq fSo~S1 @S) @S,eq @$,eq
calc exp calc exp 1B, 078 1B 079 1B 0.79 H;L
Si(1By) 153 15.7 0.0025 0.009 2Ac 044 2A 044 2A 042 HOLL
0.5 0.42 0.46 H;l+ 1
SH(2A,) 29.5 29.2 0.0023 0.06 2
Si(2B)) 322 337 0.016 ~0.03 0.25 0.28 025 AL
2 : : : ) 2B, 0.53 2B 0.49 2B 0.55 H-—1L+1
Sy(3A1) 38.4 0.11 :
S(4AD 385 36.4 0.99 ~ 0.45 0.44 041 H-2L
. ’ : y ’ 3A; 0.35 5A 0.17 4A 0.26 H-=2L+1
Ss(5A1) 38.7 0.075 '
0.50 0.42 0.39 H-1;L
S/(6A,) 425 0.064 '
0.19 0.30 0.21 H-4;L
S5(3By) 42.7 42.1 0.10 0.4 5
S4B 435 5105 0.28 0.20 0.26  P(L + 1)
S, 2 ’ 4A; 064 3A 0.62 5A 0.64 HiL+1
o7A1) 44.1 0.547 5A, 043 4A 034 3A 036 H-3iL
S11(5By) 455 0.108 1 : ' : '
! 0.31 0.51 0.40  HL2
a Calculated energies are relative to theCs, equilibrium geometry, 0.30 0.20 025 H-1HLL+1
obtained through the MCSCF/CAS(10,10) procedure and QDPT 6A: 044 6A 046 7A 047 HL

corrected. Experimental oscillator strengths are from ref°4@vo- . 042 036 0.28 1LHLL+1

thirds of this intensity are estimated to be borrowed through vibronic : ; : : : Co
interactions, according to ref 48. 5B, 0.31 3B 0.23 5B 0.15 H=1Ll+1

0.34 0.35 0.45 ALL+1
.2
TABLE 6: Calculated and Observed Vertical Excitation 0.46 035 050  H-1HL
Energies AEs,s,, x 10° cm™) and Oscillator Strengths, aThe excited states are defined at the equilibrium geometry,of S
fs—s, to the Lowestza* States of Azulené Siand S, i.e., @3, @S.eq and @Seq respectively, and correlated
on the basis of similar coefficients. The energy (eV) and the symmetry
AEsg;—s, fs—s,
2 of the x andzz* molecular orbitals (6-31G* basis set) are as follows:
calc exp calc exp —0.5249 (h;H — 4), —0.4464 (h;H — 3), —0.4013 (gH — 2), —0.2929
Sy(2A1) 16.2 0.0017 (bi;H — 1), —0.2532 (aH), 0.058 (k;L), 0.0908 (a;L + 1), 0.2649
Ss(3As) 20.3 22.3 0.037 1510% (byL + 2), 0.3234 (gL + 3), 0.3517 (aL + 4).
Su(2By) 21.3 18.9 1.510° 1x10°%
S5(4A)) 23.4 5.%10™* TABLE 8: Calculated and Observed Vertical Excitation
Se(5A1) 25.2 25.0 0.0035 2104 Energies (AEs,s,, x 10° cm™1) and Oscillator Strengths,
S(6A1) 27.9 26.5 0.007 2104 fs,—s, to the Lowestza* States of Azulené
Sy(7AY) 29.5 2.5¢1074
a Calculated i lative to theeguilibri t e fors
alculated energies are relative to uilibrium geometry,
obtained through the MCSCF/CAS(10,10) procedure and QDPT cale exp cale exp
corrected® From Table 1fs + fc + fo. ¢ From Table 1fa. ¢ From S3(2By) 41 3x10°°
Table 1,fe. ©From Table 1fr. Su(3A1) 7.1 0.017
S5(4A) 11.5 3.%10*
5
Above 4 eV, there are states, weakly or not active in the S g‘;ggﬁg g:g iigs
— S, spectrum, which may contribute to the ESA-S S, and Ss(7AL) 12.2 1x10°5
S, — S, spectra. We associate the S S, spectrum to the Sg(?Bz)) 13.9 6.5<1(T:
equilibrium geometry of § In fact, although the redistribution S1o(4B, 14.6 2<10°
q g yors g S11(5By) 15.2 17.7 0.033 1.910°3b

of the excess vibrational energy is far from complete within
the short $ decay time, Franck-Condon factors from excited @ Calculated energies are relative to theCs, equilibrium geometry,
vibrational states will reasonably lead on the average to transientoPtained through the MCSCF/CAS(10,10) procedure and QDPT
spectra similar to that originating from the equilibrium geometry Ccorrected? From Table 2f + fe.

of S;. Therefore, vertical transitions; §{1B,) — S, have been — $(6A;) transition, whereas the 25 000 ctshoulder is
calculated. Ab initio methods of comparable accuracy have beenassigned to the;g{1B,) — Ss(5A,) transition. The experimental/
recently applied with good success to transient absorption in calculated energy difference is rather small for both transitions,
model system& In our case, there are three transitions with <2000 cntl. These two bands, when shifted appropriately to
oscillator strengths much larger than all others up-&8 200 take into account the origin of theyS> S; absorption system,
cm ! above $eq Namely, $ed1B2) — S3(3A1), Sied1B2) — form the broad spectral feature around 244 nm in Figure 6. It
Ss(5A1), and S e 1B2) — S/(6A1) (see Table 6). These states, is interesting to note that theoS— S, MCD spectra of
i.e., $(3A1), Ss(5A1), and S(6A1), have been correlated with  alkylazulenes show a second additional band with respect to
those responsible of the ground state absorption in Table 7 onthose of azulene a&250 nm®° The latter, being in close
the basis of their representation in terms of state eigenvectors.agreement with the 250 nm shoulder of Figure 6, should thus
It may be seen from the same table thgt33), Ss(5A1), and be assigned as theyS> S4(3A;) transition.

S$7(6A1) (relative to the § .qgeometry) correspond to;@&A,), The S — S, spectrum has been similarly calculated at the
Sy(3A1), and S(6A,) (relative to the $geometry), respectively,  C,, equilibrium geometry of & (see Table 8). Only one
being the components of each pair expressed by similar statetransition, $ed2A1) — $11(5By), has a sufficiently large
eigenvectors. ThesBtA,) state gives rise to the strongest band oscillator strength with respect to all others upt24 200 cn?.
system of the §— S, spectrum of azulene. Our correlation Accordingly, the band observed 17 700 ¢hand calculated
indicates that this state is responsible of the 269 nm band in 15 200 cm! above $eqis assigned to S{2A1) — S11(5By).

the spectrum of Figure 6, in agreement with the assignment of The S1(5B) state is correlated with the same state at the ground
section Ill.LA. On the contrary, evidence of other two states, not state geometry on the basis of Table 7. Following our
active in the $— S, absorption, comes only from the transient considerations of Section III.B, the assignment is likely to hold
spectrum: the 26 500 cri band is assigned to the, &(1B,) also for the 217 nm MCD band of alkylazuleriés.
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VI. Conclusions

J. Phys. Chem. A, Vol. 107, No. 11, 200B595

(23) Fleming, G.Chemical Applications of Ultrafast Spectroscopy
Oxford University Press: New York, 1986.

In this paper, we have reported on the excited-state absorption (24) Brickner, V.; Feller, K.-H.; Grummt, U.-WApplications of time-
of azulene in solution at room temperature using femtosecond "esoked optical spectroscopylsevier: Amsterdam, 1990.

pump-probe spectroscopy. The contributions to the transient ;qqs
spectrum from ground-state bleaching and stimulated emission

have been evaluated and the resulting=5S, and $ — S,

ESA spectra have been discussed on the basis of ab initioP
CASSCF calculations and perturbative corrections to CAS 1p7.

energies.
As a major result of our study, transitions to higher lying

n* states have been observed which are in several cases not,,
active in the ground-state absorption spectrum. Our calculations

indicate that the states active in the-S S, spectrum are (i)

one, 3(3A;), responsible also of the strongest ground-state

absorption and (ii) two close lying excited stateg68;) and
Ss(5A1), which do not contribute significantly to theyS> S,
spectrum. As for the 5— S, absorption, $(5B,), not seen in
the § — S, spectrum but active in the MCD spectrum of the
alkyl derivatives, is associated to the lowest ESA band.
This study, as well as a previous ofeemphasizes the fact

(25) Manz, J.; Wete, L. Femtosecond Chemisiry/CH: Weinheim,

(26) Neuwhal, F. V. R.; Bussotti, L.; Foggi, P. Res. Ad. Photochem.
Photobiol., vol. 1; Global Research Network: Trivandrum, India, 2000;
p 77-94.

(27) Elsaesser, T.; Kaiser, VAnnu. Re. Phys. Chem1991, 42, 83—

(28) Pollard, W. T.; Mathies, R. AAnnu. Re. Phys. Chem1992 43,
497-523.
(29) Foggi, P.; Pettini, L.; Santa, I.; Righini, R.; Califano,J.Phys.
em.1995 99, 7439-7445.
(30) Bussotti, L.; Foggi, P.; Gellini, C.; Moroni, L.; Salvi, P. Rhys.
Chem. Chem. Phy2001, 3, 3027-3033.

(31) Buntinx, G.; Naskrecki, R.; Poizat, O. Phys. Chem1996 100,
19380-19388.

(32) Lednev, I.K.; Ye, T.-Q.; Hester, R. E.; Moore, J.HPhys. Chem.
1996 100, 13338-13341.

(33) Neuwhal, F. V. R.; Foggi, P.; Brown, hem. Phys. LetR00Q
319 157-163.

(34) Kovalenko, S. A.; Eilers-Konig, N.; Senyushkina, T. A.; Ernsting,
N. P.J. Phys. Chem. £001, 105 4834-4843.

(35) Neuwhal, F. V. R.; Righini, R.; Dei, AChem. Phys. Let2002

that coupling of femtosecond transient absorption experiments 324 408-414.

(36) Cronstrand, P.; Christiansen, O.; Norman, P.; Agre®Hys. Chem.

with accurate ab initio calculations of excitation energies is @ chem. phys200q 2, 5357-5363.

rewarding strategy to increase our understanding about excited-

state energy surfaces.
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