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Direct observation of the femtosecond nonradiative dynamics
of azulene in a molecular beam: The anomalous behavior
in the isolated molecule

Eric W.-G. Diau, Steven De Feyter, and Ahmed H. Zewail®
Arthur Amos Noyes Laboratory of Chemical Physics, California Institute of Technology,
Pasadena, California 91125

(Received 27 January 1999; accepted 18 March 1999

Using femtosecond-resolved mass spectrometry in a molecular beam, we report real-time
observation of the nonradiative, anomalous dynamics of azulene. We studie8,bartkd S; state
dynamics. The motion of the wave packet3pinvolves two time scales, a dephasing time of less
than 100 fs and a 9G0100 fs internal conversion. We discuss the dynamical picture in relation to
the molecular structures and the conical intersection, and we compare with theory99®
American Institute of Physic§S0021-960609)02720-§

I. INTRODUCTION ent lifetimes. Even for experiments carried out at the same
excitation wavelength and the same solvent, the rate was
Almost 50 years ago, Beer and Longuet-Higdime-  reported to be different. For example, Schwareeal® gave
ported the anomalous fluorescence behavior of azulene, thﬁ‘sl)= 1.0+0.1 ps, while Ipperet al® gave r=1.9+0.2 ps.
deep blue hydrocarbon, in rigid and liquid media, anda|so, the effect of the medium is not fully understood, and in
Viswanath and KaSHaCOﬂfirmed its existence. Azulene some cases give counterintuitive results.
emits much more strongly from the second excited singlet |4 mixed crystals, careful measureméfitsf the line-
state ;) than from the first one%y); the quantum yiell*  \yigth of the S, S, transition gave a corresponding mean
of S, is ~0.05 andS, is ~ 10" °. This striking behavior is in  |ifetime of not less than 3.3 ps. Linewidth measurements in
violation of Kasha'’s rule, which would predict that emission supersonic jets by three different groups estimated the life-
of light for organic molecules in the condensed media will bejme depending on the excess vibrational energy, to be 0.8—
from the lowest excited state of a given spin multiplicity. g 4 pstl 1 ps’? and 1.1-0.3 p& indicating that the decay
Since the 1950’s, there have been numerous theoretical argl,ws downin the condensed phase. More recently, the de-
experimental studies and the molecule has become central Héndence of the rates on excess energy was studied in solu-
the understanding of nonradiative decays in large moleculesign with subpicosecorid and femtosecorid resolution. De-
~ The energy gap between the grourlcjl sBjeand S, is  gpijte the extensive literature over the past 30 years, there
similar to that ofS; and S, (~14 000 cm™). Accordingly,  have not been direct measurements of the nonradiative dy-
one expects the rate of nonradiative decaySef>Sy and  hamics of isolated azulene in a molecular beam. Such mea-
$;—S, to be similar;S,— S, rate is less than that &,  gyrements are essential for any direct comparison with theo-
—$, because of the energy gap. In the conventional statistizetica| studies of the potential energy surfaces and of the
cal theory, the rate is given by Fermi's Golden rykee dynamics.
Refs. 5 and 6 for reviews knr=(27/h)V?Fp, whereV is In this communication, we report real-time observation
the coupling matrix element the Franck—Condon factor, o the femtoseconds) nonradiative dynamics of azulene in
andp the density of states. To account for the disparity of 45 mqjecular beam. Using fs-resolved mass spectrometry, we
orders of magnitude, different considerations\fF, or pjnyestigated the initial motion of the nuclear wave packet
were invoked. However, it is difficult to quantify this large 5 the actual rate of nonradiative decay in the isolated mol-
difference given the similarity of the vibronic structure and ¢ jle. Two excitation schemes & and'S, were invoked,
the energetics. In fact, in Longuet-Higgins’ original paper, he, g \we also studied the polarization behavior of the decay.
suggested an “unconventional” mechanism, namely the ing regyits indicate that in isolated azulene, the time scale of
tersection of thes, and S, potential energy surfaces. the nonradiative decay cannot be picoseconds and is mea-
The first time-resolved study d, nonradiative decay gyreq to be 908100 fs: see below. We discuss the dynami-
came from the picosecond experiments of Rent_zéwbp cal picture in relation to molecular structures and the conical
reported~7 ps for azulenegm liquids. With sub-picosecond jntersection(Cl) of potential energy surfaces, originally pro-
time resolution, Ipperet al” reported 1.80.1 ps. Many 4564 in 1955and quantitatively computed in 1996 The
other, direct or indirect, studies were made and gave d'ﬁerétudy reported here offers the opportunity for elucidating the
anomaly of the isolated molecule and the effect of the me-
dElectronic mail: zewail@cco.caltech.edu dium which is reflected in differences observed in the spectra
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FIG. 1. (A) Femtosecond experimental arrangement with a pulsed molecular
beam system combined with a time-of-flight mass spectroméBerAb-
sorption spectruntleft) and the femtosecond excitation scheme of azulene
(right). The solid arrow represents the pump pulse and the dashed arrow the
probe pulse. The absorption spectrum is that of a hexane solution. The
gas-phase spectra are detailed in Refs. 12 and 17. Typical pulse width used
was 60 fs and the energy was varied from 2 to4b The red pulse was

centered at 615 nm and the UV at 307 nm. FIG. 2. (Top) Mass spectrum of azulene obtained with fs pulses. Only one
distinct peak is shown at mass 128 amu. Inset shows the electron impact

of gas phasé? supersonic jet mixed crystal§,°’18‘2° mass spgctrumfor compgrlsqﬁiottom_) T_ran5|ent of one-color experlmt_erjts
(615 nm: parallel polarizationat similar probe and pump intensities

and liquids(for reviews, see Refs. 16 and 21, and 29)-38 (1,/1,=21/19 u3~1). The inset shows both fagt--) and slow decay

(——) components obtained from the fitting procedure. The right and left
Il. RESULTS AND DISCUSSION bars represent the maximum signals deconvoluteq at positive and negative
delay times, respectively. The symmetry param&és nearly 1.

The fs laser and molecular beam apparatus have been
described in detail elsewheféand the arrangement is sche- the cross correlation from the fit was very close to the mea-
matically shown in Fig. (A). The instrumental response sured oné* We define the ratidR as the amplitude of the
function was determined by tie situ measuring of the mul-  ~component at positive time to that at negative time. This
tiphoton ionization of xenon, which allows the determinationratio reflects the asymmetry and defines the magnitude of the
of time zero and the FWHMZ?® With fs (615 nm) pulses,  signal on both sides df=0.
the mass spectrum of azulene is dominated by a single peak The effects of power and polarization are illustrated in
at 128 amu, the parent mass. The fragmentation is insignifiFig. 3 (top). In contrast to the transient in the lower panel of
cant when compared with electron impact ionizatibig. 2). Fig. 2 (R~1) for equal powers, the long decay components
From the absorption spectrum of azulene, shown in Figat both sides of time zero in Fig. 3 do not appear as mirror
1(B), it is clear that theS, dynamics can be interrogated by images. Indeed, the amplitude of the long decay component
the 615 nm excitation. The multiphoton ionizatiMPI) de-  at positive delay times is substantially larger than the one at
tection involves three probe-photons at 615 ffig. 1B)]  negative delay timesR~1.7). This increase parallels the
for the one-color experiments, or two photons at 307 nm folincrease of the ratio df, to I; (~2), wherel ; (I,) is defined
the two-color experiments. Th8, dynamics were investi- as the intensity of the pumfprobe beam at positive delay
gated by excitation at 307 nm followed by the absorption oftimes. Within the experimental uncertainties, the transients
two probe-photons at 615 nffrig. 1(B)]. obtained for both the parallel and perpendicular polarizations
and at the different intensities used give simita(Figs. 2
and 3.2° As importantly, the shape indicates the correct
scheme for pumping and probiigg and is in accord with the

Figure 2 (lower pane) shows the transients of azulene time ordering of the two pulses. The observed transients,
after excitation toS, with an excess vibrational energy of therefore, provide the dynamics 8f with 7 of 900 fs rep-

~2000 cm’; both beams are polarized parallel to eachresenting the average time for trajectory decay frémto
other. The transient is characterized by a fs compowmto 5 as discussed below.

300 fg and a longer decay componefit~1 p9, visually
seen at both positive and negative delay times. The shape %f
the transient is symmetrical with respect to time zero. This is™
expected for the one-color experiments with the intensity of  The lower panel of Fig. 3 shows the transient obtained in
both beams nearly equal. Quantitative analysis of the tranthe two-color experiments with a parallel polarization. The
sient was made by treating the decay as biexponential corransient at positive and negative delay times reflects the dy-
voluted with the measured cross correlatimom the xenon  namics ofS, and S;, respectively. At positive delay times,
ionization measurement it is90 fs). In so doing we ob- molecules are excited 18, with a vibrational excess energy
tained 7=900+100 fs and a fast component with=60 fs;  of ~3800 cm! (307 nm). At negative delay times, mol-
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A. Probing the S; dynamics

Probing the S, dynamics
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FIG. 3. (Top) Transient of one-color experiment with perpendicular polar- FIG. 4. Fs wave packet snapshots on the intersected potential energy sur-
ization (1,/1;,=21/10 uJ~2). The inset shows the fast- and slow-decay faces. Shown are the molecular structures at the conical intersection and the
components on both sides o 0 as defined in Fig. ZBottom) Transient of ~ calculated potential energy surfacg®ef. 16; the bottom inset gives the
two-color experiments with parallel polarizatiépump at 307 nm/probe at  results of the nonadiabatic dynamics simulation by Kletral. (Ref. 28;

615 nm and with different intensitie&2 ©J/45 wJ); see the text for details.  see the text for discussion. FC is the Franck—Condon region reached by
The right and left bars represent the maximum signals, as done in Fig. 2. ground-state wave packet afds the excess energy above this region.

ecules are excited t6, (615 nn). Based on the results of techniques under collision-free conditions, the effect of IVR
Sec. Il A, the decay alt negative.times for the two-color ex-2nd IC, which are the cornerstones of the intramolecular dy-

periments should be 900 fs. Indeed, the fit in Figb8ttom) namic§, can be, elucidated. d i

was fixed to 900 fs. The transient at positive delay times is Originally, it was suggest dthat the potential energy
entirely different, as it reflects the dynamics in tBestate: sqrfac_es_ 0fSp and S, may intersect. In SFJCh a _strong cou-
the transient is characterized by a {4360 f$ and a very pling limit, the standard theorfweak coupling limi of non-
slow decay component, which does not show any significan‘iadiative decay becomes not valid. Theoretical calculatfons
decrease up to a delay of 60 ps. Thi§0 ps decay is con- have found a Cl and a relaxation coordindRC) which
sistent with previous work® However, the appearance of the connects thes, Franck—Condon geometry to & geom-

350 fs decay is a direct manifestation of the nonradiativeFt" at Cl. This R_C involves .compression ,Of the transannular
process, even i,. bond together with expansion of the adjacent C—C bonds

With an excess vibrational energy of 3800 cinwe  Within the ring. Along this RC, the energy gap betwegy
observed the nondecaying population up to a delay time o?nds_l continues to shrlnk_and ultimately leads to Bg/'S,
60 ps; this represents tig lifetime (~2 ng, as reported by ClI (Fig. 4). The Cl energy is calculated to be lower than that
Wallacé® at an excess energy of 1950 ¢ The authors ©f the Si Franck—Condon geometry by a few kcall rrfol
also found a fast decay componet30 ps at this high (Fig. 4). Along the RC, t_he time required for the wave pack(_at
excess energy, which is the dephasing of the large number & MOVe to the Cl region is on the order of 10 fs and is
levels excited at=0 in what is known as dissipative in- independent of excess vibrational enet@ccording to this
tramolecular vibrational-energy redistributigh/R).2’ Our picture, all observed transitions, including the so-called ori-

results are entirely consistent with this general behavior. ain, W'”_ undergo ultrafast IC; note that thg e ongin
(Fig. 4) is far from the Franck—Condon vertical transition.

Following the fs preparation of the wave packet to the
Franck—Condon region, the IC will be controlled only by the
multiple crossings t&,, calculated by molecular dynamics
and shown in Fig. 4; the results were obtained from nonadia-

Since the first report on the anomalous fluorescence dbatic dynamics simulations based upon the mixed-state
azulene, most of the experimental results have been obtainegpproactf® Funneling fromS; into S, takes 900 fs and this
in the condensed phase. The relaxation dynamics may irzl picture is reminiscent of recent studies of another aro-
volve solvent-induced vibrational relaxation, intramolecularmatic, pyridine?® At higher energies, the dephasing projects
vibrational-energy redistributiofVR), and internal conver- population on the RC, and this population passes through the
sion (IC). However, in solution it is impossible to separate CI by multiple crossings to the ground state. The entire
interstate electronic relaxation and medium-induced vibradephasing process cannot exceed the observed 100 fs and
tional relaxation. In the gas phase, using molecular beamepresents the spread of the packet formed from all modes

C. Nonradiative dynamics and conical intersections
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excited. It is remarkable that the observed decay of 900 fs irfB. D. Wagner, D. Titteloach-Helmrich, and R. P. Steer, J. Phys. CB&m.
the isolated azulene is in very good agreement with the tra- 7904(1992, and references therein. _

jectory calculations through the conical intersection and - Huppert, J. Jortner, and P. M. Rentzepis, J. Chem. P5§;s4826
which reflect the steps involved in the multiple crossings to 5J. Jortner and S. Mukamel, Tthe World of Quantum Chemistry: Proceed-

ings of the First International Congress of Quantum Chemjsdjted by

The S, lifetime inferred from linewidth measurements in _R. Daudel and B. PullmatReidel, Dordrecht, 1994p. 145.

. . . 6 i
supersonic jets varies from 0.3 ps to a few ps depending oqg' ,\C/I LRI?r;t'zAg[\J/i.s szté’;hepnsz 13(1129772'1 063

the measurement and_the wavelength of excitation. HOWeVerlsg p |pnen, . V. Shank, and R. L. Woerner, Chem. Phys. 61t20
when considering the inhomogeneous contribution due to ro- (1977.

tational congestion, the lifetime obtained from the studies of°D. Schwarzer, J. Troe, and J. Schroeder, Ber. Bunsenges. Phys. @hem.
the groups of Amirav and Jortn&t]to,*? and Kenny® is ~1 933 (1999

. - . 10R. M. Hochstrasser and T.-Y. Li, J. Mol. Spectrodg, 297 (1972.
ps for the Franck—Condon origin excitation. Following thei:a” amiray and J. Jortner, J. Chem. Ph., 4200(1984).

physical picture given in Fig. 4, th®, lifetime deduced from 12T, Suzuki and M. Ito, J. Phys. Cheri1, 3537(1987.

linewidth measurements represents an integration over timgs. K. Kulkarni and J. E. Kenny, J. Chem. Phg§, 4441(1988.

of IVR, the search for Cl, and the crossingsa At higher 14D. Tittelbach-Helmrich, B. D. Wagner, and R. P. Steer, Can. J. CAém.
' : ' . : . . 303(1995.

excess energies, IVR may do_mlnate the_: linewidth, especiallys 5 "3 \wurzer, T. wilhelm, 3. Piel, and E. Riedle, Chem. Phys. 1298

if the Franck—Condon region is much different from the RC. 296 (1999.

Only at zero-excess energy can we relate the experimentdiM. J. Bearpark, F. Bernardi, S. Clifford, M. Olivucci, M. A. Robb, B. R.

slow-decay time to thllomogeneouwidth; it is interesting ~,,SMith and T. Vreven, J. Am. Chem. SAd8 169 (1996.
G. R. Hunt and I. G. Ross, J. Mol. Spectro8¢50 (1962.
to note that the MPI spectrufclearly shows both sharp and 153\ Friedman and R. M. Hochstrasser, Chem. PByd4s (1974,

broad background spectral regions. 19G. J. Small and S. Kusserow, J. Chem. P18@.1558(1974.
Our value for the slow-decay component is a factor of 2°°R. M. Hochstrasser and C. A. Nyi, J. Chem. Phg@. 1112(1979.

. . .. 21 :
different from that of the solution pha&dut similar to those ~ B- D- Wagner, M. Szymanski, and R. P. Steer, J. Chem. P3§s301
din Refs. 9 14 d1 h | h nﬁl(1993; see also Refs. 29-38.
reported Iin Refs. 9, »an S at the same wavelength a A. H. Zewail, Femtochemistry: Ultrafast Dynamics of the Chemical Bond

also in solution. The agreement indicates the ineffectiveness(world Scientific, Singapore, 1994and references therein.
of the medium on the ultrafast crossings to the ground staté;D. Zhong, E. W.-G. Diau, T. M. Bernhardt, S. De Feyter, J. D. Roberts,
a feature which is understood given the strong coupling ang,a"d A- H. Zewail, Chem. Phys. Le@98 129 (1998.

the ti | f . lative to the i for th We also considered the fast component as a coherent spike due to the
€ ume scale or every crossing relative 10 theé ime 10r € o ference of the two pulses &t 0, and this gives=725 fs. However,

solvent motion. Similarly, we can understand the lack of yyo observations support the biexponential analysis. First, the fitting for a
major changes for the rates upon deuteration, because of theoherent spike gives a deviation from the measured cross correlation at
unchanged,/S; coupling, and the decrease of rates in crys- !€ast by a factor of 2. Second, by changing the power we observed no

. . major change in the ratio of the two components; for the parallel or per-
tals because of the avoided crossing along RC. pendicular polarization this change is at most 20%. As expected, the fast-

The existence of the conical intersection and its dynam- to-siow decay amplitude decreases as the polarization changes from par-
ics can be rationalized by considering changes of molecular allel (4.6) to perpendicular3). The appearance of the two components,
structures along the RC. Stretching the azulene in the grOUndfaSt and slow, is consistent with ionization of the initial wave packespn
state along the R@:ig. 4) leads to a significant increase in and at the crossing, /S, , reflecting the change in the cross section for

. . e ionization from pureS; to mixed S, /S, state.
energy as this motion destabilizes the structure due to thgNote that for perpendicular polarization,is somewhat shorte(fFig. 3).

loss of resonance energy. Upon sh_ortening of the transan_nu'However, within the uncertainties reported, the difference is not signifi-
lar bond and lengthening of the adjacent C—C bonds, which cant. We shall use the parallel values as the transiigs 2) are clearly
leads to 7-bond breakage and electronic resonance rearz-esymmetflc-

o i °D. R. Demmer, J. W. Hager, G. W. Leach, and S. C. Wallace, Chem.
rangement, the structure becomes diradicaloid in nature. Be Phys. Lett136 329 (1983,

cause th'eso—> Sl' is a m—m* transit'ion, the energy of the' 27p_ M. Felker and A. H. Zewail, Chem. Phys. Let08 303 (1984.
antibonding orbital decreases while the bonding one in#s. Klein, M. J. Bearpark, B. R. Smith, M. A. Robb, M. Olivucci, and F.
creases along the RC until tiSg minimum is reached, form- _ Bernardi, Chem. Phys. Let292, 259(1998.

. . . . . 29 ..
ing a diradicaloid structure. Further motion along the RC g'gg?ibgé'wakkes van der Deijl, and P. J. Zandstra, Chem. Phys. Lett.
slightly increases the energy 8f which finally crosses t&, p. M. Rentzepis, Chem. Phys. Lel. 717 (1969.
at the CI(Fig. 4). The similarity of the structures @&, and  %.J. P. Heritage and A. Penzkofer, Chem. Phys. 144.76 (1976.
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33D, Huppert and P. M. Rentzepis, Molecular Energy Transferedited by
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