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Anion femtosecond photoelectron spectroscOBRPES has been used to monitor intramolecular
electronic relaxation dynamics following the excitation of tﬁe2ng<_$<2nu 03 electronic
transition in G . The time-dependent photoelectron spectra provide a detailed picture of the
relaxation dynamics in which the initially excite@ 2Hg (v=0) level evolves into highly
vibrationally excited G in its ground electronic state. The spectra show evidence for a two-step
relaxation mechanism: internal conversig@) to vibrationally excitedB 22: andﬂzig states,
occurring on a time scale of 73(00fs, followed by IC from these intermediate states to highly
vibrationally excited levels in th¥ 211, ground state with a time constant of 3.0.1ps. © 2001
American Institute of Physics[DOI: 10.1063/1.1421378

I. INTRODUCTION troscopy in cryogenic matrices*~*®and by resonant multi-

photon detachmerfRMPD) in the gas phas¥.?*Maier and
For many decades, pure carbon molecules have attracte@-workeré>?® have been particularly active in this area;
much attention due to their importance in astrophysicStheir results on the gas-phase electronic spectroscopy; of C
chemistry, and materials science. They are believed to bgnd anions of similar size suggest that these species—rather
components of celestial bodies, including carbon stars, compan the neutral clusters—may be responsible for the
ets, and molecular clouds, and have been proposed as carfiig's 24 The experimental spectra coupled with a series of
ers of the diffuse interstellar band®IB’s)."* Small carbon  gjecironic structure calculaticis2have led to a reasonable

chemical vapor deposition of diamontiand thg fgrmatlon seen for several £ anions has been assigned to the
of fullerened and carbon nanotub&sThese findings and - 21y %20 o | .
possible applications have stimulated fundamental experig o Xy tran;ltlon, and ~tWO electronic states
mental and theoretical work on the spectroscopy and dynanfiave been turned to lie below the state, namely the

ics of carbon clusters, much of which has been summarized ?3 andB ?3 () States, where thg and u symmetry

in two comprehensive reviews. labeling alternates witt. For G, , which has aX?II,

While most of the work done on carbon clusters hasground state, the experimental term values forﬁﬁég and

focused on neutral species, there is considerable interest #, 8 . .
anionic clusters as well. Photoelectron spectroscopy of mas@— 114 states are 1.160and 2.042 eV; respectively, _wh|le_
e most recently calculated term value for the optically in-

selected carbon cluster anions has been used to probe t ~
structural evolution of carbon clusters with sfzé! These ~accessibléB ’X| state is 1.32 e¥’
experiments and higher resolution zero electron kinetic en- ~ This paper focuses on a less well-understood aspect of
ergy (ZEKE) Studie§2 also y|e|d electron affinities, vibra- carbon cluster anions, namEIy their relaxation dynamiCS fol-
tional frequencies, and electronic state term values of neutrd®wing electronic excitation. These dynamics are followed
clusters as well as details about geometry changes that occusing femtosecond photoelectron spectroscGH¥ES.> In
upon photodetachment. Further insight into the structuraFPES experiments, the species of interest is prepared in an
evolution of carbon clusters may also be obtained from iorexcited state with a broad-bandwidth, ultrafast pump pulse,
mobility measurementS, which can only be performed on allowed to evolve for a period of time, and then photoionized
charged species. or photodetached with an ultrafast probe pulse. By measur-
Photodetachment and ion mobility experiments on caring the resulting photoelectron spectrum as a function of
bon cluster anions have been complemented by studies gump-probe delay, one obtains a series of “snapshots” of the
their electronic spectroscopy. The electronic spectra of sewdynamics induced by the pump pulse. This technique has
eral of these species have been measured by absorption speeen used to follow a wide range of chemically significant
processes in our laboratory and others but has been applied
dpresent address: InstitutrfExperimentalphysik, Arnimallee 14, Freie Uni- most frequently to the study of isolated neutral molecules
versita Berlin, D-14195 Berlin, Germany. undergoing nonadiabatic electronic relaxatior:’

0021-9606/2001/115(24)/11185/8/$18.00 11185 © 2001 American Institute of Physics

Downloaded 22 Jan 2002 to 128.32.220.20. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



11186 J. Chem. Phys., Vol. 115, No. 24, 22 December 2001 Frischkorn et al.

The application of FPES to carbon cluster anions is moanalyzef! The detached electrons were collected with the
tivated by previous experiments conducted by our group omagnetic bottle at an efficiency 6f50%.
the spectroscopy and electron detachment dynamics, of C The pump and probe pulse were generated from the 790
Cs , and G via RMPD with nanosecond lasers® These nm (1.57 eV} fundamental of a regeneratively amplified
studies of theC— X transitions yielded rotationally resolved Ti:sapphire oscillatorClark MXR) running at 500 Hz in
features for ¢ and vibrationally resolved spectra for the conjunction with various wavelength conversion schemes.
other two species. Our experiments also revealed two unlhe 790 nm pulse, which typically baa 1 mJpulse energy
usual features concerning the electron detachment dynamicnd a temporal width of 100 fs FWHNsecH), was split to
First, for some transitions, delayed electron ejection was obPUmp both an optical parametric generator/amplifie®-
served over time scales extending up to several hundreds 8RS, Light Conversion and a frequency-tripling unit.
nanoseconds. In addition, the photoelectron spectra collectddoubled OPA signal served as the excitation pulse for the
following resonant multiphoton excitation were structureless,(NZZHg<—$(2Hu 03 transition of G at 607 nm(2.04 eV, 15
peaking at low electron kinetic energieKE) and decreas- wJ/pulse, 100 fs while tripled fundamental at 263 n(d.71
ing in intensity monotonically toward higher eKE; these PEeV, 20 nJ/pulse, 110 fswas used as the UV detachment
spectra are in sharp contrast to the structured one-photon Riobe. The resulting power density in the interaction region
spectra of these aniod8The delayed emission and nature of is ~10"*W/cn?, indicating that our experiments are within
the multiphoton PE spectra were interpreted as signatures tiie weak-field limit. The delay between the pump and probe
the cluster analog to thermionic emission, resulting frompulses was set using a computer-controlled translation stage,
ground-state clusters with sufficient vibrational energy toand the two pulses were collinearly recombined prior to en-
eject an electron. We proposed that these highly vibrationallyering the vacuum chamber. The pump and probe pulses were
excited clusters were populated from multiple electroniccharacterized temporally and the absolute zero-of-time
excitation/internal conversion cycles. This mechanism im-within the interaction region determined using two-color
plies that internal conversion following absorption of a above-threshold detachme#TD)*? of |~.
single photon occurs faster than 20 ns, the width of the laser The electron energy resolution of the spectrometer is
pulse used in those experiments. limited by the speed of the parent anions at the laser inter-

The FPES experiments described here were undertakeattion region owing to the large steradiancy collection of the
to provide a detailed, explicitly time-domain probe of thesemagnetic bottle analyzé&t.With a parent ion kinetic energy
dynamics. Specifically, we have applied FPES fotBrough  of ~1250 eV, the eKE resolution of {Cphotoelectrons is
excitation of the vibrational origin of th&€ 2H9<—3( 211, @about 250 meV at an energy of 1 eV and degrades as
band. The FPE spectra reveal that the subsequent dynamit@KE)". For G , the TOF spectra were calibrated linearly
occurs on two time scales: PE spectral features associat&¥th respect to kinetic energy by photodetachment oivith
with the initially excitedC 211, state decay with a lifetime of & 263 nm photon to the two spin-orbit states of iodine. Nor-
730 fs, while intermediate features grow on this same timesMalization of the FPE spectra at different delay times was
cale and relax to a final set of states with a time constant of¢cOmPplished by alternating scans between the desired delay
3.0 ps. We interpret the initial fast dynamics as IC of the@nd & fixed, positive reference dele ps.

C 211, state to the intermediaf@ and possiblyA states. Re-

laxation of the intermediate electronic states to vibrationally

hot ground state is complete withinl2 ps. The FPE spectra Ill. RESULTS

at short times also show strong evidence for a two-electron .

photodetachment transition, an unusual result that is most 1N one-color PE spectrum ogQaken with the 263 nm

likely a reflection of fairly strong configuration interaction ProPe pulse is shown as dashed curves in Figs.dnd 1b).

between the electronic states of C The main feature, a peak centeLed near 0.6 eV, |s~compr|sed
of transitions from ground stateX(Il,) C; to theX?’Eg’
ground anda 1Ag first excited electronic states of neutral

Il. EXPERIMENT linear G..*° These features are not resolved here due to the
limited resolution of the magnetic bottle analyzer. A weak

A detailed description of our experimental setup hasbut broad feature extending te5.4 eV arises from two-

been described previousl§.Only a brief description will be photon UV detachment of the anion.

given here with emphasis on the features specific to the ex- The solid curves in Figs. (&) and Xb) are “pump-—

periment presented in this paper. probe” FPE spectra taken with delays of 200 fs and 12 ps,

Carbon cluster anions were generated fromBZCO,  respectively, between the 607 nm pump and the 263 nm

mixture (2%/2%9 in Ar expanded supersonically into vacuum probe pulses. The FPE spectrum in Figa)lshows new fea-

through a combined pulsed valve/discharge assetfhbpyer-  tures for eKE>0.75eV, and a slight depletion of signal at

ating at a repetition rate of 500 Hz. Carbon cluster anion®.5-0.6 eV, the peak of the “probe-only” spectrum. Note

formed in this source discharge were extracted orthogonallyhat the pump—probe spectrum extends to an eKE-2f5

into a Wiley—McLaren time-of-flight mass spectroméfér. eV, which corresponds to the maximum allowable kinetic

Laser timing was set such that the mass-selected carbon clusnergy, eKE,,,, given by

ters interacted with the ultrafast excitation and detachment

laser pulses at the focus of a “magnetic bottle” time-of-flight eKEp = hvypy+hvy —EA(Cg)=2.57 eV, (1)
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FIG. 2. (a)—(h) Background-subtracted time-resolved photoelectron spectra

of Cy excited at the origin of th& 213+ X 1, band(607 nm) and probed
at various pump-probe delays out to 12 gsshows maximum eKE. The

Intensity (Normalized counts)
13

2000 5 % dashed lines indicate the positions of the two intermediate peaks mentioned
in the text.
1000 l
0— . . .
. : —~ : : ———r , coalesced into a single peak at 730 m@&¥gs. 2f)—2(h)]. In
0 10 20 30 40 S0 60 70 addition to these trends, the “dip” in the background-
Electron kinetic energy (eV) subtracted spectra around 0.5 eV fills in with increasing

FIG. 1. Comparison of a probe-only photoelectron specttdashed ling pump—pro_be delay' Overall, th_e FPE spectra show evidence
with pump-probe spectrésolid line9 at delays of 200 f¢a) and 12 ps(b). for dynamics on at least two time scales: the decay of the
Pump and probe wavelengths are 607 and 263 nm, respectivalyows  high-energy tail and growth of the lower eKE peaks at early

maximum possible eKE2.57 eV) from absorption of one-pump and one- times, followed by the evolution of these peaks toward even
be photon. i
probe photon lower energy at later times.

using EA(Ce) = 4.180 eV The FPE spectrum in Fig.(ly ' ANALYSIS

is more similar to the probe-only spectrum, the main differ-A. Spectral assignments
ence being that the FPE spectrum extends to somewhat |, order to interpret the FPE spectra, we must correlate

highe_r eKE. _ the features in the spectra to transitions between anion and

Figure 2 shows a series of FPE spectra at selected pumpg, g glectronic states. This requires knowledge of the elec-
probe delaysAt, in which a suitably normalized “probe- 0. spectroscopy of £and G, from which one can ex-
only” spectrum has been subtracted from the pump—probg . the energies of the various photodetachment transitions
spectra. The background-subtracted spectra show the timg, an the two manifolds of electronic states

dependence of the F.PE signal more clearly, although the sub- 1o 1 \olecular orbital configuration of the;Cground
stantial probe-only signal between 0.5 and 0.6 eV makes theI . X200 | 621 760276217273, Th
background-subtracted intensity less reliable in this regiort SCtiomf sta+te>( w IS ...boglm,6oy7oglmy2m,. The
than at higher eKE. A3y, B2, and C°Il, states have molecular orbital
The FPE spectrum measured at (fg. 2@] consists ~ configurations corresponding tomg—7ay, 2m,—6ay,
of two partially resolved features at 780 meV and 980 mevand 2m,—1my one-electron excitations from the ground
and a higher energy “tail” extending to eKE,. This time sFate, respectively. The electronlc term values for these ex-
delay falls within the cross-correlation of the laser pulses an&ited states have been dptermgned through calcul_éﬁﬁﬁs
represents the earliest delay at which reasonable backgroun@?d SPectroscopy experimeths® and are shown in the
subtracted signal is observed. At longer tinjéigs. ab)—  lower part of Fig. 3. _
2(e)], the high-energy tail decreases in intensity while the __The electron configuration of the ¢Cground state
lower energy features at 780 and 980 meV grow, reaching 68X °34) is .65l 60;7 01 mg2 . Fomeyet al™* lo-
maximum intensity near 1400 fs. While the positions of thesecated the32;<—$(329’ transition at 2.43 eV by matrix ab-
lower energy features remain constant up~tb400 fs, they  sorption spectroscopy. Xet al® mapped out several of the
eventually shift to even lower eKE, and by 12 ps they havdower-lying electronic states of{®y photoelectron spectros-
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T, (eV) TABLE I. eKEy_q values arising from the detachment of varioys €ec-
¢ e . tronic stategtop) with a 263 nm(4.71 eV} light source through one-electron
243 5 2m,< 2m, photodetachment transitions to low-lying €lectronic statefleft). eKE,_
2.12: _— 3zu* o 1n vglues were calculated using E@) from the text and the energetics of
2.05 3 A, u g Fig. 3.
e 1o - — ~ ~ —
88 Z, e lm g, Bas) A2y X 1,
27, < 60, =
1.10" I—— { 2, < 1w, 27, «— 7Gg X 32; 0.53
. I u ~
I 1 2n,< ln, 27,< 60, alA, 0.36
¢ 1157 0.26
.84 3 9
0849 ™1 1 Hg,u{ %g:éfé 1300, 1.00 0.84
u g 1
I o 141, 1.47 0.75 0.59
0.2662 — leg , , X R 113,
0.166 S— ——— A, } (60,)(70,) (1) (2m) 137, 0.52
0.000 4 Fie - et
Cs I e ol 045
I :
(2e- |y ()
I

electron transition from any of the three excited states of the
anion shown in Fig. 3, all of which have .a.(2m,)* mo-
lecular orbital configuration. The *1, 4 and 1'I1, , states

g are the lowest accessible states from the aidt; and
~BZEJ states by one-electron photodetachment transitions,
while the 111, state is the lowest neutral state accessible
from the C 211, state of G .

The photoelectron spectrdfhand electronic absorption

XTI, -(66)(70)(1n,)'(2r,)

C. oo ——M—

6 4180

FIG. 3. Term values and dominant electron configurations fpra@d G, 418 _ . i
respectively. Anion term values were obtained fr@anRef. 16,(b) Ref. 28, SpeCtrurﬁ . _Of Ce_ are b_Oth dominated by VZO_ vibra-

and (c) Ref. 18, neutral term values frofd) Ref. 10,(e) Ref. 44, andf)  tional transitions, indicating that there are relatively small
Ref. 14. EACg)=4.180 eV from Ref. 43. The dashed line 2.57 eV above the geometry Changes among the ground and various excited
neutral ground state indicates the experimental energetic limit. Dashed a§tates of G,and Cg One therefore expects thaty=0 tran-

rows represent the lowest-energy one-electron photodetachment transitions . i
from each of the low-lying anion excited states. The dotted arrow representItions dominate the FPE spectra as well. Consequently, one-

a two-electron photodetachment transition from @estate to the neutral €lectron transitions from each anion state will occur near the
ground state. vibrational band origin for that transition, for which the elec-
tron kinetic energy is given by

copy of G and assigned them by comparison of the experi-  e€KEy_o=hvyone= EAc + Tg-—TOB, 2
mentally determined energetics with previous electronic °

structure calculations; term values of 0.166, 0.849, and 1.1 Which T§ represents the term value for a given electronic
eV were reported for the AT, 135, and 1°I1, states, State of specieX. Values ofeKE,_y determined from the
respectively. Multireference configuration interaction calcu-Pest available experimental and theoretical anion and neutral
lations carried out by Hanratt al**yield a different energy term values are listed in Table I.

ordering, with term values of 1.08 and 1.10 eV for the nearly ~_AS shown in Table |,eKE, o=1.47eV for the 11,
degenerate .?LHu'g states, term values relative to tﬁéAg HCZHg photodetachment transition, the lowest one-
state of 1.39 and 1.42 eV for the nearly degenera"tﬁll,g electron transition allowed from th@ ?I1, state. This value
states, and a considerably higher term value of 2.12 eV fofalls within the high-energy “tail” seen at early pump-probe
the 133 state. Since these more recent calculations are dfelay times in Fig. 2, suggesting that this tail and its rapid
higher quality than those used by >at al. to assign their  gecay is associated with the initially excitef11 state. The
spectrum, it is reasonable to revise Xu's assignment by assyperimentally observed peaks at 780 and 980 meV seen at

suming that the energy ordering calculated by Haneatal.  garly times lie close to theKE,_, values for transitions

is correct, yielding the neutral energy-level scheme preseme&riginating from the aniod 23" andB 25 states: the peak
in the upper half of Fig. 3. The electronic transitions by 9 Y ’

which the excited states are accessed from thegi©und at 780 Tev may corresp(?nd to overlapped!T,—A and
state, are also shown. 1 1,—B detachment, while the peak at 980 meV matches

From Fig. 3, one can determine which neutral states ar6 KEq_o for the 1°I1;—B transition. These two peaks grow
accessible from the various anion states by one-electron ph#? intensity until around 1400 fs, during which time the high-
todetachment transitions, which are the transitions that typienergy tail disappears. Our somewhat qualitative analysis
cally dominate a photoelectron spectrum. All neutral stateshus suggests that the initially excitéf(:jZHg state decays
shown in Fig. 3, save the 11, and the'X states, are into the intermediateA?s; and/or B2 states. This
accessible from the anion ground state. In contrast, theéhechanism is considered more quantitatively in the follow-
3(329_ neutral ground state is not accessible by a oneing section.
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No significant evolution of the FPE spectra occurs after 30000
12 ps. The spectrum at 12 ps in Fig. 2 shows a peak at 730
meYV, the origin of which can be seen in the nonbackground-
subtracted spectrum in Fig(l). The latter is just what one
would expect from vibrationally hot C: Hot bands from
vibrationally excited anions would yield signal at higher eKE
than the probe-only spectrum of colg Cresulting in a peak
in the background subtracted spectrum. The formation of vi-
brationally excited anions in their ground electronic state at

(2)

20000 -

Integrated intensity (Normalized counts)

longer times is also consistent with the reduction in ampli- 0 O 0
tude of the “dip” around 0.5 eV; at earlier times this was 5000 0° %%
attributed to depletion of the “probe-only” PE spectrum by ©

the pump pulse. Thus, it appears reasonable to attribute the 04— S : : : : ,
evolution of the FPE spectra after 1400 fs to internal conver- 60 10 286 30 40 50 60 70
sion from the intermediatd 2% and B3 states to the 140000 Pump-probe delay (ps)

anion?(ZHu ground state. The FPE spectrum at long times
thus shows the effect of approximately 2 eV of vibrational
energy on the PE spectrum of ground stage.C

One issue regarding the above assignment is that the,
high-energy tail seen at early times extends well beyond

eKEy_o for the 111, C 2, transition. Even accounting
for the significant spectral broadening in our spectrometer,
there should be no signal for this transition beyond 1.65 eV,
whereas we observe signal out t62.5 eV, the energetic
limit for detachment from th€ 2Hg state to theX 32§ state
of Cs. However, this transition is not one-electron allowed,
nor are any transitions to excited; Gtates lying below the — :
11, state. Hence, one must consider the origin of what 00 200 400 600
appears to be a two-electron transition to thegy@und state. Pump-probe delay (ps)
Such a "ans'“f?” could arise from conflguratlon InteraC'FIG. 4. (a) (Circles Integrated signal intensity in the 1.45-3.00 eV spectral
tion mixing of theC 2Hg state with other ¢ states of the  \indow, dominated by state detachment features, plotted with respect to
same symmetry, so long as thg @round state can be ac- pump-probe delay to 6.5 p.ine) Single-exponential fit to integrated in-
cessed via one-electron detachment from these other statésities/see Eq(3) in text], 7¢=730=50fs. (b) (Circles Integrated signal
UHF/FOCO/CC calculations by Adamowfez have indi- intensity in the 0.63-1.22 SV spectral window, dominatedAbgnd/orB
cated there are two additionaIgCexcited doublet states of States at short times and tlxesFate at long times, pIott_ed' with respept to
11, symmetry, thet2) and (3) 1T, states, for which the cal-  P4m>5ro0e dei% 0 100 paine Exponeril sssocaton cuie 1o
culated term values of 3.06 and 3.68 eV, respectively, are not o 1 ps.
too far above his calculated term value of 2.62 eV for the
CZHg state. These two higher-lying states have been as-
gl_igegns);??grg\e/,n::gegivﬂg?t{ﬁgﬁgﬁbrigiﬁgoigolfaet?éﬂrgfui |Enediate states yvith respect to internal conversion to the
ies of C . Both of these states have a nominal ground state. Th|§ model can.be tested as follows. N
...6051773605705177;‘2779775 electron configuration, from We have prewousl_y asso<_:|ate~d the hlgh—energy tail in the
which the ground state ofJs accessible by #,* detach- FPE spectra at early times with tRE?T1 state. In Fig. 4a),
ment, making them reasonable potential participants in thd1® intensity of this feature integrated from 1.45-3.00 eV,
configuration interaction mixing required to explain the mostC (), i plotted versus time and fit to EB),

energetic electrons observed in our experiment. C(t)=a, exp(—t/7¢)+ao 3

3

80000 -

Integrated intensity (Normalized counts)
s it
:

T T N
80.0 100.0

yielding 7c=730£50fs. As discussed above, the peaks at
780 and 980 meV are assigned to the intermediatnd B

In this section, the dynamics revealed by the FPE spectrgtates, and their contribution to the spect®(t), is quan-
are examined more quantitatively. The mechanism proposegtatively assessed by integrating the electron signal from
in the previous section implies that features in the FPE spe®.63—1.22 eV. The result is shown in Figlb¥ along with
tra associated with th€ 21'[g state of G should decay ex- the fit to Eq.(4),
ponentially on a time scale ofz, where . is the C state
lifetime, while those associated with t#e?S.; and B 23/
states should grow in with time constary and decay with  where 7 is fixed at 730 fs andrag is found to be 3.0
time constantr,g, the latter being the lifetime of the inter- *=0.1ps.

B. Relaxation dynamics

AB(t):bZqu_t/TAB)_bl exq_t/Tc)‘Fbo, (4)
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Good fits to both sets of data are obtained using the saneare the dynamics seen in our experiment to those observed
value of 7, thus supporting our interpretation of the FPE previously upon excitation 08, and higher states in other
spectra. Moreover, although there is some latitude in settingneutra) molecules. FPES studies of hexatriéfle,
the two-energy windows, the best-fit decay times are reladecatetraen® phenol®? and pyrazin have shown tha$,
tively insensitive to small changes in the spectral intervals— S, relaxation is the first step in the dynamics, analogous to
used in the analysis; this insensitivity was in fact used as thevhat is seen for g, whereas in benzen&,— S, relaxation
main criterion for defining the windows. Note, however, thatis reported to be the dominant pathwayln these earlier
the parameters, and b, are nonzero; these represent theFPE studies, the final neutr&, state cannot be detected
“asymptotic” contribution to the signal after the exponential because one-photon ionization of this state was not energeti-
dynamics have finishedThese values reflect the overlap cally possible at the photon energies used; the extensive vi-
between photoelectron spectra from various anion electronigrational energy present in ti& state is not sufficient to
states, so that phOtOdetaChment from more than one Sta&/ercome the propensity for vibrational energy to be con-
contributes to each of the two energy integration windowsseryed upon ionization. In our experiment, on the other hand,
shown in Fig. 4. This is particularly true in Fig. @), be-  the dynamics can be followed to completion, since the elec-
cause the signal from vibrationally hotsCat long delay  ton affinity of G is low enough to permit detachment from
times (see Fig. 2 contributes significantly to the lower- jts ground and excited electronic states at our probe-laser
energy window. energy.

In pyrazine and the smaller polyenes, tBe state life-
V. DISCUSSION time is extremely short, i.e., 50 fs or |€€°>*°and this has
been attributed to conical intersections with lower-lying elec-

tronic state$® The much longer lifetime of the CC 211,
(v=0) state suggests that conical intersections do not play a

) e ~ S major role in the dynamics. Moreover, the calculated equi-
state decays with a 730 fs lifetime to tBeand possiblyA librium geometries of thé, A, B, andC states are quite

states, which collectively give rise to an “intermediate” de- similar?® so one would not expect anv of the lower-Ivin
tachment signal, but which relax on a time scale of 3.0 ps to ' P y ying

highly vibrationally excited § in its ground electronic state. StAleS 0 Cross th€ state near its minimum where the

The significance of these time scales, particularlyGhstate =0 level is localized

lifetime, can best be appreciated by comparing the time- The situation for & is propab!y more al§|n t.o that of the
domain results with the frequency-domain spectrum gf, C S, state of decatetraene, the lifetime of which is several hun-

) I - dred femtosecond®. In both cases, the relevant electronic
and by comparing the relaxation times iy Go those for absorption spectrum is hiahly structuréd®47 and the
excited states in comparably sized neutral molecules. Pl pectrum 15 nighly structured, = v .

The BX 0° transition in shows no rotational =0 level of the excited state is embedded in a dense mani-
0 . . & _ . fold of isoenergetic vibrational levels associated with lower
structure and an overall linewidth of 18—20 chn this is

significantly less than the fs pump laser linewidth of 150electron|c states. We can apply the Beyer—Swinehart state

- ~ o counting algorithm to theB2> " and A23 states of
cm L. The measure@ 2l'Ig lifetime of 730 fs corresponds to . g a9 .E” 18 - 29 . &
o iy using calculatetf and experimentéat!® vibrational frequen-
a spectral linewidth of~10 cm . Since we are clearly not

. : . e . ﬁies, when available, and assuming the calculated frequen-
accessing a repulsive potential-energy surface, this linewidtn ~ . .
represents the energy spread of the highly excited vibration&i€S for theX state otherwiséi.e., for the bend and antisym-

levels associated with lower-lying electronic states that ar&netric stretch modé§. This procedure yields vibrational

mixed with the zero-ordeE 2I1, (v=0) state and partici state densities of 1.0810* and 4.84< 10*states/cm® for the
g - = ~

pate in its relaxation dynamics. This 10 chlinewidth is B andA states, respectively, at the energy of méﬂg (v
substantially larger than the spacing between adjacent rota=0) State, so there is essentially a quasi-continuum of ex-
tional levels of theC state. for whichB.=0.046cm 26 so  Cited state levels with which this state can interact. Given the
the absence of resolved rotational st?ucture in theelc- electronic symmetries of the states involved, te0 level

tronic absorption spectrutfireflects fundamental dynamics ©Of the C state will be vibronically coupled to vibrational
rather than experimental effects resulting from ion temperalevels of theB and A states withm, and 7y symmetry,
ture, laser bandwidth, saturation effects, etc. We note thaespectively. Since the doubly degenerateand 7y bending
preliminary FPE spectroscopy of ti@?I1, state in G in- modes are the lowest frequency vibrations, vibrational states
dicates that the initially excited state has a lifetime>ef0  With the required symmetry will comprise a significant frac-
ps, consistent with the observation of rotational structure irfion of the total vibrational state densities. Although the vi-
the G X band. In G, the overall width of the @band brational state density associated with the g@ound ftate is
of 18-20 cm® is presumably a convolution of rotational even higher ¢-10° cm™?), direct relaxation from the€ °Il,
transitions with the 10 cmt linewidth from lifetime broad- (v=0) state to théX states involves much larger changes in
ening; for comparison, the rotationally resolve§ land of  vibrational quantum number and is therefore disfavored.
C, covers about 15 cit with feature widths of 0.1 cm.*’ The results presented here are consistent with the mul-
In C4, the second, rather than first, optically accessibldiple absorption/internal conversion model proposed to ex-
electronic state is excited, and it is therefore useful to complain the observation of thermionic emission frorg @so-

Our analysis of the FPE spectra of @hdicates that the
electronic relaxation from the ground vibrational level of the

C?2I1, state occurs in two steps. The initially populat€d
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