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Electronic relaxation dynamics of carbon cluster anions: Excitation
of the C̃ 2Pg]X̃ 2Pu transition in C 6

À

Christian Frischkorn,a) Arthur E. Bragg, Alison V. Davis, Roland Wester,
and Daniel M. Neumark
Department of Chemistry, University of California, Berkeley, California 94720 and Chemical Sciences
Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

~Received 16 August 2001; accepted 4 October 2001!

Anion femtosecond photoelectron spectroscopy~FPES! has been used to monitor intramolecular
electronic relaxation dynamics following the excitation of theC̃ 2Pg←X̃ 2Pu 00

0 electronic
transition in C6

2 . The time-dependent photoelectron spectra provide a detailed picture of the
relaxation dynamics in which the initially excitedC̃ 2Pg (v50) level evolves into highly
vibrationally excited C6

2 in its ground electronic state. The spectra show evidence for a two-step
relaxation mechanism: internal conversion~IC! to vibrationally excitedB̃ 2Su

1 and Ã 2Sg
1 states,

occurring on a time scale of 730650 fs, followed by IC from these intermediate states to highly
vibrationally excited levels in theX̃ 2Pu ground state with a time constant of 3.060.1 ps. © 2001
American Institute of Physics.@DOI: 10.1063/1.1421378#
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I. INTRODUCTION

For many decades, pure carbon molecules have attra
much attention due to their importance in astrophys
chemistry, and materials science. They are believed to
components of celestial bodies, including carbon stars, c
ets, and molecular clouds, and have been proposed as
ers of the diffuse interstellar bands~DIB’s!.1,2 Small carbon
clusters have been proposed to play vital roles in chemic
significant processes such as combustion, soot formation
chemical vapor deposition of diamonds,3 and the formation
of fullerenes4 and carbon nanotubes.5 These findings and
possible applications have stimulated fundamental exp
mental and theoretical work on the spectroscopy and dyn
ics of carbon clusters, much of which has been summar
in two comprehensive reviews.6,7

While most of the work done on carbon clusters h
focused on neutral species, there is considerable intere
anionic clusters as well. Photoelectron spectroscopy of m
selected carbon cluster anions has been used to prob
structural evolution of carbon clusters with size.8–11 These
experiments and higher resolution zero electron kinetic
ergy ~ZEKE! studies12 also yield electron affinities, vibra
tional frequencies, and electronic state term values of neu
clusters as well as details about geometry changes that o
upon photodetachment. Further insight into the structu
evolution of carbon clusters may also be obtained from
mobility measurements,13 which can only be performed o
charged species.

Photodetachment and ion mobility experiments on c
bon cluster anions have been complemented by studie
their electronic spectroscopy. The electronic spectra of s
eral of these species have been measured by absorption

a!Present address: Institut fu¨r Experimentalphysik, Arnimallee 14, Freie Un
versität Berlin, D-14195 Berlin, Germany.
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troscopy in cryogenic matrices2,14–16and by resonant multi-
photon detachment~RMPD! in the gas phase.17–21Maier and
co-workers22,23 have been particularly active in this are
their results on the gas-phase electronic spectroscopy of7

2

and anions of similar size suggest that these species—ra
than the neutral clusters—may be responsible for
DIB’s.24 The experimental spectra coupled with a series
electronic structure calculations25–28have led to a reasonabl
understanding of the electronic spectroscopy of carbon c
ter anions. Thus, for example, the strong optical transit
seen for several C2n

2 anions has been assigned to t

C̃ 2Pg(u)←X̃ 2Pu(g) transition, and two electronic state

have been turned to lie below theC̃ state, namely the

Ã 2Sg(u)
1 and B̃ 2Su(g)

1 states, where theg and u symmetry

labeling alternates withn. For C6
2 , which has aX̃ 2Pu

ground state, the experimental term values for theÃ 2Sg
1 and

C̃ 2Pg states are 1.16016 and 2.042 eV,18 respectively, while
the most recently calculated term value for the optically

accessibleB̃ 2Su
1 state is 1.32 eV.28

This paper focuses on a less well-understood aspec
carbon cluster anions, namely their relaxation dynamics
lowing electronic excitation. These dynamics are follow
using femtosecond photoelectron spectroscopy~FPES!.29 In
FPES experiments, the species of interest is prepared i
excited state with a broad-bandwidth, ultrafast pump pu
allowed to evolve for a period of time, and then photoioniz
or photodetached with an ultrafast probe pulse. By mea
ing the resulting photoelectron spectrum as a function
pump-probe delay, one obtains a series of ‘‘snapshots’’ of
dynamics induced by the pump pulse. This technique
been used to follow a wide range of chemically significa
processes in our laboratory and others but has been ap
most frequently to the study of isolated neutral molecu
undergoing nonadiabatic electronic relaxation.30–37
5 © 2001 American Institute of Physics
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11186 J. Chem. Phys., Vol. 115, No. 24, 22 December 2001 Frischkorn et al.
The application of FPES to carbon cluster anions is m
tivated by previous experiments conducted by our group
the spectroscopy and electron detachment dynamics of4

2 ,
C6

2 , and C8
2 via RMPD with nanosecond lasers.17,18 These

studies of theC̃←X̃ transitions yielded rotationally resolve
features for C4

2 and vibrationally resolved spectra for th
other two species. Our experiments also revealed two
usual features concerning the electron detachment dynam
First, for some transitions, delayed electron ejection was
served over time scales extending up to several hundred
nanoseconds. In addition, the photoelectron spectra colle
following resonant multiphoton excitation were structurele
peaking at low electron kinetic energies~eKE! and decreas-
ing in intensity monotonically toward higher eKE; these P
spectra are in sharp contrast to the structured one-photo
spectra of these anions.10 The delayed emission and nature
the multiphoton PE spectra were interpreted as signature
the cluster analog to thermionic emission, resulting fro
ground-state clusters with sufficient vibrational energy
eject an electron. We proposed that these highly vibration
excited clusters were populated from multiple electro
excitation/internal conversion cycles. This mechanism
plies that internal conversion following absorption of
single photon occurs faster than 20 ns, the width of the la
pulse used in those experiments.

The FPES experiments described here were underta
to provide a detailed, explicitly time-domain probe of the
dynamics. Specifically, we have applied FPES to C6

2 through
excitation of the vibrational origin of theC̃ 2Pg←X̃ 2Pu

band. The FPE spectra reveal that the subsequent dyna
occurs on two time scales: PE spectral features assoc
with the initially excitedC̃ 2Pg state decay with a lifetime o
730 fs, while intermediate features grow on this same tim
cale and relax to a final set of states with a time constan
3.0 ps. We interpret the initial fast dynamics as IC of t
C̃ 2Pg state to the intermediateB̃ and possiblyÃ states. Re-
laxation of the intermediate electronic states to vibrationa
hot ground state is complete within;12 ps. The FPE spectr
at short times also show strong evidence for a two-elec
photodetachment transition, an unusual result that is m
likely a reflection of fairly strong configuration interactio
between the electronic states of C6

2 .

II. EXPERIMENT

A detailed description of our experimental setup h
been described previously.38 Only a brief description will be
given here with emphasis on the features specific to the
periment presented in this paper.

Carbon cluster anions were generated from a C2H2/CO2

mixture~2%/2%! in Ar expanded supersonically into vacuu
through a combined pulsed valve/discharge assembly39 oper-
ating at a repetition rate of 500 Hz. Carbon cluster anio
formed in this source discharge were extracted orthogon
into a Wiley–McLaren time-of-flight mass spectrometer40

Laser timing was set such that the mass-selected carbon
ters interacted with the ultrafast excitation and detachm
laser pulses at the focus of a ‘‘magnetic bottle’’ time-of-flig
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analyzer.41 The detached electrons were collected with t
magnetic bottle at an efficiency of.50%.

The pump and probe pulse were generated from the
nm ~1.57 eV! fundamental of a regeneratively amplifie
Ti:sapphire oscillator~Clark MXR! running at 500 Hz in
conjunction with various wavelength conversion schem
The 790 nm pulse, which typically has a 1 mJpulse energy
and a temporal width of 100 fs FWHM~sech2!, was split to
pump both an optical parametric generator/amplifier~TO-
PAS, Light Conversion! and a frequency-tripling unit.
Doubled OPA signal served as the excitation pulse for
C̃ 2Pg←X̃ 2Pu 00

0 transition of C6
2 at 607 nm~2.04 eV, 15

mJ/pulse, 100 fs!, while tripled fundamental at 263 nm~4.71
eV, 20 mJ/pulse, 110 fs! was used as the UV detachme
probe. The resulting power density in the interaction reg
is ;1011W/cm2, indicating that our experiments are withi
the weak-field limit. The delay between the pump and pro
pulses was set using a computer-controlled translation st
and the two pulses were collinearly recombined prior to
tering the vacuum chamber. The pump and probe pulses w
characterized temporally and the absolute zero-of-ti
within the interaction region determined using two-col
above-threshold detachment~ATD!42 of I2.

The electron energy resolution of the spectrometer
limited by the speed of the parent anions at the laser in
action region owing to the large steradiancy collection of
magnetic bottle analyzer.41 With a parent ion kinetic energy
of ;1250 eV, the eKE resolution of C6

2 photoelectrons is
about 250 meV at an energy of 1 eV and degrades
~eKE!1/2. For C6

2 , the TOF spectra were calibrated linear
with respect to kinetic energy by photodetachment of I2 with
a 263 nm photon to the two spin-orbit states of iodine. N
malization of the FPE spectra at different delay times w
accomplished by alternating scans between the desired d
and a fixed, positive reference delay~2 ps!.

III. RESULTS

The one-color PE spectrum of C6
2 taken with the 263 nm

probe pulse is shown as dashed curves in Figs. 1~a! and 1~b!.
The main feature, a peak centered near 0.6 eV, is compr
of transitions from ground state (X̃ 2Pu) C6

2 to the X̃ 3Sg
2

ground andã 1Dg first excited electronic states of neutr
linear C6.

10 These features are not resolved here due to
limited resolution of the magnetic bottle analyzer. A we
but broad feature extending to;5.4 eV arises from two-
photon UV detachment of the anion.

The solid curves in Figs. 1~a! and 1~b! are ‘‘pump–
probe’’ FPE spectra taken with delays of 200 fs and 12
respectively, between the 607 nm pump and the 263
probe pulses. The FPE spectrum in Fig. 1~a! shows new fea-
tures for eKE.0.75 eV, and a slight depletion of signal
0.5–0.6 eV, the peak of the ‘‘probe-only’’ spectrum. No
that the pump–probe spectrum extends to an eKE of;2.5
eV, which corresponds to the maximum allowable kine
energy, eKEmax, given by

eKEmax5hnpu1hnpr2EA~C6!52.57 eV, ~1!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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using EA(C6)54.180 eV.43 The FPE spectrum in Fig. 1~b!
is more similar to the probe-only spectrum, the main diff
ence being that the FPE spectrum extends to somew
higher eKE.

Figure 2 shows a series of FPE spectra at selected pu
probe delays,Dt, in which a suitably normalized ‘‘probe
only’’ spectrum has been subtracted from the pump–pr
spectra. The background-subtracted spectra show the
dependence of the FPE signal more clearly, although the
stantial probe-only signal between 0.5 and 0.6 eV makes
background-subtracted intensity less reliable in this reg
than at higher eKE.

The FPE spectrum measured at 0 fs@Fig. 2~a!# consists
of two partially resolved features at 780 meV and 980 m
and a higher energy ‘‘tail’’ extending to eKEmax. This time
delay falls within the cross-correlation of the laser pulses
represents the earliest delay at which reasonable backgro
subtracted signal is observed. At longer times@Figs. 2~b!–
2~e!#, the high-energy tail decreases in intensity while t
lower energy features at 780 and 980 meV grow, reachin
maximum intensity near 1400 fs. While the positions of the
lower energy features remain constant up to;1400 fs, they
eventually shift to even lower eKE, and by 12 ps they ha

FIG. 1. Comparison of a probe-only photoelectron spectrum~dashed line!
with pump-probe spectra~solid lines! at delays of 200 fs~a! and 12 ps~b!.
Pump and probe wavelengths are 607 and 263 nm, respectively.* shows
maximum possible eKE~2.57 eV! from absorption of one-pump and one
probe photon.
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coalesced into a single peak at 730 meV@Figs. 2~f!–2~h!#. In
addition to these trends, the ‘‘dip’’ in the backgroun
subtracted spectra around 0.5 eV fills in with increas
pump–probe delay. Overall, the FPE spectra show evide
for dynamics on at least two time scales: the decay of
high-energy tail and growth of the lower eKE peaks at ea
times, followed by the evolution of these peaks toward ev
lower energy at later times.

IV. ANALYSIS

A. Spectral assignments

In order to interpret the FPE spectra, we must correl
the features in the spectra to transitions between anion
neutral electronic states. This requires knowledge of the e
tronic spectroscopy of C6

2 and C6, from which one can ex-
tract the energies of the various photodetachment transit
between the two manifolds of electronic states.

The molecular orbital configuration of the C6
2 ground

electronic state (X̃ 2Pu) is ...6sg
21pu

46su
27sg

21pg
42pu

3. The
Ã 2Sg

1 , B̃ 2Su
1 , and C̃ 2Pg states have molecular orbita

configurations corresponding to 2pu←7sg , 2pu←6su ,
and 2pu←1pg one-electron excitations from the groun
state, respectively. The electronic term values for these
cited states have been determined through calculations26,28

and spectroscopy experiments16,18 and are shown in the
lower part of Fig. 3.

The electron configuration of the C6 ground state
(X̃ 3Sg

2) is ...6sg
21pu

46su
27sg

21pg
42pu

2. Forney et al.14 lo-
cated the3Su

2←X̃ 3Sg
2 transition at 2.43 eV by matrix ab

sorption spectroscopy. Xuet al.10 mapped out several of th
lower-lying electronic states of C6 by photoelectron spectros

FIG. 2. ~a!–~h! Background-subtracted time-resolved photoelectron spe

of C6
2 excited at the origin of theC̃ 2Pg←X̃ 2Pu band~607 nm! and probed

at various pump-probe delays out to 12 ps.* shows maximum eKE. The
dashed lines indicate the positions of the two intermediate peaks menti
in the text.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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copy of C6
2 and assigned them by comparison of the exp

mentally determined energetics with previous electro
structure calculations; term values of 0.166, 0.849, and 1
eV were reported for the 13Pu , 1 3Su

1 , and 13Pu states,
respectively. Multireference configuration interaction calc
lations carried out by Hanrathet al.44 yield a different energy
ordering, with term values of 1.08 and 1.10 eV for the nea
degenerate 13Pu,g states, term values relative to theã 1Dg

state of 1.39 and 1.42 eV for the nearly degenerate 11Pu,g

states, and a considerably higher term value of 2.12 eV
the 13Su

1 state. Since these more recent calculations ar
higher quality than those used by Xuet al. to assign their
spectrum, it is reasonable to revise Xu’s assignment by
suming that the energy ordering calculated by Hanrathet al.
is correct, yielding the neutral energy-level scheme prese
in the upper half of Fig. 3. The electronic transitions
which the excited states are accessed from the C6 ground
state, are also shown.

From Fig. 3, one can determine which neutral states
accessible from the various anion states by one-electron
todetachment transitions, which are the transitions that t
cally dominate a photoelectron spectrum. All neutral sta
shown in Fig. 3, save the 11Pu and the1Su

2 states, are
accessible from the anion ground state. In contrast,
X̃ 3Sg

2 neutral ground state is not accessible by a o

FIG. 3. Term values and dominant electron configurations for C6
2 and C6,

respectively. Anion term values were obtained from~a! Ref. 16,~b! Ref. 28,
and ~c! Ref. 18, neutral term values from~d! Ref. 10,~e! Ref. 44, and~f!
Ref. 14. EA~C6!54.180 eV from Ref. 43. The dashed line 2.57 eV above
neutral ground state indicates the experimental energetic limit. Dashe
rows represent the lowest-energy one-electron photodetachment trans
from each of the low-lying anion excited states. The dotted arrow repres
a two-electron photodetachment transition from theC̃ state to the neutral
ground state.
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electron transition from any of the three excited states of
anion shown in Fig. 3, all of which have a...(2pu)4 mo-
lecular orbital configuration. The 13Pu,g and 11Pu,g states
are the lowest accessible states from the anionÃ 2Sg

1 and
B̃ 2Su

1 states by one-electron photodetachment transitio
while the 11Pu state is the lowest neutral state accessi
from the C̃ 2Pg state of C6

2 .
The photoelectron spectrum10 and electronic absorption

spectrum14,18 of C6
2 are both dominated byDn50 vibra-

tional transitions, indicating that there are relatively sm
geometry changes among the ground and various exc
states of C6 and C6

2 . One therefore expects thatDn50 tran-
sitions dominate the FPE spectra as well. Consequently,
electron transitions from each anion state will occur near
vibrational band origin for that transition, for which the ele
tron kinetic energy is given by

eKE0 – 05hnprobe2EAC6
1TC

6
2

0
2TC6

0 , ~2!

in which TX
0 represents the term value for a given electro

state of speciesX. Values ofeKE0–0 determined from the
best available experimental and theoretical anion and neu
term values are listed in Table I.

As shown in Table I,eKE0–051.47 eV for the 11Pu

←C̃ 2Pg photodetachment transition, the lowest on
electron transition allowed from theC̃ 2Pg state. This value
falls within the high-energy ‘‘tail’’ seen at early pump-prob
delay times in Fig. 2, suggesting that this tail and its ra
decay is associated with the initially excitedC̃ 2Pg state. The
experimentally observed peaks at 780 and 980 meV see
early times lie close to theeKE0–0 values for transitions
originating from the anionÃ 2Sg

1 andB̃ 2Su
1 states; the peak

at 780 meV may correspond to overlapped 13Pu←Ã and
1 1Pu←B̃ detachment, while the peak at 980 meV match
eKE0–0 for the 13Pg←B̃ transition. These two peaks grow
in intensity until around 1400 fs, during which time the hig
energy tail disappears. Our somewhat qualitative anal
thus suggests that the initially excitedC̃ 2Pg state decays
into the intermediateÃ 2Sg

1 and/or B̃ 2Su
1 states. This

mechanism is considered more quantitatively in the follo
ing section.

ar-
ons
ts

TABLE I. eKE020 values arising from the detachment of various C6
2 elec-

tronic states~top! with a 263 nm~4.71 eV! light source through one-electron
photodetachment transitions to low-lying C6 electronic states~left!. eKE020

values were calculated using Eq.~2! from the text and the energetics o
Fig. 3.

C̃ 2Pg B̃ 2Su
1 Ã 2Sg

1 X̃ 2Pu

X̃ 3Sg
2 0.53

ã 1Dg 0.36
1 1Sg

1 0.26
1 3Pg,u 1.00 0.84
1 1Pg,u 1.47 0.75 0.59
1 1Su

2

1 3Du 0.52
1 3Su

1 0.45
2 1Su

2

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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No significant evolution of the FPE spectra occurs af
12 ps. The spectrum at 12 ps in Fig. 2 shows a peak at
meV, the origin of which can be seen in the nonbackgrou
subtracted spectrum in Fig. 1~b!. The latter is just what one
would expect from vibrationally hot C6

2 : Hot bands from
vibrationally excited anions would yield signal at higher eK
than the probe-only spectrum of cold C6

2 , resulting in a peak
in the background subtracted spectrum. The formation of
brationally excited anions in their ground electronic state
longer times is also consistent with the reduction in am
tude of the ‘‘dip’’ around 0.5 eV; at earlier times this wa
attributed to depletion of the ‘‘probe-only’’ PE spectrum b
the pump pulse. Thus, it appears reasonable to attribute
evolution of the FPE spectra after 1400 fs to internal conv
sion from the intermediateÃ 2Sg

1 and B̃ 2Su
1 states to the

anion X̃ 2Pu ground state. The FPE spectrum at long tim
thus shows the effect of approximately 2 eV of vibration
energy on the PE spectrum of ground state C6

2 .
One issue regarding the above assignment is that

high-energy tail seen at early times extends well beyo
eKE0–0 for the 11Pu←C̃ 2Pg transition. Even accounting
for the significant spectral broadening in our spectrome
there should be no signal for this transition beyond 1.65
whereas we observe signal out to;2.5 eV, the energetic
limit for detachment from theC̃ 2Pg state to theX̃ 3Sg

2 state
of C6. However, this transition is not one-electron allowe
nor are any transitions to excited C6 states lying below the
1 1Pu state. Hence, one must consider the origin of w
appears to be a two-electron transition to the C6 ground state.

Such a transition could arise from configuration intera
tion mixing of the C̃ 2Pg state with other C6

2 states of the
same symmetry, so long as the C6 ground state can be ac
cessed via one-electron detachment from these other st
UHF/FOCO/CC calculations by Adamowicz25 have indi-
cated there are two additional C6

2 excited doublet states o
Pg symmetry, the~2! and ~3! 2Pg states, for which the cal
culated term values of 3.06 and 3.68 eV, respectively, are
too far above his calculated term value of 2.62 eV for t
C̃ 2Pg state. These two higher-lying states have been
signed experimentally to electronic absorption features
2.49 and 2.79 eV, respectively, through matrix isolation st
ies of C6

2 .16 Both of these states have a nomin
...6sg

21pu
46su

27sg
21pg

42pu
24pg

1 electron configuration, from
which the ground state of C6 is accessible by 4pg

21 detach-
ment, making them reasonable potential participants in
configuration interaction mixing required to explain the mo
energetic electrons observed in our experiment.

B. Relaxation dynamics

In this section, the dynamics revealed by the FPE spe
are examined more quantitatively. The mechanism propo
in the previous section implies that features in the FPE sp
tra associated with theC̃ 2Pg state of C6

2 should decay ex-
ponentially on a time scale oftC , wheretC is the C̃ state
lifetime, while those associated with theÃ 2Sg

1 and B̃ 2Su
1

states should grow in with time constanttC and decay with
time constanttAB , the latter being the lifetime of the inter
Downloaded 22 Jan 2002 to 128.32.220.20. Redistribution subject to A
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mediate states with respect to internal conversion to
ground state. This model can be tested as follows.

We have previously associated the high-energy tail in
FPE spectra at early times with theC̃ 2Pg state. In Fig. 4~a!,
the intensity of this feature integrated from 1.45–3.00 e
C(t), is plotted versus time and fit to Eq.~3!,

C~ t !5a1 exp~2t/tC!1a0 , ~3!

yielding tC5730650 fs. As discussed above, the peaks
780 and 980 meV are assigned to the intermediateÃ and B̃
states, and their contribution to the spectra,AB(t), is quan-
titatively assessed by integrating the electron signal fr
0.63–1.22 eV. The result is shown in Fig. 4~b!, along with
the fit to Eq.~4!,

AB~ t !5b2 exp~2t/tAB!2b1 exp~2t/tC!1b0 , ~4!

where tC is fixed at 730 fs andtAB is found to be 3.0
60.1 ps.

FIG. 4. ~a! ~Circles! Integrated signal intensity in the 1.45–3.00 eV spect

window, dominated byC̃ state detachment features, plotted with respec
pump–probe delay to 6.5 ps.~Line! Single-exponential fit to integrated in
tensities@see Eq.~3! in text#, tC5730650 fs. ~b! ~Circles! Integrated signal

intensity in the 0.63–1.22 eV spectral window, dominated byÃ and/or B̃

states at short times and theX̃ state at long times, plotted with respect
pump-probe delay to 100 ps.~Line! Exponential association curve fit to
integrated intensities@see Eq.~4! in text#: tC5730 fs ~fixed!; tAB53.0
60.1 ps.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Good fits to both sets of data are obtained using the s
value of tC , thus supporting our interpretation of the FP
spectra. Moreover, although there is some latitude in set
the two-energy windows, the best-fit decay times are re
tively insensitive to small changes in the spectral interv
used in the analysis; this insensitivity was in fact used as
main criterion for defining the windows. Note, however, th
the parametersa0 and b0 are nonzero; these represent t
‘‘asymptotic’’ contribution to the signal after the exponenti
dynamics have finished.~These values reflect the overla
between photoelectron spectra from various anion electr
states, so that photodetachment from more than one
contributes to each of the two energy integration windo
shown in Fig. 4!. This is particularly true in Fig. 4~b!, be-
cause the signal from vibrationally hot C6

2 at long delay
times ~see Fig. 2! contributes significantly to the lower
energy window.

V. DISCUSSION

Our analysis of the FPE spectra of C6
2 indicates that the

electronic relaxation from the ground vibrational level of t
C̃ 2Pg state occurs in two steps. The initially populatedC̃

state decays with a 730 fs lifetime to theB̃ and possiblyÃ
states, which collectively give rise to an ‘‘intermediate’’ d
tachment signal, but which relax on a time scale of 3.0 ps
highly vibrationally excited C6

2 in its ground electronic state
The significance of these time scales, particularly theC̃ state
lifetime, can best be appreciated by comparing the tim
domain results with the frequency-domain spectrum of C6

2 ,
and by comparing the relaxation times in C6

2 to those for
excited states in comparably sized neutral molecules.

The C̃←X̃ 00
0 transition in C6

2 shows no rotationa
structure and an overall linewidth of 18–20 cm21; this is
significantly less than the fs pump laser linewidth of 1
cm21. The measuredC̃ 2Pg lifetime of 730 fs corresponds to
a spectral linewidth of;10 cm21. Since we are clearly no
accessing a repulsive potential-energy surface, this linew
represents the energy spread of the highly excited vibratio
levels associated with lower-lying electronic states that
mixed with the zero-orderC̃ 2Pg (v50) state and partici-
pate in its relaxation dynamics. This 10 cm21 linewidth is
substantially larger than the spacing between adjacent r
tional levels of theC̃ state, for whichBe50.046 cm21,26 so
the absence of resolved rotational structure in the C6

2 elec-
tronic absorption spectrum18 reflects fundamental dynamic
rather than experimental effects resulting from ion tempe
ture, laser bandwidth, saturation effects, etc. We note
preliminary FPE spectroscopy of theC̃ 2Pu state in C4

2 in-
dicates that the initially excited state has a lifetime of.10
ps, consistent with the observation of rotational structure
the C4

2 C̃←X̃ band. In C6
2, the overall width of the 00

0 band
of 18–20 cm21 is presumably a convolution of rotationa
transitions with the 10 cm21 linewidth from lifetime broad-
ening; for comparison, the rotationally resolved 00

0 band of
C4

2 covers about 15 cm21 with feature widths of 0.1 cm21.17

In C6
2, the second, rather than first, optically accessi

electronic state is excited, and it is therefore useful to co
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pare the dynamics seen in our experiment to those obse
previously upon excitation ofS2 and higher states in othe
~neutral! molecules. FPES studies of hexatriene30

decatetraene,36 phenol,32 and pyrazine35 have shown thatS2

→S1 relaxation is the first step in the dynamics, analogous
what is seen for C6

2, whereas in benzene,S2→S0 relaxation
is reported to be the dominant pathway.31 In these earlier
FPE studies, the final neutralS0 state cannot be detecte
because one-photon ionization of this state was not ener
cally possible at the photon energies used; the extensive
brational energy present in theS0 state is not sufficient to
overcome the propensity for vibrational energy to be co
served upon ionization. In our experiment, on the other ha
the dynamics can be followed to completion, since the el
tron affinity of C6 is low enough to permit detachment from
its ground and excited electronic states at our probe-la
energy.

In pyrazine and the smaller polyenes, theS2 state life-
time is extremely short, i.e., 50 fs or less,30,35,45and this has
been attributed to conical intersections with lower-lying ele

tronic states.46 The much longer lifetime of the C6
2 C̃ 2Pg

(v50) state suggests that conical intersections do not pla
major role in the dynamics. Moreover, the calculated eq

librium geometries of theX̃, Ã, B̃, and C̃ states are quite
similar,26 so one would not expect any of the lower-lyin

states to cross theC̃ state near its minimum where thev
50 level is localized.

The situation for C6
2 is probably more akin to that of the

S2 state of decatetraene, the lifetime of which is several h
dred femtoseconds.36 In both cases, the relevant electron
absorption spectrum is highly structured,14,18,47 and thev
50 level of the excited state is embedded in a dense m
fold of isoenergetic vibrational levels associated with low
electronic states. We can apply the Beyer–Swinehart s

counting algorithm to theB̃ 2Su
1 and Ã 2Sg

1 states of C6
2

using calculated26 and experimental14,18 vibrational frequen-
cies, when available, and assuming the calculated frequ

cies for theX̃ state otherwise~i.e., for the bend and antisym
metric stretch modes28!. This procedure yields vibrationa
state densities of 1.083104 and 4.843104states/cm21 for the

B̃ and Ã states, respectively, at the energy of theC̃ 2Pg (v
50) state, so there is essentially a quasi-continuum of
cited state levels with which this state can interact. Given
electronic symmetries of the states involved, thev50 level

of the C̃ state will be vibronically coupled to vibrationa

levels of the B̃ and Ã states withpu and pg symmetry,
respectively. Since the doubly degeneratepu andpg bending
modes are the lowest frequency vibrations, vibrational sta
with the required symmetry will comprise a significant fra
tion of the total vibrational state densities. Although the
brational state density associated with the C6

2 ground state is

even higher (;108 cm21), direct relaxation from theC̃ 2Pg

(v50) state to theX̃ states involves much larger changes
vibrational quantum number and is therefore disfavored.

The results presented here are consistent with the m
tiple absorption/internal conversion model proposed to
plain the observation of thermionic emission from C6

2 reso-
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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nantly excited with ns laser pulses.18 The time scale for
internal conversion to the C6

2 ground state of 3.0 ps is muc
shorter than the 20 ns pulses used in the previous work
there is certainly enough time for the ions to undergo sev
absorption/IC cycles during a 20 ns laser pulse; only 2
cycles are required before the anion vibrational energy
ceeds the detachment threshold.

VI. CONCLUSIONS

We have used femtosecond photoelectron spectrosc
to investigate the electronic relaxation dynamics of C6

2 fol-
lowing excitation of theC̃ 2Pg←X̃ 2Pu band origin. Over a
time interval of several picoseconds, the FPE spectra ev
from a spectrum associated with the initially excitedC̃ 2Pg

state to one associated with highly vibrationally excited C6
2

in its ground electronic state. A more detailed analysis of
FPE spectra shows evidence for two-step relaxation dyn
ics: internal conversion of theC̃ 2Pg state to the lower-lying
B̃ 2Su

1 and Ã 2Sg
1 states with a time constant of 73

650 fs, and internal conversion of these intermediate st
to the X̃ 2Pu ground state in 3.060.1 ps. None of the C6

2

excited states can access the neutralX̃ 3Sg
2 ground state by a

one-electron photodetachment transition, and the FPE s
tra from the anion excited states are interpreted in term
photodetachment to low-lying neutral excited states. Ho
ever, at short times, we observe evidence for a two-elec
transition from theC̃ 2Pg anion state to the neutralX̃ 3Sg

2

state and attribute this process to configuration interac
mixing with higher-lying excited states of the same symm
try.

The experiment described in this paper is quite gen
in that it can be applied to any negative ion with an ele
tronically excited state below the detachment continuum,
as demonstrated by Gantefor,48 to autodetaching electroni
states above the detachment threshold. We have obta
preliminary results on C4

2 and C8
2 which, combined with the

results presented here, show increasingly rapid relaxa
from the C̃ state as the number of carbon atoms increa
Experiments on comparably sized odd carbon cluster an
are also of considerable interest, because while the odd
ions have2P←2P electronic transitions in the same ener
range as the even clusters, there are no intermediate2S elec-
tronic states in the odd clusters and, therefore, the dynam
might be expected to be qualitatively different.49
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