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The C¢ anion and Cg neutral have been studied using both threshold photodetachment (zero
electron kinetic energy) spectroscopy and autodetachment spectroscopy of Cg . The threshold
photodetachment spectrum yields the electron affinity of linear Cg4 to high accuracy, along
with the three symmetric stretch frequencies for linear C4 and the spin—orbit splitting in the
ground 2I1,, state of the anion. Two of the symmetric stretch frequencies are significantly
lower than previous ab initio predictions. A simple model force field is used to calculate
stretching force constants and estimate bond length changes between the anion and neutral.
In addition, using autodetachment spectroscopy, we have located an excited electronic state
of Cg that lies 43 cm™' below the detachment threshold. This state is very similar in geome-
try to neutral Cq. Excited vibrational levels of this state autodetach with rates that depend
strongly on the available autodetachment channels. The excited state is tentatively assigned to
a valence state, rather than an electrostatically bound state.

. INTRODUCTION

Elemental carbon clusters have been the subject of con-
siderable experimental and theoretical research because of
their importance in combustion' and astrophysics.? The
state of carbon cluster research up to 1989 is described in
an excellent review article by Weltner and Van Zee.® Prior
to 1989, most of our knowledge regarding the structure
and spectroscopy of small carbon clusters was from ab
initio calculations. Experimentally, rotationally resolved
spectra had only been obtained for C, (Ref. 4) and Cj;’
results for the larger carbon clusters (410 atoms) were
limited to several matrix isolation studies®® and a photo-
electron spectroscopy study of carbon cluster anions.’
However, during the last three years, new experiments
have dramatically increased our understanding of the spec-
troscopy and structure of these species. For example,
Saykally and co-workers'® have measured gas phase, rota-
tionally resolved infrared spectra for C;, C,, Cs, C;, and
C,, yielding rotational constants and vibrational frequen-
cies; Amano, Bernath, and co-workers'""'? have also ob-
tained high resolution spectra for several of these species.
All of the species observed in these gas phase studies ap-
pear to be linear.

Negative ion photodetachment provides another pow-
erful experimental probe of carbon clusters. Although
these experiments are typically lower resolution than infra-
red absorption, they offer several important advantages.
One can mass select the anion prior to spectroscopic inves-
tigation, eliminating any ambiguity concerning species
identification. This is important in cluster studies as most
cluster sources simultaneously generate a number of differ-
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ent species (anions, neutrals, and cations). In addition,
photodetachment tends to result in excitation of totally
symmetric vibrational modes of the neutral. With sufficient
resolution, one can determine the frequencies of these
modes. Since these are not infrared active for linear mole-
cules, the information obtained is complementary to infra-
red absorption experiments.

Photoelectron spectra of the carbon cluster anions C;;
(n=2 through 29) have been obtained by Smalley and
co-workers,” and considerably higher resolution spectra
(60-100 cm~!) have been measured for C; and C5 by
Lineberger,'*!* and for C; through Cj; by our group.'®
These studies show that the linear even clusters have
higher electron affinities than the odd clusters, in agree-
ment with the prediction of Pitzer and Clementi.!® The
higher resolution studies also yielded numerous vibrational
frequencies for the neutral clusters. Finally, we have stud-
ied C5 at even higher resolution using threshold photode-
tachment spectroscopy.'” The resolution of this technique
is 3-8 cm~!, and the resulting spectrum shows well-
resolved transitions to various symmetric stretch and bend-
ing modes of Cs, as well as fine structure due to the spin—
orbit splitting in the anion.

This paper describes new experiments on the photode-
tachment spectroscopy of Cg, the goal of which is to learn
about the structure and spectroscopy of Cq and Cg . Sev-
eral calculations have been performed on neutral Cg pre-
dicting close-lying cyclic '4}(D;,) and 32; (D) kinear
states, although the true ground state remains a point of
controversy.'®!* Raghavachari'® and Martin?® have calcu-
lated vibrational frequencies for the cyclic and linear iso-
mers, respectively. Calculations performed on the anion
have predicted a linear *II, ground state.?! Adamowicz?
has predicted the existence of several low-lying electronic
states of linear Cg .

Experimentally, several infrared absorption studies
have been performed on Cy in a low temperature, rare gas
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FIG. 1. Energy level diagram illustrating autodetachment and threshold
photodetachment transitions. The transitions to the neutral levels yield
the zero-kinetic-energy electrons [Eq. (1)] and the transitions to the ex-
cited anion levels are followed by autodetachment [Eq. (2)].

matrix.%?® The assignment of the observed lines to Cq an-
tisymmetric has been problematic; only recently, with ex-
tensive isotopic substitution, has a line at 1952 cm™! been
definitively assigned to a C¢ antisymmetric stretch.?® Elec-
tron spin resonance {ESR) studies® in rare gas matrices
have shown that linear C¢in a 33 state exists, and that the
bonding is cumulenic, in accordance with the prediction of
Ref. 16. Experimental information on the anion comes
from the aforementioned photoelectron spectroscopy stud-
ies.>!® In addition to yielding the electron affinity of linear
Cg, 4.185:0.006 eV," the main features in these spectra
were assigned to transitions between linear Cq and C.
However, a high energy “tail” in our Cg spectrum was
tentatively attributed to a high energy cyclic isomer of the
anion. Coulomb explosion measurements also suggest the
existence of a cyclic Cg isomer.?

The results reported here on Cg are from two tech-
niques: negative ion threshold photodetachment spectros-
copy [zero electron kinetic energy (ZEKE) spectroscopy]
and autodetachment spectroscopy. Figure 1 illustrates the
energetics of both techniques. In threshold photodetach-
ment spectroscopy, the anions are photodetached with a
tunable laser, and the near-zero Kinetic energy electron
signal is collected as a function of laser frequency. These
threshold electrons are produced only when the laser is
resonant with an anion —neutral transition

Co (V") +hv—-Ce(v') +e™ (eKE=0). (D

By this means, we can map out the direct photodetachment
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FIG. 2. Diagram of the tunable photodetachment instrument: (A) inter-
action region for the threshold photodetachment experiment; (B) inter-
action region for the total cross section experiment; (1) detachment win-
dows; (2) electron extraction plates; (3) magnetic shielding; (4) electron
Einzel lens; (5) ion detector. Electron detector is located directly above
the circled “X.”

transitions between the C; ground state and various vibra-
tional (and electronic) levels of neutral Cy with 3 cm™!
resolution.

In contrast, autodetachment spectroscopy?® is sensitive
to transitions between the ground and excited electronic
states of the anion. The autodetachment spectrum of Cq is
obtained by measuring the total photodetachment cross
section as a function of the detachment laser frequency. In
the absence of anion excited states (the usual case), the
photodetachment cross section rises monotonically above
the detachment threshold, although in favorable cases one
can observe steps in the cross section when new
anion —neutral transitions become energetically accessi-
ble.?” However, if there are long-lived excited states of the
anion, (Cg )*, just above the detachment threshold, the
photodetachment cross section will exhibit sharp peaks re-
sulting from excitation to the metastable (Cg )* state fol-
lowed by autodetachment to the neutral plus electron

Cy +hv—(Cg )*—~Cs+e™ (eKE#0). (2)

The combination of threshold photodetachment spectros-
copy and autodetachment spectroscopy has been applied
previously to Au; and Aug by Kaldor and co-
workers.?%?

The threshold photodetachment results presented be-
low show well-resolved transitions between linear C¢” and
Cq, and yield the symmetric stretch frequencies for Cg. In
addition, the photodetachment cross section results show
sharp autodetachment peaks, indicating that there is an
excited electronic state of Cg near the detachment thresh-
old. The vibrational frequencies of this anion state are very
similar to those of neutral C;. While C; is known to un-
dergo autodetachment,26 our results are the first such ob-
servation for a polyatomic carbon cluster anion.

Il. EXPERIMENT

Figure 2 shows a schematic top view of the apparatus
employed for all of the experiments reported in this paper.
The machine is described in detail elsewhere,® but the
basic operation is as follows. Cold carbon clusters (anions,
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cations, and neutrals) are generated in a laser
vaporization/pulsed molecular beam source similar to that
developed by Smalley.>! Helium is used as the carrier gas,
typically with a backing pressure of 90 psi. Laser vapor-
ization is achieved by focusing a 4 mJ, 532 nm pulse from
a frequency-doubled Nd:YAG laser (20 Hz repetition
rate) onto a rotating, translating graphite rod (higher
pulse energies resulted in significantly hotter ions). The
negative ions that pass through a 2 mm diam skimmer are
collinearly accelerated to 1 keV. Mass selection is achieved
with a 1 m long beam-modulated time-of-flight mass spec-
trometer.>? The mass-separated anions then enter the de-
tection region where they are photodetached by a (pulsed)
excimer-pumped dye laser in either of two locations: 60 cm
upstream of the ion and electron detectors (the region la-
beled “A” in Fig. 2) or adjacent to the ion and electron
detectors in the region labeled “B” in Fig. 2. For photode-
tachment of linear Cg, the dye laser output was doubled
with a B-barium borate (BBO) crystal. The dyes used were
Rhodamine 600 (300-310 nm), Rhodamine 590 perchlo-
rate (287-300 nm), and Coumarin 540 (270-289 nm).

Three types of photodetachment experiments can be
performed with this instrument. We can obtain threshold
photodetachment spectra and “partially discriminated”
photodetachment cross sections by photodetaching the an-
ions at “A.” Total photodetachment cross sections are ob-
tained by photodetachment at “B,” directly below the elec-
tron detector (marked with the ® in Fig. 2). In all three
experiments, the electron signal is normalized with respect
to the ion current and laser power. Each mode of operation
will now be described in more detail.

Threshold photodetachment spectra are obtained by
adapting the zero electron kinetic energy (ZEKE) spec-
troscopy method developed by Miiller-Dethlefs ez al. > to
negative ion photodetachment. In these experiments, Cg
clusters are photodetached in region A. The ejected pho-
toelectrons are extracted with a pulsed field of about 2
V/cm, which is applied 200 ns after the photodetachment
laser pulse. This delay allows the higher energy electrons to
separate spatially from the threshold electrons that have
nearly zero kinetic energy. Once the field is applied, the
energetic electrons with significant velocity perpendicular
to the ion beam direction are prevented from reaching the
detector by a series of apertures between the extraction
region and electron detector. Threshold electrons and
higher energy electrons scattered along the ion beam axis
pass through a 60 cm long Einzel lens and are then de-
flected into the electron detector with a weak field. While
these higher energy electrons cannot be discriminated
against by the apertures, they emerge from the extraction
region with different kinetic energies than the threshold
electrons, due to the spatial separation along the beam axis
that occurs prior to applying the extraction pulse. The
higher energy electrons can then be discriminated against
with a gated detection scheme, in which only those elec-
trons arriving at the detector within a 35 ns window are
counted. This combination of spatial and temporal dis-
crimination yields an electron energy resolution of 3 cm™ L.
The resulting peak for an ideal atomic system (one which
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FIG. 3. Idealized appearance photodetachment signal (in the absence of
autodetachment) for the three modes of operation of the instrument: (a)
threshold photodetachment spectrum, (b) “partially discriminated’ cross
section, and (c) total photodetachment cross section.

undergoes s-wave detachment near threshold®**) is shown
in Fig. 3(a).

If the Cg clusters are photodetached at A and the
extraction pulse is applied with no delay, one obtains a
“partially discriminated” photodetachment cross section
scan. The electron extraction field immediately accelerates
all of the photoelectrons toward the electron detector.
However, those photoelectrons produced with a significant
perpendicular velocity component are still spatially dis-
criminated against by the apertures en route to the electron
detector. This is therefore a variation on the “steradiancy
detector” described many years ago by Spohr et al.** and
Baer et al.*® The result is an asymmetric peak which is
about 150 cm™" wide [Fig. 3(b)]; the collection efficiency
drops off dramatically for electrons produced with more
than 150 cm ™! kinetic energy. Hence, scans performed in
this mode of operation are referred to as “partially discrim-
inated” photodetachment cross section scans.

Finally, to measure the total photodetachment cross
section, the clusters are photodetached via the second set
of laser windows at region B, which lies just below the
electron detector. All of the photoelectrons are collected
with a 10 V/cm extraction field. The resulting cross section
for an ideal atomic system (s-wave photodetachment) will
resemble the spectrum in Fig. 3(c).
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If direct photodetachment is all that is occurring, there
is little reason to perform anything other than threshold
photodetachment spectroscopy with this instrument. How-
ever, electrons resulting from autodetachment processes
will often have considerably more than 3 cm™' kinetic
energy and will therefore not be observed in a threshold
photodetachment spectrum, so the instrument must be op-
erated in one of the other two modes to study autodetach-
ment. In the “partially discriminated” mode of operation,
only relatively low energy electrons from autodetachment
will be collected efficiently, while virtually all the photo-
electrons produced by autodetachment will be collected in
the total cross section mode. Differences in the intensity of
autodetachment peaks obtained in these two modes can
serve as a qualitative measure of the electron kinetic energy
resulting from autodetachment.

In addition to the above experiments, photodetach-
ment power studies and two-color, two-photon photode-
tachment scans are reported in this paper. These are done
in order to ascertain the importance of single photon vs
multiphoton detachment for the various peaks observed in
the total photodetachment cross section. The photodetach-
ment power studies entail counting electrons produced in
region B as a function of laser pulse energy for a particular
detachment wavelength. The electrons are counted for
5000-6000 laser shots at a given laser power and normal-
ized to the collected ion current. In the two-color, two-
photon scans, Cg~ is photodetached at “B” by copropagat-
ing, simultaneous laser pulses from the doubled dye laser
and the second harmonic of a Nd:YAG laser (532 nm).
The two laser pulses are made simultaneous with the aid of
a photodiode. For these experiments, the dye laser fluence
was 25 mJ/cm? (0.5 mJ/pulse) and the 532 nm fluence
was 100 mJ/cm? (2 mJ/pulse). Any enhancement of the
photodetachment signal by the YAG laser provides strong
evidence for two-photon processes (see below).

1. RESULTS

Figures 4(a)—4(c) show the results of the three types
of scans discussed in the experimental section for Cg . Fig-
ure 4(a) shows the threshold photodetachment spectrum,
Fig. 4(b) shows the partially discriminated cross section,
and Fig. 4(c) shows the total photodetachment cross sec-
ton.

The threshold photodetachment spectrum is domi-
nated by peak A located at 296.65 nm. There are also three
irregularly spaced peaks with approximately one-third the
intensity of peak A at higher energies. The positions and
relative energies of these peaks, labeled D, G, and I, are
listed in Table I. A less intense peak is observed 29 cm ! to
the red of each of these peaks; these smaller peaks are
labeled a, d, g, and i. All of the peaks in Fig. 4(a) are
approximately 17 cm ™! wide [full width at half-maximum
{(FWHM)]. The rising baseline toward higher photon en-
ergies is due to background photoelectrons generated by
stray photons impinging on various metal surfaces in the
extraction region.

In the partially discriminated cross section scan [Fig.
4(b)], the direct photodetachment transitions [Eq. (1)] are
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FIG. 4. (a) Threshold photodetachment spectrum of Cg . (b) Partially
discriminated photodetachment cross section of Cg. (c¢) Total photode-
tachment cross section of Cg .

evident as distinct thresholds, which are at the same wave-
lengths as the peaks seen in the threshold photodetachment
spectrum. These thresholds are also labeled A, D, G, and L.
The electron signal near each threshold has the general
appearance of the model spectrum in Fig. 3(b), rising
sharply then decreasing gradually in intensity as the pho-
ton energy increases. In addition, a series of sharp peaks
are observed which do not appear in Fig. 4(a). These are
due to transitions to excited states of the anion followed, in
most cases, by autodetachment [Eq. (2)]. Four manifolds
of these peaks lie just to the red of the four direct detach-
ment thresholds and are labeled SA, SD, SG, and SI in
reference to the thresholds to which they correspond.
There are also two fairly intense individual peaks (b, and
ey) that do not appear to correspond to direct photode-
tachment thresholds.

In the total photodetachment cross section scan [Fig.
4(c)] the direct detachment thresholds, again labeled A,

TABLE 1. Peak positions, relative energies, and assignments for the
threshold photodetachment spectrum of Cg .

Position Relative energy Calculation
Peak  (nm) (cm™") Assignment  (Matrin) (Ref. 20)
A 296.65 ] Origin® e
D 292.41 489(10) 3) 673
G 285.45 1322(10) 2 1759
1 279.56 2061(10) 1 2167

*This corresponds to an electron affinity of 4.180(0.001) eV.
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TABLE II. Peak positions, relative energies, and assignments (Sec. IV)
for the total cross section spectrum of C; . The calculated energies are
based on an MP2/6-31G* calculation (Ref. 20) predicting the harmonic
frequencies: v, =2167, v,=1759, v;=673, v,=2009, v;=1244, v,=551,
vy =223, v4=432, and v,=108.

Position Relative energy Calculation (Ref. 20)

Peak  (nm) (cm™) Assignment (em™})
ag 297.019 0 Origin e
by 297,386 186(2) 93 216
o 293.622 390(2) 7% 446
do 292.84 480(2) 38 673
& 291.60 626(2) 83 862
fo 288.77 962(3) 33 1346
2 285.92 1307(5) 2} 1759
hy 282.95 1674(5) 52 2488
i 279.91 2058(5) 1§ 2167
jo 279.87 2063(5) 5372 2934
ko 279.17 2153(5) 523} 3161
ly 276.28 2527(5) 133} 2840
m, 27031 3327(5) 182} 3926

D, G, and I, are considerably less distinct than in Fig.
4(b). On the other hand, the autodetachment peaks are
more intense relative to the direct detachment thresholds.
The most intense peaks in each of the four manifolds SA,
SD, SG, and SI, are labeled ag, dy, gq, and i, In addition,
several sharp but less intense autodetachment peaks not
observed in the partially discriminated scan appear in the
total cross section scan; these are labeled by, ¢, etc. In both
Figs. 4(b) and 4(c), the SA manifold does not dominate
over the other sharp peak manifolds as peak A in Fig. 4(a)
dominates over the rest of the peaks. However, the SD, SG,
and SI manifolds in the total cross section scan have com-
parable intensities, while in the partially discriminated
scan, they decrease in intensity toward the higher photon
energies. The positions and relative energies of the labeled
peaks are listed in the first three columns of Table II. Note
that peak my is not shown in Fig. 4(c), but it has approx-
imately the same intensity as peak k,. Also, there are sev-
eral broad peaks in Fig. 4(c) which have not been as-
signed.

Figures 5(a) and 5(b) and 6(a) and 6(b) show
expanded-scale, finer-step scans of the SA and SB mani-
folds, respectively. Figures 5(a) and 6(a) show the par-
tially discriminated cross section, while Figs. 5(b) and
6(b) show the total cross section. These figures reveal that
these manifolds consist of several peaks of 5-7 cm™!
FWHM, many of which are actually partially resolved
doublets with a characteristic splitting of ~ 1.7 cm ™!, This
splitting is most likely due to the contours of unresolved
rotational transitions. The rotational constant for Cg is
expected to be around 0.04 cm ™, so individual rotational
transitions cannot be observed at our current resolution
(0.4 cm ™). This splitting does not appear in peaks belong-
ing to the higher energy SG and SI manifolds. Table III
lists the peak positions and relative energies for Fig. 5(b).
For those peaks which appear as doublets, the peak posi-
tions and relative energies refer to the center of the doublet.

The total cross section and partially discriminated
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FIG. 5. (a) Expanded-scale, finer-step close up scan of the SA manifold
taken in the partial discrimination mode. (b) Expanded-scale, finer-step
close up scan of the SA manifold taken in the total cross section mode.

scans of the the SA manifold at 297 nm are very different.
The most intense feature in Fig. 5(b) is the ay doublet at
297.019 nm. This is almost completely missing in the par-
tially discriminated scan, and implies that the correspond-
ing electrons are highly energetic. Note that the largest
peak in the SA manifold in Fig. 4(b) is a;, not a,. The a,
peak and the a; doublet in Fig. 5(b) are also virtually

LI AL L
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FIG. 6. (a) Expanded-scale, finer-step close up scan of the SD manifold

taken in the partial discrimination mode. (b) Expanded-scale, finer-step
close up scan of the SD manifold taken in the total cross section mode.
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TABLE III. Positions, relative energies, and proposed assignments (Sec.
1V) for the peaks found within the SA manifold.

Position Relative energy Proposed

Peak (nm) {cm™!) assignment
ag 297.019 0 Origin

a 297.179 —18.1(1) 9}
a, 297.241 —25.1(2) 7!
a3 297.277 —29.2(2) S0
a, 297.317 —33.7(3) 92
ag 297.380 —40.9(3) 79}
ag 297.439 —47.5(3) 9! plus S-O
ay 297.509 —55.5(3) 7193
ag 297.582 —63.7(3) 92 plus S-O

absent in Fig. 5(a). The differences between Figs. 6(a) and
6(b) are not quite as dramatic. The most intense feature in
the total cross section scan, the dy doublet at 292.84 nm, is
much smaller relative to the other features in the partially
discriminated scan.

Figures 7(a) and 7(b) show total cross section scans
from 292-298 nm under two different ion source condi-
tions. The He backing pressure in Fig. 7(a) is considerably
higher, so the vibrational temperature in Fig. 7(a) should
be lower than in Fig. 7(b). The data shows that the inten-
sities of peaks a; and d; are largely unaffected by source
conditions, but the features just to the red of each of these
peaks are more intense in Fig. 7(b). These features are
attributed to sequence bands from vibrationally excited Cg
and are discussed in more detail below.

Figure 8 shows a log—log plot of the electron signal (in
the total cross section mode) vs photodetachment laser

Electron Intensity (arb. units)
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bands \
- -1

i1 M7 S| B T S )
Laser Wavelength (nm)
FIG. 7. (a) Total photodetachment cross section spectrum of Cg per-

formed under normal ion conditions. (b) Total photodetachment cross
section spectrum of Cg run with low carrier gas pressure.
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FIG. 8. Anion photodetachment as a function of detachment pulse en-
ergy for peaks a; and a, in the SA manifold.

pulse energy at 297.026 and 297.186 nm. These wave-
lengths correspond to the more intense peaks of the a; and
a; doublets, respectively. The slope of the a; curve is ap-
proximately 1 while that of the a, curve is 0.5, indicating
that the ay peak intensity depends linearly on laser pulse
energy, while the a,; intensity varies as the square root of
the pulse energy. Hence, the a; transition appears more
strongly saturated than the a; transition.

Figures 9(a) and 9(b) show the results of the two-
color, two-photon scans performed on Cg for the SA man-
ifold and part of the SD manifold, respectively. These
scans are taken in the total photodetachment cross section
mode and show the effect of an additional, simultaneous
532 nm pulse on the electron signal. The results are super-

'SA Manifold |

Wavelength (nm)

Electron Intensity (arb. units)

292,60 79280 29300 253,20
Wavelength (nm)

FIG. 9. (a) Two-photon, two-color scan (solid line) of SA manifold
using tunable UV pulse (0.5 mJ/pulse) and simultaneous 2 mJ pulse at
532 nm. Scan with open circles is cross section at same UV pulse energy
without 532 nm pulse. (b) Same as (a) for SD manifold.
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TABLE IV. Peak intensity changes between the one-photon and two-
color, two-photon scans in the SA and SD manifolds.

Wavelength Intensity (blue + green)

Peak (nm) Intensity (blue only)
2, 297,019 3.0

a, 297.179 1.1

a, 297.254 1.5

a, 297.277 1.8

2, 297.439 1

2y 297.509 1.9

dy 292,84 16

d; 292.99 1

d, 293.09 1.9

imposed on scans obtained under the same anion condi-
tions and tunable dye laser power, but with no 532 nm
pulse. Many of the peaks in these two regions exhibit a
change in intensity with the addition of the 532 nm, but the
most dramatic effect occurs for the 297.019 nm doublet
(ap); its intensity increases by a factor of 3 in the presence
of both laser pulses. Almost no change in intensity was
observed for the 297.179 nm doublet (a,). The changes are
less dramatic in Fig. 9(b); the intensity of the largest fea-
ture, the d; doublet, increases by a factor of 1.6 in the
two-color scan. The relative intensities of the peaks in the
one-color and two-color scans are given in Table IV.

IV. ANALYSIS AND DISCUSSION

A. Threshold photodetachment spectrum

1. Peak assignments

The Cg threshold photodetachment spectrum is dom-
inated by peak A; peaks D, G, and I are about a factor of
3 smaller. We assign peak A to the origin of the C4—Cg
direct photodetachment transition, while the higher energy
peaks are assigned to transitions to vibrationally excited Cq
levels. The dominance of the origin transition indicates a
small geometry change between the anion and neutral.

The doublet structure of the peaks of the threshold
photodetachment spectrum strongly supports previous as-
signments of the Cg~ photoelectron spectrum in this energy
range to a transition between linear Cg and linear Cg, as
opposed to a transition between cyclic structures. The lin-
ear anion and neutral ground state term symbols are *II,
(Refs. 21 and 22) and 32; ,16:19 respectively. The ZHu state
is split into two spin—orbit components with Q=3/2 (the
lower of the two) and Q=1/2; if the splitting is small
enough, both states will be significantly populated in the
ion beam. Since the neutral 32; state has no corresponding
fine structure, each vibrational transition in the photode-
tachment spectrum should be a doublet, as we observe. The
splitting in each doublet of 29 cm™! is therefore the spin—
orbit splitting Cg. For each doublet, the larger peak is
from the 2 =3/2 level, and the smaller from the spin—orbit
excited 0=1/2 level. The intensity ratio gives an elec-
tronic temperature of approximately 40 K. For compari-
son, 1t}l1$ spin-orbit splitting in the °II, state of Cs is 22
cm” .
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The electron affinity of linear C, is given by the energy
at which peak A occurs, 4.180=0.001 eV. For comparison,
the best previous experimental value, from our Cg photo-
electron spectrum, was 4.1850.006 eV." 4b initio studies
have also predicted electron affinities for linear Cg in this
1'ange.22'37

We next consider the vibrational structure in our spec-
trum. In a photodetachment spectrum where the anion and
neutral have different equilibrium geometries but the same
overall symmetry, one expects progressions in totally sym-
metric vibrational modes of the neutral to dominate.>® Lin-
ear Cg has three totally symmetric modes (all symmetric
stretches), and peaks D, G, and I are assigned to transi-
tions to the fundamentals of the three modes. The resulting
vibrational frequencies are v;=489+10 (from peak D),
v,=1322+10 (peak G), and v;=206110 cm™! {peak
I). Our v, value is close to Martin’s ab initio value of 2167
cm~!.2 However, our v, and v; frequencies are about 400
and 200 cm ™! lower, respectively, than the ab initio values.
The experimental and calculated frequencies are summa-
rized in Table L

Note that cyclic C¢ in D;;, symmetry has only two
totally symmetric modes; the ab initio study by Raghava-
chari and Binkley®® predicts (scaled) frequencies of 1142
and 800 cm ™! for these modes. Thus, the number of tran-
sitions to vibrationally excited states in our spectrum is
consistent with a linear — linear transition.

2. Cg force constants

Since ab initio calculations overestimate the v, and v,
frequencies, we have performed a simple, one-dimensional
vibrational analysis on Cg in order to determine the force
constants that would reproduce our observed frequencies.
The most general one-dimensjonal harmonic potential in
symmetrized internal coordinates is

V=%(kls%+k25%+k3é+kd+k55§) + k-‘intisymhs,“'s,5
+ksym,1S2S3+kSYm,ZSls3+ksym,3sls2 , (3)

where s), 5, and s; are symmetric combinations of the
internal coordinates [s,=2"'2(Ar,+Ar,), 5,=2""*(Ar,
+Ar,), and s3=Ar,] and s, and s5 are antisymmetric com-
binations s,=2""?(Ar,—Ar,) and s,=2""2(Ar,—Arp)].
The internal coordinates and all of the couplings between
them as given by Eq. (3) are illustrated in Fig. 10. Because
this is a six-body problem confined to one dimension, there
is one translational degree of freedom and five vibrational
degrees of freedom, corresponding to three symmetric
stretches and two antisymmetric stretches. Therefore, in
our attempts to reproduce our symmetric stretch frequen-
cies, we will also generate two antisymmetric stretch fre-
quencies.

As mentioned in the Introduction, Vala and co-
workers confirmed that a 1952 cm~! IR line absorbed by
carbon clusters trapped in rare-gas matrices is due to a Cq
antisymmetric stretch (v,).2* A frequency close to this has
also been assigned to the v, mode of Cq in the gas phase in
preliminary work done by Saykally and co-workers.*
Years before, Thompson and co-workers’ attributed a 1197
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cm~! line to the lower frequency antisymmetric stretch
(vs). Most of the assignments made in that work have
since been reassigned, but this particular line has neither
been disputed nor confirmed as of yet. Both of these fre-
quencies are in reasonable agreement with calculations;
Martin predicts the two antisymmetric stretches to be 1244
and 2009 cm ™! for the vs and v, modes, respectively.?

There are more force constants in Eq. (3) than there
are frequencies to fit, and it is desirable to use the smallest
possible number of parameters to fit the vibrational fre-
quencies. First, we assume no coupling between the bonds
(k2usym gsym1-3_0) and k,=k,, k,=ks giving the poten-
tial

2V =ky(AP+ A7) + Ky (AR + AFS) + s AP, (4)

The symmetric stretch frequencies can be fit using Eq. (4),
and the antisymmetric stretches obtained, 1112 and 1971
cm ™!, are close to the matrix values, but the resulting three
force constants (k,=7.67, k,=10.44, k3=3.93 mdyne/A)
are so different as to be unrealistic. For example, ab initio
calculations on C4 predict the central C-C bond to be
slightly shorter than the others,’ which is inconsistent
with k; being the smallest force constant.

Alternatively, we can set all ks equal and assume cou-
pling only between adjacent bonds (k¥™2=0, k¥™?
=k*"Y™) which gives the potential

V=Ltk, (AP + ...+ AP) + k™3 (ArAr,+ ArAr,)

+ kY™ (ArAr. 4 ArAry). (5)

Setting k;=7.28, kY™3= _2.65, and kY™ =1.23 mdyne/
A reproduces the observed symmetric stretches, but also
gives v,=2052 cm™!, which is slightly high, and vs=2809
cm™~'. While this model appears to be more realistic than
the previous model, it produces an anomalously low v;
frequency. It is interesting to note that when typical
carbon-carbon double bond force constants ( ~9.6 md/A)
are used in Eqgs. (4) or (5), symmetric stretch frequencies
very similar to the ab initio results are obtained.!®?%* As
these are significantly higher than the experimental fre-
quencies, the average bond order in Cq appears to be some-
what less than two.

Further calculations including more coupling con-
stants were performed to reproduce the 1197 cm™! anti-
symmetric stretch frequency along with our observed sym-
metric stretch frequencies. However, even with a great deal
of coupling, a very small center bond force constant was
always required. Calculations performed with the restric-
tion that the center bond remain comparable to the other
bonds consistently produced a v; frequency around 800
cm™ . This raises the possibility that the vs frequency, like
the observed v, and v; frequencies, is much lower than
predicted, and that the matrix assignment of the 1197
cm ™! line to the v5 mode in Cg is incorrect. We note that
a weak, unassigned line at 814 cm™! was seen by Weltner
and McLeod® in one of the first matrix isolation studies of
carbon clusters, and that the v absorption is predicted to
be considerably less intense than the v, absorption.”’ While
our force constant analysis cannot be regarded as defini-
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FIG. 10. Parameters for the one-dimensional vibrational calculation for
Cg¢ and stretch normal modes for Cg. The modes v,_; are the symmetric
stretches seen in the threshold photodetachment spectrum and v, 5 are the
antisymmetric stretches.

tive, it suggests that it would be worthwhile to perform the
same isotopic substution studies on the 1197 and 814
cm™! lines as were used to confirm the assignment of the
1957 cm™! line to Cg, or to study these transitions in a
rotationally resolved gas phase experiment.

3. C;/Cs; geomelry change

The intensities of the peaks in the threshold spectrum
are sensitive to the geometry change between the anion and
neutral, and this change can be determined (approxi-
mately) by simulating the spectrum within the Franck-
Condon approximation. The intensity of a transition be-
tween vibrational levels v” and v’ of the anion and neutral,
respectively, is assumed proportional to the Franck-
Condon factors (FCF)

I ") & | (ol | X ) | > (6)

The vibrational wave functions, y,;, are taken to be a
product of three harmonic oscillator wave functions corre-
sponding to the three symmetric stretches. Since the anion
symmetric stretch frequencies are unknown, the anion po-
tentials are taken to be identical to the neutral potentials
(hence with the same frequencies), only displaced along
the normal coordinate. This displacement is adjusted until
the relative intensities in the simulation match those in the
spectrum. Figure 11 shows the Franck—Condon simulation
of the threshold photodetachment spectrum along with the
actual spectrum. The three normal mode displacements in
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FIG. 11. Franck—Condon simulation of the threshold photodetachment
spectrum of C;~ using symmetric stretch normal coordinate displacements
in text.

the simulation are AQ =0.033, AQ,=0.034, and AQ;
=0.058 (amu)'/? A. These displacements reproduce the
four peak intensities and do not result in appreciable tran-
sitions to overtone or combination levels of Cq,

In order to convert the normal mode displacement
quantities to bond length changes, we first require a poten-
tial energy function in terms of bond length displacements
and force constants which reproduces the experimental fre-
quencies. We use the potential of Eq. (5) with the three
force constants that gave the best fit to the symmetric
stretch frequencies (listed previously).

To proceed further, we also require the sign of each
normal mode displacement upon photodetachment. Unfor-
tunately, the Franck—Condon factors depend only on the
magnitudes of the displacements. There are eight possible
combinations of signs in the three normal mode displace-
ments, each yielding a different set of bond length changes.
We can choose the most reasonable combination by com-
paring ab initio calculations of the anion?**’ and neu-
tral'®¥74! geometries with the bond length changes from
each combination. Calculations on Cg predict the C-C
bond lengths in the range of 1.29 A which decrease slightly
(by 0.02 A) from the outermost to the central bond. In
contrast, larger bond length variations are predicted in Cg;
Adamowicz finds r,=1.292 (Ref. 22) (outermost bond—
see Fig. 10), r,=1.341, and r,=1.290 A, while Watts and
Bartlett find »,=1.258, 7,=1.340, and 1.237 A.>” The most
consistent result is that r, in the anion is significantly
greater, about 0.050 A, than in the neutral, a physically
reasonable result since the 2, orbital from which photo-
detachment occurs is antibonding between the two carbon
atoms.'?

With our force constants, this result is reproduced only
when all three normal coordinate displacements of the an-
ion relative to the neutral are positive. (Figure 10 shows
what is meant by positive for each normal mode.) This
yields Arg=0.005 (anion—neutral), Ar,=0.057, and Ar,=
—0.057 A. Varying the AQ, in the Franck—Condon simu-
lation so that the simulated peak intensities have uncer-
tainty falling within the experimental signal to noise
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changes the resultant bond length differences by about =+
0.005 A. Although geometry changes are in better overall
agreement with Bartlett’s calculations than those of Ada-
mowicz, they do result from several significant approxima-
tions and should be treated with appropriate caution. It
should also be noted that the calculated geometries on
which we base the sign of our normal coordinate displace-
ment were determined in the same calculations that over-
estimated the v, and v; (and possibly vs) frequencies.
However, geometries obtained in ab initio calculations are
often more reliable than frequencies.

4. Comparison to the C; threshold photodetachment
spectrum

The overall appearance of the C5 and Cg spectra is
qualitatively different. In the Cg spectrum, only transi-
tions to excited symmetric stretch levels of C, are seen.
These are all about one-third the intensity of the origin
transition. In contrast, in the C5 spectrum, transitions to
several bend levels in the neutral are evident and are nearly
as intense as the transition to the Cs (v,=1) symmetric
stretch level. However, the transitions to excited vibra-
tional states of Cs are at least a factor of 10 less intense
than the origin. Transitions of this intensity would not be
observable in the Cg spectrum because the signal to noise
is such that the transitions would be obscured.

The higher intensity symmetric stretch transitions in
the Cg spectrum imply larger bond length changes upon
photodetachment. This is consistent with ab initio calcula-
tions of the Cs and C5 geometries.’” It therefore appears
that the addition of an electron to the lowest unoccupied
molecular orbital (LUMO) of Cs, the 21, orbital has less
effect on the bond lengths than the addition of an electron
to the (half filled) 27, LUMO in Cq.

B. Partially discriminated and total photodetachment
cross section spectra

1. Peak assignments

Both the partially discriminated and total photode-
tachment cross section scans [Figs. 4(b) and 4(c)] feature
fairly intense manifolds of sharp peaks ~43 cm™! to the
red of the direct detachment thresholds, which correspond
to the ZEKE peaks seen in Fig. 4(a). These peaks are
presumably due to transitions to a (Cg )* excited elec-
tronic state of the anion. Since these peaks so closely follow
the direct detachment thresholds, they are assigned to the
same vibrational transitions as the corresponding peaks in
the threshold photodetachment spectrum. That is, the SA
manifold marks the origin of the (C{)*~Cg transmon,
and the SD, SG, and SI manifolds are assigned to the 1;,
24, and 3} transitions, respectively.

This assignment explains the observation of the 1}, 2},
and 3] transitions. The upper states in these transitions,
namely the v;=1, v,=1, and v;=1 levels of the excited
(Cg )* state, can all decay to the v=0 level of neutral Cg
by vibrational autodetachment. However, the SA manifold
lies to the red of the detachment continuum. If this man-
ifold includes the band origin, then the v=0 level of the
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FIG. 12. Possible explanations for peaks in Cg photodetachment cross
section at photon energies below detachment threshold [SA manifold, Fig.
4(c)]. (a) Peaks are hot bands from vibrationally excited C; . (b) Peaks
are from transitions to bound states which are photodetached by absorp-
tion of second photon.

(Cg )* excited state lies below the v=0 level of linear C,.
Thus, autodetachment from the (Cg )* v=0 level should
not be energetically possible. The SA manifold therefore
requires further discussion. We also need to explain the
sharp peaks (b, e, etc.) that do not obviously correspond
to peaks in the threshold photodetachment scan. In addi-
tion, there are congested clumps of peaks to the red of
several of the strong transitions ay, dg, gq, and iy in Figs.
4(b) and 4(c) which need to be explained.

SA manifold. All of the peaks in the SA manifold ap-
pear at a lower photon energy than the minimum needed to
remove an electron from ground state Cg to form linear
Cs. Two possible explanations for the appearance of this
manifold in our photodetachment spectra are illustrated in
Fig. 12.

Figure 12(a) shows that autodetachment can occur if
peaks in the SA manifold are “hot band” transitions orig-
inating from vibrationally excited anion states, thereby re-
quiring less energy to excite the Cg to a state lying above
the detachment continuum. This hypothesis can be tested
by varying the cluster source conditions to produce hotter
ions, and observing how the intensities of the SA peaks
vary relative to each other and to peaks in the higher-lying
manifolds. The results [Figs. 7(a) and 7(b)] show that the
intensities of peaks a, and d; are insensitive to source con-
ditions, but the peaks just to the red of a; and dy are
noticeably larger in the “hotter” scan [Fig. 7(b)]. Thus,
the peaks to the red of peak ay in the photodetachment
cross section arise from the situation in Fig. 12(a); they
are sequence band transitions from vibrationally excited
Cg to vibrationally excited levels of (Cg )* with sufficient
energy to autodetach. However, the temperature studies
suggest that peak ag at 297.019 nm is indeed the origin of
the (Cg )*+—Cg transition, and its presence still requires
explanation.

The most likely explanation for peak a, is that it results
from a resonant two-photon transition where the first pho-
ton excites the ground anion electronic state to a bound
excited anion state, and the second photon detaches the
excited anion [Fig. 12(b)]. Resonant two-photon detach-
ment through an intermediate state was first observed by
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Lineberger for C;” in 1972.*? This explanation is consistent
with several observations. In the first place, Figs. 5(a) and
5(b) show that peak a, is virtually absent in the partially
discriminated scan, indicating that the electron kinetic en-
ergy associated with this peak is considerably higher than
for the peaks to the red. This is just what would occur if
peak a; results from two-photon absorption, whereas the
other peaks are from one-photon absorption just above the
detachment threshold followed by autodetachment.

Furthermore, the results in Fig. 8 indicate that the
power dependence of peak a, differs from the other peaks
in the SA manifold. The dependence of the intensity of
peak a, on laser pulse energy is approximately linear,
which at first glance suggests an unsaturated, one-photon
process. However, the intensity of the adjacent peak, a,, is
proportional -to the (pulse energy)'/?, which suggests a
saturated one-photon transition. Although not conclusive,
the a; power dependence is consistent with a two-photon
process in which the first step (between the two bound
anion levels in our hypothesis) is strongly saturated.

Finally, we consider the two-color studies shown in
Fig. 9. These were inspired by related work of Brauman
and co-workers* on organic anions. Figure 9 shows a low
power (0.5 mJ/pulse) total cross section scan with and
without a simultaneous, more intense pulse (2 mJ/pulse)
at 532 nm. The intensity of peak a; in the two-color scan is
substantially increased, while that of peak a, is essentially
unchanged. The 532 nm photon cannot detach ground
state Cg, but can detach electronically excited (Cg )*. Our
results indicate that the (Cg )* state for peak a, is suffi-
ciently long-lived so that it can be photodetached by a
second photon, whereas the upper state for peak a, auto-
detaches too rapidly for the second photon to make any
difference. This further supports the idea that peak a, is a
transition to a level of {(Cg )* which is bound with respect
to autodetachment, while peak a,; is a transition to a level
above the detachment threshold.

All of this evidence shows that peak a; indeed is the
vibrational origin of the (Cy )*—Cg transition. Based on
a comparison with the threshold photodetachment scan,
the v=0 level of the excited anion state lies 43 cm ™! below
the v=0 level of neutral C¢. This explains why the intensity
of peak ag in the total cross section scan [Fig. 4(c)] is lower
relative to the 1}, 2}, and 3} transitions than in the thresh-
old photodetachment spectrum [Fig. 4(a)], where the or-
igin transition is dominant. If, in the total cross section
scan, peak ag is the only major peak that resulting from
two-photon absorption, it is not surprising that its intensity
is anomalously low.

Other manifolds. The assignment of the less intense but
sharp features in the total cross section scan is not so ob-
vious since there are no corresponding peaks in the neutral
spectrum. While peak f, appears to be the 33 transition, the
remaining peaks are most likely due to transitions to bend
and antisymmetric stretch levels in the upper anion state;
such transitions are allowed so long as the vibrational
quantum number of the active mode changes by an even
number.

Although no calculations for vibrational frequencies
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have been performed for the (Cg )* state, its symmetric
stretch frequencies are essentially identical to those of neu-
tral C,. Assuming this holds for the nontotally symmetric
vibrations as well, the less intense autodetachment peaks
can be tentatively assigned by comparison with the corre-
sponding frequencies from ab initio calculations performed
on linear neutral C4.2° The assignments and comparison
with ab initio values are shown in Table II. For example,
peak by, 186 cm™! to the blue of the origin, is assigned to
the 93 transition; the vy (7,) mode is predicted to be the
lowest frequency bend mode (216 cm ™! for two quanta).?°
Peak cg, 390 cm™! to the blue of the origin, is assigned to
the 73 transition, in accordance with the calculated energy
of 446 cm ™! for the v,=2 level; the v; mode, a 7, bend, is
predicted to be the next-lowest frequency bending mode.
Similarly, peak e, at 626 cm ™! to the blue of the origin, is
assigned to the 83 transition and peak h,, found at 1674
em™! to the blue of the origin, is assigned to the 53 tran-
sition. These latter two assignments are very tentative,
since the deviation from the ab initio frequencies is signif-
icant, although the assigned v frequency is close to the vs
frequency determined in the one-dimensional calculation
on Cg using Eq. (5). The remaining sharp autodetachment
peaks all appear at energies which are sums of the preced-
ing bend and stretch frequencies, so they are assigned to
combination transitions.

Sequence bands. Finally, we consider the sequence
bands which are most evident to the red of peaks ay and dg;
see Figs. 5 and 6. The temperature studies (Fig. 7) show
that most of these are transitions from vibrationally excited
Cg in its *I1, state to excited vibrational levels of the
(Cg )* state. The assignment of these features is not
straightforward; several of the peaks are only partially re-
solved, particularly in Fig. 5(b). However, there is a pat-
tern to the peak spacings, with intervals of 18, 23, and 29
cm™! appearing several times. In addition, the assignment
is aided by comparing differences in peak intensities in the
partially discriminated and total cross section scans, which
are sensitive to the energy of the ejected electron, and the
enhancement of peak intensities in the two-photon, two-
color scan (Fig. 9), which is sensitive to the lifetime of the
upper state with respect to autodetachment. Sets of peaks
for which the intensities vary in the same way are most
likely due to a common (or similar) upper state. Also, any
two peaks split by 1.7 cm™! are assigned to the same vi-
bronic transition; as discussed above, this splitting is prob-
ably due to rotational contours in which individual rota-
tional transitions are not resolved.

Peaks ag, a,, and a; appear in the total cross section
scan but are missing in the partially discriminated scan.
Peaks aj and a; are both doublets split by 1.7 cm ™!, They
are separated by 29 cm™', which is the previously deter-
mined spin-orbit interval in the 2II, ground state of Cj,
and are both significantly enhanced in the two-color, two-
photon experiment. Thus, we assign a, to the 0 transition
originating from the *II, ,2 level of Cg, and peak a; to the
same transition originating from the spin-orbit excited
I, ,2 level. This assignment implies that the spin—orbit
splitting in the (Cg )* is negligible, a point which will be

addressed later, and that the upper state of peak a,, like
that of peak a,, is bound with respect to autodetachment.
Peak a, is discussed below.

Peak a;, 18 cm™' to the red of peak a,, is the second
most intense feature in Fig. 5(b) and the most intense
feature in Fig. 5(a). The significant intensity of this peak
and its strong temperature dependence suggest it originates
from the lowest excited vibrational level of Cg!, which,
based on ab initio calculations on neutral Cg, should be the
ve=1 bending level. We therefore assign peak a, to the 9}
sequence band. Our previous assignment of peak b, to the
93 transition, yields 93 cm™! for the vy frequency in the
(Cg )* state, so the assignment of peak a, yields a v, fre-
quency of 111 cm™! for the Cs ground state. With this
assignment, the broad a, peak in Fig. 5(a), which is ap-
proximately 16 cm™! to the red of the a, doublet, is as-
signed to the 93 transition. The assignment of these peaks
to transitions involving the vy mode is consistent with the
observation of peak a; with high intensity in the partially
discriminated scans [Figs. 4(b) and 5(a)]. The decay of
the vy=1 level of (C; )* by vibrational autodetachment
will result in a photoelectron with only 50 cm ™! of kinetic
energy [obtained by subtracting 43 cm ™!, the amount by
which the vibrationless (Cg )* state is bound, from 93
cm™!, the vy=1 vibrational energy in the (Cg)* state],
and this will be collected efficiently in the partially discrim-
inated mode of operation.

Peak ag is 29 cm™! to the red of peak a;, the same
interval between peaks a3 and ay, so we assign it to the 9!
transition from the spin—orbit excited *IT, »2 level of Cg .
The small peak ag, 16 cm™! to the red of peak ag, is then
assigned to the 93 transition from the same spin—orbit level.
The relative intensities of peak as and a, are similar in Figs.
5(a) and 5(b), lending further support to our assignment.

Peak a, is 25 cm ™! to the red of peak a,, and peak as
is 23 cm™! to the red of peak a;. It is reasonable to assign
peak a, to the 7] sequence band transition, since the vy
bending mode should be the second lowest frequency vi-
bration in Cg . Our previous assignment of peak c, to the 73
transition gives v,=195 cm™! in the (C; )* state, so as-
signing peak a, to the 7} transition yields v;=220 cm~!in
the anion ground state. Peak as is then the 7{9] combina-
tion transition. We assign peak a,, 15 cm™! to the red of
peak as, to the 7192 transition.

Note that peak a, is prominent in the total cross sec-
tion scan but not in the partially discriminated scan, while
peaks as and a, are clearly visible in the partially discrim-
inated scan. This indicates that the ejected photoelectrons
are less energetic for peaks a5 and a;. Vibrational autode-
tachment from the v;=1 level of (Cg )* (the presumed
upper level for peak a,) to the C¢ ground state results in a
photoelectron with 152 cm™! of kinetic energy. On the
other hand, both the (v;=1,05=1) and (v;=1,04=2) lev-
els of the (C¢ )* can autodetach via a Avg= —1 transition,
yielding 50 cm™! electrons in both cases. Hence, the ob-
served intensities of the three peaks in Figs. 5(a) and 5(b)
is qualitatively consistent with our assignment.

Table III gives a summary of all of the sequence band
assignments. Several of these assignments, particularly
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those involving the v, mode, must be regarded as some-
what tentative. Also, we have not considered complications
from Renner—Teller activity in the excited bending modes
for the anion 2I1, ground state. A possible contribution
from this effect is the additional feature aj in Fig. 5(b).
The aj-a, feature is noticeably broader than the ay doublet
and in fact appears to be two superimposed doublets sep-
arated by 2 cm ™!, This could directly reflect the Renner—
Teller splitting in the vy mode of the anion.

2. Autodetachment mechanism and autodetaching
state lifetimes

The mechanisms for autodetachment of negative ions
and the analogous process, autoionization of neutrals, have
been extensively discussed in the literature.**” For our
(Cg )* state, where the v=0 level is bound but all vibra-
tionally excited levels lie above the detachment threshold,
vibrational autodetachment is the most likely mechanism.
In this case, autodetachment occurs by a breakdown of
the Born—-Oppenheimer approximation. The electronic
wave functions for the excited anion state and neutral
are couRled via the nuclear vibrational kinetic energy op-

erator T,;, and autodetachment occurs when one (or
more) quanta of vibrational energy in the anion is con-
verted to electronic energy, resulting in the ejection of an
electron.

More specifically, the vibrational autodetachment rate
from the initial state with v,=n is given by*

2 WA | W12
rate < — [ (W s Toin| ¥ | P, N

where W; = 1, xvib,s and Wy = 1 syyip, s are the vibronic
wave functions for the excited anion and (neutral - elec-
tron), respectively, and p is the density of states for the
(neutral + electron) continuum. The matrix element in
Eq. (7) is given by

d d
gé—k ¢e1,i> d—Q_,; Xvib,i> .
(8)
If the inner integral over electronic coordinates is assumed
constant, and Y.y, and Y., s are taken to be harmonic
oscillator wave functions, then only Avy= —1 transitions
are allowed. This propensity rule was used in the previous
section in determining the electron kinetic energies from
autodetachment out of excited vibrational levels of the
(Cg )* state, although for several of these states, Av,= —1
transitions are the only possible transitions.

The lifetimes of autodetaching states are best deter-
mined by measuring spectral linewidths. Unfortunately, we
cannot resolve individual rovibronic transitions in these
spectra. We can estimate limits on the lifetimes, however,
based on a few observations.

We first consider the transitions to excited symmetric
stretch levels of the (Cg )* state. Peak dy, the 3} transition,
shows the characteristic 1.7 cm™! splitting attributed to
rotational contours. This splitting is not resolved for peaks
gO(Z(‘)) and iy (1(1)). If this lack of structure is due to lifetime

~ #
(Vs Ty | ¥ = m (Xvib,f<¢el,f
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broadening, then the autodetachment lifetimes of the v; =1
and v,=1 levels are less than 1 ps, while that of the v;=1
level is longer (actually much longer, as shown below).
However, in the absence of full rotational resolution, we
cannot rule out spectral congestion as the source of the
broadening of the 2} and 1§ transitions.

We obtain another, more interesting, measure of auto-
detachment lifetimes from the two-photon, two-color scans
(see Fig. 9 and Table IV). If the intensity of a peak is
enhanced in those scans, then the state accessed by the
ultraviolet photon is either bound and has a fluorescence
lifetime comparable to or greater than the laser pulse width
(peaks ag, a3), or it is quasibound with its autodetachment
lifetime comparable to or greater than its fluorescence life-
time as well as the laser pulse width (predissociation
should not be energetically allowed). In the latter case, the
autodetachment lifetime must be in the nanosecond range.
We find that peaks dy, d,, a,, and a; are noticeably en-
hanced; the first two are the two spin-orbit components of
the 3§ transition, and the second two are sequence band
transitions in which the upper state can autodetach only by
a Av;= —1 transition. Hence, the lifetimes for autodetach-
ment through the v; and v; modes are at least several
nanoseconds. On the other hand, the peaks in which the
upper state can autodetach via a Avg=—1 transition
(a;,a¢) show no enhancement, but the 1.7 cm™! splitting is
still resolvable. So long as the fluorescence lifetime is sim-
ilar for the v;=1, v;=1, and vy=1 levels of the (C¢)*
state, this result means that the autodetachment lifetime of
a state which can autodetach by a Avg= —1 transition is
greater than 2 ps, but is significantly shorter than the au-
todetachment lifetime of a state that must autodetach by a
Av;=—1 or Av;= —1 transition.

This mode-specific effect is striking and deserves fur-
ther discussion. The density of states factor p in Eq. (2),
which is proportional to the (electron kinetic energy)/?, is
smaller for a Avg= —1 transition than for a Av;=—1 or
Av;=—1 transition. Thus, the matrix element
(W/| Ty, | ¥;) must be substantially larger for a Avg=—1
transition. This will be the case if the inner integral in Eq.
(8) over the electron coordinates, (i, 7|d(4,;,)/dQy), is
larger for the vy mode than for the other two modes,
which, in turn, requires that the derivative of the (Cg )*
electronic wave function with respect to Qy is large. While
the nature of 1, is uncertain (see next section), the v,
mode is a low-frequency, large amplitude bending mode.
One might therefore expect the electronic wave function to
be quite different at the classical turning points for the
ve=1 level than at the equilibrium geometry, while for a
higher frequency, lower amplitude mode, this effect would
not be so pronounced. A more quantitative treatment
along the lines developed by Simons*® would be extremely
useful in understanding the autodetachment phenomena
observed here.

3. Nature of the excited anion state

The molecular orbital configurations of the Cg and C4
ground states are

Cg CIL): ...(1m,)*(60,)* (7o) (1me)*(2m,)°,
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Ce(PZ;): ...(1m,)*(60,)%(T0,) 2 (1m,)*(2m,) %

The (Cg )* excited electronic state can result from excita-
tion from one of the lower-lying orbitals to the partially
filled 27, orbital, or by promotion of a 27, electron to a
higher-lying, empty orbital. The correspondence between
vibrational features in the Cg threshold photodetachment
and autodetachment spectra indicates that (Cg )* and neu-
tral Cq have similar nuclear geometries. This is consistent
with the second type of excited state, with the added pro-
viso that the 2w, electron is promoted to a nonbonding
orbital.

The nature of this orbital is of considerable interest.
Autodetachment has previously been observed from two
types of excited electronic states in molecular negative
ions: valence states, in which the highest occupied molec-
ular orbital is a “conventional” molecular orbital, and elec-
trostatically bound states, in which the outermost electron
is in a very diffuse orbital and is bound to the neutral core
via long-range electrostatic attraction. An example of the
former is C;,% while examples of the latter include dipole-
bound states, such as in CH,CHO™~ (Ref 49) and
CH,CN~,” and the “image charge-bound” states pro-
posed to explain autodetachment in Aug %!

The (Cg )* state does not appear to be a clear-cut
example of either type of excited state. The similarity be-
tween the (Cg )* and C,4 nuclear geometries is what would
be expected if (Cg )}* were electrostatically bound, consist-
ing of an electron weakly interacting with the neutral Cg
core. The apparent absence of spin—orbit splitting in the
(Cg )* state is consistent with such a picture. In addition,
the small binding energy (43 cm™!) is characteristic of
such a state. While (Cg )* obviously cannot be a dipole-
bound state, an “image charge-bound” state (or, perhaps
more accurately, a “polarization-bound” state) cannot be
ruled out. These states have not been nearly as thoroughly
investigated as dipole-bound states,”> but such a state
might result if the polarizability of the m-electron network
in the Cg core were sufficiently high. However, we do not
observe autodetachment near the detachment threshold for
Cy or Cg . If (Cg )* is an electrostatically bound state, it
appears to be a special case among carbon cluster anions.

The (Cg )* state could also result from excitation to
an excited valence orbital. While bound valence-excited
states for anions are rare, Cg is an open-shelled molecule
with a high electron binding energy and has several low-
lying, unfilled 7 orbitals, so the existence of such a state
would not be surprising. This is supported in the work by
Adamowicz,?? who calculated vertical excitation energies
to eight bound exited anion states of Cg which involve
only valence orbitals. In particular, an optically accessible
ZHg state is predicted to lie just below the detachment
threshold; this state results from excitation of a 2, elec-
tron to a low-lying 7§ orbital.

If this state is actually the observed (Cg )* state, then
the 173* orbital must be completely nonbonding, so that the
excited anion state geometry is similar to that of the neu-
tral. In addition, we observe the same spin—orbit splitting
(29 ecm~') in the autodetachment spectrum as in the
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threshold photodetachment spectrum, indicating negligible
spin—orbit interaction in the (Cg )* state (there is none in
the C¢>Z; state). Thus, if the (Cg )* state is indeed a *I1,
state, it must be very good example of Hund’s case (b)
coupling. Whether these constraints on the 'n’; orbital elim-
inate it from consideration remain to be seen. Of course,
the upper state could also be a =, state resulting from
excitation of a 2, electron to a o, orbital; this would be
consistent with the observed spin—orbit structure. No such
states have been predicted near the detachment threshold,
however.

The above discussion shows that the classification of
the (Cg )* state as an electrostatically bound or valence
state is difficult. Both labels have their attractions and their
pitfalls. In our view, the evidence points more towards a
valence state at this point. More insight should result from
rotationally resolved resonant two-photon detachment ex-
periments via the bound (Cg )* levels. In addition, ab ini-
tio studies of the geometries, and not just the vertical ex-
citation energies, of the Cg excited states would be
extremely useful.

V. CONCLUSION

We have performed two types of photodetachment
spectroscopy on Cg: threshold photodetachment (ZEKE)
spectroscopy, which maps out transitions between Cg and
Cs and autodetachment spectroscopy, which reveals an
excited state of Cg 43 cm ™! below the detachment thresh-
old.

The vibrational and spin—orbit structure in the thresh-
old photodetachment spectrum is consistent with a transi-
tion between linear Cy and C4 The spectrum yields the
three symmetric stretch frequencies of Cg, as well as the
spin-—orbit splitting in the Cg~ ground 2I1, state. Two of our
three frequencies are noticeably lower than previous ab
initio results. From these frequencies and the peak intensi-
ties, we have used a simple force field model to derive force
constants and bond displacements between the anion and
neutral. In order to match the experimental frequencies,
the force constants between adjacent carbon atoms had to
be dropped significantly from typical carbon—carbon dou-
ble bond force constants.

The autodetachment results show that the (Cg ) * state
is very similar to the neutral linear C4 state. We observe
transitions to the origin and excited symmetric stretch lev-
els of the (Cg )* state which are all shifted 43 cm ™! to the
red of corresponding features of the threshold photode-
tachment spectrum. Since the v=0 level of the (C; ) * state
is bound with respect to the linear neutral, the electron
signal we observe from this state results from a two-photon
process. We also observe weaker transitions to excited
bending and antisymmetric stretch levels of the (Cg )¥*
state, as well as sequence bands originating from vibration-
ally excited levels of the Cg ground state. Two-color, two-
photon studies indicate differing autodetachment lifetimes
for the various vibrational levels of the (Cg )* state; auto-
detachment by a Avg= —1 transition (1, bend) is notice-
ably faster than Av;=—1 (symmetric stretch) or Aw,
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=—1 (m, bend) transitions. We lean towards assigning
the (C; )* state as a valence-excited state rather than an
electrostatically bound state. 4b initio calculations predict
a valence-excited 2Hg state near the detachment threshold,
but the (Cg )* state does exhibit several properties one
would expect in an electrostatically bound state.

Finally, we point out that while this experiment shows
no evidence for a cyclic Cq state close in energy to the
linear Cg state, the existence of such a state cannot be ruled
out. Any transitions from a linear anion to cyclic neutral
will be spread out over a large energy range due to the
substantial geometry change and therefore would be diffi-
cult to observe in this experiment. Although our earlier Cg
photoelectron spectrum showed a low energy “tail” which
may have come from cyclic Cg, which is predicted to lie
about 1 eV above the linear anion geometry, no such tail
was seen in the threshold photodetachment spectrum. This
may indicate less cyclic C4 under the beam source oper-
ating conditions used here. In any case, if there is a cyclic
C, state lower in energy than linear Cg, then the levels of
the excited (Cg )* state which are bound with respect to
linear C,4 should be able to autodetach to cyclic Cq. It may
be possible to determine if this is occurring by measuring
the C; photoelectron spectrum at the photon energy cor-
responding to peak a,. This experiment will be carried out
shortly in our laboratory.
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