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Photoelectron spectra of,C C;, and G were obtained at two photodetachment wavelengths, 266
nm (4.657 eV} and 213 nm(5.822 eV). The spectra reveal considerably more electronic and
vibrational structure than was seen in previous studies of these spEci®¥. Arnold et al, J.

Chem. Phys95, 8753(1991)]. Term values for several low-lying excited electronic states of the
neutral carbon clusters have been obtained, as well as new vibrational frequencies for the ground
and some of the excited electronic states of the neutral clusters. The assignments of excited
electronic states were aided by measurements of the photoelectron angular distributions. A new
assignment of the vibrational frequencies fgyi€in considerably better agreement wih initio

results than our original assignment. ®97 American Institute of Physics.
[S0021-960607)01533-X

I. INTRODUCTION anion photoelectron spectra obtained by Arnetdal?® sev-
eral transitions were tentatively assigned to excited elec-

Small polyatomic carbon clusters have been of considertronic states. However, the term values implied by these as-
able interest to experimentalists and theoreticians for mangignments were often comparable to vibrational frequencies
years. Up until 1989, the spectroscopy of carbon clustersf the cluster, making it difficult to distinguish transitions to
consisted primarily of matrix isolation studies; these areexcited electronic states from transitions to excited vibra-
summarized in the excellent review of Weltner and van Zee.tional levels of the ground electronic state. In this study, we
Since then, high-resolution gas-phase infrared spectra haveport anion photoelectron spectra of ,CCq, and G at
been measured for the linear carbon clusteys@ and G, photodetachment wavelengths of 266 (657 e\ and 213
yielding rotational constants and some vibrational frequennm (5.822 eV}. The lower-photon energy was also used in
cies for the ground electronic states of these spécfeyi- our earlier study, but several modifications to the apparatus
brational frequencies for several totally symmet@nd IR  (see below have resulted in higher quality spectra. The new
inactive modes have been determined for several clusterspectra resolve some of the questions raiseahifnitio cal-
using anion photoelectron spectroscopy and zero electron keulations by Li* and Botschwin® regarding our original
netic energy(ZEKE) spectroscopy-*! Thus, the ground- assignments of vibrational frequencies ig ghotoelectron
state spectroscopy of linear carbon clusters is reasonabbpectrum. The spectra at 213 nm show a wealth of new tran-
well characterized. sitions to excited vibrational levels and electronic states of

The low-lying excited electronic states of carbon clustershe neutral clusters that are inaccessible at 266 nm. By com-
have received far less attention, even though electronic trarsining the larger number of observed transitions with mea-
sitions in these species are of considerable interest as posarements of the photoelectron angular distributions, we can
sible candidates for the diffuse interstellar bafiThis  sort out most of the overlapped vibrational and electronic
possibility has motivated studies by Maier and transitions seen in these spectra, thereby obtaining a detailed
co-worker$®~* in which visible and ultraviolet absorption picture of the low-lying electronic states of the neutral clus-
spectra were obtained for a series of mass-selected anion atefs.
neutral carbon clusters in cryogenic matrices. Howewaeér,
initio calculation$®~2?* predict the existence of additional
lower-lying electronic states in linear carbon clusters, par-
ticularly for the open-shell species;,Cs, and G. Many of || EXPERIMENT
these states are optically inaccessible from the ground state
of the neutral cluster, but they can be reached by photode- The experiments were carried out on a time-of-flight
tachment of the corresponding anion if the photon energy idiegative ion photoelectron spectrometer. The original ver-
sufficient. The anion photoelectron spectra measured byjon of this instrument has been described in detail
Yang et al. were obtained at a sufficiently high-photon en- previously?® However, several modifications have been
ergy to access excited states lying within 2—4 eV of themade since our previous study on carbon clustdise ion
ground state, but due to the low resolution of these spectrgource was changed from a laser ablation/pulsed molecular
no assignments were attemptéd? In the higher-resolution beam source to a pulsed electrical discharge sdirGte

ion extraction electronics were modified so that the ion

acurrent address: Whiteshell Laboratories, Pinawa, Manitoba, ROE 1LoSOUrce no longer needs to be floated aF high voltage. Fmal!)’a
Canada. a reflectron stage has been added to improve the resolution
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of the time-of-flight mass spectrometer. The modified instru- 6=0
ment is shown in Fig. 1 and the new features are described 1
below. A
The construction of the free jet pulsed discharge source
is discussed elsewheféTo make carbon cluster anions, a ' >
burst of a gas mixtur€3% CH,, 1% CQ, and 96% Ng 0.00

from a piezo electric valve passes through two stainless steel

plates, between which a high voltagebout 600 V pulse is

applied, and expands into a vacuum chamber. The resulti
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FIG. 2. Photoelectron spectra of, Gaken at photodetachment wavelength
of 266 nm(4.657 eV. Laser polarization angles a#e=-90°, 55°, and 0° with

respect to direction of electron collection. Top panel shows anisotropy pa:

rametersB(E) for several peaks in the spectra, plotted frerd to 1 for
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Electron Kinetic Energy (eV)

F|G. 3. Photoelectron spectra ofyQaken at 266 nm. Laser polarization

n&]gles are#=90°, 55°, and 0° with respect to direction of electron collec-

tion. Top panel showg(E) parameters.

free jet is collimated ¥ a 2 mmdiam skimmer located 1.5
cm downstream from the nozzle and then enters a differen-
tially pumped region. Here, the ions are extracted from the
beam by applying a pulsed electric field across the two cen-
tral plates shown in Fig. 1; the two outer plates are main-
tained at ground potential. Typically, pulses 6fl500 and
—1000 V with less than 100 ns rise tintare applied to the
right and left central plates, respectively, resulting in a nomi-
nal ion beam energy of 1250 eV. Since both plates are pulsed
simultaneously, it is no longer necessary to float the ion
source at the nominal ion beam energy.

The extracted ions are mass-selected using a time-of-
flight mass spectrometer with a newly added linear reflectron
stage. A similar setup has been reported by Cheshnovsky and
co-workers?® Although not necessary for this experiment,
the reflectron stage increases our mass resolution from 150 to
about 2000 by so-called “second order focusin;* which
corrects the energy spread left over by the traditional Wiley—
McLaren-type mass spectrometérA two-stage reflectron
desigr® is used, consisting of seven stainless steel plates
which form two uniform electric fields; these deceleration
and reflection fields are defined by three plates, each with a
12.5 mm diam aperture covered with a fine grid. The front
plate (closest to the extraction regipis grounded and pro-
gressively more negative dc voltages are applied to the
middle and rear plates. The deceleration and reflection stages
are 8 and 18 cm long, respectively. The other four plates

greater clarity B,,.—=2). The dotted line in the third panel shows a Franck— have 25 cm diam apertures without grids and are connected

Condon simulation. Assignments are indicated in the bottom panel.

by resistor chains in order to maintain uniform electric field
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1.0 shown in Fig. 5. Data were taken at laser polarization angles
of 0°, 54.7°(magic anglg¢ and 90° for all three clusters at

= both wavelengths. The spectral features correspond to the
A transitions between the anion electronic ground state and
III various neutral electronic states. For each peak, the electron
kinetic energy(eKE) is given by

o=00° eKE=hy—EA-TY+ T, —E@+E ),
/JU\ where hv is the laser photon energy, EA is the adiabatic

electron affinity of the neutral specieg”) andT{ ) are the
term values of the neutral and anion electronic states, and
s E(® andE( ") are the neutral and anion vibrational energies,
B respectively, above the zero-point energy. The peak positions
at both photodetachment energies are listed in Table I.
< L From the changes in peak intensity with laser polariza-
' tion angle, one obtains information on the photoelectron an-
Is- gular distribution associated with each peak. This is given

g 0=0" by34

I+ d_o' _ Ototal
dQ 4x

where oy, is the total photodetachment cross section and

B(E) is the asymmetry parametg®(E) varies between-1

and 2; these limits correspond to s#hand co$ @ distribu-

FIG. 4. Photoelectron spectra of;Qaken at 266 nm. Laser polarization t|0ns’_re3pe0t|vel)/- One can therefore determintor each _

angles are9=90°, 55°, and 0° with respect to direction of electron collec- peak in the photoelectron spectrum. The results are shown in

tion. Top panel showg(E) parameters. Table | with the peak positions, and plotted in the top panels
(for the major peaksof Figs. 2—5.

[1+ B(E)Py(cosb)],

0.0 0.5
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lines within each stage. Typical electric fields applied to a
1.25 keV ion beam are 125 and 50 V chin the decelera-
tion and reflection stages, respectively.

The potentials of the extraction plates are reset to ground
before the reflected ions pass through the second time or " + I Tt
their way to the laser interaction region. The accelerated ions
separate in time and space according to their mass to charg
ratios and are selectively detached by a pulsed Nd:YAG la-
ser.

Two different wavelengths, the fourth and fifth harmon-
ics (266 nm, 4.657 eV, and 213 nm, 5.822 eV, respectively
from a pulsed Nd:YAG laser are used in these experiments.
The photoelectron kinetic energy is measured by time-of-
flight. The instrumental resolution is 8—10 meV for an elec-
tron kinetic energy(eKE) of 0.65 eV and degrades as
(eKE)®*?2. The polarization angl® between the laser polar-
ization and the direction of electron collection can be varied
using a half-wave plate. The variation of peak intensities
with 6@ is used to separate the contributions of different elec- ot oo oo
tronic states to the photoelectron spectra.

Secondary electrons resulting from scattered photons
create enough noise to necessitate background subtraction i WLA N MULA,MJ N\J\ Y

the 213 nm spectra. This problem also exists to a consider- o, 10 20 00 10 20 00 ) 20
ably lesser extent in the 266 nm data. Electron Kinetic Energy (eV)
. RESULTS FIG. 5. Photoelectron spectra of, CC; and G taken at photodetachment

- : wavelength of 213 nnf5.822 eV}. Laser polarization angles aée-90°, 55°,
The photoelectron spectra o, €Cg, and G, obtained ~ 7* 7" respect to direction of electron collection. Top panel shows

ata phOtoqeta?hment wavelength of 266 @657 eV are B(E) parameters for several peaks. Low-lying electronic state assignments
presented in Figs. 2—4. The 213 ;822 e\j spectra are are indicated in the second panel.
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TABLE |. Peak positions and assignments for thg, €5, and G photoelectron spectra.

Position(eV) B(E)
Molecule Peak 266 nm 213 nm 266 nm 213 nm Assignments
C, A 0.787 1960  -0.30+0.15 —0.57+ 0.10 33,4 Origin
B 0.747 1.882 0.6%0.20 45(°34)
C 0.532 1.700 0.080.05  —0.64* 0.10 15(3%4)
D 0.495 0.830.05 1545(°%4)
E 0.455 1.621 0.120.05  —0.54+ 0.10 A4 Origin
F 0.414 0.76:0.10 45(*Ay)
G 0.286 1454  -0.14r0.10  —0.66+ 0.10  13(®%,), 'S, Origin
H 0.243 1.06:0.20 1545(°%4)
[ 0.203 1.370 0.250.20  —0.51*+ 0.20 15(*Ay)
J 1.140 0.8+ 0.15 °[1, Origin
K 1.032 —0.17+ 0.20 311, Origin
L 0.800 —0.32+ 0.10 13(311,), I, Origin
M 0.548 0.66= 0.10 1, Origin
Cs A 0.479 1.645 0.020.05  —0.15+ 0.10 35,4 Origin
B 0.457 9%(°%y)
c 0.435 9%(°%y)
D 0.418 —0.12+0.05 75(°%4)
E 0.400 35(°%4)
F 0.313 1.475  -0.16+0.10 —0.06+ 0.10 A4 Origin
G 0.269 1.433 0.280.20  —0.05+ 0.20 25(°%4)
H 0.220 1.384  —0.10+0.10  —0.03* 0.10 15(3%4)
I 1.266 —0.26+ 0.10 25(*A,)
J 1.225 —0.08+ 0.10 15(*A,)
K 1.174 —0.02+ 0.05 1525(%%4)
L 1.132 —-0.12+ 0.10 15(°%4)
M 0.796 0.03- 0.20 33 ¥ Origin
N 0.547 —0.29+ 0.10 311, Origin
o 0.467 —0.22+ 0.10 33(3M,)
Cs A 0.280 1450  -0.40+0.20 —0.18+ 0.05 %3, Origin
B 0.205 1379  —0.37+0.20  —0.13* 0.05 A4 Origin
C 0.165 1341  -0.32+0.20 —0.06+ 0.10 134 Origin
D 1.281 —0.03+ 0.10 35(°%4)
E 1.211 -0.13* 0.10  15(°Sy) and (*A,)
F 1.143 —0.02+ 0.05 15(*A,)
G 0.667 0.94:0.10 53¢ Origin
H 0.423 0.7% 0.10 °[1, Origin

We first consider the photoelectron spectra. In all of thenm spectra, corresponding to higher energy levels of the neu-
266 nm spectra, the largest peak occurs at the highest eletral species. For peaks appearing in both spectra, however,
tron energy. This is the vibrational origin transition betweenthe energy resolution is poorer at 213 nm because the elec-
the electronic ground states of the anion and neutral antton kinetic energy is higher. The most noticeable difference
from this one obtains the adiabatic electron affinity. Thein the 213 nm spectra is that a new peak at lower eKE is the
electron affinities from the new spectra are unchanged frontargest feature for all three species. This is péak the G,
our previous work:1°In comparison to our previous resdlts spectra, peak M in the Lspectra, and peak G in the;C
at 266 nm, several of the peaks are better resolved in thspectra. Although some peaks at low eKE are not very well
current work, and more features are seen at low eKE. In theesolved due to the low signal-to-noise ratio, we are still able
C, spectra, peaks F, G, H, and | are new features which wer® identify most of them by comparing the three spectra at
not observed previously. In the earlieg Gpectra, peak A different polarization angles.
had a wide shoulder towards lower electron energy. This is The laser polarization results for,Cshow substantial
now resolved as a series of peal®—E). Peaks F and G variation in the photoelectron angular distribution among the
(formerly D and B are better resolved and peak H is a newpeaks. At 266 nm, we fing3=0 for the major peaks
feature. In the § spectra, peak C is a new feature. (A,C,E,G,), but the photoelectron angular distributions for

The 213 nm spectra show many more peaks than the 26&veral of the smaller peakB,D,F,H) are considerably more
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TABLE Il. Calculated and experimental enerdieg C, low-lying electronic stategeV).

Method/Basis set %5 A, sy °1, 1, 11, 1,
MBPT(4)/DZP° 0.0 0.25 0.256 0.84 1.15
CC/DZP 0.0 0.97 1.30
MRD CI/DZF* 0.0 0.41 0.68 1.00 1.73 1.54 2.05
CISD with Davidson’s correctidh 0.0 0.33 0.48
UHF/Foco/cé 0.0 0.40 0.96 1.26
10-CAS/G4421)° 0.0 0.30 0.42
10-MRCl/J4421° 0.0 0.35
MP2/6-31G" 0.0 0.46 0.71 0.75 1.06
UV-PES 0.0 0.332 0.50 0.82 1.41 0.93 1.16

&/ertical excitation energies except for the present work which indicates adiabatic energies.
PReference 16.

‘Reference 19.

dReference 17.

°A mixture of the’S ;" and’A4 singlet states.

‘Reference 20.

9Reference 18.

"Present work. Error bars from photoelectron spectra assignments@f2 eV except for théAg state of
+0.015 eV.

anisotropic withB~1. At 213 nm, the anisotropy parameters have calculated is a cumulenic state in which all the carbon
cluster about three values. We figgdhas dropped from 0 to atoms are connected by double bonds, in contrast to the low-
—0.6 for peaks A,C,E,G, and B~—0.25 for peaks K and L, lying polyacetylenic®> state predicted in some of the
and 8~0.75 for peaks J and M. There is considerably lesalculations-’-?!

variation among the values for the peaks in the;Gpectra.

At 266 nm, all t.he features are essentially isotropic with\, ANALYSIS AND DISCUSSION

B~0. The same is true at 213 nm, except for peaks N and O

for which ~—0.25. The results at 213 nm fogGhow that ~A- General

B lies between—0.03 and—0.18 for peaks A-F, but that In this section we review the electronic structure qgf C
peaks G and H have considerably more anisotropic distribue,, Cg, and their anion counterparts. We then discuss strat-
tions with 8=0.94 and 0.77, respectively. egies for assigning the various electronic transitions that
The polarization dependence results clearly show thagomprise the photoelectron spectra.
transitions to multiple electronic states contribute to the pho-  The ground-state molecular orbital configurations for the
toelectron spectra. In order to help assign these transitiongaree anions are:--(11,)%(40)%(504)%(1my)* for C;,%
we performed geometry optimization and frequency calcula- ..(1%)4(60“)2(709)2(17,.9)4(2%)3 for 05,37 and
tions on various electronic states at the HF/6-81énd ...(8%)2(9%)2(277”)4(2779)3 for C§,38 yielding 21-[g
MP2/6-31G levels of theory, using theGAUSSIAN 92  ground states for Sand G and a2Il, ground state for .
packag€?® Franck—Condon simulations can be performedin each case, removal of an electron from the highest occu-
using the geometries and force constants obtained from thgied molecular orbitalHOMO) leaves a neutral cluster with
calculation. The adiabatic excitation energies from our caly ;2 configuration, resulting in 525 ground state and the
culations and results from previoas initio studies are sum- low-lying 1Ag and 1Eg excited states. Thus, all three states
marized in Tables II-IV. Note that th&; state that we are accessible via one-electron photodetachment transitions
from the anions. Higher-lying excited states can be formed
TABLE . Calculated and experimental enerdgiesf Cq low-lying elec- by removal of electrons from orbitals other than the HOMO,
tronic stateqeV).

Method/Basis set 3, Ay Iy %0 %, TABLE IV. Calculated and experimental enerdies Cg low-lying elec-
tronic stategeV).
10-CAY 0.0 030 053
10-MCRP 0.0 015 028 Method/Basis set 330 A, P ok oo,
CISD with Davidson’s correction 0.0 0.19 0.16 g ° g :
MP2/6-31G ¢ 0.0 1.00 1.20 CISD with Davidson’s correctich 0.0 0.14 0.01
UV-PES 0.0 0.166 0.85 1.10 MP2/6-31G ¢ 0.0 1.45 1.53
UV-PES 0.0 0.071 0.115 0.78 1.03
&/ertical excitation energies except for the present work which indicates
adiabatic energies. aVertical excitation energies except for the present work which indicates
PReference 21. adiabatic energies.
‘Reference 17. PReference 17.
A mixture of the’S 7 and'A, singlet states. °A mixture of the'S ;" and'A, singlet states.
®Present work. Error bars from photoelectron spectra assignment<0z0@ dPresent work. Error bars from photoelectron spectra assignments are
eV except for the*LAg state of+£0.015 eV. +0.015 eV for thelAg andlzg states and-0.02 eV for the others.
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TABLE V. Adiabatic excitation energie®V) of C,, Cs, and G low-lying states from present work.

To(*Ag) To(*Sg) To(*%y) To(*Ily) To(*ILy) To(*ILy) To(*ILy)

C, 0.332 0.93 0.82 0.93 1.16 141
Ce 0.166 0.85 1.10
Cg 0.071 0.115 0.78 1.03

yielding for example, triplet and singlét, andII, states of biguous. We therefore tend to minimize the number of
C,, and®3 state for G and G. Accordlng to theab initio  electronic states needed to describe the spectrum so long as
results listed in Tables II-1V, many of these states will bethis does not lead to unreasonable vibrational frequencies.
accessible by photodetachment at 213 nm. In order to assigrhe term values obtained from our assignments of the pho-
the observed transitions, we use the anisotropy paramgterstoelectron spectra are summarized in Table V.
described in the previous section aad initio vibrational
frequencies and term values. c
The photoelectron angular distributions are determinec?' 4
by the distribution of partial waves contributing to each C, has two totally symmetric stretching modes and
peak. The relevant selection rules for these near threshold are), one o, antisymmetric stretchi(;), and two degenerate
straightforward; for a linear, centrosymmetric molecule,bending modes ofry andm, symmetry(v, andvs, respec-
s-wave (=0) detachment can occur from orbitalstofym-  tively). In our previous study of £, peaks A-D were as-
metry, butp-wave (=1) detachment is the lowest allowed S|gned to the32 ground-state vibrational origin, ;4 10,
partial wave from orbitals ofy symmetry®® Pures-wave and ]040 transmonsc’ These assignments were aided by vi-
detachment yields an isotropi@=0) angular distribution, brational frequencies frorab initio calculations?~*4The g
whereas purg-wave detachment leads to a é@sdistribu- (mg) mode is not totally symmetric, so the 4and 143
tion with B=2.° As examples, § can undergs-wave de- transitions are Franck—Condon forbidden. However, the 4
tachment near the threshold wheregsa®d G cannot. The transition can occur in the case of vibronic coupling to a
situation is more complicated in photoelectron spectroscopynearbyll, electronic state; this is discussed further below.
however, because one is typically well above the detachmeriteak E was assigned as the origin of the first excited state
threshold for a particular neutkalanion transition, so that 1A because the splitting between peaks A and E,
many partial waves typically contribute to the signal. One2680 cm'l, is too large for a vibrational frequency of,C
still has the restrictions that only even partial waves result  While these assignments are still valid, the new spectra
from au orbital, and only odd partial waves frongeorbital,  give slightly different vibrational frequenciesr,;= 2057
but it is difficult to predict in advance the value gffora  +50 cmi ! and v,=323+50 cmi %. The new term value of
photodetachment transition. T} Ag)=0.332+0.015€V is in good agreement with the
Nonetheless, one does expect relatively small variationsalculated values of 0.346 and 0.331 eV by Almfof
in B for photodetachment transitions within an electronicand Schaefel respectively(see Table Ii. Based on these;
manifold or for transitions between states with the same orand v, frequencies, the new features, peak G and H, are
bital configurations, because detachment from the same oassigned to the 3land 1347 transitions of th(—f’E ground
bital in the anion is occurring. Thus, for example, transitionsstate. Peaks F and | are assigned to therd 1 transmons
involving removal of an electron from the anion HOMO to of thelA state, respectively. ThIS yields a symmetric stretch
yield the 32 ground statelA and 125 excited states frequency ofy;=2032+50 cm ! and a bending frequency
should have apprOX|mater the same valuegoThis is in  of v,=331+50 cm ! for the 1A state, which are very close
fact observed in the photoelectron spectrum gf where  to those of the ground state. Peak | is quite weak in the 266
the symmetries of the states involved are the same as farm spectrum due to the low-energy cutoff of the spectrom-
carbon clusters: © has azl'[gl ground state, and £Ohas a  eter.
32 ground state andA and 125 excited states. Con- Peak G lies at the energy expected for tiﬁetrhnsition
versely, peaks with S|gn|f|cantly different values@thould to the32§ state, but its intensity is anomalously high. This is
be associated with different electronic transitions. This is alemonstrated in the third panel of Fig. 2, which shows a
useful diagnostic for distinguishing transitions between dif-Franck—Condon simulation of the,Cphotoelectron spec-
ferent electronic states from those involving vibrational tran-trum. The neutral geometry is adopted from the CCBD
sitions within the same electronic manifold, and it can alsoPVTZ calculation by Watts and Bartléft,and the anion ge-
indicate the presence of vibronic coupling between electroniometry is from the RCCSQO) calculation by Schmatz and
states of different symmetrgsee below. However, one can- Botschwina!® The force constants from our MP2/6-31G
not assume that peaks with the same valug bélong to the calculation have been applied to obtain the normal coordi-
same electronic transition, or even to transitions involvingnate change between the anion and neutral. Since éhe 4
detachment from orbitals of the same symmetry. The phototransition is not Franck—Condon allowed, only excitation of
electron angular distributions are therefore useful in assignthe v, mode appears in the simulation, which shows that that
ing the photoelectron spectra, but are by no means unanthe actual intensity of peak G is about five times higher than
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predicted in the simulation. It is possible that the anomaloushe lHg state in which, as with peak J, arg electron is
intensity of peak G arises because it is in part due to th@etached. This yields a singlet—triplet splitting of 0.59 eV
transition to the'S ; state. As shown in Table I, calcula- and term energy ofTo('Il;)=1.41+0.02 eV, slightly
tions by Koutecky® and AlmI&f*® predict vertical excitation ~smaller than the vertical term energy of 1.73 eV predicted by
energies of 0.68 and 0.42 eV, respectively, for this statePacchioni and Koutecky’
these values bracket the experimental spacing of 0.50 eV
between peaks A and G. We therefore tentatively assign peaé c
G to a combination of théS. ; state origin and the gltran- e
sition from the ground state, yielding a term energy of We have previously studied Cusing photoelectron
To(lzg) =0.50+0.02 eV. spectroscopyand a combination of autodetachment and zero
All of the major peaks discussed thus far have approxi€lectron kinetic energyZEKE) spectroscopy’ In this ear-
mately the same anisotropy parameter. Peak J in the 213 nl@r work, the peaks now labeled A, F, and G were assigned
spectrum is the first large peak that shows a significantlyio the vibrational origin, §, and 2 photodetachment transi-
different polarization dependence. We assign it to the lowestions of the®X ;* ground state of £ The latter two assign-
electronic state of £which can be accessed by removing anments yielded vibrational frequencies of 492 and 1339tm
electron from an orbital other than the HOMO. From Tablefor the v3 and v, symmetric stretches, respectively. Both
II, theoretical calculations have predicted this to be¥ig ~ values are substantially lower thaab initio harmonic
state with a term value between 0.8 to 1 ¥W?the photo-  frequencie¥"*>*" which, for example, are calculated by
detachment transition involves removal of agpelectron. Botschwind® to be 653 and 1697 cil. The new features
Assigning peak J to this state yields a term energy ofbserved in the current work now lead to an assignment
To(®I14)=0.82-0.02 eV. Peak J has the same polarizationmore in line with theab initio values.
dependence as peaks B, D, F, and H, which supports the Peak H in the 266 nm spectrum at eKE 0.22 eV is
earlier claim that these latter peaks occur due to vibroni®089+50 crit from the origin. We assign it to thejdtran-
coupling between thézg and'A states via ther, mode to ~ sition of the %%, ground state, in good agreement with
a nearby3Hg state. the ab initio value€® of »;=2142+50 cm* and the previ-
Based on their anisotropies, peaks K and L clearly ar@usly observed peak in the ZEKE spectfdnat 2061
associated with a different electronic transition than peak J+ 10 cmi . Peak E, which was not observed previously, and
We therefore assign peak K to the transition to g, state  peak G, which is considerably better resolved than in our
of C, in which a 40, electron is removed from the anion; previous photoelectron spectrum, lie 6330 cmi® and
this should be the next excited electronic state with a mo1694+=50 cni %, respectively, from the origin, and assigning
lecular orbital configuration that differs from tﬁﬂg state. these to the §and 2 transitions yields vibrational frequen-
Our assignment yields a term energy f(’lI1,)=0.93 eV  cies in much better agreement with tila® initio values.
for this state, a somewhat lower value than the previouslpMoreover, the relative intensities of peaks E, G, and H are in
calculated vertical excitation energies of 1.15 and 1.54 eV byualitative accord with the Franck—Condon simulation cal-
Bartlett® and Koutecky'® respectively. Peak L is more prob- culated by Botschwin& Based on these new assignments,
lematic. It can be assigned as t@tﬂansition within the’ll peaks K and L in the 213 nm spectrum are assigned to the
manifold, yielding a symmetric stretch frequency of  132; and % transitions of the §°5 state.
=1871+50 cmi * for the ®I1, state. While this is a reason- The smaller peaks B, C, and D near the origin could be
able vibrational frequency, peaks K and L have the samérom even Av transitions involving the low-frequencyr
intensity, which implies a significant normal coordinate bending modes or from sequence bands, with the latter being
change of thev; mode upon photodetachment to this stateless likely due to the absence of hot band transitions at
This disagrees with the trend followed by every other pho-higher eKE than the origin. Evefiw transitions in nontotally
todetachment transition in linear carbon clusters in which thesymmetric vibrations can be observed if the change in fre-
03 transition is the most intense. Alternatively, peak L couldquency between the anion and neutral is large. Our
be the transition to théll, state, as this should have ap- MP2/6-31G calculation yieldsv;(g) andvg(m,) frequen-
proximately the same intensity and polarization dependenceies of 124 and 278 ciit for the anion, and 197 and
as the transition to théll, state. This assignment implies 105cm® for the neutral. Based on these large frequency
To(*1,)=1.16-0.02 eV and a singlet—triplet splitting of changes, peaks B and C are assigned to fhar@l the $
0.23 eV. This splitting is somewhat smaller than the value ofransitions, respectively, and peak D is assigned to tfg]e 7
0.50 eV calculated by Koutecly but agrees well with our transition. The resulting vibrational frequencies;=246
MP2/6-31G calculations which predict a singlet—triplet =50 cmi !t and vo=90+50 cni’l, are in reasonable agree-
splitting of 0.31 eV. In any case, the assignment of peak L tanent with ourab initio values as well as those of a previous
the 1, state is certainly reasonable, but somewnhat tentativecalculation® Note that three peaks analogous to peaks B, C,
Although peak M is not well resolved due to low signal- and D were seen in the autodetachment spe&l]rmrhcg;
to-noise, it is the only other peak in the 213 nm spectrunthese were labeleld,, c,, andd,, and should be reassigned
with a similar anisotropy parameter as peak J. Since the splito the % 93, and 7(2) autodetachment transitions, respec-
ting between peaks M and J is too large to assign peak M ttively.
a vibrational transition, we assign peak M to the transitionto  The second largest feature in the 266 nm spectrum is
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peak F, which was assigned to thg ®ansition in our pre- considerably more complete assignment of the electronic and
vious study. Given our new assignment of peak G to thisvibrational states of £ These assignments are aided by a
transition, peak F is assigned to the origin of flztﬁg, excited  recent high-level calculation by Schmatz and Botschfffina
state and peaks | and J in the 213 nm spectrum to the corr@ which vibrational term energie§ncluding anharmonici-
sponding % and 1(1) transitions. The resulting term energy ties) for levels involving the four totally symmetric stretches
To(*Ag)=0.166+0.015 eV is in good agreement with thb  were calculated for the anion and the neutral ground state. A

initio values of 0.15 and 0.19 eV calculated by Alifffoand  Franck—Condon simulation of the anion photoelectron spec-
Schaefel’ respectively. This assignment provides two sym-trum was also carried out in that paper.

metric s'{retch frequencies OflthéAg state, v;=2016 The assignment of peak A is unchanged. According to
+50 g:m: andv,=1686+=50 cm -, which are very close to  Botschwina’s simulation, the strongest vibrational transition
their °2; state counterparts. other than the origin should be the} 12053 cm Y/24%)

We next consider the remaining peaks M, N, and O.ransition, followed by the 3 (1357 cm/13%) transition.
These clearly correspond to transitions to one or more eXpeaks D and E lie 1361 and 1928 chifrom the origin,
cited states of ¢ but since the anisotropy parameters arejespectively. Peak D is therefore assigned to theransi-
approximately the same=0) for all the G transitions, the  tjon, While the A—E spacing is actually closer to the calcu-
excited-state assignments are more ambiguous thangfor Ciated energy of the, level (1977 cmi?), the intensity of the
Peak M, Wh|ch lies 0.849 eV from.peak A IS th? most In- 23 transition in the simulated photoelectron spectrum is neg-
tense feature in the spectra and is readily assigned to thﬁgible and we assign peak E to th% ransition.
origin of an excited state. This could be thg, state which The assignment of peak B to the 4ransition yields

. 4 2 - : - I
has the same - (1) *(2,)? configuration as théX.; and v,=605 cm'%, which is significantly larger than the calcu-

1 3y + :
Ay states, or the”%, state resulting from the 504 yaue of 500 cmt.® In addition, the 4 transition is

.. 3 3 i i
§ (1mg)*(2m,)" configuration. The term energy fgrrm:he calculated to have only 2% of the intensity of the origin,
24 state has been calculated at the MRCI level by ARHO o0 aq peak B is about 70% as intense as peak A. We

and fqund to be 0.28 eV,'a considerably lower value thfm th?nerefore assign peak B to tHAg excited electronic state,
experimental A-M spacing. The term energy for ] yielding a term energy oTo(lAg)=0.071t 0.015eV. This

tsr:ate from our L\A &246'316|eve| cz;lctutljg#on |st1.2|0 s_:V.tFur- d is somewhat smaller than the value of 0.141 eV calculated by
ermore, pea as a somewhat diterent polarization deg . aefet” but the deviation is only slightly larger than for
pendence from peaks associated with ﬁiég and A

_ . i 9 Cg The decreasingX, —*A, splitting as the number of
states; peak M is plearly more intense than peak 4= carbon atoms increas€®able V) is also consistent with the
but has the same intensity at the other two angles. We ther?r'end seen in Schaefer's calculatibnPeak E lies 0.236 eV
fore assign peak M to th& [ state. ' '

Peaks N and O are separated by 640 e L. They from peak B, close to the spacing between peaks A and E

. . l g l
have the same polarization dependence but differ sufficientl ?(3?3 di\':)a,ltgndi; d;s&g_nfgot;: ghoe%]rt;f\ln; trlct)rTe?fAthgtﬁtg
from peak M to warrant their assignment to transitions to a1 e oplitti ’bytw 9= ks B and E is 13554 'gt I '
different electronic state. Th&ll, state is the next triplet € Splitting between peaks b and & 1S mvirtually

state expected above tAB state. Assigning peak N to the identical to thev; frequency in thegzg state. It is therefore

origin of this state yield;T0(3H )=1.10+0.02 eV, very likely that the 3, transition in the'A 4 state manifold contrib-
u LU= Y. ’ . .

close to our MP2/6-316value of 1.20 eV. This calculation Ut€S 1o the intensity of peak E.

. — 3 - .
also yieldss (og)=642 cn?, so we assign peak O to the Peak C is 0.115 eV (927_crﬁ) from thle 2, state ori-
33 transition of the’Il,, state manifold. gin, and only 0.040 eV (322 cnt) from the A, state origin.

The IS * manifold has not been identified in the above Within the ground-state manifold, the closest calculated vi-
g

assignments. There are several small unassigned peaks in H@tional energy level |nvoI\{|ng totally symmetric modes
266 nm spectrum near eKED.25 eV. This is the energy ONY iS the 2, level (999 cm™), but the intensity of the &
range where transitions to th&* state are expectéd,and  transition ghould be negligible. The splitting betwgt_en peaks
these small peaks may be due to this state. If so, it remair8 @nd C is too small for peak C to be a transition to a
an open question as to why the cross section for photodeélymmetric stretch level of thie’xg state. We therefore assign
tachment to thé'S; state is considerably smaller than for Peak C to the origin of thé, state, yielding a term energy
the®s; andA, states. of To(*%4)=0.115-0.015eV.
The two peaks at lowest eKE, peaks G and H, have
anisotropy parameters close to one, in contrast to the nearly
D. Cg isotropic angular distributions at 213 nm for the other peaks.
In our previous studiof Cg, the high electron affinity The first excited state with a different molecular orbital con-
of Cg (4.379:0.006 €V limited the amount of information figuration from the ground state should be %] cumu-
obtained at 266 nm, and only peaks A and B were observedenic state, which can be accessed by detachment af a 2
Peak A was assigned to the origin of ti‘@g‘ ground state, electron from G, and the next triplet state should be the
where peak B was tentatively assigned to tBetransition. 3Hg state, accessible by detachment of @, ®lectron. Our
The possible assignment of peak B to i‘lzt% state was also MP2/6-31G level calculations yield term energies of 1.45
proposed. The new results at 266 and 213 nm provide and 1.53 eV for thé’Y ! and 3Hg states, respectively. We
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