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Photoelectron spectroscopy of C 3Si and C 4Si2 anions
Gustavo E. Davico, Rebecca L. Schwartz, and W. Carl Linebergera)

JILA, University of Colorado and National Institute of Standards and Technology, and Department
of Chemistry and Biochemistry, University of Colorado, Boulder, Colorado 80309-0440

~Received 21 February 2001; accepted 3 May 2001!

The 364 nm photoelectron spectra of the linear C3Si2 and C4Si2
2 anions are reported. Accurate

adiabatic electron affinities are determined: EA~3S C3Si!52.82760.007 eV and EA~C4Si2!
52.54360.006 eV. Several vibrational frequencies for both neutral molecules are also obtained.
The term energy for the first linear excited state of C3Si ~either1D or 1S! is 0.27460.015 eV. For
C4Si2 , the term energy is substantially lower than in C3Si and vibronic interactions between the two
states become stronger. Experimental results are compared with high-levelab initio calculations for
C3Si ~see Rintelman and Gordon, following paper! and with our own calculations for C4Si2 and its
anion. © 2001 American Institute of Physics.@DOI: 10.1063/1.1380713#
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I. INTRODUCTION

A more complete understanding of the reactivity a
electronic properties of silicon carbide and oxygenated s
con carbide surfaces at high temperatures is a subject of
rent fundamental and applied interest. Our group addre
this issue through the study1,2 of small, mass-selected silico
carbide cluster anions. Photoelectron spectroscopy of th
anions gives information on the electron affinity as well
the neutral electronic state ordering at the geometry of
anion; these data provide a very useful guide for electro
structure calculations of finite SiC clusters. It is this asp
that motivates the present collaboration involving our exp
mental investigations and high-level electronic structure c
culations of small SiC clusters.3,4 From the point of view of
basic chemistry, these clusters are of interest because si
and carbon belong to the same group in the periodic ta
but have dramatically different bonding properties. The d
ference is due to the tendency of carbon to form higher or
bonds while silicon tends to form multidirectional sing
bonds. These properties contribute to substantial differen
between the geometries of large silicon and carbon clus
Silicon carbide clusters have also been of interest becaus
their astrophysical importance. Cyclic SiC2 and SiC3 and
linear SiC4 have been detected in circumstellar media.5–7

There has been a great deal of interest in silicon–car
clusters throughout the past decade. Bothab initio calcula-
tions and anion photoelectron spectroscopy experim
have been used to look at many different clusters of vary
size and composition. Pure silicon (Sin ,n53 – 7) and carbon
(Cm ,m52 – 11) clusters have been extensively studied
anion photoelectron spectroscopy experiments.8–11 While
most studies on mixed SinCm clusters have focused on one
two specific clusters, there has been some work that
looked at a large group of clusters. Nakajimaet al. reported
an extensive study of various SinCm

2 anions using photoelec
tron spectroscopy.12 Vertical detachment energies~VDEs!

a!Author to whom correspondence should be addressed. Electronic
wcl@jila.colorado.edu
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were reported, but the adiabatic electron affinities could o
be estimated, due to limited instrument resolution.

Calculations by Hunsicker and Jones13 focused on the
same group of clusters, obtaining VDEs, geometries,
quencies, and energetics of different isomers for both
anion and neutral species. Their results were in agreem
with the experimental results of Nakajimaet al.12 Two addi-
tional studies from the Kaya group calculated various para
eters for the SinC and SiCm species.14,15A number of calcu-
lations have also been performed on then1m54 – 6 clusters
at various levels of theory.13–18These studies have predicte
geometries, frequencies, energies, and, in some cases, I
tensities.

The difficulty of such calculations is well exemplified b
an examination of the conclusions for one of the sma
clusters, C3Si. The ground state C3Si surface exhibits mul-
tiple low-lying minima, and both their relative energies a
the identity of theglobal minimum have been found to b
strongly dependent on the basis set and theoretical me
employed. There is general agreement that the two low
lying states are a singlet rhombic structure (C2v) and a trip-
let form. Nakajimaet al. report calculations showing th
rhombic form to be the lowest in energy by 0.3 eV.15 Other
calculations by Hunsicker and Jones13 find these two states
to be nearly degenerate, with the linear state form lying 0
eV higher. An earlier study found that the rhombic geome
is more stable by only 0.18 eV.16 However, Rintelman and
Gordon4 have undertaken high levelab initio calculations on
these two states, and their results indicate that the gro
state of C3Si is in fact the linear3S2 state, and the1A1

rhombic state lies 4.4 kcal/mole above the linear configu
tion. This investigation4 provides the clearest computation
evidence to date concerning the global minimum, and in
cates that the linear geometry with a terminal Si atom is
global minimum. Even that calculation, however, does n
yield clearly converged energies for the low-lyingexcited
states of C3Si. Further complication is added when it is a
preciated that the only experimental observations of C3Si
have been of the rhombic configuration.5,19–21There is a sub-
stantial body of astronomical observational data for C3Si;
il:
9 © 2001 American Institute of Physics
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1790 J. Chem. Phys., Vol. 115, No. 4, 22 July 2001 Davico et al.
many rotational transitions have been observed.5 Subsequent
laboratory work has investigated C3Si in a supersonic expan
sion with a Fourier transform microwave spectrometer and
a low pressure dc glow discharge with a free spa
millimeter-wave absorption spectrometer.19–21 The fact that
only the cyclic form has been observed experimentally co
be taken as an argument that the cyclic form is lowes
energy.

In this paper, we report the photoelectron spectra of s
eral CnSim anions with then1m5even structure, C3Si2 and
C4Si2

2 . The anions are expected to be linear, with termina
atom~s!. In analogy with silicon and carbon clusters, the
species are expected to have electron affinities greater
the neighboringn1m5odd species. Several properties
the neutral were obtained, including adiabatic electron affi
ties, a few vibrational frequencies, and term energies for
first excited electronic states. We also observed C6Si2

2 in the
mass spectrum; however, the ion beam intensity and
complexity of the spectrum prevented us from obtaining
useful spectrum for this species.

II. EXPERIMENT

The details of the negative ion photoelectron spectro
eter and the general experimental procedure have been
scribed previously,2 only a brief overview is given here. Sev
eral CmSin anions are synthesized in a flowing afterglo
apparatus by the use of a cold cathode discharge. The a
source has been described in detail previously.22,23 Briefly, it
operates by sputtering clusters from a cathode with a dc
charge in a flowing afterglow source with a mixture of 10
15 % of argon in a helium buffer gas. The CmSin anions are
produced when Ar1 is accelerated towards the negative
biased cathode, a silicon carbide rod~Goodfellow! that is 50
mm in length by 5 mm in diameter. The typical catho
voltage is 2300 V with respect to the grounded flow tub
Currents of a few picoamperes of mass selected anions
produced during our experiments and were very depen
on the ion stoichiometry and flow tube temperature. In ro
temperature experiments, the ions have a vibrational t
perature of;300 K following collisional relaxation with the
buffer gas. Whenever possible, spectra were also colle
with the flow tube cooled by liquid nitrogen, which lowe
the vibrational temperature to approximately 180 K.

Upon extraction from the flowing afterglow tube, ion
are accelerated to 735 eV into a low-pressure region
mass selected by a Wien velocity filter. The mass selec
beam is further focused and then decelerated to 38 eV p
to entering the laser interaction region where the ion beam
crossed with the 364 nm line of an argon ion laser in
build-up cavity with;100 W of circulating power. Photo
electrons ejected into a small solid angle perpendicular to
ion and laser beam are focussed into a hemispherical en
analyzer and detected by a position sensitive detector wit
overall resolution of;10 meV. Energies of transitions be
tween the anion and the corresponding neutral are de
mined from the difference between the photon ene
~3.408 14 eV! and the measured electron kinetic energy. T
absolute energy scale is calibrated by the position of
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3P2←2P3/2 transition in the O2 spectrum.24 The apertureless
nature of the analyzer allows for the possibility of a sm
electron energy scale compression. This compression fa
~;1%! is obtained by measuring the positions of six we
known transitions in the W2 photoelectron spectrum.25

A half-wave plate placed just before entrance to t
build-up cavity can rotate the laser polarization, allowi
determination of photoelectron angular distributions.2 Unless
otherwise noted, all spectra are recorded with the laser
larization oriented at the magic angle~54.7°! relative to the
electron detection direction, such that photoelectron signa
independent of the angular distribution.26 To determine the
asymmetry parameter~b!, spectra are collected with the las
polarization parallel~0°! and perpendicular~90°! to the pho-
toelectron collection direction, using the expression

b5
I 02I 90

1
2I 01I 90

,

whereI 0 andI 90 are the peak intensities taken at 0° and 9
respectively.26

Ab initio calculations were carried out for the electron
ground states of the anions and the ground and first exc
electronic states in the neutral species using theGAUSSIAN 98

suite of programs.27 Geometry optimizations and frequenc
calculations were performed at the MP2/aug-cc-pVDZ le
for C3Si, while the hybrid density functional theory~DFT!
method B3LYP with the aug-cc-pVDZ basis set was used
C4Si2 . A slightly modified version of the Franck–Condo
program CDECK was used to determine the spectra ba
upon the calculated anion and neutral geometries and
monic vibrational frequencies.28

III. RESULTS AND DISCUSSION

A. C3Si

1. Spectra and assignment

The 364 nm photoelectron spectrum of C3Si2 obtained
at the magic angle orientation is displayed in Fig. 1. The;3
pA C3Si2 current diminished further upon cooling the flo

FIG. 1. The 364 nm photoelectron spectrum of C3Si2 taken at room tem-
perature~solid line!. The simulated spectrum for the3S2 ground state cal-
culated at the MP2/aug-cc-pVDZ level and by using a Franck–Condon
tine is also plotted~dashed line!.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tube, and we were unable to obtain a useful cooled ion p
toelectron spectrum. The spectrum shows three intense
tures~peaksA, H, andI! and two sequences of weak trans
tions ~each spaced;130 cm21! built off of intense peaksA
and I. In addition, there is also a very small feature at lo
binding energies that we attribute to a transition from a d
ferent isomer of C3Si2. The general shape of the spectru
suggests that the detachment occurs with little change in
ometry, as indicated by the lack of extended vibrational p
gressions. Moreover, the spectrum shown in Fig. 1 is v
similar to that reported9 for the linearC4

2 anion, suggesting
that C3Si2 is also linear, in accord with calculations.12,13,15

Thus peakA is assigned as the 0–0 transition from the line
anion to the linear ground state of C3Si, yielding
EA~C3Si!52.82760.007 eV, in agreement with the VDE o
2.86 eV and the 2.81 eV adiabatic electron affinity, as cal
lated by Hunsickeret al.13 and Gomeiet al.15

2. Analysis

As with the analogousC4
2 anion, linear C3Si2 is ex-

pected to have ap3 2P valence electron configuration. Th
configuration is also supported by our own and several o
ab initio calculations.13,15,16,29Detaching a valence electro
generates1S1 ~detaching the unpaired electron!, 3S2, 1D,
and1S1 states. Since all of these states arise from detach
an electron of the same orbital symmetry, the photoelec
angular distributions will be similar for all of these trans
tions and cannot be used to identify the final states. T
photoelectron angular distributions observed for all inte
transitions exhibited an anisotropy parameterb of 20.6,
consistent with detaching ap electron from C3Si2. With this
information we can utilize our single determinantab initio
structure and frequency calculations for the2P anion and the
3S2 neutral to simulate the photoelectron spectrum, prov
ing a rigorous test of the assignments. This simulation ag
very well with the experiment, with respect to both the v
brational frequencies of the neutral that are observed u
electron detachment and their intensity, the latter being a
of the magnitude and nature of the geometry changes u
electron detachment. PeaksG andH arise from transitions to
vibrational modes with frequencies of 1320620 and
1980620 cm21, respectively~see Table I!. These observed
values correspond very closely to the frequencies of the
tally symmetric 1,3 C–C stretch and C–C stretch modes
culated by Rintelman and Gordon4 for the 3S2 state. The
only other totally symmetric~s! mode, a Si–C stretch, show
little geometry change upon electron detachment and ind
is not observed in the photoelectron spectrum. Thus the
jor features in the spectrum are in complete accord with
ear anion and neutral geometries.

As seen in Fig. 1, there is also a progression of we
peaks (B–F), transitions to the high binding energy side
peakA, spaced by;130 cm21. These peaks arise from tran
sitions to nontotally symmetric~p symmetry, bending! vibra-
tional modes, transitions forbidden in the Franck–Cond
approximation and thus absent in our simulated spectr
Similar transitions were observed in the carbon C2n

2 photo-
electron spectra, and Neumark proposed that they obta
intensity from mixing with a low-lying electronic state of th
Downloaded 26 Mar 2002 to 128.138.107.158. Redistribution subject to 
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same P symmetry.9 While this mixing is almost surely
present, this mode can also gain intensity from the sm
Renner–Teller effect present in the anion.30 The experimen-
tal frequency of this skeletal bending mode is 135625 cm21,
in agreement with the 130 cm21 frequency calculated by u
and by several others.4,13,15,16The assignments for these tra
sitions are summarized in Table I.

Several other observations also argue strongly in fa
of the linear configuration. Among the low-lying geometri
corresponding to local minima, only the linear configurati
hasany vibrational frequency calculated to be less than 2
cm21. The two observed totally symmetric vibrational fre
quencies are in excellent agreement with those calculated
the linear SiC3 neutral, and they are very difficult to recon
cile with other geometries. Specifically, the observed h
frequency C–C stretch~1980 cm21! agrees with that calcu
lated by Albertset al.16 ~2037 cm21!, Gomei et al.15 ~2003
cm21!, and with the elaborate calculation of Rintelman a
Gordon4 ~2003 cm21!. None of the calculations for the rhom
bic forms predicts4,15,16a vibrational frequency that is nearl
this large.

Additional support for the linear configuration come
from electron affinity calculations carried out by Gom
et al.15 at the CCSD~T!/aug-cc-pVTZ level. They predict the
electron affinity of the linear form to be 2.81 eV and that
the rhombic form to be 1.88 eV. Our 2.827 eV experimen
determination is in much better agreement with a line
form. Given that both vibrational frequencies and electr
affinity calculated for the linear form agree well with obse
vations, and similar calculations for the rhombic form do n
agree, the assertion that the observed transitions arise fro
linear anion is likely correct.

Having assigned peaksA to H, it is clear from Fig. 1 that
peakI is the 0–0 transition to the first excited state of line
C3Si, lying ;6.3 kcal/mol above the ground state. Both1D
and1S states are expected to be low-lying, and transitions
either state should exhibit intensity comparable to the gro
state transition. While a first expectation is that the1D state

TABLE I. Peak positions and assignment for the C3Si2 photoelectron
spectrum.

Peak
Binding energy

eV
Splitting from
origin ~cm21! Assignment

AA 2.629 21600 Transition between
nonlinear isomers
of C3Si ~see text!

A 2.827 0 3S2 00
0

B 2.856 230 50
2

C 2.872 370 50
3

D 2.890 510 50
4

E 2.905 630 50
5

F 2.921 760 50
6

G 2.990 1320 20
1

H 3.072 1980 10
1

I 3.101 0 1D or 1S1 00
0

J 3.156 440 50
3

K 3.172 575 50
4

L 3.188 703 50
5

AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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should be the lower, our experiments cannot distinguish
tween these alternatives; indeed the broadness of this
and the lack of full vibrational assignments means that ‘‘pe
I’’ could even represent two nearly degenerate electro
states. Calculations have not yet provided a firm identifi
tion of this transition. Employing a 6-31G~d! basis set, Rin-
telman and Gordon4 calculate the1D state to lie 6.6 kcal/mol
above the3S2 ground state, and the1S1 state to lie 10
kcal/mol above the ground state. This result agrees well w
our measured 6.3 kcal/mol excitation energy and argues f
1D assignment for peakI. However, Rintelman and Gordo
carried out additional calculations with an aug-cc-pVDZ b
sis set, primarily because they could then employ a con
tent basis set for both anion and neutral species. While
addition of diffuse functions might not be expected to ma
a substantial difference in the neutral state energies, th
latter calculations4 show the1S1 and1D states lying 9.3 and
10.6 kcal/mole above the ground state, respectively. It
pears that the excited state calculations are not yet s
ciently well converged to assist in the identification of t
electronic state associated with peakI. In any event, peaks
J–L are similar to peaksB–F in the ground state, corre
sponding to transitions to nontotally symmetric~bending! vi-
brational modes within this state, with a frequency
140625 cm21 ~Table I!.

3. Anion isomers

The presence of a low-lying electronic excited state
C3Si2 is suggested by the presence of the weak peakAA in
the spectrum seen in Fig. 1, especially when combined w
the C3Si2 observations of the Kaya group.12 They employed
a laser ablation ion source, one that could readily be
pected to initially produce more excited anions than our h
pressure sputter ion source. They report12 a weak, broad
structureless band in the C3Si2 photoelectron spectrum, ex
tending from an electron binding energy of;1.7 eV up to
the intense feature~peakA! reported here. They show12 that
the intensity of this broad feature depends upon ion sou
conditions and corresponds to an anion that isless stable
than the linear anion. They attribute this band to transitio
from a planar ring form of the anion~a 2B1 state
calculated12,15 to lie ;0.6 eV above the linear form! to the
corresponding1A1 state of the neutral. It is possible that th
weak peakAA that we observe at a binding energy of;2.63
eV arises from a vibrationally cooler2B1 cyclic anion. While
some low-frequency vibrational modes appear to be pres
the quality of the spectrum discourages an analysis m
detailed than a report of the binding energy correspondin
peakAA, and attributing it to a ring–ring transition.

The binding energy of the major feature attributed to
linear state reported by Nakajimaet al.12 agrees well with
our results. The binding energy that we obtain for the r
form ~2.63 eV! is considerably higher than that reported
Nakajima,12 but they observe a very broad, flat, weak featu
extending from 1.7 eV to 2.8 eV, with no clearly assignab
components. However, close inspection of the broad fea
in their spectrum shows what may possibly be the peakAA
that we observe. This may be the electron affinity transit
in their broad feature, or it may be that a third isomer
Downloaded 26 Mar 2002 to 128.138.107.158. Redistribution subject to 
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C3Si2 has been identified. Our experiments cannot reso
this issue.

The 2.63 eV adiabatic detachment energy that we
serve for the ring form is plausible, given that Gomei’s c
culations suggest that the ring anion lies;0.6 eVabove the
linear anion15 and the new calculations by Rintelman an
Gordon4 place the cyclic neutral about 0.2 eV above t
linear form. Since the 2.827 eV electron affinity of the line
form is unambiguous, these values would predict a value
;2.5 eV for an adiabatic detachment energy of the cyc
form of C3Si, comparable to the 2.63 eV determined as
binding energy of the most intense component of peakAA.
We cannot claim this value to be the adiabatic detachm
energy with certainty, but it is definitely the vertical detac
ment energy~VDE! for this form of the anion. There appea
to be a vibrational progression with a frequency of;300
cm21 built off of peak AA, but this information, even
coupled with the accompanying neutral calculations,4 is not
sufficient to definitively identify the isomer associated wi
peak AA. Clearly, high levelab initio calculations on the
anion structures will be necessary to assign definitively
origin of the low binding energy spectral feature. In additio
we note that these studies provide no direct information a
whether the linear or cyclic form of C3Si lies lowest in en-
ergy.

B. C4Si2

The sputter ion source produced a sufficiently inten
beam of C4Si2

2 so that it was possible to obtain a photoele
tron spectrum with the flow tube cooled to 180 K. The r
sulting magic angle photoelectron spectrum of C4Si2

2 is de-
picted in Fig. 2. The spectrum presents a well-resolv
progression of peaks (A–H). The electron affinity is readily
assigned to the largest peak, labeledA, as 2.54360.006 eV,
in agreement with a calculated vertical detachment ene
2.59 eV.13 A photoelectron spectrum of this ion has be
previously obtained by Nakajimaet al.,12 who extrapolate an
EA of ;2.38 eV from their less resolved photoelectron sp
trum. Table II lists the peak positions of peaksA–H.

FIG. 2. The 364 nm photoelectron spectrum of C4Si2
2 taken at 180 K~solid

line!. The calculated spectrum for the3S2 ground state is shown as a dotte
line.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 26 Ma
TABLE II. Peak positions and assignment for the C4Si2
2 photoelectron spectrum.

Peak
Binding

energy, eV
Splitting from
origin ~cm21!

Splitting from excited
origin ~cm21! Assignment

A 2.543 0 3S2(v50) ← 2P(v50)
B 2.652 0 1D,1S1(v50) ← 2P(v50)
C 2.691 1200 3S2(v251) ← 2P(v50)
D 2.738 695 1D,1S1(v551) ← 2P(v50)a

E 2.774 1870 3S2(v151) ← 2P(v50)
990 11D,1S1(v251) ← 2P(v50)

F 2.873 1790 1D,1S1(v151) ← 2P(v50)
G 2.928 3110 3S2(v151, v251) ← 2P(v50)
H 3.005 2850 1D,1S1(v151, v251) ← 2P(v50)

aVery tentative assignment. See text for details.
is
on
l-

o
f
th
le

l-

th
ll
ro

z
n

m
at
d

ak
ri
ss

e
o

f
e
e
a
tr
r
e

th
s
cie
ig
te

k

or-
he

as
ges
m.
ks
of

des

u-
lly
we
al-

-
n

nse
ng
en-

rac-
n
,

e.
si-
ese

tter
u-
b-

clic
e-
There is considerable evidence that this spectrum ar
from photodetachment of a linear, silicon-terminated ani
producing a SiC4Si neutral. This evidence includes the fo
lowing: the resemblance of this spectrum to the C3Si2 spec-
trum; our own as well as earlier theoretical results;12,13,31and
data from FTIR studies.32 Moreover, all this evidence als
suggests that the silicon atoms are located at the ends o
chain. This last result should be expected on the basis
silicon atoms do not have the tendency to form multip
bonds, while the carbon atoms do.

All available theoretical results, including our own ca
culations, predict the ground state of C4Si2 to be a linear3S2

state. The simulation for this state obtained by using
B3LYP/aug-cc-pVDZ method is also shown in Fig. 2. A
vibrational frequencies were scaled by a factor of 0.95, p
ducing good agreement with the two infrared activev4 and
v5 modes ~but inactive in the photoelectron spectrum! at
1807.4 cm21 and 719.1 cm21 detected by Presilla-Marque
and Graham32 by FTIR. As seen in Fig. 2, the simulatio
predicts the position and intensity of peaksA, C, andE rea-
sonably well, but other major peaks~B, D, F, and H! are
absent from the simulation. There are only three totally sy
metric modes in the neutral, and, based upon the calcul
geometry changes, we expected to see only the two mo
that are observed. Accordingly, we believe that the pe
present in the spectrum but absent from the simulation a
from transitions to a different electronic state. The first mi
ing peak in the simulation is peakB. There is no vibrational
mode of any symmetry that can match peakB, the second
most intense peak in the spectrum; thus we assign this p
to the 0–0 transition to the lowest linear excited state
C4Si2 , with a term energy of 0.11060.004 eV. The nature o
the first excited state cannot be established from the exp
mental data alone. As before, the polarization dependenc
the spectra does not help to distinguish between these st
although the data are consistent with detaching an elec
from an orbital ofp symmetry. As was the case for linea
3S2 C3Si, the first linear excited state is expected to be
ther a 1D or a 1S1 state. Based upon this assignment,
remaining unassigned peaks~D, F, andH! can be assigned a
vibrations associated with the excited state, with frequen
as shown in Table II. The remaining issues for these ass
ments concern whether the observed frequencies and in
sities are compatible with either state. Thus we undertoo
model transitions to these states.
r 2002 to 128.138.107.158. Redistribution subject to 
es
,

the
at

e

-

-
ed
es
s

se
-

ak
f

ri-
of

tes,
on

i-
e

s
n-
n-

to

We could only calculate the1S1 state by using a single
determinant wave function; this procedure is clearly inc
rect, but it may not be too bad an approximation if all of t
states arising from the valence configuration~3

S2,
1D, and

1S1! have fairly similar geometries. This approximation w
used to obtain vibrational frequencies and geometry chan
to simulate the first excited state portion of the spectru
When peakB was set as the origin, the agreement with pea
E, F, andH is good, especially considering the crudeness
the model for an excited state. The active vibrational mo
are the same ones active in the ground state spectrum.

PeakD is the only one that is not predicted by our sim
lations. Since its position does not match any of the tota
symmetric modes in either the ground or excited state,
conclude that it could be either a non-Franck–Condon
lowed transition to a 700 cm21 mode of 3S2 C4Si2 , or a
transition to another excited state C4Si2 .

Transitions arising from vibronic coupling were ob
served in the C3Si2 spectrum~and may also be present i
Fig. 2 as the small peaks observed between peaksA andB!,
but other modes would be expected to be even more inte
in the C4Si2

2 spectrum due to the enhanced vibronic coupli
arising as a result of the reduced excited state excitation
ergy. Recently, we have observed the same kind of inte
tion in alkoxides.33 No calculated vibrational frequency i
the ground state matches theA–D separation; however
there is asu mode in the first excited state, 690 cm21 ~0.95
scaled, as were all other frequencies in this state!, that
matches theB–D separation, 695 cm21. Thus, peakD might
arise from vibronic coupling producing activity in this mod
However, we cannot exclude the possibility that the tran
tion arises from another excited state. We hope that th
results will stimulate high levelab initio calculations that
will help to discern between these alternatives.

IV. CONCLUSIONS

The photoelectron spectra of C3Si2 and C4Si2
2 have

been obtained at a resolution of an order magnitude be
than reported previously, providing significantly more acc
rate electron affinities and vibrational frequencies. We o
serve transitions corresponding to both linear and cy
forms of C3Si2, but the experimental data alone cannot d
finitively establish whether the global minimum on the C3Si
surface is at the linear or the cyclic configuration.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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With the help of high levelab initio calculations the term
energy for the first excited state~either1D or 1S! of C3Si is
determined. The energy of the corresponding excited sta
C4Si2 is considerably less than in C3Si, and vibronic inter-
actions between the two states are found to be substan
stronger for C4Si2 .

We also observed C6Si2
2 in the mass spectrum; howeve

the low signal combined with the poor detachment cross s
tion and the complexity of the spectrum prevented us fr
obtaining useful information. We have synthesized seve
other mixed SiC cluster anions, including CSi3

2 , C4Si2,
C3Si2

2 , and C5Si2
2 in our sputter source flow tube; the anal

sis for those species will be reported shortly. We are a
interested in analyzing larger silicon carbide clusters by p
toelectron spectroscopy of their negative ions. We are m
fying our ion source in order to be able to maximize t
intensity of those higher mass clusters, and to synthe
silicon carbide cluster anions with an oxygen adsorbate.
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