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Photoelectron spectroscopy of Si 2C3
À and quantum chemistry

of the linear Si 2C3 cluster and its isomers
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Ohio 45433-7765
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The 364 nm photoelectron spectrum of Si2C3
2 is reported, together with high levelab initio

calculations of the linear anion, and six linear and eight nonlinear structures of the neutral Si2C3 .
The adiabatic electron affinity of Si2C3 , corresponding to the transition from the linear anion to the
lowest electronic state of the linear singlet neutral, is found to be 1.76660.012 eV. Theoretical
results were essential for interpreting the spectrum. The level of theory necessary to accurately
describe the electronic structure of Si2C3 cluster isomers is presented and discussed. Several
vibration frequencies for the neutral linear structure are obtained from the spectra and compared to
results from different levels of theory. ©2002 American Institute of Physics.
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I. INTRODUCTION

Intensive experimental and theoretical studies have b
done on pure carbon and silicon clusters to understand ch
istry in interstellar space as well as to look for their poten
industrial applications.1–17Silicon-carbide clusters are poten
tially important to develop new materials such as electro
and electro-optic thin films made by chemical vapor depo
tion and pulsed laser deposition.18 It is well known that the
electronic properties of pure carbon and silicon clusters
quite different from each other and that properties of b
types of clusters have strong dependence on their size
structure. However, the effect of stoichiometry on the str
ture and properties of mixed silicon carbide clusters is
well known. Understanding the variability of structure a
spectroscopic properties silicon-carbon clusters with stoi
ometry is important for applications of silicon-carbon clu
ters. Their structures and chemistry are also of fundame
interest to understand the nature of the chemical bonds in
clusters12,19,20and the effects of doping21 and of substituting
silicon atoms in the more stable carbon clusters.

This article reports the photoelectron spectrum of Si2C3
2

as well as the level of theory necessary to accurately desc
the electronic structure of Si2C3 isomers. Although there
have been many studies on pure carbon or silic
clusters,22–28fewer experimental and theoretical studies ha
been done for silicon carbide clusters. In the last few ye
Si2C3 has been the subject of several experimental and
oretical investigations. Grahamet al.29 carried out Fourier
transform infrared measurements of Si2C3 trapped in a solid
argon matrix and, in conjunction withab initio calculations
by Rittby,30 identified two fundamental vibrations: th
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C5C stretching moden3(su)51955.2 cm21 and the Si–C
stretching moden4 (su)5898.9 cm21 of the centrosymmet-
ric linear Si–C–C–C–Si configuration. Saykallyet al.31

characterized then3(su) band of linear Si2C3 by infrared
spectroscopy. In addition, Nakajimaet al.32 carried out anion
photoelectron spectroscopy on various cluster sizes
SimCn , but due to low resolution, only vertical detachme
energies were accurately reported. Theoretical studies h
been done and have mainly focused on determination
structure and vibration spectra with eitherab initio Hartree–
Fock ~HF!30,33–35or Density Functional Theory~DFT!12,18,19

calculations.
Also, directly relevant to the photoelectron spectrum

Si2C3
2 is the C5

2 threshold photodetachment study report
by Kitsopoulos et al.36 In their investigation, the author
showed that C5

2 is a linear molecule with a2P1/2,3/2 ground
state, with a 22 cm21 spin-orbit splitting. They also show
that the photodetachment threshold region contains subs
tial contributions from sequence bands of the lowest f
quency skeletal bending mode,n7. The frequency of this
mode in the neutral is;100 cm21, and about twice this value
in the anion. They also find the C5a 3Pg state lying;0.25
eV above theX 1Sg ground state.

In this paper, details on Si2C3 are reported from photo
electron spectroscopy experiments. Motivated by the exp
mental observations, Si2C3 clusters were studied using HF
DFT, and Multi-Configuration Self-Consistent Field~MC-
SCF! calculations. The lower energy structures of the Si2C3

isomers for both singlet and triplet states were first de
mined. Then the electronic structure of the most stable c
trosymmetric linear structure was calculated to accura
model the vibration spectra and electron affinity as compa
to experimental results.

w,
1 © 2002 American Institute of Physics
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II. METHODS

A. Experiment

SimCn anions are formed by using a cold cathode d
charge. In this experiment, the cathode is a silicon carb
rod with a 5 mmdiameter~Goodfellow Corporation!. Clus-
ters are sputtered from the cathode with a dc discharge in
presence of a mixture of 10–15% of argon in a helium buf
gas when Ar1 is accelerated towards the negatively bias
cathode.37,38 The cathode voltage is approximately 2300
with respect to grounded flow tube. The experiment can
performed at room temperature yielding a vibrational te
perature of;300 K or under liquid nitrogen cooled cond
tions that lower the vibrational temperature to;180 K. De-
tails of the negative ion photoelectron spectrometer use
this study have been published elsewhere.39

Multiple species of varying masses are made from
sputtering source. All anions are extracted and accelerate
735 eV before being mass selected using a Wien filter. C
rents of a few picoamperes of mass selected anions w
produced during our experiments and were very depen
on the ion stoichiometry and flow tube temperature. The
beam is decelerated to 40 eV prior to interacting with the 3
nm line from an argon ion laser. The electron-kinetic ene
of the detached electrons is monitored with a hemispher
analyzer and a position sensitive detector, located perp
dicular to the plane formed by the laser and ion beams.
effective resolution is 8 meV, and the absolute energy
narrow peaks in the spectrum can be determined to an a
racy of better than 5 meV via comparison with the est
lished atomic oxygen photoelectron spectrum.40 Spectra
were collected at three different laser polarization angles~U!
with respect to the direction of the collected electrons:
54.7°, and 90°~parallel, magic angle, and perpendicular!.41

B. Computation

A variety of isomeric forms of Si2C3 clusters, six linear
structures and eight nonlinear structures, were fully o
mized usingab initio Hartree-Fock~HF! and DFT methods
for both ground singlet (S0) and triplet (T0) electronic
states. In DFT calculations Becke’s three-parameter hy
functional using the LYP correlation functional~B3LYP!42–44

was employed. Dunning’s correlation consistent double-z
basis~cc-pVDZ! set45 was used for both HF and DFT calcu
lations. Vibration frequencies of all the species were co
puted at the same level of theory to verify that these str
tures were local minima or transition states.

Further calculations were made for the centrosymme
Si–C–C–C–Sicluster, which has the lowest energyS0 state
among all the isomeric configurations. For the ground s
neutralS0 species and the anionic cluster in the ground d
blet (D0) state, the structures and vibration frequencies w
optimized at B3LYP/cc-pVDZ level. The electron affinit
~EA! was calculated by single point B3LYP calculations f
neutral and anion cluster based on the structure optimize
B3LYP/cc-pVDZ, using basis sets aug-cc-pVTZ46 and
aug-cc-pV5Z,47 which were augmented with the diffus
functions and triple and quintuple split for the valence sh
Downloaded 26 Mar 2002 to 128.138.107.158. Redistribution subject to 
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The zero-point energy corrections obtained at B3LYP/
pVDZ were accounted in the EA.

The DFT calculations were compared with HF, MP2 a
MCSCF ab initio calculations, using the experimental ele
tron affinity as a measure of the quality of the calculatio
The structures and vibration frequencies of the neu
~closed and open shell! and anionic cluster atS0 , T0 , andD0

states were also computed using these methods. For
MCSCF/cc-pVDZ calculations, both single and double ex
tation configuration interaction~CI! effects were considered
in an active space of 20 valence electrons~21 for anion! in
20 orbitals. Next, Complete-Active-Space,@CAS ~8-in-10!#
MCSCF calculations were conducted with an active sp
made from eightp electrons distributed in tenp orbitals
~four occupied and six virtual orbitals! with full CI in the
space. Based on the optimized structures, some single p
calculations with larger basis sets or higher levels of the
were carried out to obtain improved EA predictions. Spec
cally the CAS~8-in-10!/aug-cc-pVDZ and the second orde
Multi-Configuration Quasi-Degenerate Perturbation The
~MCQDPT2! calculations that are based on CAS~8-in-10!/
aug-cc-pVDZ reference wave functions were carried o
The calculations were carried out withGAUSSIAN 9848 and
GAMESS49 computational chemistry packages.

III. RESULTS

A. Photoelectron spectra

The sputter ion source provided up to 10 pA of Si2C3
2 ,

enabling collection of photoelectron spectra both at ro
temperature and with the flow tube cooled to 180 K. The 3
nm negative ion photoelectron spectrum of Si2C3

2 obtained
with magic angle collection and with the flow tube cooled
shown in Fig. 1. The spectrum consists of nine identifia
transitions from the ground state of the anion to two differe
electronic states of the neutral. Peaks A–G arise from tr
sitions from the anion ground state to the neutral singlet s
of the linear Si– C3– Si isomer. The fact that virtually all o
the vibration intensity is in peak A indicates that there is lit
change in the geometry of the cluster upon detachment o
electron from the anion, in agreement with theoretical cal
lations on the structures and geometries as discussed in S

FIG. 1. The 364 nm photoelectron spectrum of Si2C3
2 taken at 180 K.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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III B and III C. All of the peaks are broader than would b
expected for a single vibronic transition subject to rotatio
broadening, and, indeed, peaks A–D show evidence o
doublet structure with comparable intensity in each com
nent and a spacing between the doublets of about 8.5 m
making them just barely resolvable with our apparatus. F
ther, temperature dependence studies show that at room
perature, the doublet structure is almost undetectable and
peak broadens asymmetrically to lower binding energy,
dicative of the presence of hot bands. As discussed later
60~30! cm21 doublet corresponds to the spin-orbit splitting
the anion, and the broadening arises from sequence b
(Dv50,62,..) involving the lowest frequency anio
p-bending mode,n7, analogous to the behavior observed
Kitsopouloset al.36 in C5

2 . The congestion is even worse,
a consequence of the substantial difference between the
ion and neutraln7 vibrational frequencies. Each of the pea
in the spectrum was fit to a Gaussian form; rotational p
shifts make a minor contribution to the overall uncertainty
the electron binding energy. The major uncertainties a
from the partially resolved vibration sequence bands and
spin-orbit coupling. The high binding energy component
the peak A doublet corresponds to the adiabatic EA of lin
Si– C3– Si, 1.76660.012 eV. The remaining peaks A-G~all
doublets! could be fit with two active vibrations, with fre
quencies of 490625 cm21 and 1520625 cm21. The assign-
ment of these frequencies to specific modes will be prese
in the discussion.

Two weak peaks, H and I, appear too far above the
gin ~;0.5 eV! to be vibrational components of theX 1Sg

ground state. While they might correspond to formation of
electronically excited state of the linear conformer, the v
low intensity suggests that this is not the case. Peak H is
origin transition, with a binding energy of 2.24
60.020 eV, and lies 0.48060.012 eV above the groun
state. Peak I lies 420~25! cm21 higher, and presumably cor
responds to an active vibrational mode. Based upon all av
able evidence, we suggest that peaks H and I may arise
transitions involving the nonlinear structure, NL1, shown
Fig. 2. Details of all assignments are discussed in Sec. I

Photoelectron angular distributions were obtained in
der to provide additional information on the origin of th
features in the spectrum. The angular distributions of all tr
sitions are essentially isotropic, giving an asymmetry para
eterb value of zero.41 This result is consistent with~but does
not prove! the interpretation that the detached electron com
from a p orbital, similar to the photoelectron spectrosco
studies of other SimCn anions.50

B. Structures of Si 2C3 isomers

Six linear and eight nonlinear isomers of Si2C3 with
relative energies ranging from 0–12 eV were optimized
both first singletS0 and tripletT0 states~see Table I!. The
structures are shown in Fig. 2 and the geometric parame
and relative energies are listed in Tables II and III. It h
been previously shown in both theoretical19,30 and
experimental29,31,32 studies that the centrosymmetric line
structure Si–C–C–C–Si~L1! at 1Sg

1 is the ground state o
Downloaded 26 Mar 2002 to 128.138.107.158. Redistribution subject to 
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Si2C3 . Our calculations using HF/cc-pVDZ and B3LYP/cc
pVDZ agree with this observation. Generally, HF/cc-pVD
and B3LYP/cc-pVDZ calculations are consistent with ea
other for predictions of structures and their energy ord
although in most cases the latter gives higher relative e
gies. Compared to the structure of L1 calculated by Rittby30

HF calculations with cc-pVDZ basis sets and DZP basis s
result in almost identical C–C and Si–C bond lengths. T
B3LYP/cc-pVDZ structure is comparable to Rittby
MBPT~2!/DZP structure except for smaller bond distanc
~1.704 Å versus 1.720 Å for the Si–C bonds and 1.297
versus 1.308 Å for the C–C bonds!, which are closer to
coupled cluster predictions by Botschwina~1.686 Å and
1.289 Å!.19,30

In Fig. 2, L1 to L6 include all possible linear structure
that the Si2C3 cluster can have. The L1 linear structure h
the lowest energy in as expected from the following tw
observations:~1! the greater strength of C–C bonds as co
pared to the Si–C or Si–Si bonds and~2! the stabilization of
–Cn– groups with double bonds such as –C3– subgroup in
the middle of the Si2C3 carbon cluster. Reasoning from th
explanation for L1, the higher energies of the other line
clusters, L2 to L6, can also be understood. In the L2 str
ture, the –C3– subgroup is broken and the energy therefo
is increased to 2.1 eV at HF/cc-pVDZ level and 2.8 eV
B3LYP/cc-pVDZ level. In L3, not only does the –C3– sub-
group no longer exist, but also the weak Si–Si bond furt
reduces the stability. In the L3 cluster, as well as in the r
of the linear clusters, the open-shellT0 structure is more

FIG. 2. Si2C3 isomer structures optimized using both HF/cc-pVDZ a
B3LYP/cc-pVDZ levels of theory. Geometries and energies are given
Table I and Table II.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. Structural parameters and energetics of linear isomers of Si2C3 cluster.

Isomer

Bond Length Parameter, Å Relative Energy, eV

HF DFT HF DFT

S0 T0 S0 T0 S0 T0 S0 T0

L1 Sym. D"h D"h D"h D"h 0.000 1.586 0.000 1.530
Si1– C2 1.672 1.739 1.704 1.763
C2– C3 1.287 1.282 1.297 1.296

L2 Sym. C"h C"h C"h C"h 2.127 4.269 2.770 6.354
Si1– C2 1.671 1.866 1.695 1.750
C2– Si5 1.649 1.670 1.675 2.024
Si5– C3 1.667 1.667 1.687 1.750
C3– C4 1.262 1.264 1.282 1.293

L3 Sym. C"h C"h C"h C"h 4.230 3.446 4.614 4.016
Si1– Si5 2.127 2.156 2.169 2.233
Si5– C2 1.717 1.760 1.718 1.725
C2– C3 1.278 1.248 1.294 1.291
C3– Si4 1.285 1.341 1.304 1.317

L4 Sym. C"h C"h C"h C"h 5.920 4.534 4.757 5.108
Si1– C2 1.702 1.719 1.745 1.772
Si1– C3 1.751 1.783 1.748 1.761
C3– C4 1.251 1.223 1.274 1.263
C4– Si5 1.714 1.847 1.740 1.793

L5 Sym. D"h C"h D"h D"h 10.116 8.807 9.810 9.424
Si1– C2 1.791 1.800 1.770 1.806
Si1– C3 1.660 1.658 1.700 1.698
C3– Si5 1.652
Si5– C4 1.823

L6 Sym. C"h C"h C"h 12.635 7.224 6.815
Si1– C2 1.594 1.846 1.743
Si1– Si5 2.074 2.102 2.162
Si5– C3 1.679 1.672 1.689
C3– C4 1.267 1.269 1.290
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stable than the closed-shellS0 structure; it has energy highe
by 3.4 eV and 4.0 eV at HF and DFT levels, respective
Following the same principle, the further decrease of ins
bility from L4 to L6 can be readily rationalized. In order t
check whether the structures are local minima or transi
states, vibrational frequencies were calculated for each o
linear clusters. Except for L1, all theS0 structures are tran
sition states~L5 is a secondary transition state structur!.
Most T0 structures are transition states~L2 is in the second-
ary transition state! and only L3 and L4 have local minimum
structures.

Seven nonlinear Si2C3 isomers were previously opti
mized at the HF/6-31G~d! level.30 In this work, the structures
of these nonlinear isomers were recalculated at both HF
pVDZ and B3LYP/cc-pVDZ levels of theory. The result
shown in Table II, are in good agreement with the previo
work. In addition, a cyclic structure~NL5! was identified for
which both S0 and T0 states have transition structures,
verified by vibration frequency calculations. Among th
eight isomers, five of them have planar structures with C2v
symmetries. Among all the nonlinear isomers, NL7 has hi
est symmetry (D3h) while NL4 has the lowest~C1 at S0 and
Cs at T0!. For isomers from NL1 to NL5,S0 states have
lower relative energies by an amount in the range of 1.5
r 2002 to 128.138.107.158. Redistribution subject to 
.
-

n
he

c-

s

-

V

to 2.5 eV. For isomers from NL6 to NL8,T0 states have
lower energy and the relative energies increase rapidly fr
3.5 eV to approximately 10.0 eV.

C. The centrosymmetric linear cluster

The geometry of the L1 cluster was fully optimize
without assumed symmetry, using different methods incl
ing HF, MCSCF, CAS, and B3LYP all with cc-pVDZ basi
sets. The structure parameters found are listed in Table III
HF level of theory, we obtained bond lengths of 1.672 Å f
Si–C bonds and 1.287 Å for C–C bonds, which are nea
identical to Rittby’s calculations30 at the HF/DZP level of
theory, but differ slightly from their HF/6-31G~d! results
~1.66 Å and 1.28 Å!. The DFT B3LYP, MCSCF~20,20! and
CAS~8,10! optimizations results give similar bond length
which are consistent with the MBPT~2!/DZP30 structure
~1.720 Å and 1.308 Å!. Comparing these DFT and post-SC
geometries with the HF geometry, it is clear that calculatio
lacking electron correlation corrections underestimate b
Si–C and C–C bond lengths in this silicon-carbide cluste

The total electronic state has1Sg
1 symmetry. The phase

patterns of the valence shell molecular orbitals~occupied and
virtual! obtained with HF methods are shown in Fig. 3. T
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE II. Structural parameters and energetics of nonlinear isomers of Si2C3 cluster.

Isomer

Bond length parameter~Å! Relative energy~eV!a

HF DFT HF DFT

S0 T0 S0 T0 S0 T0 S0 T0

NL1 Sym. C2v C2v C2v C2v
1A1

3A2
1A1

3A2

Si1– C2 1.732 1.876 1.751 1.884 1.502 1.703 1.919 2.66
C2– C3 1.431 1.403 1.444 1.419
C3– C4 1.436 1.467 1.453 1.495
C3– Si5 1.813 1.836 1.846 1.873

NL2 Sym. C2v C2v C2v C2v
1A1

3B2
1A1

3B2

Si1– C2 2.048 1.874 2.045 1.896 1.630 1.910 1.840 2.42
Si1– C3 1.726 1.619 1.768 1.619
C2– C3 1.463 1.895 1.469 1.902
C3– C4 1.404 1.288 1.426 1.320

NL3 Sym. C2v C2v C2v C2v
1A1

3B2
1A1

3B2

Si1– C2 2.060 2.188 2.091 2.147 1.697 2.376 2.428 3.09
Si1– C4 1.740 1.809 1.764 1.840
C2– C3 1.271 1.290 1.289 1.311
C3– C4 1.586 1.413 1.562 1.422

NL4 Sym. C1 Cs C1
1A1

3A9 1A1

Si1– C2 2.036 1.846 2.011 1.815 3.771 2.228
Si1– C3 1.805 1.829 1.845
Si5– C3 1.777 1.755 1.696
Si5– C4 1.921 1.946 1.915
C2– C4 1.284 1.242 1.307
C3– C4 1.741 1.903 1.696
Si1– Si5 3.261 3.470 3.289

NL5 Sym. C2v C2v C2v C2v
1A1

3B1
1A1

3A2

Si1– C2 1.779 1.823 1.800 1.823 2.040 5.119 2.546 4.79
Si1– C3 1.997 1.884 2.019 1.900
C3– C4 1.240 1.242 1.263 1.267

NL6 Sym. C2v C2v C2v C2v
1A1

3B2
1A1

3B2

Si1– C2 2.025 1.927 2.058 1.969 4.228 3.506 4.373 3.76
Si1– C4 1.861 2.159 1.916 2.164
C2– C3 2.111 1.905 2.158 2.005
C2– C4 1.447 1.428 1.438 1.436

ML7 Sym. D3h D3h D3h D3h
1A18

3A18
1A18

3A18
Si1– C2 1.849 1.986 1.875 1.965 8.029 6.497 6.169 5.44
C2– C3 2.176 1.525 2.276 1.595

NL8 Sym. C2v C2v C2v C2v
1A1

3B2
1A1

3B1

Si1– C2 1.796 1.796 1.821 1.741 10.091 7.189 10.907 9.87
Si1– C3 1.959 1.733 1.853 1.864
C3– Si5 1.803 1.848 1.790 1.804
Si1– Si5 2.266 3.001 2.443 2.788

aBased on the ground-state energy of centrosymmetric linear Si–C–C–C–Sicluster.
on

n
s

-
al

t
on

was
molecular orbitals included in the active space calculati
are indicated there. There are four occupiedp orbitals ~two
bonding and two antibonding!, all located on the C3 sub-
group. There is littlep bonding between silicon and carbo
atoms. Thep-type p electrons on both of the silicon atom
form electron lone pairs insp-type s orbitals. Table IV lists
the hybridization analysis, proposed by Raghavachari51 and
adopted by Gomei52 for SiCn clusters, applied to the ground
state geometry of the centrosymmetric structure. The an
sis shows that silicon atoms tend to besp hybridized, while
C atoms are inclined towardssp2 hybridization, consisten
with our calculated molecular orbitals. The fact that a silic
r 2002 to 128.138.107.158. Redistribution subject to 
s

y-

TABLE III. The bond lengths~Å! of the centrosymmetric linear Si2C3 mol-
ecule in several electronic states.

HFa B3LYP MCSCF~20, 20! CAS~8, 10!

S0 state Si1– C2 1.672 1.703 1.695 1.700
C2– C3 1.287 1.297 1.304 1.295

T0 state Si1– C2 1.749 1.763 1.760 1.758
C2– C3 1.284 1.296 1.301 1.294

D0 state Si1– C2 1.689 1.719 1.718 1.722
C2– C3 1.295 1.304 1.310 1.302

aAt D0 state a nonsymmetric linear structure which has lower energy
also optimized with HF/cc-pVDZ method. The bond lengths are: Si1– C2

51.760 Å, C2– C351.252 Å, C3– C451.341 Å, C4– Si551.652 Å.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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terminated centrosymmetric linear cluster has lowest ene
for Si2C3 clusters is consistent with the nature of silico
atoms to bond with lesssp hybridization rather than making
multiple bonds with carbon, as Gomei observed for Sn
clusters.

There are seven normal vibrational modes in the gro
state of Si2C3 . Table V lists calculated and experiment
harmonic vibration frequencies and their relative infrared
tensities. Among these normal modes,n1 andn2 correspond
to IR inactive symmetric stretching vibrations. Then3 andn4
modes are related to the antisymmetric stretching vibratio
Vibrational modesn5, n6 andn7 are bending modes, wher
n5 hasg symmetry and is IR inactive. Computed vibratio
frequencies for the centrosymmetric anion are problem
because partially filled degenerate electron orbitals h

FIG. 3. ~Color! Valence shell molecular orbital phase patterns~occupied and
virtual! obtained with HF methods. Molecular orbitals included in~CAS!
active space calculations are indicated.
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symmetries inconsistent with some vibration symmetries
particular, computed bending modes in thex-zandy-zplanes
for the anion that should be degenerate are not. Howeve
is worthwhile to note that average estimates ofn7 for the
anion@100~67! and 107~67! cm21 by B3LYP/cc-pVDZ and
CAS~8, 10!/cc-pVDZ, respectively# are similar to values for
n7 calculated for the neutral cluster.

We find, generally, that there is little difference in stru
ture between the anion doublets and corresponding neu
for small SiC clusters, a result consistent with their pho
electron spectra. For all computational methods, except
HF, the anionic cluster of C3Si2 retains a centrosymmetri
linear geometry as shown in Table III. For the HF meth
both centrosymmetric and nonsymmetricD0 C3Si2 structures
were optimized. Although the nonsymmetric HF optimiz
structure is 0.19 eV lower in energy, it is believed the ce
trosymmetric isomer reflects the real structure as predic
by all correlation-correction methods.53 Moreover, when
both centrosymmetric and nonsymmetric structures are u
to do MP2/cc-pVDZ single point calculations, the ce
trosymmetric structure gives a lower energy by 0.27 e
Overall the structural changes from the linear neutral clus
to the anionic one are very small. For all of our calculatio
forming the anion caused the Si–C and C–C bonds to
crease by about 0.02 Å and 0.01 Å, respectively. As show
the Table IV, in the anion the extra charge distributes
largest portion on silicon atoms and a smaller part on
middle carbon atom, while the carbons next to silicon ato
become slightly positive. This is consistent with the molec
lar orbital analysis, which shows that the electron goes t
pg type LUMO of the neutral cluster and that occupation
p orbitals on silicon atoms increase. All three methods
MCSCF, B3LYP, and HF—predict the similar charge dist
bution patterns; however, the pattern from the HF calculat
differs markedly from methods that include electron corre
tion corrections. For example, the positive charges on th
atoms next to the Si atoms calculated with HF are twice
large as those calculated with MCSCF and B3LYP. The m
of the difference in total charge density between doublet
singlet electronic states shown in Fig. 4 further confirms t
the B3LYP and MCSCF give comparable electron structur
while the HF method forecasts a significantly different ele
tronic structure.

TABLE IV. Hybridization analysis for ground-state Mulliken charges
different states and extra electron distribution in the anionic cluster.

Method Atom
Hybridization

(S0)

Mulliken charges
Extra electron
distributionS0 T0 D0

MCSCF Si1 s2.01p1.99 0.218 0.136 20.261 20.479
~20,20! C2 s1.39p2.61 20.561 20.486 20.521 0.040

C3 s1.57p2.43 0.686 0.693 0.564 20.122
B3LYP Si1 0.116 0.076 20.369 20.485

C2 20.558 20.516 20.523 0.035
C3 0.882 0.881 0.782 20.100

HF Si1 0.271 0.173 20.243 20.514
C2 20.650 20.521 20.567 0.083
C3 0.758 0.697 0.620 20.138
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE V. Vibration frequencies~cm21! and relative IR intensities of Si2C3 centrosymmetric linear cluster calculated at different levels of theory.

Method n1(sg) n2(sg) n3(su) n4(su) n5(pg) n6(pu) n7(pu)

HF/cc-pVDZ Frequencies 1712 509 2115 998 186 637 80
Relative intensities 0.00 0.00 100.00 5.08 0.00 0.50 0.10

B3LYP/cc-pVDZ Frequencies 1577 466 2052 904 206 580 84
Relative intensities 0.00 0.00 100.00 9.05 0.00 0.67 0.14

CAS~8,10!/cc-pVDZ Frequencies 1617 473 2105 929 220 568 108
Relative intensities 0.00 0.00 100.00 5.29 0.00 0.82 0.10

MBPT~2!/DZPa Frequencies 1527 442 2082 869 210 519 85
Relative intensities 0.00 0.00 100.00 5.77 0.00 0.77 0.19

Experimentb Frequencies 1955
~1968!c

899

Relative intensities 100.00 7.00

Experimentd Frequencies 1520625 490625

aRittby ~Ref. 30!.
bAr matrix ~Ref. 29!.
cGas phase~Ref. 31!.
dThis article.
rs
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The spin-orbit coupling between ground state and fi
excited state for the linear anion was estimated to be 5
cm21, using state-averaged CASSCF~3,5!/cc-pVDZ. Using
CIS/cc-pVDZ calculations, the excitation energy fro
ground2P state to first2S state is estimated to be 3.19 e
much larger than the firstp-p excitation energy of 0.69 eV
Downloaded 26 Mar 2002 to 128.138.107.158. Redistribution subject to 
t
.5
IV. DISCUSSION

The primary peaks in photoelectron spectrum shown
Fig. 1 can be readily fit using a standard Franck–Cond
modeling with two active vibrational modes. However, su
a fit does not appropriately account for the breadth of
FIG. 4. ~Color! Difference in total charge density between doublet and singlet electronic states for different levels of theory.
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individual peaks, nor does it account for the observed te
perature dependence of the peak shapes. It is possib
obtain a reasonable fit to the observations using several m
els:

~i! The anion might have a totally symmetric vibration
mode with a frequency of;100 cm21 and a large
~;250 cm21! spin-orbit splitting.

~ii ! The anion might have a low frequency non-tota
symmetric vibrational mode~i.e., thepu bends! with
sufficiently different frequency in the neutral that th
(Dv5even) photodetachment selection rule, toget
with sequence bands, produces the observed p
shape.

~iii ! The anion spin-orbit splitting might be comparable
the observed peak width, with unresolved vibratio
giving rise to the temperature-dependent broadeni

Each of these possibilities allows the choice of sets
parameters in the Franck-Condon fitting routine39 that give a
satisfactory fit to the observations. However, only model~iii !
is consistent with all that is known about Si2C3 and Si2C3

2 .
Model ~i! could fit the observations if an;80 cm21 totally
symmetric vibration mode is assumed for the anion; the lo
est frequency totally symmetric vibration mode is arou
500 cm21, making this model untenable. Model~ii ! presents
more possibilities as then7 bending mode will be a low
frequency, non-totally symmetric vibration mode in the a
ion, and the frequency of this mode should be much lowe
the neutral. It is possible to fit the observations with an an
frequency of 100–200 cm21, but with the neutraln7 being
80 cm21 lower. TheC5

2 experiments of Kitsopouloset al.36

found just this circumstance, but with the anionn7 frequency
being 200 cm21, a frequency difference of 90 cm21. Given
the larger mass of Si and the reluctance of Si to fo
p-bonds, both then7 frequency and the difference in SiC
CCSi is substantially less than in C5 . Thus,n7 alone cannot
produce the observed broadening.

Model ~iii !, however, provides a consistent interpre
tion. Each of the peaks A-G in the spectrum has the app
ance of a doublet. While poorly resolved, the doublets can
fit with a splitting of 60~30! cm21. The uncertainty arises
from the largely unknown and unresolved hot band com
nents on each component. This splitting is completely c
sistent with the calculated 58 cm21 splitting reported here
This splitting must be present in the spectrum, and provi
a constraint in the fit. However, all that can be conclud
concerning then7 mode is that it has a relatively low fre
quency to provide the observed temperature effect. The fi
experimental parameters, then, are two vibrational frequ
cies, 490 cm21 and 1520 cm21, and an anion2P spin-orbit
splitting of 60~30! cm21.

The experimental spectrum with the simulation is d
played in Fig. 5. The vibrational frequencies are in go
agreement with those calculated for the lowestsg modes,n2

and n1 . These frequencies from B3LYP/cc-pVDZ an
CAS~8,10!/cc-pVDZ are 466 and 1577 cm21, and 473 and
1617 cm21, respectively~Table V!. Hartree–Fock level cal-
culations yield higher frequencies for most of the bands,
if they are conventionally scaled~e.g., with a 0.8929 scaling
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factor for HF/6-31G~d! frequencies!, frequencies close to ex
perimental values are obtained. Similarly, both the exp
mental and theoretical frequencies presented here agree
with previous MBPT~2!/DZP30 calculations and experimen
tal observations.29,31 Non-Franck–Condon modes in linea
species were observed in previous experiments,36,54 includ-
ing smaller size silicon carbide clusters50 and in the analo-
gous case ofC5

2 , for which such vibrations constituted36 a
major component of the spectrum.

Vibration frequencies calculated by both B3LYP/c
pVDZ and CAS~8,10!/cc-pVDZ, which are not observed in
the photoelectron spectrum, also are in good agreement
previous work.29,31For the two most intense vibration band
n3 and n4, B3LYP calculation gives closest values to th
experimental results~Table V!. Normal mode analysis indi-
cates that then3 mode, which dominates the infrared~IR!
spectrum, is mainly the antisymmetric C–C stretching of3

subgroup involving little displacements for silicon atom
The n4 band comes from the Si–C antisymmetric stretch
mode and its absorption is related to then3 band as experi-
mentally observed.29 The calculated IR intensity ratio fo
n4/n3 at B3LYP level is 0.09, which compares well with th
experimental IR value of 0.07. Similar to the B3LYP calc
lation, CAS~8,10! computed frequencies and relative inten
ties are also in good agreement with experimental value

The electron affinity is the experimental parameter
silicon carbide clusters that is most difficult to accurate
predict theoretically. The binding energy of Peak A in t
experimental spectrum indicates that the adiabatic elec
affinity of linear Si2C3 is 1.76660.012 eV, significantly
more accurate than the 1.560.1 eV reported by Nakajima
et al.32 In calculations reported here, the electron affinity
determined as the energy difference between the energie
the neutral cluster and the anionic cluster, including ze
point energy corrections obtained from the calculated h
monic vibrational frequencies. To systematically search
the most suitable method for predicting EA for these cluste

FIG. 5. The ground-state portion of the Si2C3
2 photoelectron spectrum~dots!

and a Franck–Condon simulation of the spectrum using calculated a
and neutral structures~solid line!. The simulation assumes a 60 cm21 spin-
orbit splitting in the anion, and 490 and 1520 cm21 active vibrational modes
in the neutral.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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we evaluated effects of the level of theory and also the s
of the basis sets. Comparisons of calculated and experim
tal EA are listed in the last column of Table VI. The fact th
the EA calculated using the HF/cc-pVDZ centrosymmet
structure lies 0.637 eV below the experimental value
1.766 eV indicates that electron correlation plays a criti
role in the determination of EA’s of silicon-carbide cluste
The single point MP2/cc-pVDZ calculations largely a
counted for electron correlation, and the calculated EA
creased significantly, to 1.334 eV. It is known that the el
tron correlation correction is surprisingly well compensa
by the B3LYP parameterization and this conclusion is furt
supported by our EA calculations. The EA calculated
B3LYP/ccp-pVDZ is 1.512 eV, in even better agreement w
the experimental value. Enlarging the basis sets by augm
ing with diffuse functions and increasing the splitting of t
valence shell further improves the EA, as demonstrated
single point B3LYP calculations with aug-cc-pVTZ and au
cc-pV5Z basis sets. It is impressive to observe that
B3LYP/aug-cc-pV5Z single point calculation gives an EA
1.742 eV, only 1.5% below the experimental result.

When multiconfiguration CI methods like MC
SCF~20,20! and CAS~8,10! were used, the calculated E
values fall in approximately the same range as HF calc
tions, as shown in Table VI. Augmenting the cc-pVDZ ba
sets with a diffuse function improves the EA value som
what, but it is still about 47% less than the experimental E
This result can be understood by differences in reproduc
static and dynamic correlation. Static correlation is primar
corrected in multiconfiguration CI methods, but the dynam
correlation, which has important effects on EA calculatio
is not appropriately reproduced. Dynamic correlation can
adequately corrected by applying multistate and multire
ence perturbation theory, such as the MCQDPT2 meth
Table VI shows that the single point MCQDPT2~8,10!/aug-
cc-pVDZ calculations bring post-HF EA value up from 0.93
eV for CAS~8,10!/aug-cc-pVDZ calculations to 1.926 eV

TABLE VI. The relative energies and electronic affinity of the Si2C3 cen-
trosymmetric linear cluster calculated at different levels of theory. All en
gies are in units of eV.

Calculations S0 T0 D0 EAa

HF/cc-pVDZ 0.000 1.586 20.675
~20.868!b

0.637
~0.901!b

MP2/cc-pVDZ//
HF/cc-pVDZ

0.000 1.738 21.372
~21.102!b

1.334
~1.135!b

B3LYP/cc-pVDZ 0.000 1.530 21.474 1.512
B3LYP/aug-cc-pVTZ//
B3LYP/cc-pVDZ

0.000 1.865 21.651 1.689

B3LYP/aug-cc-pV5Z//
B3LYP/cc-pVDZ

0.000 21.704 1.742

MCSCF~20,20!/cc-pVDZ 0.000 1.395 20.553 0.594
CAS~8,10!/cc-pVDZ 0.000 1.676 20.743 0.784
CAS~8,10!/aug-cc-pVDZ 0.000 20.896 0.937
MCQDPT2~8,10!/Aug-cc-pVDZ//
CAS~8,10!/cc-pVDZ

0.000 21.885 1.926

Experimentc 1.766

aEA5DE(S02D0)1DZPE(S02D0).
bNon-symmetricD0 structure was used.
cThis article.
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which is only 9% higher than the experimental value. Gom
et al.52 calculated EA’s of SiCm (m52 – 5) clusters with
MP4/6-31G~d! and CCSD~T!/aug-cc-pVDZ methods. While
their calculations were in agreement with the earlier32 experi-
mental observations, the error of their calculations w
greater than60.11 eV.

The structure parameters in Table III show that ROH
B3LYP, MCSCF~20, 20! and CAS~8,10! calculations all pre-
dict a similar centrosymmetric linear geometry as the grou
S0 state. For theT0 state, DFT and post SCF methods pred
longer bond lengths for Si–C and C–C bonds than does
HF method. InT0 , the Si–C bonds stretch about 0.06
while the C–C bond does not change, with respect to
values for theS0 state. Table VI shows the relative energi
of different electronic states calculated for the cluster. T
cluster at theT0 state has a calculated energy about 0.9–
eV higher than energy of theS0 state depending on the ca
culation methods. The HF method gives lowestT0 energy
while the CAS~8,10! calculation produces the highest on
The methods that compensate for correlation~B3LYP, MC-
SCF~20,20!, and CAS~8,10!! result in T0 energies ranging
from 1.4 eV to 1.9 eV. Increasing the quality of the basis
seems to increase the singlet-triplet gap. The splitting va
obtained at B3LYP/aug-cc-pVTZ//B3LYP/cc-pVDZ level i
about 0.3 eV higher than the same value obtained at
B3LYP/cc-pVDZ/B3LYP/cc-pVDZ level.

These results suggest that the second vibrational
gression of peaks~peaks H and I! observed in the experimen
tal spectrum, which appear 0.480~0.003! eV above the
ground state origin, donot arise from the triplet state of the
L1 isomer. In addition, photodetachment of SiCCCSi2 pro-
ducing the lowest triplet state should have a cross sec
comparable to that for producing the ground state molec
We observe a cross section some 30 times smaller, with
indication that the Franck–Condon overlap is particula
poor. Furthermore, we can rule out the possibility that t
band originates from contaminating anions of similar ma
like CSi3

2 or C5Si2, that could not be completely resolve
by our Wien filter~resolution'40!, since photodetachmen
of these species does not produce photoelectrons in
range of binding energies.50,55 Based upon this logic, a plau
sible assignment of peaks H and I is to transitions betw
the T0 state of Si2C3 and theD0 state of Si2C3

2 having the
NL1 geometry shown in Fig. 2. The assignment is bolste
by noting that the EA of singlet NL1 is approximately 1.4
eV as determined by DFT calculations at the B3LYP/c
pVDZ level. This level of calculation is observed to system
atically underestimate the EA of SiC clusters by appro
mately 0.1 to 0.2 eV compared to higher level DF
calculations. TheT0 energy of NL1 is 0.744 eV above theS0

energy as obtained from Table II, and when added to the
of singlet NL1, yields a triplet NL1 EA of 2.18 eV. We there
fore attribute the H peak at 2.245 eV to the ground vib
tional state of triplet NL1. Vibration frequency analysis
triplet NL1 using unrestricted B3LYP/cc-pVDZ yields
symmetric mode at 400 cm21 that we attribute to peak I, in
close agreement with experiment. If a second isomer
present in the ion beam giving rise to peaks H and I, the
might well be expected that the intensity of these peaks r

-
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tive to peaks A–G might change as ion source conditions
varied. That is indeed observed. However, the estima
binding energy of singlet NL1 would give a weak featu
that could easily be buried underneath the intense pea
and B. Thus, we lack this ability to confirm this assignme
and can only present it as a plausible possibility. Finally,
note that the H and I peaks also appear to be presen
Nakajima’s lower resolution spectrum.32

V. CONCLUSIONS

The 364 nm photoelectron spectrum of Si2C3
2 has been

recorded and consists of nine features attributed to two
ferent states. From the spectrum, an accurate value of
adiabatic electron affinity for the linear centrosymmetric is
mer is determined to be 1.766~0.012! eV. A progression of
peaks~A–G! is observed and corresponds to various vib
tion states within the singlet state of the linear Si– C3– Si
isomer. A simulation of the experimental spectrum is p
sented from which vibration frequencies have been obtain
These frequencies agree well with those determined theo
cally. A second progression of peaks~H, I! at higher electron
binding energies may arise from transitions to the triplet s
of the nonlinear NL1 structure.

Six linear structures and eight nonlinear structures
Si2C3 were characterized in this work using HF/cc-pVD
and DFT/cc-pVDZ methods. The experimental observat
and theoretical calculation indicate that the centrosymme
linear Si2C3 cluster is the most stable structure. Detailed
vestigation of the electronic structures of the centrosymm
ric linear Si2C3 cluster at different levels of theory reve
that in the ground state with1Sg

1 symmetry, there is littlep
bonding between silicon and carbon atoms. Hybridizat
analysis indicates that the silicon atoms tend towardssp hy-
bridization while carbon atoms are inclined towardssp2 hy-
bridization. This observation is consistent with the fact th
the Si-terminated linear clusters have lower energies.
analysis of the Si2C3 anion reveals very small geometr
changes when compared to the neutral Si2C3 cluster, in
agreement with experiments. A Mulliken charge analy
shows that the largest portion of the extra charge on
anion is distributed largely on the silicon atoms while
smaller portion is distributed on the middle carbon atom. T
carbon atoms bonded to the silicon atoms become slig
positive.

The EA of the centrosymmetric linear Si2C3 cluster was
calculated using several levels of theory and the results w
compared with experimental observations. It was found t
the electron correlation corrections, particularly dynam
correlation corrections, are crucial in determining the EA
silicon-carbide clusters. Neither HF nor MCSCF methods
able to address dynamical correlation, while MP2 and es
cially B3LYP methods compensate for correlation influenc
fairly well. Our best calculation using B3LYP/cc-pV5Z
B3LYP/cc-pVDZ gives an EA of 1.742 eV for which th
error is only 1.5% compared to the observed value. The
culated ground state IR spectra of the Si2C3 cluster are in
good agreement with experimental observations indepen
of the computational method used. For the most importann3
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and n4 vibration bands, B3LYP/cc-pVDZ gives best pea
positions and intensity ratio compared to the experimen
values.
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