
Ab Initio Investigation of Structures and Stability of Si nCm Clusters

Zhen-Yi Jiang,*,†,‡,§ Xiao-Hong Xu,§ Hai-Shun Wu,§ and Zhi-Hao Jin* ,‡

Multidisciplinary Materials Research Center, Xi’an Jiaotong UniVersity, Xi’an 710049, China, State Key
Laboratory for Mechanical BehaVior of Materials, Xi’an Jiaotong UniVersity, Xi’an 710049, China, and
Institute of Material Chemistry, Shanxi Normal UniVersity, Linfen 041004, China

ReceiVed: May 11, 2003; In Final Form: August 19, 2003

Various structural possibilities for SinC and SinC2 (n ) 1-7) neutral and anionic isomers were investigated
using the second-order Møller-Plesset (MP2) approximation at the 6-311+G(d) level. The calculations
predicted the existence of a number of previously unknown isomers (i.e., Si5C2 and Si6C2). We found that the
basis set [6-31G(d)] with the MP2 approximation was too small to explain the photoelectron spectra of SinCm

clusters reasonably. Our present results agree satisfactorily with the photoelectron spectroscopy. The strong
C-C bond is no longer the dominant factor in the building-up principle of mixed Si6C2 neutral and anionic
clusters. The calculated adiabatic electron affinities in their ground states showed that SinCm (n + m ) 3, 6)
clusters are more stable than any others in SinC and SinC2 (n ) 1-7) species, being consistent with the
observed TOF signal intensities. Their stability tends to decrease with the increase in the size of these clusters.

1. Introduction

Silicon-carbon clusters have been of significant interest in
the past few years since the detection of spectral features of
SiC, SiC2, and SiC4 in circumstellar and interstellar environ-
ments.1,2 Space, with its various conditions of density and
temperature, constitutes a real laboratory for understanding the
mechanism of nucleation of both small clusters and grains of
SiC. To understand the building-up mechanism and the nature
of chemical bonding in larger clusters, it is necessary to have a
good understanding of small clusters. Many ab initio calculations
mainly focused on neutral mixed silicon-carbon clusters.3-8

Until now, the structure and electronic state of neutral SinCm (n
+ m < 6) clusters have been theoretically well understood.
However, there exist a number of well-known experimental
procedures9-11 for producing silicon-carbon clusters in the
laboratory. In some variations of mass spectrometric techniques,
the clusters were observed as anionic states. Hence, it is of
interest to undertake a systematic study of the negatively charged
ions of silicon-carbon clusters. It is well known that the
acceptance of an electron would introduce significant distortions
into the corresponding neutral clusters. The structures of neutral
clusters are therefore expected to be less reliable in interpreting
anionic geometries. Nakajima11 proposed the geometries of Sin

Cm
- (n + m ) 3-6) utilizing second-order Møller-Plesset

(MP2) theory without diffuse functions in the basis set.
According to our previous experience, this level is too low to
give reliable results, at least for the energy required to detach
an electron from anions (vertical detachment energy, VDE).
Hunsicker12 performed a combination of molecular dynamics
(MD) and density functional (DF) calculations on the geometric
structures of SinCm (n + m < 9) neutral and anionic species.
Recently, Jiang et al.13 obtained the ground-state structures of

SinCm
- (n + m ) 3-8) with density functional theory at the

6-311G(d) level. However, not all of the results12,13can account
for similarities in the peak positions and their envelopes of
photoelectron spectra11 among Sin+1

- , SinC-, and Sin-1C2
-

clusters (i.e., Si5
- and Si4C-). Hence, more accurate theoretical

calculations are required to explain the photoelectron spectra.11

In the present study, we performed calculations on SinC and
SinC2 (n ) 1-7) neutral and anionic species with standard MP2/
6-311+G(d) methods to provide more reliable ground-state
geometries and relative stability. The charge-induced structural
change in these clusters will be discussed. It is to be noted here
that the reliability of the present calculations will be verified
by a comparison of theoretical results and photoelectron spectra.

The rest of the paper is organized as follows. In section 2,
we give a brief description of the computational method used
in this work. Results, discussion, and stability will be presented
in section 3 for silicon-carbon species. Finally, our conclusions
will be summarized in section 4.

2. Computational Methods

Initial geometrical optimizations were performed at the
B3LYP/6-31G(d) level without any symmetry constraints,
except for those needed to maintain a particular geometry. These
minimized SinCm structures were further optimized using the
MP2/6-311+G(d) method. The fourth-order spin-projected
[MP4(SDTQ)] energy was evaluated to determine the most
stable isomers. Harmonic frequencies were evaluated (at HF/
6-31G(d) forn + m > 5 and at MP2/6-31G(d) forn + m )
3-5) to characterize the stationary points as minima or
transition-state structures on the potential energy surfaces of
corresponding clusters. All of the obtained most stable charged
and neutral SinCm clusters were characterized as energy minima
without imaginary frequencies. Partial charges were given with
Mulliken atomic charges. The first electron affinities of various
clusters were calculated with the adiabatic approximation. All
calculations were carried out using the Gaussian 98 program14

on Dell Precision 650 workstations in our laboratory.
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3. Results and Discussion

3.1. Geometry.Geometric parameters of the lowest-energy
neutral and anionic species are listed in Tables 1 and 2,
respectively. Several equilibrium geometries for energetically
low-lying isomers are presented in Figures 1-6, and the
respective “bonds” are shown for internuclear separations of
less than 2.80 Å (Si-Si), 2.40 Å (Si-C) and 2.00 Å (C-C).
The larger and smaller spheres denote Si and C atoms,
respectively. Total energies are reported in Table 3 for neutral
and anionic clusters.

A. SinC Clusters.The photoelectron spectra11 of SinC- (n )
3-7) clusters are similar to those of pure Sin+1

- clusters in the
peak positions and their envelopes. This similarity indicates that
the substitution of a Si atom by a C atom in Sin+1

- clusters does

not change either the geometrical or electronic structures
substantially. This is attributed to the fact that both C and Si
atoms take a similar valence structure because of the same
family in the periodic table. The structures of Si4

-, Si5
-, Si6

-,
Si7

-, and Si8
- are known to be a rhombus, trigonal bipyramid,

tetragonal bipyramid, pentagonal bipyramid, and deformed
bicapped octahedron, respectively.15-18 Thus, the calculated
geometrical and electronic structures of SinC- (n ) 3-7)
clusters should be analogous to those of pure Sin+1

- clusters.

TABLE 1: Distances between Two Atoms (L/Å) in SinC and
SinC2 Neutral Clusters

symmetry type L symmetry type

Si2C C2V 1-2 1.708 7-8 2.284
2-3 2.878 SiC2 C2V 1-2 1.842

Si3C C2V 1-2 1.775 2-3 1.285
1-4 1.938 Si2C2 D2h 1-2 1.839
2-4 2.412 1-3 1.466

Si4C C3V 1-2 1.849 Si3C2 C2V 1-2 2.562
1-5 2.589 1-3 1.922
2-5 2.366 2-3 1.736

Si5C C4V 1-2 1.900 3-4 1.386
1-6 2.270 Si4C2 D2d 1-2 1.840
2-6 2.455 1-3 1.829

Si6C C5V 1-2 2.098 2-3 2.140
1-3 2.053 Si5C2 C2V 1-2 1.343
2-3 2.617 1-3 2.038

Si7C Cs 1-3 2.045 2-6 1.762
3-4 3.070 3-4 2.578
1-2 1.845 3-5 2.245
2-3 2.462 4-6 2.319
5-6 2.575 Si6C2 C3V 1-2 1.863
3-6 2.431 2-4 2.525
1-6 2.034 2-3 2.566
3-7 2.504 3-5 1.839
6-7 2.575 3-6 3.100
6-8 2.461

TABLE 2: Distances between Two Atoms (L/Å) in SinC-

and SinC2
- Anions

symmetry type L symmetry type

Si2C D∞h 1-2 1.705 2-3 1.776
Si3C C2V 1-2 1.785 Si2C2 D∞h 1-2 1.314

1-4 1.891 1-3 1.725
2-4 2.381 Si3C2 C2V 1-2 2.449

Si4C Cs 1-2 1.931 1-3 2.053
1-3 1.856 2-3 1.767
1-5 2.466 3-4 1.335
2-3 2.690 Si4C2 Cs 1-2 1.565
2-5 2.382 1-3 1.877
3-4 3.242 1-4 1.819
3-5 2.355 1-5 2.082

Si5C C2V 1-2 1.813 3-5 2.488
1-3 2.034 4-5 2.493
1-6 2.685 4-6 2.570
2-6 2.768 Si5C2 C2V 1-2 1.358
3-6 2.357 1-3 1.982

Si6C C5V 1-2 1.966 2-6 1.778
1-3 2.029 3-4 2.572
2-3 2.688 3-5 2.212

Si7C C3V 1-2 1.887 4-6 2.275
2-3 3.234 Si6C2 C3 1-2 1.877
2-4 2.459 2-4 2.585
4-5 2.669 2-3 2.472
4-6 2.361 3-5 1.889

SiC2 C∞V 1-2 1.263 3-6 3.123

Figure 1. Low-lying isomers of (a, b) Si2C- and (c, d) SiC2
- anions.

Figure 2. Low-lying isomers of (a, b, c) Si3C- and (d, e, f) Si2C2
-

anions.

Figure 3. Low-lying isomers of (a, b, c) Si4C- and (d, e, f) Si3C2
-

anions.

Figure 4. Low-lying isomers of (a, b, c) Si5C- anions, (d, e) Si5C
neutral, (f, g) Si4C2

- anions, and (h) Si4C2 neutral.
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a. Si2C. The neutral Si2C can adoptC2V andD∞h structures
with comparable energy, theC2V (1A1) isomer being 0.05 eV
more stable than the linear (1Σg

+). Their energy difference and
ordering is similar to those of previous calculations12 on neutral
molecules. The linear molecule with an imaginary bending-mode
frequency shows the tendency of the carbon atom to vibrate
along the radial direction into the triangle, 1(b).

Their energy ordering is preserved in the anion. TheC2V (2A1)
configuration is more stable than the linear configuration by
only 0.04 eV. Their energy ordering differs from that of the
reference.12 To interpret the above-mentioned discrepancy,

fourth-order [MP4(SDTQ)] point energy was evaluated at the
6-311+G(d) level. The linear configuration is favorable by 0.08
eV.

A comparison between neutral and anionic triangular species
shows a reduction of 23.3% in the Si-C-Si bond angle. This
may be ascribed to the decrease in electrostatic force between
Si atoms because the net charge of Si atoms is reduced
significantly upon charging.

b. Si3C. Rittby6 investigated six different neutral isomers using
a Hartree-Fock (HF) calculation. We support their predictions
that the energetically most favorable isomer is the rhomboidal
(C2V, 1A1) structure 2(a). This geometrical structure can be
obtained by substituting a Si atom by a C atom in the Si4

-

anion. The next structure in the energetic ordering is a spatial
Cs (1A′) isomer, which is an out-of-plane distortion in the planar
(C2V, 1A1) form 2(b). It has an imaginary bending-mode
frequency, which is located 1.14 eV above the rhombus 2(a).
The planar 2(b) also has an imaginary bending-mode frequency
that is 1.16 eV higher in energy.

The energy ordering of the anion is partially changed.
Structure 2(a) (C2V, 2A2) is also energetically favorable. Isomer
2(b) (2B1) lies 0.74 eV higher in energy, which is also a
transition state. Its bending-mode frequency shows the tendency
of trying to fold the three silicon atoms into the circular 2(a) in
both neutral and anionic species 2(b). Only the third most stable
isomer is a new configuration (C3V, 4A1) 2(c) in the anion, which
is located 1.98 eV higher in energy. It can be derived from the
substitution of a Si atom by a C atom in an energetically low-
lying cagelike Si4 structure withTd symmetry.

The addition of an electron to neutral molecule 2(a) yields
an increase of 2.4% in the Si-Si-Si (2, 4, 3) bond angle. This
results from the antibonding nature of the highest occupied
orbital (HOMO), which is localized between the Si2 and Si3
atoms because of the additional electron.

c. Si4C. Calculations4 on the Si4C cluster indicate that the
most stable neutral isomer is a trigonal (C3V) bipyramid [quite
similar to theCs structure 3(a)] with the C atom at the apex.
The present calculation leads to the same conclusion. The
distorted pentagonal (C2, 1A) ring 3(c) lies 0.12 eV higher in
energy than the trigonal (C3V, 1A1) bipyramid and only 0.09 eV
below the (C2V, 1A1) isomer 3(b). Both species 3(b) and 3(a)
are related to the ground-state geometry of the Si5

- cluster,
which is D3h trigonal bipyramidal.18 Structure 3(b) is derived
from this trigonal bipyramid by substituting a Si atom in
transverse equatorial positions by one carbon atom. Isomer 3(a)
represents the corresponding trigonal bipyramid with C in the
apical position.

Figure 5. Low-lying isomers of (a, b, c) Si6C- and (d, e, f) Si5C2
-

anions.

Figure 6. Low-lying isomers of (a, b, c) Si7C-, (d, e, f) Si6C2
- anions,

and (g, h) Si6C2 neutral clusters.

TABLE 3: Total Energy (au/MP2) for Neutral and Anionic
Clusters

neutral symmetry energy anion symmetry energy

Si2C C2V 615.9210 Si2C- C∞V 615.9326
Si3C C2V 904.9530 Si3C- C2V 904.9908
Si4C C3V 1193.9585 Si4C- Cs 1194.0133
Si5C C4V 1483.0419 Si5C- C2V 1483.0648
Si6C C5V 1772.0532 Si6C- C5V 1772.0911
Si7C Cs 2061.0593 Si7C- C3V 2061.1175
SiC2 C2V 364.8454 SiC2

- D∞h 364.8817
Si2C2 D2h 653.8868 Si2C2

- D∞h 653.9280
Si3C2 C2V 942.9227 Si3C

-
2 C2V 942.9711

Si4C2 D2d 1231.9796 Si4C2
- Cs 1232.0047

Si5C2 C2V 1520.9780 Si5C2
- C2V 1521.0037

Si6C2 C3V 1809.9858 Si6C
-

2 C3 1810.0437

TABLE 4: Lowest Vibrational Frequencies (cm-1) for
Neutral and Anionic Ground-State Clustersa

neutral symmetry n anion symmetry ν

Si2C C2V 121.8 Si2C- D∞h 151.3
Si3C C2V 202.3 Si3C- C2V 295.5
Si4C C3V 239.0 Si4C- Cs 221.2
Si5C Cs 43.2 Si5C- C2V 138.1
Si6C C5V 61.1 Si6C- Cs 83.2
Si7C Cs 137.8 Si7C- C3V 142.3
SiC2 C2V 157.3 SiC2

- C∞V 182.9
Si2C2 D2h 220.1 Si2C2

- D∞h 136.5
Si3C2 C2V 143.5 Si3C2

- C2V 113.9
Si4C2 D2d 181.5 Si4C2

- Cs 181.2
Si5C2 C2V 100.4 Si5C2

- C2V 50.2
Si6C2 C3V 113.1 Si6C2

- C3V 103.1

a HF/6-31G(d) forn + m > 5 and MP2/6-31G(d) forn + m ) 3-5.
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The energy ordering of anionic states is partially changed.
The energetically most stable structure is the distorted trigonal
bipyramid (Cs, 2A′′) 3(a). There is a symmetry lowering (C3V
f Cs) upon charging. This is followed by the distorted trigonal
(C2V, 2B2) bipyramid 3(b) that lies 0.22 eV above the 3(a). The
next minimum is 0.33 eV higher and corresponds to theC2 (2A)
form 3(c).

A comparison between our anionic results and previous
calculations11 shows a discrepancy. According to their level11

[MP2/6-31G(d) level], we performed a structural optimization,
and a conclusion can be reached that 3(b) is 0.56 eV more stable
than 3(a), which is in agreement with the reference.11 However,
the calculations optimized at the MP2/6-311G(d) level predict
3(a) to be favorable over 3(b) by 0.27 eV. However, the
calculated geometrical structure of the Si4C- anion should be
analogous to those of neutral Si4C clusters because the sharp
envelope of the photoelectron spectroscopy11 indicates the
similarity between the anionic and neutral Si4C structures. The
structure of neutral Si4C molecule is the 3(a) configuration;4

hence the stability of the 3(a) anion over the 3(b) can be
predicted.

The addition of an electron to the lowest-energyC3V isomer
results in an increase of the separation between atoms 3-4 by
about 14.9% in the anionic isomer 3(a). An additional electron
occupies the HOMO localized respectively between atoms 2-3
and atoms 2-4 in the anion. The bonding character of the
HOMO in the anion interprets the respective reduction of
separation between atoms 2-3 and atoms 2-4. This reduction
results in an increase of the separation between atoms 3-4.

d. Si5C. Nakajima et al.11 and Hunsicker et al.12 predicted
that the lowest-energy Si5C structure is a (C2V, 1A1) octahedron
4(a). The present calculation concludes that theC4V (1A1)
octahedron [quite similar to 4(a)] is the energetically most
favorable isomer, which is obtained by substituting a Si atom
by a C atom in the Si6

- cluster. We performed geometric
optimization withC2V structure 4(a) as the initial geometry for
comparison. The energy of the optimized isomer is equal to
our most favorableC4V (1A1) isomer, and the optimized structure
finally becomes theC4V octahedron. TwoCs (1A′) isomers 4(d)
and 4(e) lie 0.62 and 0.97 eV above the ground state,
respectively. They are built by capping a Si atom over atoms
(2, 4, 5) and atoms (1, 5) in anion 3(b), respectively.

The energy ordering is partially changed in the anion.C2V
(2A1) octahedron 4(a) in the anion is the energetically most
favorable isomer. The symmetry of the neutral structure (C4V)
is lowered toC2V symmetry upon charging.C2V (2A1) structure
4(b) is only 0.04 eV higher in energy than isomer 4(a) and 0.41
eV belowCs (2A′) isomer 4(c). Because the sharp envelop of
the photoelectron spectroscopy11 indicates the similar structure
between the anionic and neutral Si5C clusters, the neutral and
anionic Si5C species having an analogous geometrical structure
should be reasonable.

The addition of an electron to the neutralC4V isomer results
in symmetry lowering. This results from the change in electro-
static force between C-Si atoms because two Si atoms in
equatorial positions reverse the sign of their charge upon
charging.

e. Si6C. Hunsicker and co-worker12 gave three lower isomers
and found theC2V structure to be the most stable both for the
anionic and neutral species. ThisC2V structure can be obtained
by replacing a Si atom in a transverse equatorial position with
a C atom in the structure of Si7 (a pentagonalD5h bipyramid16).
We performed geometric optimization with their (C2V, 1A1)
structure as the initial geometry for comparison. The energy of

the optimized isomer is 0.94 eV less stable above the most
favorableC5V (1A1) isomer 5(a). Structure 5(c) (Cs, 1A′) can be
considered to cap a Si atom over atoms (1, 2, 3) and (1, 2, 4)
in configuration 3(a), respectively. It lies 0.69 eV higher in
energy. Structure 5(b) (Cs, 1A′) lies 0.92 eV higher in energy,
which can be derived from isomer 3(b) by capping a Si atom
over atoms (1, 3) and atoms (1, 5), respectively.

The energy ordering of anionic states is partially changed.
The (C5V, 2A1) structure 5(a) is the most favorable configuration.
It is obtained by replacing a Si atom in an apical position with
a C atom in structure of Si7 (a pentagonalD5h bipyramid16). It
lies 1.31 eV below the above-mentionedC2V isomer. TwoCs

isomers 5(b) and 5(c) lie 0.15 and 0.64 eV above the 5(a) isomer,
respectively.

The addition of an electron to the neutralC5V isomer results
in an increase in the separation among atoms Si-Si and a
reduction in the separation among atoms Si-C in the anion.
This may be linked to the different change of electrostatic force
among Si-Si atoms and C-Si atoms because transverse
equatorial Si atoms reverse the sign of their charge upon
charging.

The existence of a broad envelop in the photoelectron
spectroscopy11 of the Si6C anion indicates significant geo-
metrical reorganization in the neutral. However, this has not
yet been theoretically obtained for this cluster.

f. Si7C. Hunsicker et al.12 performed a calculation on the three
geometric structures of Si7C and obtained the lowest-energy
isomer to beCs structure 6(b). Our present results support their
predictions that the (Cs, 1A′) structure as the ground state of
the Si7C molecule, which is derived from the substitution of a
Si atom by a C atom in a deformed bicapped octahedron.17 The
next structure in the energy ordering is (C3V, 1A1) isomer 6(a)
built from the substitution of a Si atom by a C atom in cagelike
Si8 structure19 lying 0.22 eV above the ground state. Another
low-lying isomer isC1 structure 6(c) at 0.39 eV.

The energy ordering is partially changed in the anion. The
(C3V, 2A2) structure 6(a) is the most favorable form in the anionic
isomers. TheCs (2A′) isomer 6(b) is only 0.08 eV higher in
energy than the 6(a) and 0.75 eV below theC1 (2A) 6(c). In
fact, isomer 6(a) is quite similar to isomer 6(b), and they are
the same topological isomers. The sharp envelop of the
photoelectron spectroscopy11 indicates the similar structure
between the anionic and neutral Si7C clusters; our calculated
results are consistent with such experimental observations.

B. SinC2 Clusters. a. SiC2. The present calculations predict a
C2V (1A1) ground state with a bond angle ofRCSiC ) 40.8° for
SiC2 molecule. A bent chain (Cs, 1A′) similar to 1(c) is 0.19
eV less stable. The linearC∞V with an imaginary bending-mode
frequency shows the tendency of the vibrating middle carbon
atom along the radial direction into the above-mentionedCs

isomer. Our calculated bond angle agrees well with the measured
value of 40-41°.20

TheC2V (2B2) anionic conformer 1(d) is also an energetically
most favorable configuration, which is only 0.03 eV more stable
thanC∞V isomer 1(c). A comparison of the triangle shows that
the bonds in the anion are longer than those in the neutral isomer
by about 3.0%, but the bond angles remain the same. This may
be linked to the increase in electrostatic repulsive force between
C and C atoms because an additional electron makes the net
charge of the Si atom zero in the anion.

As shown in ref 11, the spectrum of SiC2
- indicates a broad

feature, which suggests the large geometry change from the
anion to the corresponding neutral by photoelectron detachment.
To interpret the discrepancy between experimental observation

Structures and Stability of SinCm Clusters J. Phys. Chem. A, Vol. 107, No. 47, 200310129



and theoretical prediction, the fourth-order [MP4(SDTQ)] point
energy was evaluated at the 6-311+G(d) level. The linear anion
is energetically favorable by 0.10 eV, hence it can account for
the observed broad band.

b. Si2C2. Hunsicker et al.12 studied three isomers and predicted
that the ground state is theD2h rhombus 2(f). Our calculations
support their predictions. The energy of (Cs, 1A′) trapezoid 2(e)
is 0.49 eV above (D2h, 1Ag) rhombus 2(f) and 0.31 eV below
D∞h linear 2(d).

The energy ordering of the anions differs from that of the
neutral cluster. An additional electron makes linear 2(d) stable.
Two low-lying isomers are theCs (2A′′) form 2(e) andD2h (2B2g)
rhombus 2(f), located 0.05 and 0.20 eV above the linear,
respectively.

A noticeable point is that the charge is equally distributed
along the linear (0.3e per silicon and-0.3e per carbon) in a
neutral molecule whereas a C atom bears a-0.4e charge in
the linear anion. A comparison between neutral and anionic
linear species shows an increase of 1.9% in the C-C bond
length. This may be linked to the increase in electrostatic
repulsive force between C and C atoms upon charging.

Because the existence of a sharp peak among the broad peaks
in the photoelectron spectroscopy11 indicates the coexistence
of several isomers in the neutral cluster, the small energy
difference in 2(d) and 2(e) anionic isomers is compatible with
the observed complicated spectrum.

c. Si3C2. Froudakis et al.7 investigated five Si3C2 neutral
isomers. We support their results that the most stable config-
uration is the planarC2V (1A1) form 3(d). Next in the energy
ordering, located 0.71 eV above the 3(d), is aD3h (1A′1)
bipyramid [quite similar to 3(e)]. The third is aC2V isomer with
an imaginary frequency, which is located 1.13 eV above the
ground state.

The additional electron has little effect on the relative stability
of the anionic isomers. The planarC2V (2B1) pentagon 3(d) is
also the energetically most favorable form, which agrees well
with the calculations.12 The distorted bipyramid (C2V, 2B1) 3(e)
built from replacing two Si atoms in apical positions by a C
atom is located 0.61 eV above the ground state and 0.15 eV
below Cs (2A′) structure 3(f).

A comparison between neutral and anionic pentagons 3(d)
shows an increase in the separation of atoms 1-3 by about
6.8%, which is linked to the inverse of electrostatic force
between atoms 1-3 upon charging.

d. Si4C2. Among the four different isomers of Si4C2 inves-
tigated by Froudakis et al.,3 C2V structure 4(h) was found to be
a stable minimum. However, our present calculation suggests
thatD2d (1A1) octahedron 4(g) is the energetically most favorable
isomer, which is obtained by the substitution of two apical Si
atoms by a C atom in the Si6

- cluster. Their difference in
energy is 0.16 eV. Another octahedron (D4h, 1A1g) [quite similar
to 4(g)] is 0.18 eV less stable.

The energy ordering differs in the anion. The lowest-energy
state is found to be 3DCs (2A′) structure 4(f). Two octahedrons
D2d (2B2) 4(g) andD4h (2A2u) are 0.23 and 0.64 eV less stable
relative to 4(d), respectively.C2V isomer 4(h) is 0.89 eV higher
in energy.

A comparison of spectral features in the series Si6
-, Si5C-,

and Si4C2
-11 shows the apparent similarity, which leads to the

similarity in the electronic and geometric feature in these
clusters. As mentioned above, the structures of Si6

- and Si5C-

are calculated to be tetragonal bipyramidal. Then, the spectral
similarity among Si6

-, Si5C-, and Si4C2
- anions reasonably

indicates that the geometry of Si4C2
- is similar to tetragonal

bipyramidal. Hence, the octahedron (D2d, 2B2) anion can account
for the observed similarity.

e. Si5C2. The lowest-energy Si5C2 isomer is 3DCs (1A′)
structure 5(e), which can be derived from the minimum-energy
structure of Si6C [5(a)] by replacing a basal-plane Si atom with
a C atom. Next in the energy ordering is triangular planar (C2V,
1A1) isomer 5(d), located only 0.02 eV above the ground state.
Their energies should be evaluated with MP4(SDTQ) because
of their near degeneracy. It is found that 5(d) is 0.05 eV more
stable than 5(e), which is in agreement with the density
functional calculation.13 The third isCs (1A′) isomer 5(f), which
is 0.20 eV higher in energy. It is derived from capping a C
atom over atoms (1, 3, 4) and atoms (2, 3, 4) in anion 3(e).

The additional electron has no effect on the relative stability
of the anionic isomers. Planar triangularC2V anion 5(d) lies only
0.05 eV above isomer 5(e) and 0.41 eV below the 5(f) isomer.
We found that 5(d) is 0.08 eV more stable than 5(e) at the MP4-
(SDTQ) level, which is also in agreement with the density
functional calculation.13 A low-lying (D5h, 2A′′2) isomer at 0.48
eV should be pointed out, which is obtained by replacing two
Si atoms in apical positions with the C atom in the pentagonal
D5h bipyramid16.

f. Si6C2. The ground state of the Si6C2 molecule is found to
be the (C3V, 1A1) isomer, which is quite similar to 6(d) built
from the substitution of two Si atoms by two C atoms in cagelike
Si8 structure.19 This is followed byCs (1A′) isomer 6(g), lying
0.05 eV above the 6(d). It is built from bridging two basal-
plane Si atoms by a Si atom in 5(e). Another low-lying isomer
is C2V (1A1) structure 6(h), which is 0.41 eV less stable.

The energy ordering is partially changed in the anion. The
(C3, 2A) form 6(d) is energetically favored in the anion. There
is symmetry lowering (C3V f C3) upon charging for this isomer.
Next in energy ordering isC2 (2B) form 6(e), lying 0.15 eV
above the 6(d). This is followed byCs (2A′) isomer 6(f), lying
0.16 eV above the 6(d). We can very roughly decompose this
structure into two interacting entities: structure 3(b) and 1(b)
are bridged with a C-C bond. Froudakis et al.3 put forward a
building-up principle of carbon-silicon clusters in which strong
C-C bonds are favored over C-Si bonds and Si-Si bindings
are of lesser importance to the geometrical arrangement of the
mixed clusters. However, this principle is not valid for the Si6C2

cluster. The structures derived from substituting C for Si atoms
in Sin cluster are stable in various Si6C2 isomers. The higher
symmetry compensates for the opening in the C-C bond in
these substitution isomers and makes isomer 6(d) the lowest in
energy.

No photoelectron measurements are available for this cluster
at present. However, the structural similarity among Si8

-,
Si7C-, and isomer 6(d) indicates that the lowest-state 6(d) anion
should be reasonable.

3.2. Stability. The adiabatic electron affinities (EAs) of SinC
and SinC2 (n ) 1-7) are shown in Figure 7. We found that the

Figure 7. EAs of SinCm clusters against the number of total atoms.
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tendency is consistent with the measured EAs.11 A comparison
between theoretical and experimental EA values shows an
underestimation of the EAs at an MP2 approximation that is
relative to experimental data. The EA values corresponding to
3 and 6 in cluster size are smaller values, which correspond to
relatively stable neutral state. In secondary-ion mass spectrom-
etry,21 the intensities of Si2C and Si5C clusters are relatively
higher than those of the neighboring clusters, which suggests
that Si2C and Si5C clusters more stable. These results agree well
with our calculation. In photoelectron spectroscopy,11 SiC2

-,
Si2C2

-, and Si4C2
- anionic species have been found, and the

final states after the photoelectron ejection are the electronic
states of the neutral. This suggests that they are more stable
states, being in reasonable agreement with our results. EA values
tend to increase with increases in the size of these clusters, which
indicates that their stability should show an opposite tendency.
Hence this may be the reason that the larger SinC and SinC2

clusters have not been observed until now.

4. Summary

In this work, the structural properties and stability of the SinC
and SinC2 (n ) 1-7) neutral and anionic clusters were studied
and compared with experimental photoelectron spectra in the
literature. We found that the basis set [6-31G(d)] with the MP2
approximation is too small to interpret the photoelectron spectra
of SinCm clusters satisfactorily. Our results account satisfactorily
for recent photoelectron detachment measurements on the
anions. The strong C-C bond is no longer the dominant factor
in the building-up principle of mixed Si6C2 neutral and anionic
clusters. This is different from the building-up principle put
forward by Froudakis et al.3 In different SinC and SinC2 (n )
1-7) species, SinCm (n + m ) 3, 6) clusters are predicted to be
of high stability. Their stability tends to decrease with increases
in the size of these clusters.
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