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Can we rationalize the structure of small silicon-carbon clusters?

M. Bertolus?®, V. Brenner, and P. Millié

Laboratoire de Chimie Théorique CEA-CE Saclay DSM/DRECAM/SPAM 91191 Gif-sur-Yvette, France

Received: 20 October 1997 / Received in final form: 16 December 1997 / Accepted: 17 December 1997

Abstract. A theoretical study of Si,C, clusters with m +n € (3,6) using density functional theory
is presented. Tests of various functionals demonstrate that local spin density approximation (LSDA) is
the most adequate functional for the study of these systems. Structures, vibrational frequencies, and IR
intensities of the lowest energy isomer of the studied clusters obtained using LSDA are described, and the
unusual properties of the Si-C clusters are discussed. A quantitative analysis of the obtained structures
was carried out, and relations between the coordinations, interatomic distances, and angles observed in the
Si-C clusters were obtained through introduction of the notion of coordination. This analysis also shows
that the carbon atoms mainly exhibit sp and sp? hybridizations, and that a majority of silicon atoms do
not hybridize. This study is the first step of the implementation of a semi-empirical potential, which would
describe the moderately small Si-C clusters.

PACS. 31.15.Ew Density-functional theory — 36.40.Mr Spectroscopy and geometrical structure of clusters

Introduction

Recently, numerous experimental and theoretical studies
have been published on the structures and properties of
mixed silicon-carbon clusters. Several reasons justify this
increasing interest. First, investigation of such clusters al-
lows the chemist to gain further understanding of the dif-
ferences between carbon and silicon, and the bonds they
form. Second, SiC, SiCs, and SiC4 have been observed in
circumstellar space [1-3], and are thought to play impor-
tant roles in chemical reactions in the interstellar medium.
Since it is likely that other Si-C clusters are also present,
the study of these clusters is important to investigate the
chemical processes in the interstellar and circumstellar en-
vironments. Third, Si-C clusters are involved in technolog-
ical processes such as chemical vapor deposition used for
the manufacture of SiC thin films [4,5]. They are therefore
important to electronics related technologies and materi-
als science.

Experimental data available in the existing literature
mainly consist of IR vibrational frequencies and relative
intensities for Si,,C,, clusters with m 4+ n <5 [6-18] and
SiaCy [19], as well as photoelectron spectra [20]. As for
theoretical studies, the development of the use of meth-
ods allowing the calculation of correlation effects, such
as MP2, MP4, many body perturbation theory (MBPT),
and more recently diffusion Monte Carlo methods [21],
coupled-cluster calculations or density functional theory
(DFT) enabled precise calculations on these clusters, for
which correlation effects are far from negligible. Several
studies have yielded structures and a few vibrational fre-
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quencies for the Si,,,C,, clusters with m +n < 6 [10,18,
19,21-38]. A recent systematic study by Hunsicker and
Jones [39] combining DFT and molecular dynamics yielded
the structures of numerous isomers of Si,,,C,, clusters with
m+n < 6, SioCs, SigC, and Si;C, as well as vibrational
frequencies for lowest energy isomers of the clusters with
m + n < 5. These studies have resulted in unusual struc-
tures and properties compared to usual molecules, such as
notably multicentric bonding and dangling bonds, as well
as structure differences between carbon-rich and silicon-
rich clusters.

Little is known, however, concerning the structures
of larger Si-C clusters containing up to 50-100 atoms.
Mass spectrometry experiments performed on Si,,C,, with
m +n < 100 have been carried out by Pellarin et al. [40].
These experiments showed that, contrary to the case of
pure clusters, no particularly stable size is detected, and
that fragmentation occurs through evaporation of Si;C
and SizC for m + n > 10, evaporation of SiC and SiC, for
m +n < 10. Pellarin et al. proved moreover that carbon-
rich and silicon-rich clusters exhibit structures similar to
pure carbon and similar clusters, respectively. It seems
difficult to study these clusters theoretically using precise
quantum chemistry ab initio methods, and, to our knowl-
edge, no semi-empirical potential exists that describes the
properties of the silicon-carbon clusters. For instance, we
tested the potential developed by Tersoff using the bulk
properties of silicon carbide [41]. We implemented this po-
tential in our Monte Carlo growth method program [42],
and carried out global explorations of the potential energy
surfaces (PES) of the C,, and Si, clusters with n < 9,
and of various Si,,,C,, clusters (SiCz, SiCs, Si2Cs, SizCs,
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Siz3Cy, SiaCy, and SizCs). For all clusters, the structures
obtained are very different from those found in the litera-
ture [6-8,10,16-19,27,30,31,34-36]. For instance, no lin-
ear structure has been obtained whereas, according to pre-
cise quantum chemistry ab initio calculations, the ground
states of SiC,, with n = 4,5, Si»C,, with n = 3,4 and
those of Coypy1 with m = 1,2 are linear. Furthermore,
because of the specific form of the many-body interaction
term, a large majority of the resulting structures contain-
ing C-C bonds exhibit (CCC) or (SiCC) angles equal to
124,79°. Therefore, this potential cannot reproduce the
variety of structures found in small Si,,C,, clusters, and
cannot even be used to obtain starting geometries for PES
explorations.

The aim of our study is therefore the implementation
of a potential which could describe the properties of the
moderately small Si-C clusters. The first step is a system-
atic study of the smaller Si-C clusters, for which reason-
able starting geometries can be obtained either through
chemical intuition or from the literature or both. The pur-
pose of this step is the construction of a database of struc-
tures and IR frequencies for the implementation of the po-
tential. We present here a systematic study of all possible
Si,,, C,, clusters obtained for all values of m and n such
that m+n € (3,6) (twenty-two clusters) using density
functional theory. We first present the test of several func-
tionals which we carried out so as to determine the most
adequate functional for the study of these systems. Next,
we briefly describe the results yielded by calculations of
the equilibrium structures, IR frequencies and intensities.
Finally, we present a qualitative and quantitative analy-
sis of the data yielded by our calculations, as well as the
properties that we were able to deduce from this analysis.

1 Computational details

Because of the importance of correlation effects in such
systems [36], we decided to study the Si-C clusters using
the DFT methods. This approach enables the calculation
of correlation effects at a much lower cost than standard
quantum chemistry ab initio methods through an effective
exchange-correlation potential. Because of the complexity
of the potential energy surface, several starting geometries
obtained from the literature or through chemical intuition
were considered and local optimizations were performed
in the symmetry group of the starting geometry. The har-
monic vibrational frequencies were then calculated at the
obtained stationary point to determine its nature: mini-
mum or saddle-point.

For all optimizations and frequency calculations, sev-
eral density functionals were tested: two local spin den-
sity approximations (LSDA), two non-local spin density
approximations including gradient-corrected exchange or
correlation or both, and a hybrid method, where the ex-
change potential is calculated as a linear combination of
the Hartree-Fock and gradient-corrected exchanges. The
two local spin density functionals used were combinations
of Slater exchange functional [43] and Vosko-Wilk-Nusair
or Vosko-Wilk-Nusair 5 correlation functionals [44] (VWN,
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VWNS5). For the two non-local spin density approxima-
tions, we tested Becke 88 [45] associated with VWN
(BVWN), and with Perdew-Wang 91 [46] (BPW). The
hybrid method tested was the Becke’s three parameter hy-
brid method [47], where the correlation is gradient-correct-
ed, and provided by the expression of Lee, Yang, and
Parr [48] (B3LYP). All calculations were performed us-
ing the GAUSSIANY94 [49] (for VWN and B3LYP) and
the DMOL 95.0 [50] (for VWN5, BVWN, BPW) pro-
gram suites run on the Cray C94 of the Commissariat
a UEnergie Atomique at Grenoble. The basis set used in
all calculations is the standard 6-31G* in GAUSSIAN94
and its numerical equivalent in DMOL. No orbitals were
frozen in GAUSSIAN94, while built-in pseudo-potentials
were used in DMOL [51].

2 Comparison of the various functionals

We compared the results obtained by the five tested func-
tionals on the twenty-two possible Si,, C,, clusters (m +n €
(3,6)) with the experimentally obtained values and results
of precise ab initio calculations of the articles quoted in the
introduction. To limit the number of references in the text,
the clusters studied in references 6 to 38 have been added
to each reference in the bibliography. The comparison was
made based on four different criteria: determination of the
correct energetic order, precision of the computed bond
distances and of the computed IR vibrational frequencies,
and calculation times. The results are listed in Table 1.

We first compare the obtained lowest energy isomers
with experimentally obtained isomers for m +n < 5, Cg,
SiaCy, and Sig, and with results of standard quantum
chemistry ab initio calculations for SiCs, Si3Cs, SisCo,
and SisC. For the twenty-two Si-C clusters considered,
VWNS5 yields in each case the experimentally observed
lowest energy isomer. VWN and BPW, however, misas-
sign the ground state for C3 which is a fairly pathological
case [52]. B3LYP misassigns the ground state for the five
clusters Cs, SiCs, SioC, Cg, Sig, while BVWN yields eight
misassignments for Cs, SiCq, SioC, C4, SiCs, Cg, SizCs,
and Sig. The calculations using BPW and BVWN yielded
energetic orders for higher energy isomers which are cor-
related poorly with results of precise quantum chemistry
ab initio calculations. This can be seen on Table 2, which
shows the energetic orders of the four energy lowest iso-
mers of Si3C3 as obtained by the various functionals stud-
ied, as well as those obtained by Miihlhauser et al. [36]
and Hunsicker and Jones [39]. We observe that the ground
states of the C3, SiCs, Sio C, Cg, and Sig clusters are partic-
ularly difficult to determine correctly because of the small
energy differences between the two lowest energy isomers,
and that BVWN and B3LYP both fail to determine the
correct ground state for these clusters. In addition we see
that six atoms remains a pathological size, since there are
several problems in the determination of clusters with this
size.

Second, we compiled statistics on thirty-six bond dis-
tances observed in fourteen lowest energy structures which
appear in the literature. We compared the relative error



M. Bertolus et al.: Structure of small silicon-carbon clusters

199

Table 1. Comparison of the five tested functionals.

VWN | VWN5 | B3LYP | BPW | BVWN
correct ground state determination (%) 96 100 7 96 64
relative error on distances (%) 0.1 0.09 0.72 1.39 1.98
relative error on frequencies (%) 2.8 2.1 3.3 7.5 7.0
relative error on IR intensities (%) 42 520 41 560 580
calculation rate (arbitrary unit) 10.0 4.3 4.5 1.8 2.4
frequency calculation time for SisCs (min.) | 9’457 | 22277 | 22°05” | 49407 | 38°24”

Table 2. Energetic orders of the four energy lowest isomers of Si3Cs obtained by the various functionals studied compared to
those obtained by Miihlh&user et al. [36] and Hunsicker and Jones [39]. The energies are given in mhartrees.

Isomer VWN | VWN5 | B3LYP | BPW | BVWN | MP2 [36] | MD+LSDA [39]
1GCs 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 Coy * | +18.97 | +16.39 | +23.94 | +18.69 | +22.88 | +14.34 ¢
3Ca ” | +23.29 | +18.93 | +13.98 —33.90 d +18.74
4 Cy +30.23 | +26.99 | +10.55 | +21.32 +1.40 | +44.14 ¢

# transition state,

P this isomer is slightly deformed and has a Cs symmetry in reference [39],

¢ energy not given in the paper,
isomer not obtained using this method.

Table 3. Bond distances (in A) obtained for Si2C, Si4, Cs, Si3Cs and Sis by the various functionals compared to the bond
distances found in the literature. Atom numbers are shown Figure 1.

Cluster | Bond | VWN | VWN5 | B3LYP | BPW | BVWN | Literature | Ref.
SixC C1-Sip | 1.699 1.706 & 1.716 1.708 1.703 25
Coay Sii-Siz | 3.021 2.945 3.189 3.117 2.942
Siy Sii-Siz | 2.395 2.410 2.429 2.440 2.460 2.413 23
Dan Si;-Sis | 2.313 2.319 2.331 2.354 2.360 2.312

Cs C1-C2 1.300 1.294 1.291 1.307 1.301 1.290 29
Doon C2-Cs 1.290 1.284 1.287 1.298 1.294 1.282
Ci-C2 | 1.366 1.365 1.368 1.378 1.370 1.380

SizCz | Ci-Six | 1.732 1.736 1.725 1.748 1.737 1.738 31
Cav C1-Siz | 1.917 | 1.925 1.940 1.958 1.967 1.929
Sii-Siz | 2.538 | 2.543 2.640 2.636 2.670 2.563
Sis Sii-Sis | 2.294 2.308 2.328 2.340 2.356 2.290

Dsp Sii-Sis | 2.967 2.969 2.944 2.934 2.936 2.959 23
Sip-Sis | 3.037 | 3.060 3.124 3.159 3.192 3.050

® the Cay geometry is not a stationary point.

yielded by the five functionals with several experimental
distances [6,52], but mostly with results of very precise
quantum chemistry ab initio calculations such as coupled-
cluster calculations [22,29,33] and many body perturba-
tion theory [25,28,30]. Examples of the bond lengths ob-
tained for several clusters by the various functionals stud-
ied are given in Table 3. As can be seen from Table 1, the
relative errors obtained are very low, but local functionals
yield errors eight, fifteen, and twenty times smaller than
B3LYP, BPW and BVWN;, respectively.

Third, we calculated the relative error between the re-
sults obtained by the five functionals using the harmonic

approximation and the experimental vibrational frequen-
cies and infrared intensities. As far as the frequencies are
concerned, statistics were taken on twenty-four experi-
mental values measured on SiCs, SioC, SizCsy, SizC, SizCo,
Cs, and SioCy clusters. A few frequencies and intensities
yielded by the five functionals studied, as well as those
obtained experimentally are tabulated in Table 4. It can
be observed from Tables 1 and 4 that the best results
are obtained by the VWN, VWN5, and B3LYP function-
als, while BVWN and BPW yields errors twice as large.
Hartree-Fock, by comparison, yields a relative error on
the frequencies of approximately 10% in these systems.
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Table 4. Vibrational frequencies (in cm™') and IR relative intensities (arbitrary unit) obtained for Si>Cz, Si3C and SizC2 by
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the various functionals compared to the experimentally obtained values.

Cluster VWN VWN5 B3LYP BPW BVWN Experience
SizC2 368.9 (0.18) | 372.2 (0.22) | 350.3 (0.17) | 333.4 (0.35) | 327.0 (0.31) | 382.2 (0.18)
Don 974.6 (1.00) | 969.5 (1.00) | 970.9 (1.00) | 895.0 (1.00) | 910.1 (1.00) | 982.9 (1.00)

306.9 (0.05) | 305.0 (0.29) | 296.3 (0.05) | 278.4 (0.35) | 270.6 (0.40) | 309.5 (0.11)
SizC 361.0 (0.11) | 361.0 (1.45) | 333.3 (0.14) | 325.1 (1.59) | 305.7 (1.61) | 357.6 (0.16)
Cay 511.7 (0.24) | 497.2 (1.82) | 510.7 (0.81) | 463.9 (1.37) | 461.7 (1.87) | 511.8 (0.82)
671.4 (0.61) | 660.4 (0.87) | 647.9 (0.60) | 603.0 (0.41) | 583.3 (0.44) | 658.2 (0.52)
1111.9 (1.00) | 1095.6 (1.00) | 1108.7 (1.00) | 1037.0 (1.00) | 1067.0 (1.00) | 1101.4 (1.00)

SizCa 607.0 (0.82) | 596.8 (0.94) | 586.1 (0.88) | 572.7 (1.13) | 528.9 (1.32) | 597.8 (0.98)

Cav 710.7 (0.60) | 703.0 (0.08) | 671.9 (0.60) | 643.9 (0.07) | 616.4 (0.07) | 681.1 (0.81)
956.7 (1.00) | 949.2 (1.00) | 977.4 (1.00) | 909.5 (1.00) | 924.6 (1.00) | 956.7 (1.00)

Furthermore, we observed that the error made by HF on
low frequencies is even larger, often yielding imaginary fre-
quencies in cases where experiments or precise quantum
chemistry ab initio calculations would yield real frequen-
cies, and vice versa. This makes it difficult to distinguish
minima from saddle-points. The frequencies calculated us-
ing the various functionals are not systematically higher
than those measured experimentally. This means that car-
bon and silicon atoms are heavy enough to significantly
reduce the anharmonicity in the first vibrational levels.
Application of the harmonic approximation is therefore
justified for the systems in our study, and thus differences
of a few percentage points in the calculated relative errors
can be considered significant. Hence, it can be concluded
that for Si-C clusters VWN, VWN5 and B3LYP are more
precise for frequency calculation than BPW, BVWN and
HF. For the infrared intensities, statistics were compiled
on sixteen experimentally measured relative intensities. It
can be seen that VWN and B3LYP on GAUSSIAN94 re-
produce the order of intensities found experimentally, and
yield relative intensities with a 40% error (see Tab. 1).
This 40% error, while not excellent, is satisfactory since
it is well known that vibration frequency intensities are
extremely difficult to calculate accurately. To our knowl-
edge, no IR intensity has been calculated at the coupled-
cluster level for Si-C clusters, and a sophisticated and
time-consuming quantum chemistry ab initio method such
as many body perturbation theory (MBPT) yields a 33%
error in the relative intensities of the five experimentally
observed frequencies of Si3C [28]. On the other hand, the
intensities obtained using all functionals on DMOL are,
for unknown reasons, not reliable (more than 500% er-
ror). This makes the comparison between theoretical and
experimental results rather difficult.

Finally, we compared the calculation times necessary
for the optimization of the geometries and the determina-
tion of the vibrational frequencies. We calculated statistics
on the twenty-two Si,,C,, lowest energy isomers, and de-
termined a “calculation rate” for each functional for the
optimization and the frequency calculation. These rates,
in arbitrary units, as well as the time necessary to calcu-
late the vibrational frequencies of the Si3Cj3 ground state

on the Cray C94, are listed in Table 1. It can be seen that
VWN on GAUSSIANY4 is by far the quickest method,
showing fairly short calculation times for the frequency
determination, followed by B3LYP and VWN5 on DMOL,
which are more than twice as slow. The difference between
the two local methods on GAUSSIAN94 and DMOL 95.0
results from the fact that the GAUSSIAN94 program uses
analytical basis sets and calculates gradients and second
derivatives analytically, whereas DMOL uses numerical
basis sets and calculates gradients and second derivatives
numerically.

In conclusion, we observe that the gradient-corrected
methods are surprisingly non reliable in the case of the Si-
C clusters, and that the LSDA functionals are the most
precise methods. They yield correct ground states and en-
ergetic orders, distances within 0.1% of the most precise
quantum chemistry ab initio calculations, and vibrational
frequencies within 3% of the experimental values, allowing
for a quantitative prediction of frequencies not yet mea-
sured experimentally. In addition, VWN on GAUSSIAN94
is the most rapid method. Therefore, the LSDA functional
VWN will be used for further studies and the results pre-
sented in the following are those obtained by VWN.

3 Results of calculations

We present here the structures, vibrational frequencies,
and IR intensities obtained for the silicon-carbon clusters
using the LSDA, as well as the properties of these clusters,
which can be derived from the results obtained.
Numerous studies dealing with the Si-C clusters have
been published since 1989 (see introduction), but there
has been no systematic study, except for the very recent
one by Hunsicker and Jones (HJ) [39]. Combining molec-
ular dynamics and DFT, HJ carried out explorations of
the PES of the Si-C clusters with up to eight atoms, and
of their anions. HJ did not perform a complete study,
however, since they only tested the local spin density ap-
proximation, and they did not systematically calculate
the vibration frequencies. Furthermore, they only repre-
sented the various isomers obtained for the anions, and not
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Fig. 1. Structures of the lowest energy isomers of the Si,,,C,
clusters with m and n such as m +n € (3,6).

those of the neutral clusters. We will not present here the
numerous isomers found, which have been thoroughly dis-
cussed by HJ, but only the structures of the ground state
of each cluster yielded by the LSDA, which will be used
in the following. Figure 1 shows the lowest energy iso-
mers of the Si,,C,, clusters with m+n € (3,6). Light
and dark spheres represent silicon and carbon atoms, re-
spectively. Bonds between the atoms have been drawn for
C-C distances less than 1.62 A, Si-C distances less than
2.20 A, and Si-Si distances less than 2.60 A (see Sec. 4
for justification of these thresholds). All ground states
are singlet states, except linear clusters with even size,
which are triplet states. The results obtained are in very
good agreement with previous experimental and theoret-
ical studies. The only disagreement with experimental re-
sults is for Cg, where the LSDA on GAUSSIANY94 yields
a linear ground state, whereas the correct ground state is
thought to have the Cg, symmetry, with a (CCC) angle
approximately equal to 160° [53]. Furthermore, there is a
total agreement between our results and those of HJ for
the ground states and isomeric orders. Very few additional
high energy isomers have been obtained by HJ through the
dynamic exploration. This confirms our initial hypothesis
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that chemical intuition would allow us to explore the PES
of the Si,,C,, clusters with up to six atoms.

Table 5 lists the ground state vibrational frequencies
and infrared intensities of all considered clusters calcu-
lated by the LSDA on GAUSSIAN94 using the harmonic
approximation. It should be noted that the frequencies
and intensities of the six atom clusters presented here,
other than SioC4 which was the object of a recent com-
bined theoretical and experimental study [19], are either
far more accurate than those found in the literature
(Si3Cs), or have never been published (SiCs, SigCs, and
Si5C). Since the agreement of the calculated frequencies
with existing experimental data is very good, these fre-
quencies are likely to be accurate enough to allow the ob-
servation of as yet undetected Si-C clusters.

Section 4 presents a quantitative analysis of the data
yielded by the calculations, but several phenomena can be
deduced from a qualitative analysis of the structures ob-
tained. First, the PES of the Si-C clusters exhibit numer-
ous minima and saddle-points. Our explorations yielded
fifty-one minima and eighty-three saddle-points, and, while
we are reasonably sure that we found the lowest energy
stationary points, the explorations were probably not ex-
haustive. Furthermore, the number of stationary points
increases rapidly and their structures become less intu-
itive as the cluster size increases. This would make surface
explorations for larger sizes difficult, justifying the use of
molecular dynamics processes such as the Car-Parrinello
method [54], or of methods of global minimum search,
such as genetic algorithms [55], simulated annealing, or
Monte Carlo growth method [42]. Second, for the clus-
ter structures themselves, we observe an increase in di-
mension with the increase in silicon content, from linear
or cyclic carbon-rich clusters to three-dimensional silicon-
rich clusters. This phenomenon, which had already been
observed by Froudakis et al. [34], is best seen on five atom
clusters. Third, a segregation occurs between the silicon
and the carbon atoms: because the C-C bond is stronger
than the Si-C bond, which is itself stronger than the Si-
Si bond [56], there is a tendency to maximize first the
number of C-C bonds, then the number of Si-C bonds.
The result is the formation of carbon kernels surrounded
by silicon atoms, which can be observed in the six atom
clusters, and especially in SigCs. Finally, it seems that
some silicon atoms (and even some carbon atoms) exhibit
a hypervalence phenomenon, e.g., in the Si3C3 and Si2Cy
ground states. This will be discussed in further detail in
the analysis of observed coordinations in the next section.

4 Quantitative data analysis

In this section, a quantitative analysis of the data obtained
by the LSDA calculations is presented.

4.1 Distances

For the implementation of a semi-empirical potential for
the Si-C clusters, it seemed simpler to have at our dis-
posal a criterion distinguishing bonded from non-bonded
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Table 5. Theoretical and experimental vibrational frequencies and IR intensities of the Si,, C,, ground states with m +n € (3,6).

Cluster Symmetry Calculated frequencies cm™— 1 (absolute intensities km/mol) Experimental frequencies cm— 1
(relative intensities arb. unit)
C3 Dooh 141.3 (20) 1218.3 (10) 2130.5 (618)
SiCy Coy 216.8 (78), 811.9 (119), 1823.6 (12) 160.4 ; 824.3 ; 1741.3
SigC Coy 95.7 (1), 785.9 (18), 1257.0 (238) 839.5 (0.07) ; 1188.4 (1)
Sig Coy 169.1 (5) 542.1 (31) 550.3 (7)
Cy Dooh 128.8 (0), 144.3 (30), 928.9 (0), 1582.2 (281), 2111.7 (0)
Sig Cay 125.4 (25), 429.3 (34), 676.7 (38), 1027.5 (44), 1077.9 (2), 1412.6 (153)
SigCo Doy 200.0 (1), 368.9 (47), 513.1 (0), 967.9 (0), 974.6 (260), 1164.2 (0) 382.2 (0.18) ; 982.9 (1)
SigC Coy 186.3 (0.5), 306.9 (4), 361.1 (8), 511.7 (18), 671.4 (45), 1111.9 (73) 309.5 (0.11) ; 357.6 (0.16) ;
511.8 (0.32) ; 658.2 (0.52) ; 1101.4 (1)
Siy Doy, 81.1 (3), 250.1 (1), 355.4 (0), 443.8 (0), 477.3 (0)
Cs Dooh 131.0 (17), 275.0 (0), 653.1 (1), 789.8 (0), 1475.0 (133), 2015.8 (0), 2271.2 (1699) 1544.0 (0.02) ; 2164.0 (1)
SiCy Coov 105.2 (1), 256.8 (11), 574.3 (21), 629.9 (4), 1176.1 (107), 1866.3 (0), 2198.7 (1718) 2095.5
SigCg Dooh 90.2 (1), 225.2 (0), 465.7 (0), 604.8 (12), 905.6 (171), 1576.5 (0), 2077.3 (1582) 898.9 (0.07) ; 1955.2 (1)
SizgCq Coy 148.9 (0.3), 189.5 (1), 195.7 (0.6), 456.6 (0), 467.5 (4), 607.0 (35), 710.7 (28), 956.5 (43), 1525.8 (1) 597.8 (0.98) ; 681.1 (0.31) ; 956.7 (1)
SiyC (e 238.0 (2), 322.4 (20), 348.6 (1), 424.2 (5), 692.7 (28), 739.5 (5)
Sig Day, 173.0 (1.4), 231.6 (0), 391.7 (0), 417.6 (2.1), 450.4 (1.1), 482.2 (0)
Cg D3y 468.7 (9), 540.2 (0), 574.2 (0), 611.7 (18), 1223.4 (0.3), 1236.9 (0), 1539.5 (0), 1832.5 (301)
SiCsy Coov 85.5 (3), 203.6 (10), 404.7 (0.3), 496.4 (11), 647.0 (1), 959.7 (36), 1538.6 (12), 1966.5 (388),
2140.2 (261)
SigCy Dooh 71.8 (0.2), 184.5 (0), 390.0 (4), 412.5 (0), 625.3 (0), 732.8 (32), 1255.7 (0), 1869.1 (118),
2078.4 (0) 719.1 (0.14) ; 1807.4 (1)
SigCs Cs 196.2 (8), 210.8 (0.2), 267.3 (5), 278.7 (9), 439.2 (5), 471.4 (37), 480.1 (12), 554.8 (72),
657.5 (11), 665.7 (79), 912.2 (42), 1624.8 (0.2)
SigCo Cay 158.2 (3), 195.7 (2), 323.6 (0), 379.1 (15), 379.4 (4), 388.2 (0), 426.4 (0.3), 434.5 (15),
505.9 (48), 630.5 (22), 775.1 (100), 1635.9 (1)
SigC Cyvy 76.8 (0), 148.9 (0.4), 312.8 (0), 380.8 (3), 412.3 (0), 435.8 (38), 595.0 (28), 819.3 (60)
Sig Cay 36.9 (0.1), 41.0 (0.2), 153.3 (0), 265.3 (0.1), 326.5 (0), 330.8 (0.4), 394.5 (0.1), 418.5 (0.3),
422.3 (0), 464.5 (9), 468.0 (7), 471.0 (19)

atoms. We reasoned that this would enable us to define
the notion of coordination of an atom, which is absolutely
necessary to study and discuss hybridization. It would
moreover enable us to deduce relations between the co-
ordination, distances and angles that our potential should
reproduce. This criterion is not, however, as obvious as
in usual molecules, where there is a large gap between
the longest bonding and the shortest non bonding dis-
tance [57]. Therefore, in order to define bonding distance
threshold for the various present bonds, C-C, Si-C and
Si-Si, we compiled statistics on the interatomic distances
found in the clusters studied. Figure 2 shows histograms
of these three types of distances found in the 134 struc-
tures yielded by the calculations (minimum and transition
states).

As for C-C, two distinct gaussian distributions can be
observed. The first one is centered at 1.30 A which is
the typical double-bond distance in allenes, or in other
molecules with cumulated double bonds [58]. Further anal-
ysis shows that this distribution is mainly due to linear
structures, and that no other distances are present in these
structures. The second distribution is centered at 1.43 A
which is slightly longer than the distance of an aromatic
bond. In addition a peak is observed at 1.60 ATt can
be noted that there is no distribution centered on 1.54 A,
i.e., that almost no single C-C bonds are present. From
this C-C distance histogram, two bonding distance bound-
aries could be chosen: 1.56 or 1.62 A whether or not we
include the peak at 1.60 A.

As for the Si-Si bond, the determination of the thresh-
old is less obvious. Three distributions can be seen: one
for distances from 2.10 to 2.24 A one from 2.26 to 2.42 A
and the last one neatly separated from 2.44 to 2.60 A. In
this case as well, two choices for the bonding criterion are
possible: 2.60 A if we want to take the third distribution
into account, or 2.42 A if we take as reference the typical
single Si-Si bond equal to 2.35 A.

Finally, the Si-C histogram can also be separated into
three distributions, one centered on 1.70 A a second one
from 1.78 to 1.98 A, with a maximum for 1.85 A7 the Si-
C single bond distance, and one much smaller, from 2.00
to 2.20 A, which strongly decreases if we consider only
the stable structures. Here again two bonding distance
thresholds could be chosen: 2.20 A if we consider all the
distributions observed, or 2.00 A if we consider the fact
that distances longer than 2.00 A are above all present in
transition states.

It can therefore be seen that if reasonable bonding cri-
teria can be found, uncertainties remain: we have two pos-
sible bonding distance boundaries for each bond type: 1.56
or 1.62 A for C-C, 2.00 or 2.20 A for Si-C, and 2.42 or
2.60 A for Si-Si.

4.2 Coordinations

To remove this uncertainty, we calculated the coordina-
tions obtained using the various criteria. Figure 3 shows
the carbon and silicon coordinations observed in the fifty-
one stable structures. For the sake of readability the two
C-C possible bonding distance thresholds, which have no
influence on the histograms, have not been represented.
The carbon coordination histogram shows that, with
the chosen criteria, neither coordination 0 nor coordina-
tion five atoms are present. That means that no carbon
atom is hypervalent if we consider these thresholds. Fur-
thermore, the majority of carbon atoms have a coordina-
tion equal to 2, a condition which has little to do with the
fact that only small clusters have been considered. Two
third of the clusters have five or more atoms, and it is
therefore possible for a large majority of atoms to have
a coordination of up to four. Finally, it can be observed
that the number of carbon atoms four-times-coordinated
is very low, which is related to the preference of carbon
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Fig. 2. Histograms of the C-C, Si-C, and Si-Si distances less
than 1,70 A, 2.40 A and 2.90 A, respectively, observed in the
134 structures yielded by the LSDA calculations.

atoms for C-C bonds, and to the absence of C-C distances
corresponding to single bonds.

As for Si coordination, the histogram shows how with
fixed Si-C and Si-Si bonding criteria, either non-bonded
or hypervalent atoms are present. Since it does not seem
reasonable to have non-bonded atoms in stable structures,
the Si-Si bonding distance threshold has to be 2.60 A.
Consequently, several silicon atoms exhibit hypervalence,
especially in SizCs and Si4Cs, whatever the Si-C bonding
distance boundary which only has a small effect on the
coordinations observed. This hypervalence phenomenon is
also observed in Si7, for which the ground state is a pen-
tagonal bipyramid [23]. As well as for carbon atoms, a
majority of silicon atoms exhibit a coordination 2.

Detailed study of the obtained coordinations using var-
ious bonding criteria has enabled us to reduce the uncer-
tainty on these criteria: the Si-Si bonding distance bound-
ary has to be 2.60 A. However, it has not allowed us to
eliminate the uncertainty since the C-C and Si-C bonding
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Fig. 3. Histograms of the C and Si coordinences observed in
the fifty-one stable structures as a function of bonding criteria.

criteria only have a small influence on the observed coor-
dinations in stable structures. However, to choose the C-C
bonding criterion, we have to take into account that the
longest C-C bonding distances observed are approximately
1.85 A in exotic organic compounds such as bisnorcaradi-
ene derivatives, and that bonding distances between 1.60
and 1.62 A are commonly observed in polycyclic bridged
molecules [59]. We therefore choose the C-C bonding cri-
terion equal to 1.62 A. For Si-C, we also decide to take
all the distributions observed into account as in the case
of the C-C and of the Si-Si bonds, and choose a bonding
distance threshold equal to 2.20 A.

4.3 Angles

On the basis of the cutoff distances chosen, we then de-
termined the most likely angles formed by an atom as a
function of its coordination.

In the case of carbon atoms, most likely angles de-
pend on the atom coordination, and there is an especially
big difference between coordination 2 atoms on the one
hand, and three-or-four-times-coordinated atoms on the
other hand. The large majority of coordination 2 carbon
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atoms form angles equal to 180°, i.e., are involved in lin-
ear structures. Other angles observed are 60°, 90° and
120°. The most likely angles for three-times-coordinated
atoms form a distribution from 60° to 90°, and there are
also small peaks at 120° and 160°. Coordination 4 carbon
atoms preferentially form angles between 60° and 80°, as
well as angles equal to 120° and 150°, but it is not re-
ally significant since there are very few of these carbon
atoms. This confirms that there is a majority of sp? and
above all sp hybridizations, and that the sp? hybridization
is unfavorable.

For the silicon, the most likely angles for coordination
2 and 3 atoms form a distribution from 45° to 80°, with
a maximum for 55°, whereas for four-times-coordinated
atoms they form a distribution between 45° and 100°. It
can therefore be seen than silicon atoms never form an-
gles larger than 100°. This results from the difficulty with
which silicon atoms form 7 bonds, and, as a consequence,
from their tendency to only form single-bonds. If we link
this to the fact that a majority of silicon atoms are two-
times-coordinated, it seems to imply that a majority of
silicon atoms do not hybridize.

5 Conclusion

Test of various functionals demonstrate that gradient cor-
rections are surprisingly ineffective when applied on the
mixed Si-C clusters. LSDA, on the other hand, is fast and
accurate for isomeric orders, interatomic distances, and
IR frequencies. It is therefore a good tool for the study of
these clusters.

Qualitative analysis of the structures obtained using
LSDA shows a variety of geometries and unusual proper-
ties of the Si,, C,, clusters: the large number of isomers and
transition states, a segregation between Si and C atoms,
an increase in dimension as the silicon content increases,
and Si hypervalence. Quantitative data analysis yields re-
lationships between the interatomic distances, coordina-
tions and angles observed in the Si-C clusters.

The results obtained show that a potential which sat-
isfactorily describes the properties of Si-C clusters must
be extremely versatile. It must be able to reproduce the
various possible hybridizations of carbon atoms, as well as
the competition between linear and cyclic structures. For
silicon atoms, the potential must also allow for a descrip-
tion of a variety of situations ranging from non-hybridized
single or double-bonded atoms to hypervalent atoms. Such
a potential is currently being developed.

In addition, a study of clusters containing up to ten
atoms is being carried out using Car-Parrinello method
[54] in order to extend our database of structures and vi-
brational frequencies. This method, combining molecular
dynamics and DFT, enables exhaustive global PES ex-
plorations, and will allow us to study clusters with sizes
greater than six, for which increasing PES complexity pre-
vents the use of local optimizations combined with chem-
ical intuition as an effective exploration method. Little is
known about clusters with size between seven and ten, and
especially about Si,, C,, with m between n—1 and n+1 (HJ
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only studied SisCs, SigC, and SizC). The study of these
clusters will enable us to confirm the trends observed on
the smaller clusters, and will yield useful information for
the implementation of the potential.
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