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Density functional theory and second-order Moller—Plesset perturbation theory investigations show
that carbon-rich semiconductor microclusters, $gC,, (7<s=l+m+n<10 with n=5-8)
possess linear or planar structures and the aromaticity of the singly- or doubly charged H-saturated
planar derivatives with (4+2) delocalizedr electrons decreases with the increasing of noncarbon
atoms. ©2003 American Institute of Physic§DOI: 10.1063/1.1604373

There have been, in the past two decades, extensive theystems:>~1°and recent publication¥ ™’ confirmed the ex-
oretical and experimental studies focused on group IV elistence of aromaticities in pure metallic ﬁaand Aﬁ* with

emental clusters, especially on, @nd Sj, which represent two  electrons and isoelectronic heterocyclic XAton-
quite different bonding characteristics and cluster growthgaining one group IV atoniX=Si,Ge,Sn,Ppb

patterns. In contrast, much less attention has been paid to
binary  A.B, and ternary  AB,.C, clusters
(A,B,C=C,Si,Ge, though corresponding bulk systems are

important ceramics and semiconductor materials i ) . .
p_ . 110 o . r]functlonal theory and MP2 methods. Various initial struc-
application:™" Ab initio calculations started to appear on

small Sj,C, like Si,C, SiC, SbCs, ShCp, SkCs, SkC,, tures are optimized at the BSLYP/6—3&G(:.3df) !evel and
GeSi, SjGe,, and SiGe, in the past 10 years*~° Our frequency analyses are made to check for imaginary frequen-
group performed a systematic investigation on,Sig(m  Cies at the same theoretical level. The geometries obtained
+n=<10)? and G¢Si,,C, (I +m+n<6)" using the density for small GgSi,C, (I +m+n=<6) at the B3LYP level agree
functional theory(DFT) and configuration interaction with quite well with corresponding results at CISD reported in
all singles and doubles substitutiofSISD(full)] over the  Ref. 11, though the bond lengths at B3LYP are systemati-
past 2 years. These C-containing semiconductor microclusally a bit longer. To study the aromaticities of these carbon-
ters are found to take optimum structures with C atoms CONrich systems and compare results with our earlier pub"ca_
nected in chains or at transannular positions, for whieh@  tjons, we further optimized the structures of singly- or
double bonds dominate the relative stability of different 'So'doubly charged H-saturated clusters, §eCeH, (x=3-5)

mers and SiC interactions play important roles, while .. \1p5 41y/6-311+ G(d) with the inclusion of all electrons
other bonds are found much less important in defining the . .

. and calculated their absolute NICS values using the gauge-
cluster geometries. In a very recent study, we also presente

a MP2 investigatioh’- on the aromaticities of binary and ter- independent  atomic orbltaI(GIAO) gpproach aF the
nary semiconductor systems with three- or four-membere3LYP/6-311+ G(3df) level. To investigate the shielding
planar rings. These strained ring systems are confirmed to gffect of molecular ring current in more details, NICS values
featured with delocalized orbitals perpendicular to the mo- are calculated at three kinds of sites A, B, and C at the
lecular planes and have high negative nucleus-independegeometrical centers of (Cring, CSiC triangle, and CGeC
chemical shifts(NICS) at the geometrical centers of heavy triangle, as shown for structure VIl in Fig. 2. The bonding
atoms. The concept of NICS has been used widely as a crirature shown as double or triple bonds in Figs. 1 and 2 is the
terion of aromaticity for both planar and spherical direct output of thesaussview program. All the calculations
are performed utilizing theAussian 98 package'®

dElectronic mail: lisidian@yahoo.com At the B3LYP level, the lowest-energy structures of ter-

In this work, we expand the study to carbon-rich binary
and ternary clusters @&#i,,C,, containing up to 10 atoms (7
<s=|+m+n=<10 with n=5-8) by utilizing both density

0021-9606/2003/119(13)/6750/3/$20.00 6750 © 2003 American Institute of Physics
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FIG. 1. The optimized linear and planar structures ofSg¢C, at B3LYP
level with necessary bond lengths indicated. The big dark balls stand for G
atoms while Si and C are represented as gray balls with C in smaller size

nary GeSiG (n=5,6,7,8) are linear chains with Si and Ge as
ending atoms, except GeSiCwhich favors a Ge-bridged
structure with a severe distortion to thg fing as shown in
Fig. 1. TheC,, planar GeSigis found to be 0.135 eV lower
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FIG. 2. The optimized structures of planar SgCsH, (I,m=1-3, x

=3-5) cations and anions at MP2 level with bond lengths indicated. The

three sites at the centers of @ng, CSIC triangle, and CGeC triangle are
labeled as A, B, C in structure VIII. Ge, Si, and C atoms are depicted with

Semiconductor microclusters 6751

TABLE |. The calculated NICS values of ,C¢H, (I,m=1-3, x
=3-5) at B3LYP/6-31% G(3df) level at sites A, B, and C illustrated in
Fig. 2.

NICS/ppm
Cluster Symmetry N A B C
CoHs Den 6 -7.8
SiCeHe C,, 6 —-4.9 —20.4
Si,CgH2 ™ Do 6 -43  -13.0
Si,CsHa Do 8 +11.7
Si,CeH3~ Do 10 +3.6
Si;CsH3 Dap, 10 -1.8 -0.9
GeGH: Cy, 6 4.4 -15.8
Ge,CgH3™ Do 6 -3.5 -8.7
GeSiGHZ" C,, 6 -40 -14.0 -7.4
GeSpCgHs5 Cy, 10 +27 -190 -197

®n.=number of7 electrons.

in energy than the corresponding linear chain at B3LYP,
while both SjCs and GegCy are confirmed to favor linear
structures. It is the comulene-like carbon chains containing 5
to 8 C atoms that stabilize the linear structures, and the end-
ing C=Si double bond and C—Ge single bond best fit the
bonding requirement of the linear geometry. Relative to the

f_riplet states of component atoms, the binding energies of

GeSiG, series increase linearly from 35.83, 41.56, 48.55 to
54.27 eV with the number of C atoms increasing from
=5, 6, 7 to 8. This finding is in line with the observation
from linear GeSiG and GeSiG obtained at the CISD level
in Ref. 11.

Binary and ternary G&8i,Cg with three noncarbon at-
oms take the gring-centered planar structures as shown in
Fig. 1 at the B3LYP level and the corresponding singly- or
doubly charged H-saturated derivatives of &gCgH, at
MP2 are shown in Fig. 2. Various T-shaped and zigzag
GgSi,,Cs neutrals are confirmed to be less stable in energy
or have imaginary frequencies. Orbital analyses indicate that
the charged G&i,,CgH, (x=3-5) with 6 or 1(, electrons
are characterized with delocalizedbrbitals perpendicular to
the molecular planes lying lower in energies than their high-
est occupied molecular orbita(slOMOs). In fact, the delo-
calized 7 orbitals of aromatic systems are not always re-
quired to be their HOMOs. For example, the delocalized
orbital of benzene lies at HOMO-n A,,, orbital) at the
MP2 level, and that of SiAl and GeA} are HOMO-1 with
the irreducible representation of B’ Effective 7 bonds are
found to be formed between Si and its neighboring C atoms
in these clusters, while Ge—C interactions exist basically as
single bonds for the reason that tpe orbital of Si atom
matches better with that of C in energy. Typical situations
occur in linear GeSig as shown in Fig. 1 and planar
GeSiC;;Hffr and GeSiCgH; in Fig. 2. In SgCsH; , the
C=—C bonds in the gring are broken alternatively by effec-
tive 7 interactions between Si and C, leaving the cluster
practically a triangle with very weak aromaticity.

The calculated NICS values are summarized in Table |
and compared with corresponding value-of.8 obtained for

the same symbols as that in Fig. 1, with H represented as the smallest grzgﬁnzene at the same theoretical level. Our results show that

balls.

with one or two noncarbon atoms present, all these planar
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structures have negative NICS values betweeBl5 and  properties of singly or doubly charged Se,C,H, comply-
—4.9 at site A, indicating the existence of shielding effect ofing with the (41+ 2) = electron counting rule. The existence
the ring current covering the molecular plane and the weakesf planar aromaticity depends on the delocalizedonds
aromaticity in these systems compared to benzene. It is insustained by the closed cyclic molecular skeletons. This
teresting to notice thatXenters forming bonds with only Si study brings new insight into the properties of ternary semi-
atont(s) always have higher negative NICS values than thatonductor systems and provides important reference in future
forming bonds with only Ge atofg). In consequence, the experimental characterizations of these cluster neutrals and
NICS value of ternary GeSiEi3" lies between that of bi- charged ions.
nary ShCsH3" and GeCgzH3" . For binary SiCsH5 , which
contains three Si atoms, the NICS at the center of the mo<a. N. Andriotis, M. Menon, and G. E. Froudakis, J. Cluster 6, 549
lecular triangle takes a small negative value-6f.8, indi- (1999.
cating that this anion is still weakly aromatic in nature. How- “S:-D- Li: Z-G. Zhao, X.-F. Zhao, H.-S. Wu, and Z-H. Jin, Phys. Rev. B
A . : 64, 195312(2001).

ever, for GeSiCgH; , which has only one atom difference 3C. K. Maiti, L. K. Bera, S. Maikap, S. K. Ray, and N. B. Chakrabarti, Def.
from SkCgH; , the NICS value at site A turns out to be  sci. J.50, 299 (2000.
+2.7, a positive value implying the antiaromatic nature of 4A.hD. Zdetsis, G. Froudakis, M. Muhlhauser, and H. Thumnel, J. Chem.
this ternary anion. This is the o'nlly case in which the ring 5;.yﬁ'jﬁ“h’aiizﬁ(?g&gelsl and S. D. Peyerimhoff, J. Chem. Py,
current is destroyed by the addition of three noncarbon at- 7901994,
oms, of which one is Ge at which the cyclic delocalized  ®M. Muhlhauser, G. Froudakis, A. Zdetsis, and S. D. Peyerimhoff, Chem.
bond is broken. In most cases, the calculated NICS at bothPhys. Lett.204, 617(1993. _
sites B and C have big negative values varying in large SéaEéfg?;Jgggs, M. Muhlhauser, and A. D. Zdetsis, Chem. Phys. Lett.
ranges, indicating the existence of local ring currents andtsg s Grev and H. F. Schaefer Iil, J. Chem. PI8&.4126(1985.
therefore site aromaticities in CSiC and CGeC triangles in°K. Lammertsma and O. F. Guner, J. Am. Chem. Sdd) 5239(1988.
corresponding systems. The NICS values calculated at K’P-Q/éSUdhakaﬂ O. F. Guner, and K. Lammertsma, J. Phys. Co@&i289
sites for SiGHs anion and SiCeH, neutral with 8p, elec- 118.-D.9I._i, S-Y. Li, M.-G. Zhao, H.-S. Wu, and Z.-H. Jin, Phys. Re\6
trons have the values af9.6 and+11.7, respectively, while 165213(2002.
the SLCsH3~ dianion with 10p, electrons has an NICS *S.D. Li, H.-L. Yu, H.-S. Wu, and Z.-H. Jin, J. Chem. Phyd7, 9543
value of +3.6, showing that these systems are antiaromatic,, (2002 _ . .

. 2= i . . . . Y. Xie, P. R. Schreiner, H. F. Schaefer Ill, X.-W. Li, and G. H. Robinson,
The SpCeH; dianion is unstable due to the high negative ;" o chem. Soc118 10635(1996.

charge it carries, though it complies with then(#2) =  x.-w. Li, Y. Xie, P. R. Schreiner, K. D. Gripper, R. C. Crittendon, C. F.
electron counting rule. We conclude that the aromaticity of a Campana, H. F. Schaefer Ill, and G. H. Robinson, Organometalbcs
ifi m nds on both the number of ible dg;3798(1996.

spec' C syste depe ds 0 bOt. the u ber o pOsS be. d‘?SY. Xie, P. R. Schreiner, H. F. Schaefer Ill, X.-W. Li, and G. H. Bobinson,
localized electrons complying with certain electron counting organometallics.7, 114 (1998.
rules and the characteristics of the molecular structures su&x. Li, A. E. Kuznetsov, H.-F. Zhang, A. I. Boldyrev, and L.-S. Wang,
taining the ring current. 17ScienceZgl ﬁ59(2001). .

; [ _ X. Li, H.-F. Zhang, L.-S. Wang, A. E. Kuznetsov, N. A. Cannon, and A. I.

. In .Sumr.nary' by usingib initio methods, We ha\_/e pre Boldyrev, Angew. Chem., Int. Ed. Eng40, 1867(2001).

dicted in this work the structures of carbon-rich microclus-1sy; j” Frischet al, caussian o5 Revision A.9, Gaussian, Inc., Pittsburgh,

ters GgSi,,C,, containing up to 10 atoms and the aromatic PA, 1998.



