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Abstract: We have performed an unbiased search for the lowest-energy geometric structures of medium-

sized silicon clusters Siy (27 < N < 39) using a genetic

algorithm and nonorthogonal-tight-binding method,

followed by a refining and biased search using basin-hopping method coupled with density-functional theory.
We show that the carbon fullerene cages are most likely generic cage motifs (“magic cages”) to form low-
lying stuffed-cage silicon clusters (beyond the size N > 27). An empirical rule that provides optimal “stuffing/
cage” combinations for constructing low-energy endohedral silicon fullerenes is suggested, with a hope
that it can provide guidance to future synthesis of “bucky” silicon.

Introduction

Among the group IV atomic clusters, fullerene-cage structure
are only found in the carbon clustéia which the closed cage

more light can be brought onto the long-standing question: Are
there any generic structural features for the medium- to large-
sized silicon clusters? Thus far, much understanding has been

S

consists of only pentagonal and hexagonal rings, and all carbonaChieved on the structures of small-sized silicon clusters, such
atoms are 3-fold coordinated. For silicon, a nearest neighbor of @ Sk Sr, and Sio, which are known to be theagic-number
carbon in group 1V, both experimental measurements and abCclustersdue to their high stability and a_bundar?cé.Howev_er,
initio calculations have shown that silicon atoms in small- to for silicon clusters S beyond the sizeN = 10, detailed
medium-sized clusters can exhibit higher than 4-fold coordi- structural information about the arrangement of atoms in the
nation?-6 To date, silicon fullerenes have not yet been observed 1oW-lying forms cannot be directly inferred from today’s

in nature nor synthesized in the laboratory. Nevertheless, for €xperiments. lon mobility measurements performed by Jarrold

medium-sized silicon clusters, high-resolution ion mobility
measurement$§ have revealed a structural transition from
prolate shapes to more sphericallike ones for both aniogs Si
and cations i beyond the sizé\ = 27. However, detailed

geometric structures of the more sphericallike medium-sized
silicon clusters still cannot be fully determined from measure-

ments. In this aspect, structural determination relies heavily o

guantum-mechanical calculations of the potential energy surface®

of the clusters.
Despite the lack of evidences of “bucky” silicon in nature,

geometric structures of medium-sized silicon clusters have
attracted considerable interests over the past 20 years, bot

experimentally~>7-17 and theoretically;18-31 with the hope that
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Table 1. Optimal Stuffing/Cage Combinations for Low-Lying
Endohedral Silicon Fullerenes? and the Binding Energy per Atom?

optimal stuffing/

stuffed fullerene Siy cage combinations binding energy (eV/atom)

Si27 Sig@Siz4cage 3.274

Six7a Sii@Shbscage 3.269

Sig Sh@Shbscage 3.292

Sizga Siz@Shscage 3.278

Figure 1. Geometries of three previously reported “handmade” endohedral Sixg Si;@Shecage 3.287
silicon fullerene models, optimized at the B3LYP/6-31G(d) level of DFT: Sizo Si@Shkscage 3.286
Siz3 [Sis@ Shs cage]'*2°Sizs [Sis@Sho cage]3° and Sig [Sis@Ska cage]? Sz Siz@Shecage 3.306
The core-filling atoms are highlighted in green. Sis2 Sis@Shbscage 3.299
Sizza Sh@Skecage 3.294

and co-worker&81216have revealed much of what is known 2:33 g?ggzzggg ggéi
today about the overall structural information of the medium- S Sis@Skacage 3308
sized clusters. Specifically, the high-resolution ion mobility Siss Si,@Shkcage 3.318
measurements® have shown that a structural transition from 2!37 2!3@2!340398 3-206
prolate shapes tmore sphericallikeones can occur for silicon sEi s:;‘gs{if}ﬁ?gg 3'3%(5)
cluster anions &i in the size range 2% N < 29 and for cations Sipe’ Si,@Shscage 3.277
Siy* in the size range 25 N =< 27. Photoelectron spectra Sizz Te® Sis@Shecage 3.211
m rement3also provided indirect evidence of the structural SiaeCs* Sis@Stccage 3.267
easurement3also provided indirect evidence of the structural S Si@St.cage 3901

transition for anions between the sike= 27 andN = 30. All
these measurements suggest that medium-sized cluster ions, both a shown in Figure 2& Calculated at B3LYP/6-311G(2d) level of DET,
negative and positive, favor more spherical shapes at |leastincluding the zero-point-energy correction calculated at B3LYP/6-31G(d)

; _ " level. ¢ The binding energies per atom for the endohedral fullerengs$'Si
beyond the sizé\ = 27. Presu.r.nably, the structural traq5|t|9n as well as SirTg, 9% Siae-Cs 2 and Sie-Ca2? (Figure 1), are also given.
may also occur for neutral silicon clusters at a certain size,

possibly between 25 and 301° of the potential energy surface by use of the GA coupled with the
For N < 27, structural information about relatively small-  nonorthogonal tight-binding (NTB) methd8.Note that the NTB
sized silicon clusters has been mainly obtained on the basis ofmethod proposed by Menon and Subbaswsyccessfully reproduces
unbiased search of the global-minimum clusters by use of the the structures and binding energies of small silicon clustérs (10)
genetic algorithm coupled with semiempirical tight-binding (TB) from density functional theory calculations and has been applied to a
method and density functional theory (DFFR6 For example, medium-sized Si cluster. The genetic algorithm (GA) simulation
Ho et all2 have reported that a low-lying class of prolate-shaped employed in this work is essentially the same as in Deaven and Ho's
neutral silicon clusters §i(12 < N < 26) can be built up with work 22 and the details of it has been reviewed recently by one &f us.
the motif of the tricapped trigonal prism (TTP)gSi Briefly, the essential idea of GA optimization strategy is to mimic the
On the other hand, little is known about the structural Darwinian biological evolution process during which only the fittest

information of the medium-sized clustes ¢ 27) except that candidate can surv-ive. At Ib.eginningt we generate a number (128 in
they are compact and more sphericallike in shape. To the bestthe present simulation) of initial configurations by random. Any two
of our knowledge, an unbiased search for the glob;”:tl-minimum candidates in this population can be chosen as parents to generate a

. child cluster through a mating process. At the end of the mating
clusters by either TE"‘ or DFT me}hods has not yet been reF)ormdprocedure, a mutation operation is allowed to apply on the configuration
for N > 27. Several “handmade” structural modéig33°have

of child cluster with 30% possibility. The child cluster from each GA
been proposed, and among them, the endohedral or “stuffed”generation can be relaxed by highly efficient BFGS numerical
fullerene model appears to be the most promising candidate asminimization3® Thus the locally minimized child is selected to replace
a low-lying form of sphericallike clustef®.In Figure 1 we its parent in the population if it has lower energy. In this study, 40 000
display several representative stuffed-fullerene models for GA iterations are performed to guarantee the global minimum in the
Si33,1920 Sige® and Sie?? The initial configuration of these  NTB configuration space. The resulting lowest-energy isomeric struc-
stuffed-fullerene clusters was generally built based upon high- tures are thereafter called the NTB global minima. Guided by the NTB
symmetry fullerene cages containing various preconstructed global minima, the second step is a refining step via a biased search of
core-filling units. However, it can be shown that most of these the potential energy hypersurface by means of the BH méthod
handmade clusters show quite high energy (see Table 1). Fo,compined with the dgnsity—functional theory (DFT) within thg general-
example, their binding energies per atom are all smaller than gradient approximation (GGAY.In essence the BH method is Monte

that of a smaller cluster, Si[a low-lying endohedral fullerene Carlo minimization, which removes relatively low barriers separating
cluster shown in ref 3;]_] (see Table 1 and also Table 1 in local minima of the potential energy hypersurface and thus effectively
Supporting Information) converts portions of the potential energy surface into a multidimensional

staircase. Each accepted Monte Carlo move is associated with an energy
Computation Procedures minimization. Here we calculated the potential energy and energy
gradient using subroutines of CPMD source cddieeely available to
academic researchers).

To seek low-lying geometric models for the medium-sized clusters,
we adopt a two-step approach with two global optimization tech-
niques: the genetic algorithm (GK&y23and the basin-hopping (BH)
method3* The first step is an unbiased search of the global minimum
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(a) Representative NTB Corresponding Low-lying Representative NTB Corresponding Low-lying
Global Minima Siy Fullerene Cages Stuffed Fullerenes Six Global Minima Six Fullerene Cages Stuffed Fullerenes Siy

&
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Figure 2. (a) Geometries of low-energy stuffed-fullerene clusters-S$ize. Each set of structures displays a representative NTB global minimum, the
corresponding homologue carbon fullerene cages, and the endohedral fullerene family, obtained from the refining biased search based on &tombined B
DFT method. The corresponding fullerene cages (exceg) €an be achieved by removing the core-filling atoms (green spheres) from the corresponding

NTB global-minimum isomers, followed by replacing all cage atoms (yellow spheres) by the carbon atoms (gray spheres) along with rescaling the bond
distance by a factor of 0.7, and then reoptimizing the carbon cages. Almost all these carbon fullerene cages have been proven to be the global minima of
carbon clusterd® (b) Geometries of the NTB global-minimum structureso®ind Sis and the corresponding homologue carbon fullerene cages.

Results and Discussion replacing all cage atoms by carbon along with rescaling the bond
distance by a factor of 0.7, and then reoptimized the carbon

| cages, the more ideal carbon fullerene cages were recovered. It

turns out that most of these carbon fullerene cages are those

proven to be the global-minimum carbon cages by Wangt al.

To our knowledge, this is the first direct computational evidence

through unbiased search that establishes a relationship between

carbon fullerene cages and the homologue cages for low-lying

silicon clusters over quite broad size range. Note, however, that

several NTB global minima also show imperfect fullerene cages;

Unbiased Search with Genetic Algorithm.We have per-
formed an unbiased search for the global minima of neutra
silicon clusters §j in the size range 2& N < 39. Some
representative NTB global minima are shown in Figure 2 (Figure
1 in the Supporting Information displays all NTB global minima
obtained in this work). Overall, the shapes of the NTB global-
minimum structures for the medium-sized clusters are spheri-
callike. More interestingly, we find that most of the global
minima exhibit fullerene-like cages, namely, the cages contain
only pentagonal and hexagonal rings. When we removed the 8) Wang, C. Z.; Zhang, B. L.; Ho, K. M. I€omputational Studies of New
core-filling atoms (green spheres in Figure 2a), followed by Materials World Scientific: Singapore, 1999; p 74.
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namely, the cages contain, in addition to five- and six-membered ferentiation of the energy order for isomers with very close
rings, four- or seven-membered rings (see Figure 1 in the binding energies (e.g., within 5 meV) at the lower level of theory
Supporting Information). These include&iSiss, Siss, Siss, and [B3LYP/6-31G(d)]. As shown in Table 1, except forxgiall
Sizg. It is possible that the selection of these nonfullerene cagesendohedral fullerene clusters derived from the local search show
is also a general feature for certain medium-sized clusters. It isgreater binding energy per atom than that of the low-lying
also possible that the selection of these imperfect fullerene cagesndohedral fullerene cluster,gpreviously reported in ref 31.
is due to the inaccuracy of the NTB description of the Overall, the binding energy per atom increases gradually with
configuration space. increasing cluster siZéan essential requirement for identifying
Biased Search with Basin-Hopping DFT Method To test low-lying medium-sized clusters. For comparison, the binding
the second possibility, we carried out the (second-step) biasedenergies of those previously reported stuffed-fullerene clusters
search of low-lying silicon clusters using the BH Monte Carlo are notably smaller than that of thep$S(see Table 1 and
method* combined with DFT within the GGA. Here, the biased Supporting Information Table 1).
search was limited to stuffed-cage clusters, where the cages can In Table 1, we also give a list of suggested optimal “stuffing/
be either fullerene cages or the imperfect fullerene cages of cage” combinations to construct stuffed-fullerene clusters. This
several NTB global minima. The number of core-filling atoms list offers an explanation for why most previously reported
can be adjusted from one to six, and the initial configurations stuffed-fullerene clusters are energetically less favorable. As an
of the core-filling atoms are based on those of the NTB global €xample, for S, the previously “handmade” model was based
minima. For a given silicon cluster size, there are multiple ways 0n the Gg(Tq) cage (Figure 1) with addition of five core-filling
to construct the stuffed-cage clusters. For example, for the atoms [hereafter, this model is denoted agdEsbs cage]. As
smallest cluster considered here;Sithe initial isomeric ~ shown in Table 1, five core-filling atoms may be viewed as
structures can be either 8 Sh4 fullerene cage or $@Shs “over-stuffing” for the Gg(Ta) cage. In fact, the §(Cz,) cage
fullerene cage. Our local search by a combined-BMFT is a better one for constructing low-energy stuffed-fullerene
method indicates that isomers based on the fullerene cageslusters for Sis. Similarly, six core-filling atoms are “over-
consistently achieve lower energies than those based on thestuffing” for the Go(Cz,) cage for constructing low-energys&i
imperfect fullerene cages (see Tables 1 and 2 in the SupportingFor Sk, the five core-filling atoms are optimal for thes{0Cs,)
Information). In general, all NTB global minima can be slightly ~cage. However, the tetrahedral core-filling unit is not an optimal
improved (having a lower energy) after the refining search in structure, which can give rise to a relatively higher energy
the DFT configuration space, indicating some subtle differences isomer. In turn, these total-energy calculations reassure the
between the NTB and DFT configuration space. Fag,Sn necessity of the unbiased search for finding optimal stuffing/
particular, we find another isomeric fullerene cagg{D-) cage combinations as well as optimal geometries for the core-
yields slightly lower energy than the isomer based on théTg) filling units.
cage, even though the latter cage is selected by the NTB global The stuffing/cage combination list in Table 1 also provides
minimum Sk,. In Figure 2a, the resulting low-lying stuffed- @ simple recipe to build, “by hand”, low-energy configuration
fullerene silicon clusters are displayed, where the green atomsof larger stuffed-fullerene clustersl(> 39), which may have
denote core-filling atoms (“stuffing”). good possibility to become low-lying large-sized clusters (up
All-Electron High-Level DFT Calculations. To further to a certain size). A tentative “rule of thumb” that can be derived

affirm the relative stability of all stuffed-cage clusters and to from the listin Table 1 is that the “stuffing” &im and Sk (m
compare binding energies with those of other medium-sized = 1 2, ---) appear to be upper and lower limits, respectively,

silicon clusters, we also performed geometric optimization at for the core-filling atoms in the &j.om fullerene cage. Note
the B3LYP/6-31G(d) level of theory implemented in the that one should be cautious when extrapolating the empirical

Gaussian 03 software packag@ith no symmetry constraint. rule to larger clusters as this rule has not beep t_estedl feor
Harmonic vibrational analysis at the same level of theory was 39- At the least, however, we expect the upper limit would work

then taken to ensure that the clusters are local minima with no Well since strong steric interaction due to “overstuffing” is
imaginary frequency. Finally, an all-electron single-point energy Unlikely to produce low-lying clusters. As an example, to build

calculation at the B3LYP/6-311G(2d) level of theory was carried & low-energy stuffed-fullerene clusters&ithe stuffing/cage
out to obtain the binding energies per atom (see Table 1 as wel|C0mbination $@Sgais likely a good choice, whereass® Sk

as Tables 1 and 2 in the Supporting Information). The use of ¢ag€ may be “overstuffing”. For &j the stuffing/cage combina-

the larger basis sets [6-311G(2d)] allows more accurate dif- 10N S@Sks cage appears to be a sensible choice, whereas a
Sis@Ske cage may not be. We have confirmed both cases

(39) Frisch, M. J.: Trucks, G. W.: Schlegel, H. B.. Scuseria, G. E.. Robb, M. through the NTB unbiased search. Indeed, we find that the NTB

/S.; Chteere@anMJ”. R.; hJ/Ior':Atgoinery, J. /g, Jsr \T/revenj TJ Kéidin, K. \l\/l global minimum Sip selects the &-homologue cage while that

urant, J. - Ham, J. ., lyengar, . ., lomasl, J.; barone, . . H

Mennucc_:_i, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; of S|45 selects the thomplogue Ca.g.e (Flgure Zb)' For even

S\Ialraﬁséul, 1\7 Hagal,. M.; TEhai_:a, é\/l.;JoyPt(qtta, Ka kaida'ﬁ';aasegﬁ/lwa' larger clusters such asegithe empirical rule would suggest
., Ishida, ., Nakajima, 1.; nonda, Y.; Kitao, ., Nakal, . ene, . - . - . . .

Li. X.; Knox, 1. E.; Hratchian, H. P. Cross, J. B.: Adamo, C.: Jaramillo, that the stuffing/cage combination; 8@ Sis cage is possibly a

J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; good choice, but the borderline cases,@Sks cage, Sio@ Sko
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; , . L

Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, Cage, and S@Sk, cage, should be also examined. A more
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D, thor h al | rch f > 40 i nderwav.

Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; orough g obal search fdd = 40 is unde ay

Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, Conclusions

P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;

Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, ; ;

B.; Chen, W.; Wong, M. W.; Gonzalez, C.; PopleGGhussian O3Revision Our StUdy supports the prewously_ squeSted nétichthat .
B.03; Gaussian, Inc.: Pittsburgh, PA, 2003. carbon fullerene cages are promising general cage motifs
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(“magic cages”) for building low-lying sphericallike clusters. DOE's Office of Basic Energy Sciences (Materials Science and
In particular, we show that the fullerene cages can form low- Engineering Division), and Nebraska Research Initiatives
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counterpart: the low-lying sphericallike silicon clusters over Academic Technology and Network
quite broad medium-size range. An empirical rule that provides '
optimal “stuffing/cage” combinations for constructing low- . . ) _
energy endohedral silicon fullerenes is suggested, with a hope SUPPorting Information Available:  Tables of B3LYP/6-
that it can provide guidance to future synthesis of “bucky” 311G(2d) energies, zero-point corrections, and binding energies
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