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The reaction paths for formation and isomerization of a set of siligd3im = 2,3,n = 1-5) nanoclusters

have been investigated using second-order pertubation theory (MP2) with the 6-31G(d) basis set. The MP2/
6-31G(d) calculations have predicted singlet ground states for all clusters exclugihgie total energies

of the most important points on the potential energy surfaces (PES) have been determined using the completely
renormalized (CR) singles and doubles coupled cluster method including perturbative triples, CR-CCSD(T)
with the cc-pVTZ basis set. Although transition states have been located for many isomerization reactions,
only for SOz and SiO, have some transition states been found for the formation of a cluster from the
separated reactants. In all other cases, the process of formatiopxfcBiisters appears to proceed without
potential energy barriers.

I. Introduction second-order perturbation theory, quadratic configuration
SinOn clusters have played a key role in the synthesis of mteractlo[lg lg?f'SD(T))’ .and coupled cluster (CCSD(T))
. ; . S methods'~°1518 Several differences among these methods are
silicon nanostructures. One-dimensional siliegilica and - . .

- ” . . apparent, even in the lowest-energy spin state of som@,Si

silicon—carbon-silica nanowires and nanotubes of various clusters. as well as in the equilibrium ceometrv of the
shapes and structures have been synthesized under high- | ’ F | qt 45 3,[ d y let
temperature conditiorls®> Bulk-quantity Si nanowirés? have complexes. For example, a recent stiggredicted a single

been synthesized by thermal evaporation of powder mixtures electronic ground state for the pyramidal global minimum of
of silicon and SiQ or by thermal evaporation of silicon Siz0,, in contrast with earlier resuf$8in which a triplet global

monoxide? Initially, SiO vapor is generated from a powder minimum was predicted _for the flat pentagon structure._ Thi_s
mixture and condensed on the substrate, with Si nanoparticles®@n Pe attributed to the importance of electron correlation in
and nanowires surrounded by shells of silicon oxide. The silica correctly predicting the electronic structure of silica clustérs.
content in the starting Si/SiQeaction mixture appears to be a ~ The reactivity and cohesion enerdisf a set of SiO, (n,m

key factor in nanowire growth and structdr&Surface thin SO = 1-8) clusters and reaction paths for assemblingdstlusters
structures function as catalysts on the tips and form,SiO have also been studié®iZhang et at? have used the B3LYP
structures, which retard the lateral growth of the nanowires. It functionaf® with the 6-31G(d) basis set, as well as the G2MP2
has also been demonstratetiat SiO can contribute to the  method?* Adamovic and Gordoi® employed multireference
formation of SiC multiwall nanotubes and nanowires and-SiC  perturbation theory and CCSD(T) extrapolated to the complete
SiOy nanowires in thermochemical reactions with multiwall basis set limit to study the competing -8iO, reactions on the

carbon nanotubes. singlet and triplet surfaces. All of these studies showed that
The structures and properties of6h clusters have therefore  dynamic correlation clearly plays an important role in such
been studied intensively by photoelectron spectrostdmnd systems. The aim of the present paper is to study structures,

by several theoretical approachés?® On the basis of the transition states, relative energies, and formation reaction paths
vibrationally resolved PES spectrazSt and SO, clusters are at the MP2 and CCSD(T) levels of theory for,Gj, SiOs,

proposed to have closed-shell electronic structures. S04, SO, SE0,, SkOs3, and SiO, clusters.
The experimental studies have been accompanied by theoreti- - ajthough some of the species considered in the present work
cal quantum-chemical calculatioifson a set of O, and have been discussed previously, there has not been a compre-

SimOn clusters using sec_ond-ozrder_ perturbation theory (WP2) ponsive study of these systems. Some theoretical stadies

and the 6-313G(d) basis set? This combination of experi-  ;nsidered the structures and vibrational spectra of SiO and
ments and quantum-chemical calculations allowed the authorsSiZO2 The SiO dimer is postulated to be a ring species with

to interpret the main features of the PES spectra and to extractD2h s'ymmetry25 Most theoretical studies on &) have been

the adiabatic electron affinities of neutrakh clusters. concerned with the high-energy, multiconfigurational, propel-

Previous theoretical studies have predicted the atomic Struc-|,q jike structure, in which the Si atoms are connected by three
tures of S{On~ and SO, clusters 0.14715.15 %t various levels bridging O atom@7-2° The global minimum SD; structure was

i i i 14,16,19
of theory. These include density functional theory (DK found to have an O atom bound to rhombigGi, both in the

and such correlated ab initio approaches as MP2, multlreferenceexperimental work of Wang et &.and in a recent compre-

i i 1
* Corresponding author. E-mail: mark@si.fi.ameslab.gov. henS|_ve theoretlcal stud_y by Lu et diThe geometry, energy,
tlowa State University. and vibrational frequencies, at the Hartré@ck level of theory,
*L.V. Kirensky Institute of Physics SB RAS. were determined for thB2, global minimum andz;, transition
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state of SiO, in a study by Ystene¥. The Dy, structure was 1.547 (1.5097)" 1728
also found to be the global minimum in the recent study by Lu
et all®

Presented here is a systematic investigation of the growth .
reactions for the family of O, (m= 2—3, n = 1—4) species.
This study is organized as follows: Section Il describes the ._.

computational methods, followed by results and discussion in ik
Section Ill. Conclusions are presented in Section V.

a) reference 41
II. Computational Details b) reference 42

Figure 1. A schematic of reaction (a): Si@ SiO — Si,O;; MP2/

To calculate the electronic structure of silica nanoclusters, ;
6-31G(d) structural parameters for reaction (a) (A).

the general atomic and molecular electronic structure system
(GAMESSJ? code has been used. Geometry optimizations and TABLE 1: Relative Energies of the SiOs Isomers (kcal/mol)
transition state searches have been performed using the MP2(CCSD(T) and CR-CCSD(T) with cc-pVTZ Basis Set, All
6-31G(d) level of theory; for isomeB of Si;Os density Others with 6-31G(d) Basis Set

functional theory (DFT3 using the B3LYP functional was also HF DFT MP2 MCSCF CCSD(T)(CR-CCSD(T))
employed® Coupled cluster ca!culatiqns have been performed 1 (open) 00 00 00 0.0 0.0
at the MP2/6-31G(d) geometries using the completely renor- 2 (riangle) 70.2 52.9 51.0 68.5 54.6 (56.3)
malized coupled cluster approach with singles, doubles, and 3(tricycle) 86.3 539 491 526 58.0 (61.3)
perturbative triples (CR-CCSD(Pf)with the correlation con- ;‘Eﬁgg';r)) ;i-g ggg ;‘;-g 172%77 1212-91((71%-3)0)

) . ) % - . , _ . . _ ,
S|stent_cc pvVTZ bas!s_ s¥t36 to obtain |mprpved energies of 6(circlel) 2230 1859 208.8 223.1 212.3 (220.5)
all minima and transition states. Because isogef Si>Os is 7(openl) 256.4 118.6 228.1 132.3 223.1 (229.7)

very configurationally mixed, multireference second-order

perturbation theory (MRMP2Jwas also used to obtain energy  reaction enthalpies emphasizes the importance of triple excita-

corrections for this species. tions for a proper treatment of dynamical correlation effects in
All transition states and minima have been confirmed by the the silicon-oxygen systems.

calculation and diagonalization of the appropriate Hessian matrix (b) SiO + SiO, — Si,Os. The first step in the investigation

(matrix of energy second derivatives). For DFT and MP2, s formation of SjOs was to find all possible candidates for

Hessians were obtained by taking finite differences of analytic the ground state of $Ds. The propellane-like structure is the

gradients. TCSCF analytical Hessians can be obtained usingonly” Sj,0; isomer that has been extensively examined

the Corres_ponding ge_neralized valence bond ((?WB)e_thod. previously2’-2% primarily due to its high-energy and multi-
The reaction enthalpies were corrected for zero-point energy configurational character. A systematic search for all possible
(ZPE) and temperature effects. Si,O3 isomers resulted in the seven structures shown in Figure

The intrinsic reaction coordinate (IRC) method has been 5 The global minimum is isomer(open). This is in agreement
employed with the GonzalesSchlegel second-order integration  with Wang et af° and Lu et al?
method® to ensure that each transition state joins two appropri-  The relative energies of all seven isomers, using various levels
ate local minima along the potential energy surface. A useful ot theory, are given in Table 1. Most of these methods give the
diagnostic to assess the multireference nature of unusualsame energy ordering, with the open structure being much lower
structures is to examine the MP2 natural orbital occupation energy than any other isomer. For the most part, MP2/
rlumbers (NOON}.O A closed-shell, single configurgtion is 6-31G(d), CCSD(T)/CC-DVTZ, and CR-CCSD(T)/CC-DVTZ rela-
indicated by NOON that are-2.0 and 0.0 for occupied and  {jye energies are in reasonable agreement. The basis set effect
virtual orbitals, respectively. Significant deviations from these (from 6-31G(d) to cc-pVTZ) is usually on the ordereB kcall
values ¢-0.1) indicate some degree of multireference character o1 The biggest disagreement between MP2 and CC methods

in the wave function. occurs for isomers3 and 5 (~10 kcal/mol), the two most
. . multiconfigurational isomers. For the tricycle isomer, an
lll. Results and Discussion MRMP2/6-31G(d) single-point energy correction, at the MCSCF

(a) SiO + SiO — SiO,. Since all molecules involved in  optimized geometry, gives a relative energy~&7.7 kcal/mol.
this reaction are closed-shell (Hartreleock like) systems, single ~ This value may be too low, on the basis of the CR-CCSD(T)/
reference methods were used for all of the calculations. cc-pVTZ relative energy of 61.3 kcal/mol.
Optimizations were accomplished with MP2/6-31-G(d), and  Analysis of the Hessian matrix shows that the open isomer
energy corrections were taken into account with CCSD(T)/ is a minimum on the potential energy surface at most levels of
cc-pVTZ. Figure 1 gives a schematic of reaction (a) and reactanttheory. Although the TCSCF numerical Hessian has one
and product structures. The lowest-energy product Das imaginary frequency of 1422 crh, the equivalent analytical
symmetry, in agreement with previous studies. Other isomers GVB Hessian has no imaginary frequencies. It is therefore
were not considered, since they are much higher in energy. Anconcluded that the TCSCF Hessian has numerical errors, and

MP2 optimization initiated with two SiO molecules3 A apart, the GVB analytic Hessian was used for all isomers. All other
as represented in Figure 1, goes directly intoBhgisomer of isomers are minima, except fd& (circlel), which has one

Si,O,, with no intervening barrier. The MP2/ 6-31G(d) reaction imaginary frequency at all levels of theory except HF, and
enthalpy with ZPE and temperature correction@ ;g5 15 = tricycle with one imaginary frequency at the HF level of theory.

—38.4 kcal/mol, while the CCSD(T)/cc-pVTZAHz295 15= —49.5 The linear isomer does not exist at the HF level (it dissociates
kcal/mol. The experimental enthalpy of this dimerization to SiO+ SiO,) and has 5, 4, 4, and 2 imaginary frequencies at
reactiorf® is AHex?%815= —48.5 kcal/ mol, so the experimental  the DFT, MP2, TCSCF, and GVB levels of theory, respectively.
and CCSD(T)/cc-pVTZ results are in good agreement. The Next, consider the TCSCF natural orbital occupation numbers
discrepancy between CCSD(T)/cc-pVTZ and MP2/6-31G(d) (NOON). Significant multiconfigurational character was found
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Figure 2. The lowest-energy 8Ds isomers; MP2/6-31G(d) geometry parameters (A).
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Figure 3. (a) A schematic of the parallel path for reaction{$yrmation of theD., isomer; MP2/6-31G(d) geometry parameters of th®©5Dn
isomer (A). (b) A schematic of the normal path for reactionBymation of theC,, isomer.

just for isomers3 and5. The NOONSs of the highest occupied
molecular orbital (HOMO) are 1.643 and 1.755, respectively,
for isomers3 and5, while corresponding NOONSs for the lowest
unoccupied molecular orbitals (LUMO) are 0.357 and 0.245.

The reaction path for the formation of 85 from SiO and
SiO, was determined by initiating an MP2 optimization,@g
symmetry, with SiO and Si9~5 A apart. This leads to the
formation of the isomet (open) with no barrier. Th€ reaction
path avoids the symmetry-forbidde@,, path. The MP2/
6-31G(d) reaction enthalpy for the formation 0§Gj from SiO
and SiQ is AHzgs.15= —70.4 kcal/mol, while the CCSD(T)/
CC-pVTZ AHygg.15= —77.2 kcal/mol.

(c) SIO; + SiO, — SibO4. Figure 3 gives the MP2/6-31G(d)
geometrical parameters for theSi D2, isomer. AC,, structure
lies 79.6 kcal/mol above the global minimum, at the MP2/
6-31G(d) level of theory. The CCSD(T)/cc-pVTZ/IMP2/

6-31G(d) relative energy is 84.0 kcal/mol. Tk®, structure

has 2 imaginary frequencies, so it is a second-order saddle point.
If the Cy, structure is optimized il€s symmetry (breaking,,
symmetry), it goes directly intD,, without any barrier, as found
previously3!

Figure 3a,b gives schematic representations of two different
paths for the formation of 8D,. Initiating an MP2/6-31G(d)
optimization inCs symmetry from the parallel orientation (Figure
3a) leads to th®, isomer, with no barrier. Starting from the
perpendicular orientation (Figure 3b) leads to @ isomer.
This path is also barrierless. Both paths are highly exothermic.
The MP2 (CCSD(T)/cc-pVTZ)) enthalpy of path (a) is
AH?%81] 006 3160 = —91.5 (-94.1) kcal/mol. The correspond-
ing enthalpies for path (b) are-11.8 and—13.6 kcal/mol,
respectively. Since both reaction paths have no barrier, both
C,, and Dy, are possible products in the reaction of two SiO



SimOn Cluster Formation and Isomerization J. Phys. Chem. A, Vol. 109, No. 28, 2006297

TABLE 2: Structures and Energies of SpOs Isomers }‘
Structure’ CR-CCSD(T) } " -t
Isomer" (MP2) relative Point MP2 f b 3 ’*?“
Vi V2 energy, kealfmol | Group | HOMO @
NOON'
TS1 TS2 y - -
GS1 0.0 ——GS3
h e G 1.90 _ \(rS &
©.0) . ' % GS3
5. B { ?
GSs2 o 19.7 )
2 © PrE— £ 1.93 :
: (18.7) '
Figure 4. A schematic of the 30s isomerization potential energy
GS3 |:} 3L surface.
Q— 2z 1.90
(Z5:0) TABLE 4: Structures and Energies of Isomers of SiO
Structure” CR CCSDIT) MP2
GS4 & 57.6 (MP2) relative | Point HOMO
. f-»éﬁ ., 1.92 Isomer" Vi v2 energy, kealfmol | Group NOON*
g (59.9) )
(.0
e "y 872 Gs6 f¢. «§-o il i 1.91
j‘ oo D:| po ‘
s (=)
® 124
aNames of isomer.V1 and V2 are two views of each isomer. | %%’ e | .. & et
¢MP2 natural orbital occupation numbefsThe structure has been
determined only at the B3LYP level. ok 65
) ) p.“* [ R c, 191
TABLE 3: Structures, Energies, and Reaction Paths of (17.2)
Transition States of SpOg?
Structure” MP2 Barrier height, aNames of isomer€ V1 and V2 are two views of each isomer.
Transition Point | HOMO . | Gkeal/mol) ¢MP2 natural orbital occupation numbers.
state” Vi V2 Group | NOON® | GS' Gs GSIGS
CR-CCSIMT) . . .
(MP2y structure was determined using DFT/B3LYP. The rather high
B SRS CR-CCSD(T) relative energy for this species was then deter-
TSI R wie [ 191 |Gs2 |Gsl mined at the B3LYP geometry.
SheTa Transition states connecting the minima in Table 2 are listed
— in Table 3. TS3 has the smallest MP2 NOON for the HOMO.
82 3 %ﬁ o] 191 |as2 |as3 | This may explain why the reverse barrier for TS3 disappears
: B340 when single-point CR-CCSD(T) calculations are performed at
the MP2 geometry. Another reason may be the use of the
52.0-15.3
i t } c. ver |ees: e [P B3LYP GS5 geometry. _ _
(42.9/-) Note that all transition states listed in Table 3 correspond to

isomerization reactions. A wide search for transition states,

st;glaangsz(ﬁasttrrljeﬁtg:gfgll %) éi:d thoiritvr;lqob\éilies\gvg (:n%aégtéiﬂzition intermediates, and IRC calculations has led to the conclusion
£ u i upati u ; ; ; ; ;

i(r}liéial and final minima on the FI:)RC patl§.Barrier height from G% g]ia,noe\t/)s;rletll:]soj;ﬁ t ;g:/g:gl f(;)rcr:”slz:l;)lg ogg?ﬁvrlg;g Shlg\zl e+ been

' explored. Indeed, an MP2 optimization initiated with separated
However, the global minimunD2,, is much lower in energy, reactants (Si@+ SiOs) ~4 A apart goes directly to the GS1
and theC,, structure is a second-order saddle point. So, the structure with no barrier. The CR-CCSD(AE for the reaction
C,, species is dynamically unstable, and vibrations of this SiO, + SiO; — Si;Os is —102.5 kcal/mol. The corresponding
structure should easily lead to the global minimum. MP2 value is—101.3 kcal/mol.

(d) SixOs. Closed- and open-shell (S 1) MP2 6-31G(d) The global minimum GS1 can isomerize to GS2 through
calculations have been performed to determine the nature oftransition state TS1, with heights of forward and reverse CR-
the ground state. It is predicted that the global minimup®Si CCSD(T) barriers of 81.8 and 62.1 kcal/mol, respectively. GS2
structure is a singlet. The singtetriplet splitting for the global can isomerize to GS5 and GS3 via transition states TS3 and
minimum structure GS1 is 23.5 kcal/mol. A set of energy TS2, respectively. Breaking the-<® bond via TS3 and creation
minima and transition states has been determined (Tables 2 anaf an equivalent O bond from the other side of the molecule
3, Figure 4) for the singlet ground state. The doubly bridged generates an equivalent GS2 structure.

GS1 isomer appears to be the global minimum on both the MP2  (e) SgO. Closed- and open-shell (S 1) MP2 6-31G(d)
and CR-CCSD(T) potential energy surfaces. The cyclic GS2 geometry optimizations have been performed to determine the
isomer is 19.7 (18.7 at the MP2 level) kcal/mol higher in energy nature of the ground electronic state. It is predicted that the
than GS1, with GS3 and GS4 considerably higher. Isomers SizO global minimum is a singlet, with a singtetriplet splitting
GS1-GS4 have MP2 NOON for the highest occupied molecular of 40.9 kcal/mol. The SO energy minima and transition states
orbital (HOMO) in the range 1.901.93, reasonably close to  for the singlet ground state are shown in Tables 4 and 5,
the single configuration values of 2.0. It was not possible to respectively. A schematic of the potential energy surface is given
determine the MP2 geometry for GS5 because the underlyingin Figure 5. GS6 is predicted by both MP2 and CR-CCSD(T)
HF calculations did not converge. Instead, the geometry of this to be the global minimum on the singlet surface, with CR-
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TABLE 5: Structures, Energies, and Reaction Paths of TABLE 6: Structures and Energies of Isomers of SiO,
- .~
Transition States of SO e CRCCSD
0 - - Isomer”, (MP2) relative Point
s Structure MP2 ?kf:;fnﬂﬁ'gh" multiplicity i V2 energy (kealfmol) | Group | MP2 HOMO
VI V2 Poini |HOMO |GS |GS' |GS/GS' HOON
Group | NOON' CR-CCSD(T) .
MP2) GS9, 8=0 @ ‘ i b L 1.94
- 0.0)
13.4/25.8
TS4 & ‘e C 1.94 GS7 | GS6
(17.9/32.6) RERS 55
Q;' &) 1.94
5 242045 e 62
TS5 (r eo- |C 191 GS6 | GS8

(21.214.1) GsIL.S=0 | @ 133
( [ =2 ] c, 1.95
{6.8)

2 Names of structures.V1 and V2 are two views of each transition
state.© MP2 natural orbital occupation numbef<GS and GSdenote

initial and final minima on the IRC patti.Barrier height from G3 812,520 Lo P e |
GS. (283)

- G513, 5=0 37
; A (3 c, |19

c o
T TS4 e -
GSS?. \G_SG/ \_ Gs7 .58? @E @vs) >
B el L

(-4.9)

Figure 5. A schematic of the $D isomerization potential energy

surface. G516, 5=1 =
L (o4
Lt : (2.0
| o

CCSD(T) relative energies of 12.4 and 19.7 kcal/mol, respec-
tively, for GS7 and GS8. All three isomers have MP2 HOMO  asi7,5=1
NOON greater than 1.9, suggesting that they are close to closed- -’v\“ 363)
shell species.
All transition states listed in Table 5 have MP2 NOON greater a Names of the isomer8.V1 and V2 are two views of each isomer.
than 1.9. The search for transition states, intermediates, and IRC MP2 natural orbital occupation numbers.
calculations suggests that no barriers exist for the reaction SiO
+ Si, — SisO. The MP2 optimization initiated with reactants
Si, + SiO ~4 A apart goes directly to the GS6 structure with

TABLE 7: Structures, Energies, and Reaction Paths of
Transition States of SEO,4

P Isomer”, Structure” Barrier height,
no barner' multiplicity Point MP2 (kealfmol)
i i ini Vi V2 Group | HOMON | GS' Gs' GSYGS'
IRC calculations confirm that the global minimum GS6 can ot L

isomerize to GS7 via TS4, with a CR-CCSD(T) barrier of 25.8

kcal/mol. The isomerization of GS6 to GS8 via TS5 has a barrier Py {: ” - st L]

of 24.1 kcal/mol. ' e (1.5/2.1)
(f) Siz0,. Closed- and open-shell (S 1) MP2/6-31G(d)

calculations have been performed to determine the nature of Wi— Ko [l vor o lasip: [

the ground electronic state. It has been predicted that the global =~ 12 ' = T samry

minimum SO, structure is a triplet. Since the CR-CCSD(T)
method is currently available only for closed shells, the CR- oy ‘;i. oo |c . s | s [
CCSD(T) calculations were performed only for the singlet states. |~ : -;. : (22.4/5.6)
Since the MP2 and CR-CCSD(T) energy orderings are similar
for the other species, MP2 relative energies are also expected 2Names of the structure8V1 and V2 are two views of each
to be reliable here. The £, singlet and triplet energy minima  transition state¢ MP2 natural orbital occupation numbef<GS and
and transition states are presented in Tables 6 and 7, respectively®S denote initial and final minima on the IRC path.
GS15 (S= 1) is predicted to be the global minimum, 618 . ) )
4.9= 11.7 kcal/mol lower in energy at the MP2 level of theory Singlet state~4 A apart go directly to the GS11 structure with
than the corresponding singlet isomer (GS11) and 4.9 kcal/mol N0 barrier. The CR-CCSD(T) (MP2) energy difference for the
lower in energy than the lowest-energy singlet, GS9. One other éaction SiO + SiO — SigO, = —35.3 (~36.9) kcal/mol.
singlet, GS10, and one other triplet, GS16, have small MP2 S!m|larly_, GS9 forms with no intervening barrier, starting from
relative energies of 11.1 and 16.9 kcal/mol, respectively. Isomers SIO + SizO, separated by-3 A.
GS9-GS13 (S= 0) have the same energy order at both the  The CR-CCSD(T) GS11~ TS6 barrier is negative. This
MP2 HOMO and CR-CCSD(T) levels of theory. All singlet suggests that either the location of the transition state shifts at
isomers GS9-GS13 have MP2 NOON in the range of .92 the higher level of theory or the CR-CCSD(T) barrier does
1.95, so these are essentially closed-shell species. indeed disappear. For the isomerization GS16GS10, the MP2
The search for transition states, intermediates, and IRC barriers in both directions are very smaH2 kcal/mol. So, there
calculations suggests that no barriers exist for the formation must be a very flat potential energy surface in this region. For
reaction (SiOt+ SO — Sis0,) of the singlet GS11 state. Several all singlet S}O; transition states, the MP2 HOMO NOON are
MP2 optimizations initiated with separated:Si+ SiO in the in the range 1.911.94.
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TABLE 8: Structures and Energies of Isomers of the SiO3 TABLE 9: Structures, Energies, and Reaction Paths for
Cluster Siz053 Transition Stated!
Siructure” CR CCSD(T) Structure” Barrier height,
(MP2) relative Point TS* MP2 (kealfmol}
Isomer" Vi V2 energy Group | MP2 HOMO Vi vz Point | HOMO |GS' |GS' | GSYGS'
(keal/mol) NOON' Group | NOON' CR-CCSD(T)
(MP2)
0.0
GS18 =@ D 1.95 M1 0.2/15.7
C“ ©.0) "' TS9 a". %t g 1.95 (5.0, | Gs19
+ (0.1/8.4)
5i0)
36.2
GS19 ae @ c 1.95 15.2/6.4
= : @30 : TS10 &b @ |C 1.93 GS22 | G524
(10.9/30.3)
G520 '} PP 06 C 1.95 : 10.412.3
o2 . 45.9) : TSI1 % .-‘%" C, 1.91 G527 | G826
(9.712.4)
878
2.5/202
6521 A‘ QE;,_‘ T < L9 TS12 Q;% f} & 191 Gs27 | Gsz28
: 4 d (6.213.5)
oeln- et % |-ozss
G522 [ ] ; 1.94 il 52
¥ T513 C, 1.94 Gs2s |
(90.3) V e (19.4/10.8)
+5i0
969
L 8.6/42.5
G823 V 2% i <, 153 TSI4 see ;{9 ¢, 193 |Gs2s |Gs2
: e (20.4/43.0)
99.4
: -20.0/68.2
G ,‘5’ s e - Gy 489 TSIS Pl *p. |C |12 |Gs2s |Gs
Lisg) » {13.9/62.7)
138.9
. A 321143
G525 :(}1, . Ca 154 TS16 e s € 1.94 380 | GS23
(94.6) ‘e (1.5/8.0)
1674
2 ; 3 " M1 45.4/-19
G526 ‘% ’% <, ol TS17 : :?71 (o3 1.94 (510, | G524
: el (168.7) s . b (49.209.6)
$i0)
Gs27 ‘ » %_D = c 191 » i
e - = % o TS18 3 C 1.93 350 | G524
) T | (176.0) » » P : ' i (8.8/29.2)
Cre : 193.3 3Names of the structure8V1 and V2 are two views of each
93 ' & - S transition state¢ MP2 natural orbital occupation numbefsGS and
G9 denote initial and final minima on the IRC path.
52.1
o o ‘“'b = o 104 Reagents

aNames of the isomer8.V1 and V2 are two views of each isomer.
¢ MP2 natural orbital occupation numbefdM1 indicates SiO+ SO, G819
intermediate structure.

« (41.4) ¥ : . {0 7517 ’ 510
e M1 T GS24/ \ G822
789 -

TS14
7813

Reagents

The MP2 IRC calculations show that GS10 can isomerize to % + O—./
GS11 via transition state TS6 and to GS12 through TS7. Itis =~ G825
useful to note that two couples of isomers (GS11<9)—
GS15 (S= 1) and GS12 (S= 0)—GS17 (S= 1)) have similar
atomic structures, so that structures could be connected via 7516 17
singlet-triplet crossing involving TS8 (S 1). \ijg?é”“ i

. : . » %4/ g \ GS24

(9) SEO3. The SEO3 energy minima and transition states are kil
presented in Tables 8 and 9, respectively. A schematic of this Figure 6. A schematic of the synthesis and isomerization aDgi
section of the potential energy surface is shown in Figure 6.
Singlet GS18 is the lowest-energy isomer on both the MP2 and the position of the transition state undergoes a significant shift.

CR-CCSD(T) potential energy surfaces, and all other isomers For all TSs, the MP2 HOMO NOON are in the range +91
are much higher in energy. The singtetiplet splitting for the 1.95.

7815
GS21

G520

lowest-energy singlet and triplet isomers is 64.2 kcal/mol. Al There is an intermediate (IM1) on the reaction pasOsiH
singletisomers have MP2 HOMO NOON in the range of £91  gj0 — Sj;0,. IM1 is 4.5 (8.8) kcal/mol lower in energy than
1.95. the separated reactants at the CR-CCSD(T) (MP2) level of

For several MP2 transition states (TS9, TSI$17), the CR- theory. There is no barrier between the reactants and IM1. The
CCSD(T) barriers are negative. This can mean either that theseenergy of formation of the lowest isomer GS18 from reactants
barriers disappear at the CR-CCSD(T) level of theory or that (Si,O; + SiO) is—56.6 and—50.2 kcal/mol at the CR-CCSD-
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(T) and MP2 levels, respectively. This reaction occurs with no TABLE 10: Structures and Energies of Isomers of SiO4
barrier if the reactants are separatedy A. Structure” CR CCSD(T)
i relative ene Poi MP2
_ TS9 and TS17 connect IM1 with GS19 and 6824, respec- | .- i i rey G‘:g‘;‘p i
tively. The energy barrier for the former transformation is very (kcal/mol) NOON'
small (Table 10), while that for the latter is more than 40 kcal/ 6
mol. So, IM1 is most likely to transform to GS19. An additional | gg29 Q‘ ' c. |19
transition state may connect GS19 with global minimum GS18, 3 0.0)
but such a structure was not found. There is a “direct” transition
state (TS13) for the reaction8i, + SiIO— Si;05 (SiO interacts 289 - i
% Go.1) o
427
L i C. 1.95
m @37.1) '

with “triangle” Si,O, isomer) that does not require passing a0

through an intermediate structure. The CR-CCSD(T) barrier for
this reaction is only 15.5 kcal/mol, but the product is isomer
GS27. Since this isomer is very high in energy, it is probably |Gs3i
not directly involved in the experimentally observed processes.
Two transition states for the reaction 3Si®©Si;O3 (TS16 and
TS18) (Figure 3) connect the reactants with GS23 and GS24,
respectively. The 3SiO— TS16 CR-CCSD(T) barrier is
negative, and the CR-CCSD(T) barrier for 3SiOTS18 is 15.6
kcal/mol.

(h) Siz04. The SgO4 local minima and transition states are
listed in Tables 10 and 11, respectively, and a schematic of the
PES is shown in Figer 7 . The singlet GS29 is predicted by
both MP2 and CR-CCSD(T)//MP2 to be the lowest-energy |aGs34
isomer. The singlettriplet splitting for the lowest singlet and
triplet states is 64.5 kcal/mol. All isomers except GS36 have
MP2 HOMO NOON in the range of 1.941.95. For GS36, the
HOMO NOON is 1.81, indicating significant multi-configura-
tional character.

TS20 is predicted by both MP2 and CR-CCSD(T)/MP2 to
be the lowest-energy transition state. For all TSs, excluding | 5%
TS21, the MP2 HOMO NOON are in the range 1-9195.
TS21 has the MP2 HOMO NOOM 1.87.

The search for intermediates and transition states has shown| Gsa7
that there is an intermediate structure IM2 for the reactig@5i
+ SiO— Siz0,4 (GS29, planar rhombic isomer of,8)s, Figure
4). The CR-CCSD(T) (MP2) energy of formation for GS29 is
—10.8 (+11.8) kcal/mol. There are two reaction paths for the
formation of the global minimum isomer GS29. The first of
these connects the intermediate IM2 with GS36 through
transition state TS19; this is followed by isomerization of GS36 | G53?
to GS29 through TS22. The second route connects IM2 with
GS30 through the transition state TS28 and GS30 with GS29
through TS20. The second route is preferable due to the lower | Gs4o
energy barriers on the reaction path. No barrier has been detected
that connects IM2 with the reactants. The transition states TS21,

GS32
(59.7)

69.9

e L 195
(67.3)

GS33

o 722

ép" c, |194

(60.8)

74.7
GS35
(68.2)

{_ 75.5
c, |1m
_) (48.0)

84.1

e o o
9]
£

(80.3)

125.8
G538
(117.2)

e
® 127.8
'y

122.5)

1311

EA = RN IR AR AR AR NS P AR

(117.4)

TS23, TS24, TS25, TS26, and TS27 describe a set of isomer- i J 1356 = i
ization reactions of D, clusters. & |y ' '
IV. Conclusions 145.7
_ as42 5 c |
Only the largest S03; and S§O, clusters appear to have (140.4)

intermediate structures and transition states on the reaction paths
leading to formation of these D, clusters. o 146.5

Reactions of formation of smaller $D, clusters (SiO, L <% e | o g [
SibO3, and Sj0y4) are all barrierless processes. The previous
study’® on the formation of SiO and Si&lso showed that these Py i
reactions occur with no reaction barrier. This leads to the |Gs« u(;’ (o] 1.92
conclusion that small SiO clusters have a strong thermody- B, i
namic driving force for “growing” into bigger clusters. This

H 76.5
has algo_ been noted in a recent paper by Zhang”étnamay_ 5 ‘ﬁq! - c o
be anticipated that as the valuesmfandn increase, one will (67.2)
find an increasingly complex energy landscape, with intermedi-
ates and transition states. aNames of the isomer§.V1 and V2 are two views of each isomer.

For most of the species studied here, single configuration ¢ MP2 natural orbital occupation numbefdM1 indicates SiO+ Si,O,
methods appear to be reasonable, so methods such as MP2 aridtermediate structure.
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TABLE 11: Structures, Energies, and Reaction Paths for
Si;04¢

Structure” Barrier height,
MEP2 (keal/mol)
TS Vi V2 Point HOMO |GS' | GS' GSYGS'
Group | NDON® CR-CCSD(T)
(MP2)
. : IM2 0.0/1.0
TS19 R % C 1.95 (5.0, | G836
+ (0.0/19.2)
S$i0)
. 30.7/59.6
T520 m [ " @ 194 | GS30 | G529
: ¢ (22 .8/52.9)
" »_ 17.370.3
TS21 i C 187 | GS39 | GS36
% | & -
; ® 62.1/-13.4
T522 C 194 | GS29 | GS36
Q "s (56.5/8.5)
g 7310273
T523 d i & 192 | GS30 | GS35
. . (64.1/25.9)
10.9/-0.5
TS24 % ﬁ @ 192 | GS41 | GS44
. (10.3/0.1)
2 61.6/40.9
TS25 :6\ e“' C, 1.94 GS32 | G837
. - (57.7137.1)
. 17.5/-1.2
TS26 g A @ 1.91 GS39 | G543
"&; (16.2/1.4)
0573
TS27 ’;n ‘“::"" c, 192 | GS4l | G539
(5.3110.1)
L - M2 0.7/48.3
TS28 by ; & 195 |Si0, | GS30
2 3 +85i0 (0.4/37.5)

2Names of the structuredV1l and V2 are two views of each
transition state$ MP2 natural orbital occupation numbef<GS and
G9 denote initial and final minima on the IRC path.

7s19 7522
Reagents }"s:g\ Gs34
] “H
&+ e 573 7820
—_— m2 ~ “28/_@7
G833

Figure 7. A schematic of the synthesis and isomerization aO%i

CR-CCSD(T) are appropriate. Only a few stationary points may
require MCSCF-based wave functions.
The MP2/6-31G(d) optimizations of gD, cluster geometries

J. Phys. Chem. A, Vol. 109, No. 28, 2005301

B3LYP can provide reasonable geometries, at least for closed-
shell species, and that the MP2 relative energies are at least in
gualitative agreement with those based on coupled cluster
methods.
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