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Abstract: The initial and subsequent surface reaction mechanisms of 1,3-cyclohexadiene on the Si(100)-
2x1 surface were theoretically explored, focusing on the possible first-neighbor interactions. Five different
initial reaction channels leading to nine different surface products were identified, confirming previous
experimental reports of inter-dimer structures. Among the nine identified products, five of these surface
products are new species that have not previously been reported. Potential energy surface studies reveal
that the net reaction barriers within a given channel are very small, indicating that the final product
distributions within that channel are determined by thermodynamics. On the other hand, thermal
isomerizations between different channels are not expected to occur easily. Therefore, the surface product
distributions among the five different channels are more likely to be determined by kinetics. As a result,
understanding the relationships among the available reaction channels both kinetically and thermodynami-
cally is essential for properly interpreting the experimental results. The current study shows that the
subsequent surface chemical reactions of unsaturated initial surface products are strongly coupled with
the first-neighbor interactions.

. Introduction instances of formally forbidden reactions have been reported.

With advances in experimental techniques, increasing effort Early experimentdland theoretical studies have shown that
is being directed to the development of synthetically modified ethylene, propylene, and acetylene easily chemisorb on the Si-

semiconductor surfacésMany saturated and unsaturated or- (100)-2¢1 surface, yielding [22] products, and are able to
ganic and organometallic compounds are actively being testedres'St temperatures of up to 600 K.

for the creation of new interfacial chemical bonds that would ' neoretically, Liu and Hoffmarf have found a low sym-
potentially add new functionalities to semiconductor technology. metry pathway of the acetylene adsorption on the $|(100) sqrface
Due to the limited resolution of experimental techniques, that involves ar-complex precursor and a blrad_|c_:al intermediate
however, it is becoming apparent that the interplay between that has a low energy barrier to-{2] cycloaddition products,

experimental and theoretical studies is crucial to better under- Substantiating the experimental findings. Recent experinfental
stand complex surface reactions. and theoreticdlstudies identified other possible surface products

Surface reactions of unsaturated organic compounds with the®f @cetylene, adding a new complexity to the surface reactions

Si(100)-2x 1 reconstructed surface have been good examplesOf ene systems. i .
for both theory and experiment. Reactions of alkynes and Diene systems have also been actively studied. For example,

alkenes with the Si(100)521 surface resemble formally orbital  ©F 1.3-butadiene and 2,3-dimethyl-1,3-butadiene, theoretical and
symmetry-forbidde [2-+2 cycloadditions. Thus, a large experimental studies have shdthat the surface dimer can

reaction barrier is expected along the symmetric reaction (4 (4 nishijima, M.. Yoshinobu, J.: Tsuda, H.. Onchi, Burf. Sci.1987,

pathway. In fact, it is known from carbon solution chemistry l135%2 3?38(719)8\7(0?2?20b('.1 )JT Tlsudap HA o\?vcrn M.; glsmjlmghMChEémc
ysS. 87, . (c) Taylor, P. A.; Wallace, R. M.; eng, C. C,;
that even the low symmetry reaction pathway has a high reaction  \yginberg, W. H.; Dresser, M. J.; Choyke, W. J.; Yates, J. T.JJAM.

barrier, mainly due to unfavorable geometric configurations Chem. Soc1992 114, 6754. (d) Li, L.; Tindall, C.; Takaoka, O.; Hasegawa,
| h . thH th | . 2 Y.; Sakurai, T.Phys._Re. B 1997, 56, 4648. B )
along the reaction pathHowever, the rules governing {2] (5) (a) Imamura, Y.; Morikawa, Y.; Yamasaki, T.; Nakasuiji, $urf. Sci1995

additions on Si surfaces are apparently different, since many 341 L1091. (b) Liu, Q.; Hoffmann, RJ. Am. Chem. Sod995 117, 4082.
(6) (a) Wolkow, R. A.Annu. Re. Phys. Chem1995 50, 413. (b) Mezhenny,

S.; Lyubinetsky, L.; Choyke, W. J.; Wolkow, R. A.; Yates, J. T.,Gnem.

T Kyungpook National University. Phys. Lett 2001 344, 7.
* lowa State University. (7) (a) Sorescu, D. C.; Jordan, K. D. Phys. Chem. R00Q 104, 8259. (b)
(1) (a) Buriak, J. MJ. Chem. SocChem. Commuri995 95, 1589. (b) Yates, Rintelman, J. M.; Gordon, M. S. Phys. Chem. B004 108 (23), 78206~
J. T., Jr.Sciencel998 279 335. (c) Lopinski, G. P.; Moffatt, D.; Wayner, 7826. (c) Lee, M. V.; Guo, D.; Linford, M. R.; Zuilhof, H.angmuir2004
D. D. M.; Wolkow, R. A. Nature 1998 392 909. 20 (21), 9108-9113. (d) Silvestrelli, P. L.; Pulci, O.; Palummo, M.; Del
(2) Woodward, R. B.; Hoffmann, RThe Conseration of Orbital Symmetry Sole, R.; Ancilotto, FPhys. Re. B 2003 68 (23), 235306/1235306/5.
Verlag Chemie: Weinheim, 1970. (8) (a) Konecny, R.; Doren, DJ. Am. Chem. Soc1997 119 11098. (b)
(3) Fleming, I.Frontier Orbitals and Organic Chemical Reactioiwiley: New Teplyakov, A. V.; Kong, M. J.; Bent, S. B. Am. Chem. S0d.997, 119,
York, 1976; p 90. 11100. (c) Teplyakov. A. V.; Kong, M. J.; Bent, S. 998 108 4599.
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act as a good dienophile yielding “Dietg\lder’-like [4+2]
cycloaddition products, in which a conjugated diene reacts with
the silicon surface dimer to form a six-membered ring.
Reinvestigation of the 2,3-dimethyl-1,3-butadiene reaction on
the Si(100)-% 1 surface by Hamers and co-work&sipport

the observation that the DietdAlder product represents 80%
of the surface products. However, they noted a minor (20%)
[2+2] product as well. In the case of 1,3-cyclohexadiene, they

a
observed 55% of the f42] products, 35% of the [22] product,
and 10% unknown, strongly indicating the existence of competi-
tion between [4-2] and [2+2] reactions of the diene on the .
Cc

b

Si(100) surface. Attempts to convert the product distribution to

the thermodynamically more stable product by annealing to

higher temperatures failed. Subsequent theoretical stddies d

provided further support for the existence of competing reactions Figure 1I hPreéiously iderr:tifietzl am; Sugfgestedhinitiﬁl iulrface products 0;‘]
; ; it 1,3-cyclohexadiene on the Si(100) surface. The thick line represents the

by showing that there exists a low energyt{2] cyclqaddlthn . __surface Si dimer. (a) Intra-f22] product. (b) Intra-[4-2] product. (c) Inter-

path\{vay on the SI(lOO) surface and that surface ISOmfer'z""t'on[4+2] product in the same row. (d) Inter-{£] product across the row.

reactions connecting f42] and [2+2] products are very unlikely

due to a high activation barrier. on two adjacent dimers. They also suggested an alternative inter-
These new experimental and theoretical studies indicate thatdimer speciesld, in which the two carbon atoms are attached
the final surface reaction products are determined during theto two adjacent dimers across two rows.
initial stage of the surface reactions and that they are not subject These studies imply either that the initially formed intra-dimer
to further thermal redistributions or isomerizations among [2+2] and [4+2] products (see Figure 1a and 1b) can undergo
surface products. This provides very strong evidence that thesubsequent surface isomerizations (perhaps due to residual
control of the surface selectivity toward a diene is determined z-bonding) and/or that there are other entrance channels in
by the reaction kinetics rather than by the thermodynamics. addition to those already identified for surface cycloadditions.
Minary and Tuckerma® recently considered the dynamic Understanding the possibility of residuatbonding in the
aspects of the cycloaddition reactions of 1,3-butadiene on theinitially formed adsorbed species is very important, since this
Si(100)-2<1 surface with ab-initio molecular dynamics. They can provide a surface environment that is conducive to second-
showed that a stepwise zwitterionic mechanism governs theary surface adsorption. If, on the other hand, the residual
addition product formation. mt-character in the initially adsorbed species is used for surface

Surface structures Wlth |nterfac|a| bond|ng |nvo|v|ng more IsomerlzatIOI’IS, the Surface may become |eSS reaCtlve If thIS
than one surface Si dimer also have been reported. For 1,3,5,7appens, subsequent surface adsorptions may be retarded.
showed that first-neighbor interactions along the dimer-row are channels can lead to new insights regarding surface character-
possible via a double {22] cycloaddition reaction between two ~ ISUCS.

C=C groups and two StSi surface dimers. Recently, Teague It is therefore of interest to explore the interactions of
and Boland3in addition to the previously observed intra-dimer ~adsorbing species with multiple surface dimers. In this paper,
(or on-dimer) [2-2] and [4+2] products of 1,3-cyclohexadiene an extensive theoretical study of the potential energy surface
on the Si(100) surface, identified two different intra-dimet-# describing the reaction mechanisms is presented in which both
conformers and two different inter-dimer§2] products (see  Possible secondary surface isomerizations and new initial
Figure 1). The two different [22] intra-dimer conformers,  reaction channels involving multiple surface dimers are explored.
differing in the conformations of the two $marbons of the The [4+2] reaction along and across the Si dimer-row create
adsorbed 1,3-cyclohexadiene, were assigned as the two experiunique surface diradicals as shownlinand1d, respectively.
mentally observed species in a previous work by the present The diradicals shall be emphasized by representing thef as
authorst%@According to the recent experimental results reported
by Teague and Boland,the inter-dimer [4-2] product involv-

ing neighboring dimers in the same rot, is the dominant The all-electron 6-31G(&) basis set was used as the primary basis

surface product, despite the presence of unpaired dangling bond§et in this work. Minimum energy reaction paths were determined by
first optimizing the geometries of the minima and transition states. Then,
(9) Hovis, J. S.: Liu, H. B.: Hamers, R. J. Phys. Chem. B998 102, 6873. each statl_onary po_lnt was _characterlzed by computl_ng gnd diagonalizing
(10) (a) Choi, C. H.; Gordon, M. SI. Am. Chem. S0d.999 121, 11311. (b) the Hessian matrix (matrix of energy second derivatives). To follow

Choi, C. H.; Gordon, M. S. “Chemistry on Silicon SurfaceBie Chemistry the minimum energy path (MEP), the Gonzat&chlegel second-order
of Organic Silicon Compoun¢g&. Rappoport, Z., Apeloig, Y., Eds.; John

Il. Computational Details

Wiley & Sons: New York, 2001; Vol. 3, Chapter 15, pp 82852. (c) method® was used with a step size of 0.3 afAiohr.

Ché)lAC. lH.: t(_50rdgn,tl_\/l. Sfogﬂpuetatlgnal ',\\A/,atg”aé% Chiwlstry:AMEéhocis Various points on the reaction paths, particularly transition states

an pplicationscurtiss, L. A., Goraon, M. S., S.; Kluwer Academic A A . . - .

Publishers: Ch. 4. pp 12590, 2004. and intermediates, are Qﬂen inherently multlconflguratlonal. Thergfore,
(11) (a) Minary, P.; Tuckerman, M. Bl. Am. Chem. So@004 126, 13920. CASSCF (complete active space S€Mave functions were primarily

(b) Minary, P.; Tuckerman, M. EJ. Am. Chem. S0@005 127,1110. used to describe these species. For the study of reaction paths leading

(12) Hovis, J. S.; Hamers, R. J. Phys. Chem. B998 102, 687.
(13) (a) Teague, L. C.; Boland, J. J. Phys. Chem. R003 107, 3820. (b)

Teague, L. C.; Boland, J. Thin Solid Films2004 464—-465 1—-4. (c) (14) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Physl972 56, 2257.
Teague, L. C.; Chen, D.; Boland, J.J1.Phys. Chem. R004 108 (23), (15) (a) Gonzalez, C.; Schlegel, H. B. Phys. Chem199Q 94, 5523. (b)
7827-7830. Gonzalez, C.; Schlegel, H. B. Chem. Physl1991, 95, 5853.
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Figure 2. Two different SIMOMM models used in this study. (a) For the along the dimer-row productstiaSTis quantum region is embedded in a
CeHesSigo cluster. (b) For the across the dimer-row productsgldgSizz quantum region is embedded in gHgoSiso cluster. (c) 6-31G(d) and 3-21G basis
sets were used for the most active pagH&Sii2) and the less active part (@H10) of the quantum region of 2b model, respectively. The corresponding two
basis set regions are shown in darker and lighter gray colors.

to products, an (8,8) active space was used. This active space isSIMOMM cluster models were designed and are represented in Figure

constructed from the four electrons in the two sets-cindsr*-orbitals 2. For the along the dimer-row products, gHzSiis quantum region
of 1,3-cyclohexadiene, plus the four electrons andind *-orbitals is embedded in a 4EssSiso Cluster (Figure 2a). The calculations
of the two surface Si dimers. described in sections A through D in the Results and Discussion section

To recover the dynamic electron correlation and to ensure that all were done with this cluster model. For the across the dimer-row
parts of the reaction path are treated equivalently, multireference secondproducts described in section E, aHgz:Sis quantum region is
order perturbation theory was used, since the level of accuracy for suchembedded in a £1eSiso cluster (Figure 2b). In the interest of
methods is at least comparable to that of MP2 when single-referenceconserving computer resources, two basis sets were used for the
methods are appropriatéThe particular version of this method used quantum region (see Figure 2c). The 6-31G(d) and 3-21G basis sets
in the present work is referred to as MRMP2 (multireference second- were used for the most active partst€.Sii2) and the less active part
order perturbation theory¥.For comparison with the results of these  (SiisH10) of the quantum region, respectively. The corresponding two
multireference calculations, calculations have also been performed with basis set regions are shown in darker and lighter gray colors. #M3
three single-reference methods: Hartré®ck (HF), density functional parameters were used for the molecular mechanics optimization part
theory (DFT) with the B3LYP? exchange-correlation functional, and  of the computations. All of the computations were done without
second-order MgllerPlesset perturbation theory (MP2)The GAMESS imposing symmetry unless otherwise specified.

(General atomic and molecular electronic structure systgondgram
was used for all of the computations.

To study surface size-effects, a hybrid quantum mechanics/molecular  Fjye unique reaction channels involving two surface dimers
mechanics (QM/MM) method called SIMOMK(surface integrated  a1ong and across the dimer-rows were identified. The resulting
molecular orbital molecular mechanics) was used. Two different geometric and energetic data are presented in Chart 1 and Table
(16) (a) Sunberg, K. R.; Ruedenberg, K Quantum ScienceCalais, J. L., 1. The separated 1,3-cyclohexadiene and bare surface serve as

g?sccﬁnski, OL.. Hndéerbgrg, Jk Cg{hrr;é Y.a Edbs.; F]I&mjxmé Ne\tN YOéI;. 1976. the reference energy point for the other stationary points on the
eung, L. M.; Sunberg, K. R.; Ruedenberg/it. J. Quantum Chem -
1979 16, 1103. (¢) Ruedenberg, K.; Schmidt, M.; Gilbert, M. M.; Elbert, ~Potential energy surface.

I1l. Results and Discussion

S. T.Chem. Phys1982 71, 41. (d) Roos, B. O; Taylor, P.; Siegbahn, P. A. 4z+2x Channel. This channel is initiated by the {42]
E. Chem. Phys198Q 48, 157. (e) Schmidt, M. W.; Gordon, M. &nnu. L. . .
Rev. Phys. Chem1998 49, 233. cycloaddition of 1,3-cyclohexadiene and one surface dimer.

(17) (a) Werner, H.-JMol. Phys 1996 89, 645. (b) Schmidt, M. S.; Gordon,  Sjnce it is symmetry-allowed, it is expected that there is a small
M. S.Ann. Re. Phys. Chenil998 49, 233. (c) Glaesemann, K. R.; Gordon, . .
M. S.; Nakano, HPCCP 1999 1, 967. or zero reaction barrier to the 2] product,1 (see Chart 1).

(18) {a)angg‘gc’z'gﬂfg%gem- Phys1993 99, 7983. (b) Nakano, HChem. Phys.|n the earlier study of this channel with a different SIMOMM
e f . . .
(19) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Stephens, P. J.; Deviin, ~ model, a third-order saddle point was located along the
F. J.; Chablowski, C. F.; Frisch, M. J. Phys. Cheml994 98, 11623. (c) H
Hortwig, R. H.- Koch, W.Chem. Phys. Letil997, 268, 345351 symmetric path at the CASSCF(6,6)/HW(d) level of theory. An
(20) Mgiller, C.; Plesset, M. 2hys. Re. 1934 46, 618.
(21) (a) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A,; Elbert, S. T.; Gordon, (22) Shoemaker, J. R.; Burgraff, L. W.; Gordon, M.JSPhys. Chem. A999

M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su, S.; 103 3245.

Windus, T. L.; Dupuis, M.; Montgomery, J. A., It. Comput. Chen 993 (23) (a) Allinger, N. L.; Yuh, Y. H.; Lii J. H.J. Am. Chem. Sod 989 111,
14, 1347. (b) Fletcher, G. D.; Schmidt, M. W.; Gordon, M./8lv. Chem. 8551. (b) Lii, J. H.; Allinger, N. LJ. Am. Chem. S0d989 111, 8566. (c)
Phys.1999 110, 267. Lii, J. H.; Allinger, N. L. J. Am. Chem. Sod 989 111, 8576.
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Chart 1. Geometric and Energetic Data for the 47427 Channel?

-13.0[1.8]

aThick lines on the illustrations represent the surface Si dimers; numbers in the illustrations are the atom numbering schemes; energies relative to
separated reactants in kcal/mol as obtained with SIMOMM:MRMP2/6-31G(d) are listed under the illustrations; numbers in brackets and paeentheses ar
respectively SIMOMM:CASSCF(8,8)/6-31G(d) and SIMOMM:B3LYP/6-31G(d) relative energy values; geometries as obtained with SIMOMM:CASSCF(8,8)/
6-31G(d) are presented in the structures; those obtained with SIMOMM:B3LYP/6-31G(d) are presented in parentheses; see text for detaived déscripti
each stationary point.

Table 1. MRMP2, CASSCF and DFT Relative Energies of Stable Points along the Reaction Channels in kcal/mol?

Am+2m 47+2R 2m+27w 2m+2R 47+2RP
1,-45.1[-40.2](-50.8)  TS2, 1.7[1.6] TS4, —5.5[1.8] TS5,7.3[4.5] TS6, 1.6[0.03](0.09)
TS1,-13.0[1.8] 4-30.3[-34.3](-35.0) 6, —28.3[-23.1](-36.0) 8, —18.7[-23.0]18.6) 9, —35.3[-41.4](-28.8)
2, —40.6[-33.3]-56.4)  TS3, —15.7[1.9] 7,7.1[9.1]21.1)

3,2.1[8.5]7.0) 5, —26.8[-18.4](—42. 5)

aThe numbers are MRMP2 values; the numbers in brackets and parentheses are CASSCF and DFT values, respectisslthe dimer-row.

MRMP2 single-point energy at the CASSCF(6,6) geometry,
MRMP2//CASSCF(6,6), yielded a barrier of 0.0 kcal/rfoThis

new bonds C5Si9 and C4-Sil0 are formed asymmetrically
via transition statd' S1 to form 2 directly from 1. The NOON

estimate is consistent with the second-order saddle point reportedNatural Orbital Occupation Number) values of the correspond-

previously by Konecny and Doréwith a 0.3 kcal/mol B3LYP/
6-31G* barrier. It is expected that the barrier at a true first-
order saddle point would be lower, if one exists; however, it is
clearly essentially zero. MRMP2 and B3LYP predict that the
[4+2] product has large thermodynamic stabilities-@f5.1 and
—50.8 kcal/mol, respectively. In the earlier SIMOMM study of
the [4+2] reaction mechanisni, was the final surface product.
However, the remaining<€C bond of1 can be subjected to a
further [2+2] cycloaddition with its closest neighboring SiSi
dimer by forming bonds between Si€5 and Si16-C4 (see
Chart 1). This cycloaddition isomerization path yields a tetra-
coordinated surface produc®, with MRMP2 and B3LYP
stabilization energies 6f40.6 and—56.4 kcal/mol, respectively,
relative to the separated reactants. Altho@ghas two more
interfacial surface bonds thdn it is expected tha2 has more
ring strain due to the four-membered ring. Consequently,
MRMP2 predicts tha® is less stable thafh by 4.5 kcal/mol,
while B3LYP predicts the opposite. In any case, both theories
show tha®? is a thermodynamically important structure. In order

ing surface neighbor dimer are 1.36 and 0.64, indicating large
diradical character. While the MRMP2 barrier height at TS1 is
32 kcal/mol relative tdl, this transition state is still 13.0 kcal/
mol below the separated reactants, so there should be sufficient
energy available fo2 to be kinetically accessible froth This
suggests that the product distributions betweand?2 are likely
to be determined by thermodynamics.

A reverse-[2+2] cycloaddition involving C4, C5, Si9, and
Si10 from2 can yield another stationary poid;,in which C4=
Si10 and C5=Si9 interfacial double bonds are formed. Since
C=Si bonds are considerably less stable thasQCbonds,
isomer3is 2.1 kcal/mol (MRMP2) higher in energy than the
separated reactants and nearly 47 kcal/mol higher in energy than
isomerl. Due to this relative thermodynamic instabili8/may
not be an important stationary point along this channel, except
in the high-temperature regime. Therefore, no further investiga-
tion on the TS connecting and 3 was performed.

B. 47+2R Channel.The [4+2] reaction along the Si dimer-
row creates a unique surface diradicél(see Chart 2). The

for 2 to be formed at modest temperatures, the kinetic barrier NOONs of the corresponding diradical orbitals are 1.09 and

to the formation of2 needs to be reasonably small. Since a
[2+2] cycloaddition, in general, is symmetry-forbidden, the

0.91, indicating a nearly singlet diradical. Teague and Bdfand
recently reported, on the basis of an experimental STM study,

symmetric (least motion) path has a large barrier. However, the that the surface structuréc (see Figure 1), in which two

8488 J. AM. CHEM. SOC. = VOL. 127, NO. 23, 2005
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Chart 2. Geometric and Energetic Data for the 47+2R Channel?

6 2
1 #‘
5 3
4 30.3[-34.3](-35.0)
1.7[1.6]
4
s
* _26.8[-18.4](-42.5) -15.711.8]
5
aSee Chart 1, footnote.
Chart 3. Geometric and Energetic Data for the 2z+2x Channel?
6 1
— 5 2
4 3

| -28.3[-23.1)(-36.0)

G 7.4[9.13(-21.1)

aSee Chart 1, footnote.

interfacial Si-C bonds are formed on two different Si dimers separated reactants. So, even thou§& is nearly 47 kcal/mol
in a row, is the dominant surface species. In the present work, abovel and approximately isoenergetic wighit is likely that
CASSCF as well as B3LYP geometry optimizations find the the produc# is also kinetically accessible. The NOON values
[47+2R] product,4, to be a stationary point on the potential of important orbitals ofTS2 are 1.01, 0.99, 1.52, and 0.48,
energy surface, with MRMP2 and B3LYP energies—€80.3 showing highly multi-configurational character that cannot easily
and—35.0 kcal/mol, respectively, relative to separated reactants. be described by a single reference method. A4 fthe product
So, although4 is less stable thad and 2 as a result of its 4 has a remaining €C bond that can further undergof22R]
diradical natureit appears to be thermodynamically important. reactions with the surface diradical dimer. This isomerization
The asymmetric transition stat€S2, leading to product reaction leads to another tetra-coordinated prod&ctwith
has an MRMP2 energy that is 1.7 kcal/mol above that of the MRMP2 and B3LYP stabilization energies 626.8 and—42.5

J. AM. CHEM. SOC. = VOL. 127, NO. 23, 2005 8489
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Chart 4. Geometric and Energetic Data for the 27+2R Channel?

7.3[4.5]

aSee Chart 1, footnota.
kcal/mol, respectively. So, the new specigsis as stable a4. Chart 5. Geometric and Energetic Data for the 47+2R Channel?@
The stability of5 is the result of compensating effects between
the two additional interfacial SiC bonds and the ring strain
of two four-membered rings. The asymmetric transition state,
TS3, connectingd and5 has an MRMP2 net barrier 6f15.7
kcal/mol, indicating that the produdd is also kinetically
accessible frord. In short, the two possible surface produéts
and5 of this channel are both thermodynamically stable and
kinetically accessible.

C. 2x+2x Channel. It has been showf that the [2+2]
product,6, can be formed easily on the Si(100) surface, even 1
though it is about 20 kcal/mol less stable than the most stable
[4+2] product,1. The current two-dimer SIMOMM model
yields a similar stability for the [22] product6 (see Chart 3).

An asymmetric transition stat@,S4, was located as an initial
barrier (from separated reactants) to the-22 product with a
small MRMP?2 internal barrier of-5.5 kcal/mol. The NOON
values of the important orbitals are 1.46, 0.54, 1.65, and 0.35,
also exhibiting large multi-configurational character. Making
an interfacial bond between C4 and Si9 yielded a tri-bonded
diradical producty/. However, the MRMP2 relative energy of
7.1 kcal/mol shows that it may not be an important structure.

As expected, the NOON values of 1.09 and 0.91 indicate @ gegcriptions of this model can be found in the Computational
nearly diradical character. A TS connecting structl&esd7 Details section.

was not located. The initial product,9, of this channel is a minimum on the
D. 27+2R Channel.Although it has not been suggested, an  CASSCF and the DFT potential energy surfaces, with an overall
inter-row 27+2R path is also possible. The initial product on MRMP2 stabilization energy of 35.3 kcal/mol (see Chart 5).
this path,8, has an MRMP2 stabilization energy of 18.7 kcal/ This is lower in energy than the produets5, 6, and8. The
mol (see Chart 4). AIthough it is not as stable as other predicted surface produw was Suggested by the experiments of Teague
surface products3 may still be an important thermodynamic  and Bolandi3 as discussed in the Introduction. An asymmetric
structure. The stability 08 may be reduced due to the short transition statd'S6 leading to9 from separated reactants has a
C2-C3 bond length as compared to the long-S810 distance,  MRMP2 barrier of 1.6 kcal/mol. Such a small barrier indicates

resulting in some ring strain. As in the produdt the that the surface produ& may be kinetically accessible.
corresponding NOON values 8fare 1.01 and 0.99.S5leading

to 8 from separated reactants has an MRMP2 relative energy!V- Conclusions

of 7.3 kcal/mol, showing that this channel has a higher barrier  The injtial and the subsequent surface reaction mechanisms
than the other products mentioned previously. Therefore, productyt 1,3-cyclohexadiene on the Si(100)-2 surface were explored
8 may not be an important initial product. Nonetheless it may wjth the help of multireference as well density functional
still be a good surface product candidate for the high-temperaturetheories. Five different initial reaction channels leading to nine
environment. The NOON values aiS5 are 1.07, 0.93, 1.48,  (jfferent surface products were identified. Among these, surface
and 0.52, indicating a highly multi-configurational character. products2, 3, 5, 7, and8 are new species that have not been
E. 47+2R Channel across the Dimer-RowTo study this reported before. AlthougB and7 are only marginally stable,
part of the potential energy surface, the second SIMOMM model the other seven products are thermodynamically important and
(see Figure 2b) in which a 3,Siz quantum region is kinetically accessible, and therefore they may exist. Structure
embedded in a £HeeSiso Cluster was employed. Detailed 8 may require some thermal energy to be formed. Therefore, it

-35.3[-41.4](-28.8)

a2 See Chart 1, footnota.
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is hoped that subsequent experimental studies will detect at leasthermal isomerizations among the alternative reaction channels
specie and5. Many of the species have significant diradical are currently being explored to better resolve this issue.
character, as illustrated by the occupation numbers of their The current study shows that the interplay between the
natural orbitals, so the use of a multireference wave function is thermodynamics, kinetics, and mechanisms of the diene on the
essential. Si(100) surface are more complex then previously known. To

Transition-state studies revealed that reaction barriers within better understand these surface reactions, one really must
the same channel are sufficiently below the energy of the consider the several reaction-determining factors collectively.
separated reactants that the final p_roduct distributions w_ithin Acknowledgment. This work was supported by Grant No
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surface product distributions among the fidi#ferentchannels for helpful discussions.
are more likely to be determined by kinetics. Possible surface JA050568D
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