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Abstract: Adsorption of two model fragments, Fe(C@nd PdG~, on a cluster model of the Si(100) surface
and disilene was studied by means of density functional calculations. The reconstructeet-silicon surface
dimer forms a strong bond to metal fragments, analogous to ethyléond complexation to a transition
metal complex. This bond can be described in terms of the De@hatt-Duncanson model. The Fe(CQO)
fragment binds to the surface cluster model in two geometrical configuratiors geometry in which the
Si—Si bond is in the equatorial plane of an approximate trigonal bipyramid at Fe and another, less stable
geometry with the StSi bond perpendicular to the equatorial plane. Bd@lso binds well, forming a square
planar complex with the SiSi bond in the plane of the complex. Since the G@yands in PdG~ are labile,
adsorption in a geometry with the-S8i bond perpendicular to the plane of the square planar complex leads
to two unusual structures in which-SCI bonds are formed. The possibility of formation of one-dimensional
chains of transition metal fragments on the surface, usifigadd H- bridging ligands has been explored.

Introduction One class of reaction which has not yet been explored
experimentally or theoretically on the Si(100) surface is
mr-coordination of the surface double bond in an organometallic
complex.p?-coordination of alkene double bonds is well-known
in organometallic chemistry; the first organotransition metal
compound, Zeise’s salt, K[PtCl(C, H4)]~ contains this kind

of bond? The bond between a transition metal fragment and an
ethylene is understood as a synergic deramceptor process:
electrons are donated from the ethylen®rbital to a vacant
metal orbital Ra), and at the same time electrons from an
appropriate symmetry,dnetal orbital are back-donated to the
emptysr* ethylene orbital 2b). This very useful bonding picture
was first put forward by Dew&rmand by Chatt and Duncans8n.
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We have learned much about structure and reactivity of the
simplest silicon surface, Si(100). Thex2) reconstruction of
this surface leads to formation of surface dimers, where two
neighboring surface silicon atoms are connected lylend
(). This still leaves a reactive, singly occupied orbital
dangling bond-on each surface silicon atom. Two dangling
bonds within one dimer interact, albeit weakly, and add a
component to ther bond. The resultant weak double bond
between two surface silicon atoms in the dimer plays an
important role in controlling the properties and reactivity of the
surface.
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The double bond character of the Si(100) dimers relates them Another view of the interaction between a transition metal

to molecular analogues, disilene 434) and the closgly rela_lt(_ad fragment and a ethylene is as a metallacy@)e People have
and much more strongty-bonded ethylene. There is a striking  ghant 4 ot of energy arguing about which of these bonding
similarity between the reactivity of the Si(100) surface and that pictures is appropriate to one or another olefin complex: our

of disilene (or ethylene). Although the silicesilicon double ¢ oninion is that it would be advisable to look at the bonding

bond is weaker than the carbonarbon double bond, both 55 5 continuum of donation and acceptance, which encompasses
disilene and Si(100) surface undergo “classical” organic reac- i viewsto-12

tions, nucleophilic and electrophilic 1,2-additions;H2] cy-

cloadditions, as well as DielsAlder reactions: 6 (5) Teplyakov, A. V.; Kong, M. J.; Bent, S. B. Am. Chem. S0d.997,
119 11106-11101.
(1) Weidenbruch, MCoord. Chem. Re 1994 130, 275-300. (6) Konecny, R.; Doren, D. Burf. Sci.1998 417, 169-188.
(2) Okazaki, R.; West, RAdv. Organomet. Chenl.996 39, 231-273. (7) Huheey, J. E.; Keiter, E. A.; Keiter, R. lnorganic chemistry:
(3) Waltenburg, H. N.; Yates, J. T., J&hem. Re. 1995 95, 1589~ principles of structure and reacity, 4th ed.; Harper Collins College
1673. Publishers: New York, NY, 1993.
(4) Konecny, R.; Doren, D. J1. Am. Chem. S0d.997, 119 11098~ (8) Dewar, M. J. SBull. Soc. Chim. Fr195], 18, C71-C79.
11099. (9) Chatt, J.; Duncanson, L. Al. Chem. Socl1953 2939-2947.
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Theoretical Methods

General Procedure. The surface was approximated in density
functional calculations by a cluster model consisting either of nine
silicon atoms (single-dimer model, 8, 5) or 15 silicon atoms
3 (double-dimer model, $Hi6, 6). These cluster models provide an
accurate representation of the geometry and energetics of the Si(100)
surface621.22
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Although olefin complex formation is common, analogous
transition metaky?-disilene compounds were prepared only a
few years aga®-16 The n?-disilene complexes exhibit a rich
chemistry, reacting with both nucleophilic and electrophilic
reagents under relatively mild conditioksTheoretical studies
of transition metal withn?-disilene bonded complexes have
shown that the DewarChatt-Duncanson picture is also quite
applicable here, i.e., that both charge donation and back-donation
contribute to the bond between the metal and disitérié.Since
the electronic structure of disilene is similar to that of the Si-
(100) surface dimer, a comparable bond should be formed
between a transition metal fragment and the surface. The surface
m-type orbital (HOMO) should be capable of donating electron
density to an empty metal orbital (ea interaction inCy,
symmetry,4a) and the surfacer* orbital (LUMO) could be
involved in back-donation from the,dmetal orbital (ab;
interaction inC,, symmetry,4b).
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The density functional calculations were carried out using the

Amsterdam density functional (ADF) package version?223The local
L3 S density e_lpp_roximation (LDA) for exchgnge correlation used the

Y D 0 ., Y, b a s, parametrization of Vosko, Wilk, and Nusair (VWARaNd the Perdew
‘\/ \" h / \ ’ Wang'’s nonlocal corrections (NLDA) for both exchange and correlation
GCov: a Co: by (PW91y¢ were added self-consistently. The numerical integration

2“;;1 ! ‘V‘b scheme adopted was the polyhedron method developed by te Velde et

al?” with the accuracy parameter, ACCINT, of 4.0.

A set of uncontracted double-Slater-type orbitals (STO) was

There is another reason to be interested in the interaction ofemployed for the main group atoms (H, C, O, Cl, Si), with singd
metal fragments with the silicon surface. A hypothetical reaction (carbon, oxygen, chlorine, and silicon) op ghydrogen) polarization
between the Si(100) surface and a number of transition metalfor all ligand atoms. The Fe and Pd basis sets were tfipiih single{
fragments may lead to formation of a well-ordered monolayer poIarizgtion_. The inner core shells were treated by the frpzen core
of transition metal complexes on the surface. The adjacent metal@PProximation, through Fe¢33p), Pd(4, 4p), C(ls), O(1s), Si(2p),
atoms could also be connected through ligand bridges, in and CI(D). A set of auxiliarys, p, d, f, andg STG functions, centered

. . . . on all nuclei, was introduced to fit the molecular density and to represent
principle creating one-, two-, or three-dimensional ordered

. - L . . . Coulombic and exchange potentials accurately. The basis, core, and
structures which might exhibit interesting physical properties. i gets correspond to basis set Ill (H, C, O, Si, Cl) and basis set IV

The ligands on the metal fragments might be labile, leading (re, pd) of ADF 2.3, respectively.

potentially to bare metal ordered arrays on the silicon. All degrees of freedom of the studied systems were optimized.
In this paper we propose and study model interactions Convergence was deemed to be achieved when changes in coordinate

between a transition metal fragment and the Si(100) surface, asvalues were less than 0.01 A and the norm of all gradient vectors was

well as its molecular analogue, disilene. The formation of a one- smaller than 0.01. The NLDA DFT electron density analysis was

dimensional chain of the transition metal fragments on the Performed using the Hirshfeld atomic charge partitioning schéfés.

surface (by bridging neighboring metal adsorbates) is also Bonding Energy Analysis. The bonding energy in the calculated
complexes can be analyzed by the extended transition state method

investigated. developed by Ziegler and Radk:3? This approach is based on a
(10) Albright, T. A.; Hoffmann, R.; Thibeault, J. C.; Thorn, D. U. decomposition of the bonding energy between two interacting fragments
Am. Chem. Sod979 101, 3801-3812. into different components. The total bonding energyEf) can be
(11) Pidun, U.; Frenking, GJ. Organomet. Cheml996 525 269-
278. (21) Liu, Q.; Hoffmann, RJ. Am. Chem. S0d.995 117, 4082-4092.
(12) Frenking, G.; Pidun, UJ. Chem. Soc., Dalton Tran4997 10, (22) Konecny, R.; Doren, D. J. Chem. Physl997 106, 2426-2435.
1653-1662. (23) Baerends, E. J.; Ellis, D. E.; Ros,Ghem. Phys1973 2, 41-51.
(13) Pham, E. K.; West, RI. Am. Chem. S0d.989 111, 7667-7668. (24) Ravenek, W. I\lgorithms and Applications on Vector and Parallel
(14) Pham, E. K.; West, ROrganometallics199Q 9, 1517-1523. Computerste Riele, H. J. J., Dekker: T. J., van de Vorst, H. A, Eds,;
(15) Berry, D. H.; Chey, J. H.; Zipin, H. S.; Carroll, P.J.Am. Chem. Elsevier: Amsterdam, 1987.
S0c.199Q 112, 452—453. (25) Vosko, S.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200~
(16) Koloski, T. S.; Carroll, P. J.; Berry, D. H. Am. Chem. S0d.99Q 1211.
112 6405-6406. (26) Perdew, J. P.; Chevary, J.; Vosko, S.; Jackson, K. A.; Pederson,
(17) Sharma, H. K.; Pannell, K. KChem. Re. 1995 95, 1351-1374. M. R.; Singh, D.; Fiolhais, CPhys. Re. B 1992 46, 6671-6687.
(18) Anderson, A. B.; Shiller, P.; Zarate, E. A.; Tessier-Youngs, C. A; (27) te Velde, G.; Baerends, E. J. Comput. Phys1992 99, 84—98.
Youngs, W. JOrganometallicsl989 8, 2320-2322. (28) Hirshfeld, F.Theor. Chim. Actal977, 44, 129-138.
(19) Sakaki, S.; leki, MInorg. Chem.1991, 30, 4218-4224. (29) The Hirshfeld charge partitioning scheme divides the molecular
(20) Cundari, T. R.; Gordon, M. S. Mol. Struct. (THEOCHEM}.994 charge density at each point among the several atoms in proportion to their

313 47-54. free-atom densities at the corresponding distances from the nuclei.
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Table 1. Structural Parameters (in A and deg) and Bonding Energy for Fe(Bidling to a SiHi» Cluster and Disilene

7a 7b 8a 8b
Fe-C 1.820, 1.819 1.814 1.820 1.838 1.811 1.812 1.814
c-0 1.155, 1.153 1.157,1.154 1.178 1.157 1.16@ 1.159
Si—Fe 2.496 2.455 2.435 2.345
Si—Si 2.326 2.280 2.342 2.353
Fe-C-0O 178.2,179.5 179.8 179.2 164.6 174.7 178.7,176.0
Fe—Si—Si 62.2 62.3 61.3 127.5
Si—Fe-Si 55.5 55.3 57.5
AE;, (kcal/mol) —83.2 —88.9 —73.8 —53.1

a Axial bond.

expressed as a sum of the steric enexgyerand the orbital interaction Table 2. Energy Decomposition for the Surface and Disilene

energyAEq: Models (in kcal/moB
A .
AEb = AEster+ AEoi (1) il
A Ester A Eal AEaz A Eb1 A Eb2 AEb

The steric energy component in turn can be divided into two 7a 30.9 —574 2.4 —46.7 -7.6 —83.2
contributions, one being the electrostatic contributitEds) due to 7b 31.3 -655 —2.0 —46.0 —-7.4 —88.9
the classical electrostatic interaction between the two unperturbed 9a 38.5 —456 -34 —-368 —108 —58.2
fragment charge distributions, the second the Pauli contribuN&a(;) 9b 37.5 —-495 -21 -35.0 -9.2 585

due to the repulsive four-electron interaction between occupied orbitals: =™ 5 AE.eis steric contributionAEs; is orbital interaction energy (with

the contributions partitioned by symmetry type) axi, is total bonding

AEge= AEqgat AEpy @) energy.

The orbital |rjteract|on energy arises from the interaction of.o.ccupled the Si-Si and Si-Fe distances. The surface-S8i bond length
and empty orbitals on each fragment. This term can be partitioned by

contributions from each symmetry representafibaf the interacting In.the surface cluster model is 2.326 A' avalue the}g\ falls in the
fragments, and a small correction term accounting for numerical errors Middle of the range expected for a double (2.242 A calculated

in the DFT calculation as implemented in the ADF code: in a bare cluster silicon dimer) and a single bond (2.403 A
computed in the dihydrogenated silicon dimer). The double bond
AE, = Z AEr+ AE,,, ) character of the surface -S8i bond is clearly reduced upon
coordination to the Fe(C@jragment in7a. A similar, although

) o o ) stronger, reduction in the double bond character is calculated
To obtain the overall binding energyE it is necessary to include for the disilene model. The SiSi bond length in the disilere
the preparation energyAEye, This is the energy required for o ooy model (2.280 A) is closer to the computed single bond
deformation of fragments from their equilibrium structure to the | th in disil 5377 A) than to the double bond | thi
conformation in the final complex: engin in disiane (2. . ) than to 1€ doub'e bond fength in
disilene (2.127 A). This calculated disilene-Si distance is

AE = AE + AEPP similar to the experimentally observed 2.260 A-Si distance
in a closely related molecule, @/(Si;Mey).15
Interaction of Si(100) Models with Fe(CO}), The bonding energy for the surface model complais —83

To begin our study of the geometry and energetics of kqal/mol,_the bonding energy fo_r the si_mpler disilerile i_s
transition metal complex formation on the Si(100) surface a Slightly higher, —89 kcal/mol. This bonding energnEs, is
simple neutral bonding partner, Fe(GONas chosen. The calculated as an interaction energy between two fragments (each
fragment was positioned over two silicon atoms of theHSi calculated in the geometry they'have in the final rela.xed
surface model with the axial CO ligands perpendicular to the cOMPlex), the Fe(CQ)fragment in the singlet electronic
silicon dimer bond, and a full geometry optimization was configuration and either the &l or disilene fragment. The
performed. The optimized geometrya) is shown below. A~ Orbital interaction energy between fragmentsEg) can be
full geometry optimization was also performed on a simpler partitioned by symmetry type. Since the optimized §tructures
analogue of the surface complex, Fe(G®)S=SiHy), disilene ~ have Cz, symmetry (although no symmetry constraints were
modeling the surface dimeTl§). Important structural parameters  €mployed during the optimization), this symmetry was used to

of the optimized surface cluster and disilene complexes are SIMPplify the bonding energy analysis. The two most significant
presented in Table 1. bonding contributions in the Fe(C@%igH12 (7a) and Fe(CQy

disilene {b) bonding energies arAE,, and AEy, (Table 2).
The AE,, contribution is bigger in the Fe(C@jlisilene model
than in the Fe(CQJSigH12, model, which mainly accounts for
the greater magnitude of total bonding energy in the disilene
model.

The population of fragment orbitals with major contributions
to thea; andb; interactions is shown in Table 3. We calculate
a significant electron transfer ifa from the fully occupied
surfacers; orbital (%y) to the empty metaby, orbital (10y)
and from the metaty orbital (6by) to the empty surfacers;
orbital (6b;). These fragment orbitals are illustrated in Figure

7b

. .. 30) Ziegler, T.; Rauk, ATheor. Chim. Actd 977, 46, 1-10.
The geometries of both the disilene and surface model églg Ziegb,, T. Rauk, Alnorg. Chem 1979 18, 1558-1565.

complexes are very similar, small differences arising only in  (32) Ziegler, T.; Rauk, Alnorg. Chem.1979 18, 1755-1759.
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Table 3. Fragment Orbital Population for Fe(C{BisH1, (7a), Fe(CO)/SizH4 (7b), PACE/SigH12 (9a), and PdG/Si:H4 (9b)?2

a1 bl
metal fragment Si fragment metal fragment Si fragment
7a 0.85(1@&) 1.81(8), 1.42(%) 1.38(6) 0.58(60y)
7b 0.94(1&) 1.95(%ay), 1.87(2), 1.20(3n) 1.45(60,) 0.51(2n)
9a 1.88(5), 0.67(%) 1.90(8y), 1.50(%) 1.95(1b), 1.86(Dy), 1.69(31) 0.42(60y)
9b 1.90(%), 0.75( ) 1.94(&y), 1.34(%) 1.94(1by), 1.89(Dy), 1.75(3n) 0.37(6n)

aOnly those fragment orbitals that change their orbital population by more than by 085 & result of coordination are shown.

donation in the surface cluster model and largeionation than
s-back-donation in the disilene model. In comparison, the
Mulliken population analysis of Fe(C@{,H, complex predicts
net electron transfer in the opposite direction (from the metal
fragment to ethylene), due to largerback-donation than
o-donations3

There is also another possible geometry for the adsorbate
complex, one with the axial CO ligands parallel to or eclipsing
the Si—Si dimer bond. The bonding energy for this conformation
(8a) is —74 kcal/mol, 10 kcal/mol higher (less stable) than for
the adsorbate geometry in the favored configuration with the
axial CO groups perpendicular to the silicon dimer bona).(
This reflects poorerr-bonding and larger steric interaction
between the surface and the adsorbate in the eclipsed conforma-
tion.19 However, this energy loss is partially compensated by a
bonding interaction between the carbon atoms of the axial CO
ligands and the surface silicon model atoms. ThisGdistance
is 2.242 A, which is greater than the sum of the Si and C
covalent radii (1.95 A), but much shorter than a van der Waals
contact. We think that the interaction between the surface and
the axial CO carbon atoms shows up in deviation of the Fe
(C—0O)axial @angle (164.0) from linearity.

a)

b) w’ ’ Y

c)

2by (1)

&

d)

3b; (7y)

Figure 1. Important fragment orbitals of (a) Fe(CQJ}b) SkHi2, (c)
disilene, and (d) Pd@gt fragments. The orientation of the MEragment
corresponds to its geometry hand9.

Table 4. Calculated Hirshfeld Charges on the Metal Fragment,

Metal Center, and on Silicon Atoms in Disilene or on Surface . . .
Silicon Atoms in SiH1 We have investigated another hypothetical adsorbate structure,

7a 7b % % 12a 12b 13 a geometry with the met_al atom bonded to one of the surface
silicon atoms. The optimized structure in this geome8ly) (s
Z?‘Pamri?rit —0.03 -0.12 —0.68 -0.88 —1.29 —1.19 —0.70 30 kcal/mol less stable than the calculated lowest energy
metalgonly 011 -0.12 044 042 045 046 042 Structure7a butitis alocal minimum. The underlying surface
S 002 018 —-001 010 —0.01 —0.04 —0.02 dimer in the cluster model compleéb is buckled (tilted along
the surface normal), as is obser¥d” and calculate#-38-41

for other surface dimer asymmetrically bonded complexes. The

1. The interactions indicated are the important components of
the Dewar-Chatt-Duncanson model. A similar interaction is

(33) Eisenstein, O.; Hoffmann, R. Am. Chem. Sod981, 103 4308-

> 4320.
calculated for the Fe(CQYlisilene complex{b, Table 3), where (34) Bennet, S. L.; Greenwood, C. L.; Williams, E. Burf. Sci.1993
the most significant charge transfer is from disilengorbital 290, 267—-276. _ ‘ '
(331) to the empty metab’,(,l orbital (1(31) and back-donation 64S3150)0Wemg, Y.; Bronikowski, M. J.; Hamers, R.Surf. Sci.1994 311,
from the metalry orbital (6by) to the disilenery; orbital (2by). (36) Shan, J.; Wang, Y.; Hamers, RJJPhys. Cheml996 100, 4961

The important disilene orbitals are also shown in Figure 1c. 4969.

: ftrilag (37) Hamers, R. J.; Wang, YChem. Re. 1996 96, 1261-1290.
The calculated Hirshfeld charge distribution for the surface (38) Vittadini, A.: Selloni, A; Casarin, MPhys. Re. B 1995 52, 5885

cluster and disilene Fe(C@fomplexes is shown in Table 4. 5ggo.

There is a small calculated net electron transfer from the surface (39) Konecny, R.; Doren, D. d. Phys. Chem. B997 101, 10983~
i+ 10985.

cluster model to the transition metal complex (0.03. erhe (40) Bacalzo, F. T.; Musaev, D. G.; Lin, M. @. Phys. Chem. B998

electron transfer is more pronounced in the disilene model (0.12 103 22212225

€7). This suggests fairly well-balanceddonation andr-back- (41) Brown, A. R.; Doren, D. 1. Chem. Physl999 110, 2643-2651.
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Table 5. Calculated Structural Parameters (in A and deg) and
Bonding Energy for Products of PdCIAdsorption on SiHq, (9a)
and Disilene 9b)

Konecny and Hoffmann

Table 6. Calculated Overlaps for Important Fragment Orbitals

7a 9a 7 9b
Fe(CO);/Singz PdCk™/SigH12 Fe(CO);/SizH4 PdCk™/SioH,

9a 9b ar: [10a1|9ay[ 0.20 [M0ay|9ay[d 0.13 [0ay|9auld 0.26 [10a|9a4[ 0.17
Pd-ClI 2.404, 2.475 2.407%, 2.500 by [0ay|92y[] 0.29 M0ay|9a[d 0.11 [M0ay|9aul] 0.35 [10ay|9 [ 0.12
Pd-Si 2.482 2.457
Si=Si 2.294 2.248 Table 7. Calculated Structural Parameters (in A and deg) and
Si—Pd-Si 55.0 54.5 Bonding Energy for Products of PdCIAdsorption on the $H1,
Pd-Si—Si 62.5 62.8 Cluster in the Eclipsed Conformation
AE; (kcal/mol) —58.2 —58.5 10 11
a Axial position. Si—Si 3.145 2.439
Si—Pd 2.325 2.307
surface Si-Si bond is lengthened in boBa and8b compared Si—Cl 2.179 2.126
to the Si-Si distance ir7a, and the Fe-Si bond is shortened. Pd-Cl 2.432 2.387
There is a simple description of the bondinga one consistent g::ﬁh__';? g;'g 1191
with the observed buckling. To attain an 18-electron configu- Pd—Si—Cl 102.5
ration, the Fe(CQ)fragment desires an electron-pair Lewis base Cl—Pd—Cl 172.2
ligand (as in Fe(CQ)or Fe(CO) L). The surface model readily Si—Pd-Cl 137.4 79.1, 108.7
provides this by polarizing the wealk,&=SiR, double bond AEs (kcal/mol) 1131 945

to R;Sit—Si~R,. The anionic Si end, which bonds as a base to
Fe(COy}), is (as expected) more pyramidalized, the cationic end
more planar.

These geometrical changes in the three structutes8a,
and 8b represent three distinctive bonding modes of the Fe-

repulsive steric interaction and partly to a lower attractive orbital
interaction. The latter effect is a consequence of the more
contracted valence d orbitals in the positively charged Pd ion

(CO), fragment to the surface cluster model: strong and weak than in the Fe atom; this leads to a poorer overlap between d

ot coordination in7a and 8a, respectively, andr bonding in
8b.

Interaction of Si(100) Models with PdCk—

orbitals of the Pd ion and p orbitals of the surface model (Table
6). A similar trend (in the decrease of the bonding energy
between a metal fragment andrdigand) is observed for Fe-
(COW/C,Hy and PACGy/C,H4 complexes. The &, ligand is

The second prototypic transition metal fragment used in our More strongly bound inZFe(CQ§:2H4 (?xperimental bonding
study was PdGF. We first optimized the geometry of a structure  €nergy 23+ 3 kcal/mol)? than in PdC§~/C; Ha (theoretically

with the axial Cl ligands perpendicular to the-Si dimer bond

calculated bonding energy 12 kcal/méi).

(9a). The important geometrical parameters are presented in  1he population of the fragment orbitals most significantly
Table 5. The simpler analogue of the surface cluster adsorbatenvolved in thea, andby interactions is presented in Table 3.

complex was also optimized®l§, Table 5). Again, there are

The biggest electron transfer in PdQBigH1, is calculated for

only small geometrical differences between the disilene and the 7si (9a1) — oy (7a1) donation andry (3b1) — 7g; (6by)

surface cluster complex. The differences in the-Bdand Si-
Si bond lengths are similar to the differences in the Fe(O)
SigH12 and Fe(COydisilene complexes. The SBi (2.248 A)
and Pd-Si (2.457 A) distances in the disilene model are

back-donation. These orbitals are depicted in Figure 1b and d.
The most significant electron transfer in PgQtlisilene is
calculated for thers; (3a1) — o}, (7a1) donation andry (3by)
— g (2b1) back-donation. These interactions support again

comparable to distances in a related, previously theoretically the Dewar-Chatt-Duncanson bonding picture.

studied compound, Ptgl/disilene, with computed SiSi 2.223

A and PtSi 2.425 A, respectiveli?22°The silicon-silicon bond

in the surface cluster model (with the length of 2.294 A) and in
the disilene model (2.248 A) is shorter than for corresponding
Fe(CO) model complexes.

9b

The bonding energy between the palladium fragment and the

silicon cluster model and disilene are very similai58 and
—59 kcal/mol, respectively (Table 2). The dominating compo-
nents of the bonding energy are again A&, andAEy, orbital
interaction contributions. The lower bonding energy in RACI
SigH12 compared to Fe(CQ@)SigH12 is due partly to the greater

The calculated Hirshfeld charge distribution for the disilene
and surface cluster PdClcomplexes is shown in Table 4. There
is an overall electron transfer from the Pd fragment to the surface
cluster model (0.3279. The electron transfer in the disilene
model is predicted to be in the same direction (as that of the
disilene fragment) but smaller (0.12)e The quite significant
electron transfer from the metal fragment to both theHS
and SpH,; fragments indicates stronger contribution from
m-back-donation thamw-donation. This is in contrast to well-
balanced calculated contributions in the PA@IH, com-
plex 3343

We have also optimized a surface clustadsorbate complex
starting in the “eclipsing” conformation, with the axial Cl ligands
parallel to the Si-Si dimer bond. Surprisingly, we have found
two quite different geometrical minima, depending on the
starting geometry. In one the-S&i bond and two PdCl bonds
are broken and two SiPd and two SiCl bonds are formed,

10 (Table 7). S+ClI surface bonding is experimentally known,
as in the studies of the reaction of@lith Si(100)344In another

(42) Brown, D. L. S.; Connor, J. A.; Leung, M. L.; Paz-Andrade, M. |;
Skinner, H. A.J. Organomet. Chenl976 110, 79-89.

(43) Hay, P. JJ. Am. Chem. S0d.981 103 1390-1393.

(44) Gao, Q.; Cheng, C. C.; Chen, P. J.; Choyke, W. J.; Yates, . T.
Chem. Phys1993 98, 8308-8323.
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isomer the surface silicon bond is retained during the optimiza- Table 8. Structural Parameters (in A and deg) and Bonding

tion, but one of the PdCI bonds is broken, and a-SCI bond

is formed (L1). Both of these structures are energetically lower
than the adsorption product with the axial Cl ligands perpen-
dicular to the surface SiSi bond @a). The geometry with the
surface silicon bond brokeri@) is more stable by 55 kcal/mol
and the structure with the surface bond retairigdl by 36 kcal/
mol than9a. Similar pathways are followed in the disilene
complex.

These addition reactions leading6 and11 do not change
the formal oxidation state of the palladium ion, and they leave
a 14 e configuration on the metal. These isomers should be
susceptible to nucleophilic reactions, such as associative ligan

Energy for PeCl,0?~ and PdCl,H™ Fragment Adsorption on the
Si15H15 Cluster

12a 12b 13
Pd-ClI 2.468, 2.486 2.522 2.535 2.428 2.431
Pd-Si 2.453 2.463 2.510
Si(1)-Si(1p 2.300 2.300 2.279
Pd-Pd 3.975 3.849 3.766
Si(1)-Si(2F 3.956 3.973 3.916
Pd—(O, H) 2.113 2.008 1.762
Pd—-(0O,H)-Pd  140.3 146.8 167.6
AEy, (kcal/mol) —127.9 —132.8 —106.0

a Axial position.® Intra-dimer Si-Si distance? Inter-dimer Si-Si
distance.

Toward the Formation of 1-D Transition Metal Fragment
Chains on the Surface

To investigate the possible linkage of adjacent transition metal
fragment adsorbates through a bridging ligand, a minimal model
of a double-dimer cluster was used i1, 6). Two PdCh
fragments were placed on the top of the double-dimer cluster
in a geometry they would have in PdCISigHi,. The two
palladium atoms were connected using either an l@and or

gsmaller H™ ligand as the bridge. A full optimization was

substitution or oxidative addition at the unsaturated metal center, Performed yielding structure¥2a 12b (O-bridged), and3(H-

Let us see if we make sense of what is going on in this system bridged). The important geomet.rlc pgrameters are presented in
in organometallic terms. Structures of tyi@a are clearly Table 8. Note that_ we have retained in these structures a Pd(ll)
analogous to Zeise’s salt. There is no direct analogue to @nd the rough Zeise's salt geometry at each Pd.
structures of typelO (or reactions leading to them) in Zeise’s
salt chemistry, but some things may be said about the process.
The reaction fron®ato 11 (after rotation around a Pelisilene
bond) is the Si, Cl analogue offahydride transfef® The latter
reaction is very well-known, although to our knowledge not
yet exemplified for Si and Cl9a going to 10 would be an
extremely unusual reaction in carbon chemistry. It corresponds
to a double migration of chlorides to a disilene that is split. Or
it can be viewed as a doubtemigration of chlorides from the
metal. The strength of the carbenarbon double bond precludes
this reaction from being realized in organometallic carbon
chemistry.

Another perspective on these systems is obtained by looking
at the local geometry at the Pd. Fourteen electtbsystems
(e.g., tricoordinate Au(lll)) are classical Jatmeller situa-
tions 4647 The trigonal D3,) ML 3 geometry is unstable relative
to deformations to T- and Y-shaped structut®m this context
11 clearly has a T-shaped geometry ah@ has a Y-shaped
geometry, although the Pd local geometrylid is no doubt
strongly influenced by geometry constraints imposed by the
SigH12 cluster. To our knowledge there is no direct structural
evidence for a Y-shaped Pd(ll) compound.

Structurell with the C-Pd—Cl angle of 172 is more stable
than a hypothetical structure with an angle of & 20 kcal/
mol. This is in agreement with a study by Tatsumi et’atthich
predicts that a geometry PdB~ with two more electronegative
A substituents bonded to the metal opposite each other (A
Pd—A angle 180) is more stable than a structure with an
A—Pd-A angle of 90.

(45) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RRi@ciples
and Applications of Organotransition Metal Chemisteynd ed.; University
Science Books: Mill Valley, CA, 1987.

(46) Komiya, S.; Albright, T. A.; Hoffmann, R.; Kochi, J. KI. Am.
Chem. Soc1976 98, 7255-7265.

(47) Tatsumi, K.; Hoffmann, R.; Yamamoto, A.; Stille, J. Bull. Chem.
Soc. Jpnl198], 54, 1857-1867.

(48) Alvarez, S.Coord. Chem. Re 1999 in press.

12a 12b

There are two minima for the structure with thé ridge,
one with the oxygen atom pointing down toward the surface
cluster model 128 and the other with the oxygen atom pointing
up (12h). The bonding energy between the;2t0?~ fragment
and the silicon double-dimer cluster is128 and—133 kcal/
mol for thel2aand12b geometries, respectively. The binding
in 12b is thus—66 kcal/mol per one silicon dimer, which is
somewhat stronger that the binding between pdénd a single
silicon dimer cluster §a). The bonding energy between the
Pa.Cl,H~ fragment and the double-dimer modelli8is smaller,
—106 kcal/mol. Although the geometry of the-Pd—Pd bridge
deviates slightly from linearity (168, the energy needed to
make the hydride bridge linear (P¢H—Pd 180) is only less
than 1 kcal/mol.
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There are only small geometrical differences between the

structure with one Pdgt fragment adsorbed on a single-dimer
cluster and the structure with two Pd@fagments connected
through either & or H™ bridges on the double-dimer cluster.
The only significant change is in the P&l bond length
elongation for both axial and equatorial Cl ligands. The biggest
change (0.118 A) is in the P¢hxial Cl length in12b.

The Pd-0O bond lengths il2a(2.11 A) and12b (2.01 A)
are comparable to the experimental-Ral distance in similar
bonding arrangement in{OH), bridged (Pd(I1)} compounds
(2.07-2.11 A)4950The Pd-Pd separation in these complexes
is shorter (2.983.14 A) than in12aand12b (3.98 and 3.85
A), accompanying a smaller P®—Pd angle (96-99°) com-
pared to the calculated P@©—Pd angle inl2aand12b (140
and 147).

The palladiur-hydride distance i13(1.76 A) is in the range
of experimentally observed PdH bond lengths ing-H).Pd
compounds (1.621.79 A)5152 The known compounds are
much more bent at H (PeH—Pd angle 109.

Although the Pe-O—Pd angle inl2aand12bis significantly
different from 180, this distortion from linearity is probably

Konecny and Hoffmann

Calculated Hirshfeld charges fat2a 12b, and 13 are
presented in Table 4. An electron transfer to the surface cluster
model in the range from 0.30 to 0.36 and 0.41per one silicon
dimer for13, 12a and12b, respectively, is calculated. This is
comparable to the calculated electron transfer for the #dCl
single-dimer cluster model (0.32e

Conclusions

This theoretical study addresses for the first time bonding
between a transition metal fragment and the Si(100) surface
through coordination of the surface double bond to the metal.

Two model fragments, Fe(C@and PdC{~, bind effectively
to our surface cluster models. The resulting bonding can be
described in terms of the Dewa€hatt-Duncanson model,
where both charge donation from the HOMO of the surface to
an empty metal orbital and back-donation from thendetal
orbital to the emptyr* surface orbital play a key role. Other,
less stable products are formed by adsorption of the Fe(CO)
fragment on the SH1» cluster model in the eclipsed conforma-
tion. The PdQ~ fragment contains more labile Cligands.
Thus adsorption of Pdgt has other channels available to it,
effectively addition mechanisms. Two products result, one with
the surface SitSi bond retained and with a T-shaped Pd

not caused by constrains imposed by the silicon double-dimer coordination, and the other with the-Ssi bond broken and a
cluster geometry but rather by a geometrical preference of the Y-shaped coordination of the palladium ion.

02~ bridging ligand itself. In fact, the Si double-dimer cluster
geometry is quite flexible. The inter-dimer Sif1$i(2) distance

The bonding of disilene with the transition metal fragments
is very similar to that of the Si(100) surface cluster model,

is 4.003 A in a bare double-dimer model, and is shortened uponleading to the formation of structurally and energetically

bridge formation to 3.956 and 3.973 A ih2a and 12b,
respectively. The PdPd distances in both2a and 12b are
comparable, shorter than the longest calculated SBi(R)

comparable products. The similarity between the disilene and
surface cluster model double bond reactivity suggests that
principles of silicon and carbon organometallic chemistry could

distance (4.003 A). This suggests that the double-dimer modelPe applied to Si(100) surface chemistry, and vice versa.

could accommodate a more linear-Rd—Pd structure. In the
hydride-bridged systeml@) the Pd-Pd distance (3.766 A) is
shorter than the shortest calculated Si{$)(2) distance (3.863
A); since the H bridge is nearly linear there is probably some

Two transition metal fragments adsorbed on adjacent silicon
dimers can be connected through a bridging ligand. Such
bonding between two transition metal adsorbates, and bridged
by an G~ or H™ ligand, results in formation of stable products

strain in the adsorbate structure. This strain may be responsiblg/Vith some flexibility in the M-X—M adsorbate geometry. There

for the smaller bonding energy f@Bthan in12aand12b (Table
8). It is important to note that the Si@}pi(2) distance in the
real, more rigid Si(100) surface is 3.85 A. This would cause

more strain and consequently a smaller bonding energy than

predicted in both thd2aand 12b structures.
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(52) Fryzuk, M. D.; Lloyd, B. R.; Clentsmith, G. K. B.; Rettig, S.J.
Am. Chem. Sod 994 116, 3804-3812.

are implications of this binding for the constructions of
hypothetical one-, two-, or three-dimensional patterns on the
surface, the properties of which are subject of our next study.

Since C(100) and Ge(100) surfaces also contain surface
dimers with partial double-bond character, analogous reaction
between organometallic fragments and these surfaces should
be also feasible.
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