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CHAPTER |

Introduction to the Silicon Surface Chemistry

Silicon is one of the most important materials in the modern semiconductoryndtustr
the past 60 years, there has been great development in the manufacture tedifrioéog
silicon devices. Upon approaching the limitation of the Moore’s'|ahe understanding
of the silicon surface chemistry is especially important on furtherawnpy the silicon

manufacture technology.

Silicon (100) surface is one of the most studied subjects in the silicon surfadstche
field due to its high chemical reactivity. Once cut through the (100) pldredlicon
crystal, each silicon atoms on the Si(100) surface is only bonded to another two under
layer silicon atoms through two Si-8bonds, and two valence electrons are left
unsatisfied. Thus this first obtained surface has very high energy and is einistabl
quickly goes through a surface reconstruction process, in which every twoessitiegon
atoms pair with each other and form a two atom dimer. After this “dimienzZairocess,
one obtains the Si(100)-2x1 reconstructed surface. Experiment measuraticates the
bond distance between the silicon dimer atoms equals 222@&Hich is shorter than the
Si-Si single bond length of 2.35 A and lies within the bond length range of 2.14-2.29 A

for disilene moleculed So the bond between silicon dimer atoms is generally recognized
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Figure I-1. Sketch of (a) the silicon crystal structure and the (100) pla®i(16)0)

surface before the surface reconstruction and (c) Si(100)-2x1 reconssuidteze.



Figure I-2. lllustration of the Si(100)-2x1 reconstructed surface. Eigdapted from

http://chemeng.stanford.edu/html/musgrave.html



as Si-Si double bond. However, it has been pointed out that the silicon dimers have multi-
configuration charact&P, which means the bond between silicon dimer atoms is not pure
Si-Si double bond. Instead, the p electrons in the silicon dimer atoms have both

bonding and diradical characters, and the bond between silicon dimer atoms is lzetwee
Si-Si single bond and double bond. There have been debate on whether the Si(100)-2x1
reconstructed surface is symmetrical or buckled too. Both experimadtgieoretical

studies have suggested controversial conclugiéhs

There are two common approaches to model the Si(100) surface in theoretieal studi
The first one is the slab models, in which a super cell is chosen and repeated under
periodic boundary conditions. Slab models reproduce large areas of surface stamtures
have very small edge effects. However, slab models can encounter siraisieveen
low-coverage surface adsorption process takes place unless a relativepargeet is
chosen, due to the interactions between the adsorbates and the neighborAdstis
since slab models include large number of silicon atoms, only low cost computational
methods, such as Hartree-Fock (HF) or density functional theorem (DFigadsedre
applicable to the slab models. In addition, the current available periodic DIRddset
(i.e. Perdew-Wang 199f) do not include a portion of the exact exchange which
eliminates the accuracy of the slab mod@lénother approach to model the Si(100)
surface is the silicon dimer cluster models, in which a finite size of siliconsaére
chosen to construct a cluster module that represents the silicon dimer sg.ustlicon
dimer cluster models include relatively smaller amount of atoms. Highddwahitio

methods, such as Mgller—Plesset perturbation theory (MP), coupled clustedr(@C),



Figure I-3. (a) a super cell used in the silicon slab models and (b) a silicondnipés

silicon cluster model. Figure (a) adapted and modified from refefénce



as well as hybrid functional DFT that includes a portion of the exact exchamge
applicable the silicon dimer cluster models. The major drawback of the silicen dim
cluster models is that since only small areas of the Si(100) surface asen@de there

is relatively larger edge effect for this model. Also, full geometrinupation of silicon
dimer cluster models with aborbates on them may result with unphysicaletistiorier
cluster configurations. Once the unphysical distortion happens, it usually requites one
constrain a few layers of the silicon atoms into the positions as in bulk strudbick, w
may not be adequate if the surface adsorption requires a certain lesyedtaf c

relaxation.

In this dissertation, we focus on the theoretical investigation of the silicacsurf
chemistry. The adsorption of small organic molecules on the Si(100) surfdadingc
the chlorine cyanide (CICN), benzenelfg) and phenanthrene {§H0), have been
conducted by the means of first principle density functional theorem, a,b-iretaés,
or both of them. We have only adapted the silicon dimer cluster models to perform the
surface adsorption modeling as the high level a,b-initio theories are onlyadybglic
through this model. Ultraviolet photoelectron spectroscopy (UPS) and X-ray
photoelectron spectroscopy (XPS) stutfiédhave shown that upon annealing to room
temperature, the cyanogen halides (XCN, where X =1, Br, CI) can go thnooiglule
dissociation process after adsorbing on the Si(100) surface. The earlier studied
dissociation mechanism of CICN on Si(100) surface under a single dimer closkelr m
indicates that intermediate structures should be seen during the dissociaties,proce

which is in consistent with the experimental observatfdfs In Chapter II, we have



carried out more detailed theoretical calculations of the CICN disswci@ocess using

larger silicon dimer cluster models. We have found that silicon multi dimeeclust

models can provide reaction pathways that are more feasible than the one from using the
silicon single dimer cluster model, and the multi dimer reaction pathwagbleréo

explain the lack of the observation of dissociation intermediate structimesdBorption

and dissociation mechanism of the benzene molecule on the Si(100) surface have been
studied in the Chapter IV. There have been many experimental and theoretlice of

the intact chemisorption of benzene molecule on the Si(100) surface in th&*Hast

We have obtained adsorption configurations and adsorption energies of the intact
chemisorbed benzene molecule on the Si(100) surface that are consisteavevrih s
previous studies. Scanning tunneling microscopy (SMYPS and temperature-
programmed desorption (TPD) experimetit® have shown that halogenated benzene

can go through dissociation process upon adsorption. A recent theoretical study of the
benzene adsorption on Si(100) surface has suggested that the benzene can go through
dissociation process at a cost of moderate amount activation éhespch puzzles us
because no experimental observation of benzene dissociation on Si(100) surfaesm has be
reported yet. Thus we have performed more careful examination of the dissociat
process of benzene molecule on the Si(100) surface. We have found that the spin crossing
process has to be involved during the benzene dissociation process and a much higher
activation barrier has been predicted from our calculations. The detailed stutties of

spin crossing process for a silicon single dimer cluster have been condacked

Chapter Ill. Our results shows that the spin crossing process barrier Baréhsilicon

dimer cluster is moderate and thermodynamic equilibrium between the gjragied



state and the triple excited state of the silicon dimer cluster cataidisdsed at room
temperature. Non-negligible population of triplet silicon dimer cluster walbg@nt at the
Si(100) surface at high temperature. In Chapter V, a short study of the phemanthre
molecule adsorption and dissociation on Si(100) surface has been conducted. It is found
that the adsorption and dissociation of phenanthrene molecule on Si(100) surface takes a
fashion that is analogous to that of the benzene molecule, except addgomadtrical
selection rules have been observed for phenanthrene adsorption. Finally, i @hapte

we have tested the application of a quantum capping potential (QCP) method on building
the silicon dimer cluster. Using single dimer cluster, the QCP methashbas

promising results for the hydrogen terminated cluster model. However, foatbe

cluster model, it has failed on reproduction the electronic property of largesilston

dimer cluster models.



CHAPTER Il

Dissociation Pathways for CICN on Si (100)-(2x1) Modeled by Multiple Siddim

Clusters
A. INTRODUCTION

The adsorption of organic molecules to fine-tune the chemical and physical properties
group IV semiconductor surfaces has applications in chemical sensors, biologica
recognition, and molecular and optical electrofifé¥. The ability to functionalize the
Si(100) surface is particularly important in order to create surfacearthabmpatible, in
principle, with materials currently employed in device manufacturing. af@s\vthis end,
a recent review addresses the experimental and theoretical understaraieg il
manipulations of organic molecules on silicon surfd¢eSrom the perspective of
chemical reactivity of the Si(100) surface, Si-dimers are the importaotigtal motif
that dominates the chemisfy. These Si-dimer atoms play a critical role in the
adsorption chemistry of nitrogen containing organic compotindRelevant to this work,
the adsorption and decomposition of N and O containing compounds on the Si(100)
surfacé and the surface chemistry of nitriles on Si(100)-2x1 and Ge(100) siffaeee

been reviewed.



In this chapter, we investigate both the adsorption and dissociation pathveesgs acr
adjacent Si-dimers and across two Si-dimer rows for CICN on the Si(100)esusiag
multiple Si-dimer clusters. The adsorption and subsequent thermal cherhib&y o
cyanogen halides (XCN, where X =1, Br, Cl) have been investigated usiagiallet
photoelectron spectroscopy (UPS) and X-ray photoelectron spectroscopy’{XPS).
UPS measurements show that the CN triple bond of the XCN species remains intact upon
adsorption. XPS analysis of the €dhotoelectron peak following low XCN exposures
at low temperatures (100 K) indicates that some molecular adsorption occurs. Upon
annealing to room temperature, the XC bond of the molecularly adsorbed XCN species
dissociates and the adsorbed species rearranges to form a CN group bound through the C
atom and an adsorbed Cl atom. A single-dimer cluster has been previously wilized t
model the adsorption and decomposition of X¥Rf Although the lowest energy
reaction product, an adsorbed atomic halide and a molecular CN group, is in agreement
with experimental results;**the activation energies computed along the single-dimer

pathways suggest that at least one intermediate structure should havbderead.

One possible explanation is that additional reaction pathways with muitigie&s
clusters can provide alternative decomposition pathways with lower activahiengies
than those found in the single-dimer studfes. High resolution scanning tunneling
microscopy (STM) studies of organic adsorption have demonstrated the importance of
multiple Si-dimer interactions with adsorbates. For example, analysis ofi§afés for
acetylene shows evidence that this species can adsorb across twot&ljdomers, in

addition to the traditional adsorption geometry across a single dimeraddition, STM

10



images of 1,3-cyclohexadien&>® maleic anhydridé! and benzern adsorbed on
Si(100) show a distribution of different bonding sites involving multiple Si-dimers both

in the same row and across rows.

M. C. Lin and coworkers have experimentally and computationally studied hydrogen
cyanide (HCN) and cyanogenA{;) adsorption and decomposition on the Si(100) and
Si(111) surface®”®® Bu and Lin have also studied a similar compound, s-triazine
((HCN)s), on the Si(100) surfadd. For HCN, the transition state barrier for dissociation
which results in atomic H and molecular CN adsorbed on adjacent Si-dimers tthin t
same row is lower than that found for the cleavage across one Si-dimef bond.
Adsorption and dissociation pathways gNgand NH,4 on double-dimer clusters are
also found to have slightly lower activation barriers than the single-dimett base
pathway<>% In addition to reactions across adjacent Si-dimers, cross Si-dimer row
mechanisms are also possible. One relevant example is the decomposition of
chloromethane which decomposes into a final geometry with thegidp and the ClI
atom adsorbed on different Si-dimer roWsSimilar cross Si-dimer row dissociations are
seen for chlorinated benzefeglycine?” and propenyl alcohSP To illustrate the
potential complexity, computational studies of the decomposition of acryleritrite
found intermediates spanning two adjacent Si-dimers in the same row and spanning

across two Si-dimers rowf&/°

B. COMPUTATIONAL PROCEDURE

The Si(100) surface is represented using clusters containing 9 to 55 Si atioting wi

edges capped by H atoms. Details of each cluster model are described indapaatppr

11



c) V-trench Cluster

Figure II-1. The (a) single-dimer @bi;2), (b) double-dimer ($¥H16) and (c) V-trench
(SixsH24) clusters used to model the Si(100) surface. The atonsstardrogen@®

nitrogen, d carbon @ silicon anc@® chlorine.

12



sections below. Energy calculations, geometry optimizations and frgqc&icalations
are performed using the hybrid density functional method that includes Becke’s 3-
parameter nonlocal-exchange functidhalith the correlation functional of Lee-Yang-
Parr, B3LYP’? The 6-31G(d) all-electron split-valence basis'$ethich includes the
polarizationd-function on non-hydrogen atoms, was employed for calculations. Both
Gaussian 98 and (f3are utilized with identical results. The reported adsorption energy
is defined as the difference between the total electronic energy of the extsorptiel
and the isolated molecule and cluster. All energies are reported without zetro-poi
corrections. Except when noted, frequency calculations confirm that the stable
geometries have no imaginary vibrational frequencies. All the transiitesdtave only
one imaginary normal mode, except when explicitly stated in the text. All cormsect
between stable structures and their transition states are confirmaedogal reaction
coordinates calculations. Partial optimization may have been used toressisidl
optimization of the stable structures. However, unless explicitly stated taxt) the
reported energies are from total energy optimizations performed wahgugeometrical

constraints.

C. RESULTSAND DISCUSSION

C.1. Reaction Pathwayson a Single Si-Dimer

Kadosso\et al. has previously investigated the adsorption and decomposition of CICN
using single-dimer modef&:>® Figure 1a shows the bare single-dimer cluster, while
Figure 2 shows the resulting five stable geometries formed by theoreattCICN with

this cluster. The double-dimer versions (Figure 1b) of the single-dimer nardels
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d) SiNC1 e) SiCN1

Figure II-2. CICN adsorption models on the Si single-dimer cluster: (a) @{Shrbed

on Si(100) surface in an end-on position. (b) CICN adsorbed in a side-on position. (c)
Dissociated species with Cl and CN adsorbed in a side-on position with both the CI-C
and the silicon dimer bonds broken. (d) Dissociated Cl and NC. (e) Dissociated Cl and

CN. The atoms are hydrogen@® nitrogen,d carbon @ silicon anc@® chlorine.
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created by adding one additional Si-dimer to one side of the single-dimer cllike
addition of a Si-dimer to the other side of the single-dimer clusters result®m a
superimposable mirror image with an identical total energy. The triplerdimiety is
created by adding additional Si-dimers to both sides of a single-dimesrcl@&nce the
single-dimer based decomposition reaction takes place only on the cediteegithese

triple-dimer clusters are symmetrical.

Figure 3 shows the reaction pathways for the adsorption and dissociation oih@ICN
adsorbed atomic Cl and molecular CN on the single-dimer cluster. The solsithee i
lowest energy pathway and the activation energies in kJ/mol are given irhpasmnt
next to each transition state label. The initial dative bonded structure (CICN1) is
bounded by a square box in Figure 3 and is formed from the gas phase absorption of
CICN onto the the electrophylic (buckled-down) Si-dimer atom. The speciexled by
an oval are consistent with experimental observation of the final room-tdomeera

decomposition produét:?®

Table 1 contains the adsorption energies computed for these species on the single-
double- and triple-dimer clusters. These stable structures are computed without
geometrical constraints and contain no imaginary frequencies. With theiera&he
dative bonded CICN1 geometry, the adsorption energies between these stahbilestruct
are approximately independent of the cluster size. The single- and tripleetiargies
are within 5% on average after excluding CICN1 and the two transition statespdS1 a
TS2, originating from this geometry. The relatively large differencedsoration

energy for the dative bonded CICN1 geometry and its associated transt#snsta
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TS2 (43)

TS1 (24) TS3 (116) TS4 (83) TS5 (88) V

CICN1 |—» CICN2 — CICN3 —>» SiNC1 —»|SiCN1

Figure II-3. The single-dimer adsorption and decomposition pathways for. CIG&
solid line is the lowest energy pathway and the activation energies in kigngiven in
parentheses next to each transition state label. The TS3 transition staeisislpn the
single-dimer cluster. The initial dative-bonded structure (CICN1) is boundacéyare

while the final structure consistent with the experimental data is bounded bylan ova
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Model 1D 2D 3D
CICN1 -44.4 -62.8 -72.5
CICN2 -202.0 -198.2 -189.9
CICN3 -289.1 -279.8 -266.0
SiNC1 -365.0 -365.4 -359.0
SiCN1 -397.7 -397.4 -390.3
TS1 -20.9 -33.2 -36.8
TS2 -1.2 -2.5 2.9
TS3 -86.2 -83.9 -76.3
TS4 -206.6 -212.2 -209.9
TS5 -276.9 -277.7 -268.9

Table II-1. Calculated B3LYP/6-31G(d) adsorption and transition state eadkgi/mol)

for the single-dimer based adsorption models on single-dimer (1D), double-dimer (2D)
and triple-dimer (3D) clusters. These structures are illustratedsfogke-dimer cluster

in Figure 1. All structures are computed without geometrical constraints arihcoot
imaginary frequencies. All transitions states, with the exception 8fdiShe 2D and

3D models (see text), are computed without geometrical constraints and contain one

imaginary frequency.
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attributed to the greater degree of delocalization of the electrons in the weakodad

in the larger clusters, similar to that observed in an ammonia adsorption stugly usin
clusters of different siz€S. The transition state energies are also listed in Table 1.
Except when noted, the transitions states are optimized without geometricediotsst

and contain one imaginary frequency. In addition, the connection between each pair of
stable structures and the respective transition state is confirmed Ioaimesction

coordinate calculations.

There are two different reaction pathways (Figure 3) starting fromtedasQICN
(CICN1). The single-dimer activation energy (23.5 kJ/mol) for the firsivyeat, over
transition state TS1 (solid line in Figure 3), is 20 kJ/mol less than that for tredsec
pathway (43.2 kJ/mol) over TS2 (dashed line in Figure 3). On the larger Si-dimer
clusters, TS1 becomes increasing favorable with respect to TS2. In additioB2the T
activation energy is close to the desorption energy of CICN. For the tript-dinster
(see Table 2) this activation energy exceeds the desorption energy, implying tha
desorption is favored over a possible transition over the TS2 barrier. Thus, the
dissociation of CICN on the single-dimer clusters is expected to take placelaong

pathway associated with TS1 instead of one associated with TS2.

The TS1 pathway starts with a physisorbed CICN (CICN1) species in end-onyeome
with a dative bond through the N atom to an electrophylic (buckled-down) Si-dimer
atom. There is no barrier for the formation of this initial species from the gas. phas
This structure can then react across the Si-dimer bond (TS1) to form a side-on

intermediate (CICN2). After which, the side-on intermediate can furtaet (TS3),
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with relatively large activation barrier of 115.8 kJ/mol, to form a broken-din@mgty
(CICN3) in which the CCI bond breaks and the C end of the CN group inserts into the Si-
dimer bond. The insertion intermediate (CICN3) rearranges (TS4) to forasarbad

atomic halide and an adsorbed NC species (SINC1). Once SIiCN1 formed, thefinal st

is the isomerization into the more stable CN geometry where the C is boundie the

dimer atom (SiCN1).

This insertion intermediate (CICN3), discovered by internal reaction cotaslina
calculations started in the forward direction from TS3 and the reverse directi&4 oisT
surprising. On larger clusters (see below) the TS3 transition statd) lwads to the
insertion intermediate (CICN3), does not exist and no insertion intermediatpiised.
Since the aim of this paper is to examine the decomposition of CICN into the
experimentally observed room temperature products, absorbed atom Cl and molecular
CN, higher energy pathways leading to the complete decomposition of the CN group into
additional SiC and SiN insertion products are not considered. Insertion products can
result in unrealistic deformation of the cluster and require the use of corssimatime
geometry optimization step. Adsorption energy for unconstrained and constrained
insertion products were examined by Rodriguez-Reyes for ammonia decomposition
in Si(100)’®"" For insertion reactions that result in minimal deformation of the single-
dimer cluster, the difference between the unconstrained and constrained aioisiaa
the adsorption energy are found to be minimal (< 1%) for the symmetrical flanse
into the Si-Dimer (B1 and B2 modé&fs For CICN3, which involves the insertion of a C

atom into the Si-Dimer bond, the energy difference is also less than 1%. Thissresult
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consistent with the observation of no unrealistic deformations of the bottom ddykes

Si cluster for CICN3.

Experimentally, the dative bonded CICN molecule is observed on the Si(100) surface at
80 K.2?>?® Upon moderate heating, CICN completely dissociates and the products, Cl and
CN adsorbed on Si(100) surface, are observed. XP#ding energy of the C in the
CN group indicate that the species is bound to the surface through the & #arhus,
both the CICN1 and the SICN1 single-dimer structures are observed expaliynent
However, neither the CICN2, CICN3 nor the SINC geometry is obsénv&drhis result
might be expected if the adsorbate (CICN) utilizes its absorption eneoggricome the
four transition state barriers. Starting from the gas phase absorptiorst 20@&J/mol
of energy is available to help the reaction across the 115.8 kJ/mol barrier of TS8. Sinc
the dative bonded structures can be experimentally obserifatie energy used to
overcome TS3 must come from the CICN1 to CICN2 reaction. In addition, some
accommodation or energy loss to the substrate is expected. Thus, one might ekpect tha
at least one additional intermediate, for example the bridged CICN2 spewidg,be
experimentally observed if the dissociation of CICN is constrained to folloyvsamgle-

dimer based pathways.

Given the larger TS3 barrier, the critical step in the single-dimer beaetibn
pathway is the reaction of CICN2 to form CICN3. Computations using the larger double-
and triple-dimer clusters cast some doubt on the existence of transitiohn33ab@ these
larger clusters and, thus, on the real Si(100) surface. Optimization of TS3 on the double-

dimer cluster required the Cl displacements to be constrained to a plane tie &gh
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dimer on which the absorption occurs and the bridging CN group. Without this
constraint, optimization on double-dimer clusters results in a new transdten st
geometry (TS6 in Section 2 below) that is incompatible with the single-dimer snddel
this new transition state, the Cl atom tends to migrate towards the adjanent @n the
triple-dimer cluster, no additional geometry constraints are requirecdiie symmetry
around the center Si-dimer. However, a second imaginary frequency with a daispiace
vector pointing along the dimer-row toward the adjacent Si-dimer atoms ivethser
These results on the larger clusters indicate that Cl migration to anrdadjaner

pathway is more likely than the single-dimer pathway over TS3, which leads to the

CICNS structure.

C.2. Reaction Pathways Across Two Adjacent Si-Dimersin the Same Row

The double-dimer cluster (Figure 1b) is utilized to examine reactions ograaioss
two adjacent Si-dimers in the same row. Figure 4 shows three additional stabl
geometries formed by the reaction of CICN with a double-dimer cluster. 40KCike
dissociation product suggested by the optimization of TS3 on double- and triple-dimer
clusters. SINC2 and SiCN2 are two additional end-on products. For CICN4, SINC2 and
SICN2, additional structures can be generated by moving the Cl acr&isdiheer.
These new species are denoted by the addition of a prime and are not shown i8.Figure
Of the three possible prime structures, only the SICN2’ model is required tddeber
adsorption and decomposition of CICN into adsorbed atomic Cl and molecular CN on
thedouble-dimer clusters. The energies for these structures are listedeir2 Tt

structures, with exception of SICN2’ (see below), are computed without gémahetr
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a) CICN4 b) SINC2 ¢) SiCN2

Figure II-4: CICN adsorption models on the Si double-dimer cluster: (a) @Shirbed in a side-on position. (b) Dissociated Cl and
NC on adjacent Si-dimers. (c) Dissociated Cl and CN on the adjacent Si-dimettofiseages hydrogen@® nitrogen,d carbon, &

silicon and® chlorine.



constraints and contain no imaginary frequencies. The final geometriearafully
compared to the bare double- or triple-dimer cluster to ensure that no urrealisti
distortions have occurred during the optimization. The transition state eremeyeso
listed in Table 2. All transitions states are optimized without geometooatraints and
contain one imaginary frequency. The connection between each pair of stalblgestruc
and the respective transition state are confirmed by internal reaototinates
calculations. Since many of the double-dimer structures have non-superimposaile mi
images with identical total energies, care must be taken to ensuieettrarisitions

states are computed between compatible symmetries.

Cluster size effects are explored using triple-dimer based double-dimdsmode
generated by adding an extra dimer to the right side (3D-R) or the le{B8de), with
respect to the origination of the clusters in Figure 4. Typically the 3DeRefey has an
extra dimer added to the side containing the Cl atom while the 3D-L geomgiay ha
extra dimer added to the side containing the CN group. The adsorption energy
differences between the double-dimer and the two triple-dimer configuré8brR and
3D-L) are 4% or less with an average difference of less than 3%. For thedransi
states, the adsorption energy differences between the double-dimer and thgléwo tri
dimer configurations are 5% or less with an average difference of less thafihg6nly
exceptions are TS6 and TS12, which differ by approximately 8%. Overall, ttagave
energy differences between all stable structures and transitiorssas&&2, indicating

that cluster size effects on the resulting reaction pathways are minimal

Figure 5 summarizes the reaction pathways for the adsorption and dissaui&iCN
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Model 2D 3D-R 3D-L

CICN4 -284.3 -287.6 -275.0
SINC2 -272.7 -284.5 -273.9
SICN2 -304.9 -314.0 -304.8
SiCN2’ -334.6 -326.5 -330.4

TS6 -132.8 -143.0 -127.3
TS7 -269.8 -272.5 -262.5
TS8 -264.6 -258.3 -267.7
TS9 -268.0 -275.6 -281.0
TS10 -224.6 -229.4 -224.1
TS11 -236.5 -244.1 -249.9
TS12 -180.7 -195.5 -184.0

Table II-2. Calculated B3LYP/6-31G(d) adsorption and transition statgieag€kJ/mol)

for double-dimer based adsorption models on double-dimer (2D) and triple-dimer (3D-R
and 3D-L) clusters. These structures are illustrated for a double-dumsezrah Figure

3. All structures, with exception of SICN2’ (see text), are computed witfemmetrical
constraints and contain no imaginary frequencies. All transitions sta&eptimized

without geometrical constraints and contain one imaginary frequency.
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into adsorbed atomic Cl and molecular CN pathways on the double-dimer cluster. The
solid line is the lowest energy pathway and the activation energies in kiéghgivan in
parentheses next to each transition state label. The initial dative bondagrstruct

(CICN1) is bounded by a square box while the species bounded by an oval are consistent
with experimental observatidi?® All pathways occurring across two adjacent Si-

dimers start with CICN adsorbing on the surface (CICN1) through a dative bond and
reacting across one Si-dimer to form a CICN2 geometry. As suggested bydthe TS
computations on the double- and triple-dimer clusters, the CCIl bond can dissociate acros
the Si-dimer rows through TS6 to form a bond with adjacent Si-dimer forming CICNA4.

On the double-dimers, this barrier is 65.4 kJ/mol or approximately 50 kJ/mol less than
that found for the competing barrier over TS3 to form CICN3. This value corresponds to
a 40% reduction in the barrier energy. Assuming that the dative bonded structure fully
accommodates with the surface, approximately 150 kJ/mol of energy is avéolgiish

the molecule over this 65.4 kJ/mol barrier and form CICN4. Structures sion{T4€N2

should rapidly react, consistent with the experimental observation of no CICN2 type

intermediate$>2°

Once CICN4 forms, the bridging CN group can stand up by breaking a SiC or a SIN
bond. The adjacent Si-dimer pathway with the lowest activation barrier froM4CIC
involves the dissociation of the SiN bond to form a C bound CN species (SiCN2’). The
activation barrier for this transition state (TS7) is only 14.5 kJ/mol. Thigbahould
be easily overcome to form a resulting final structure consistent with theregptal
observations. For direct comparison with the single-dimer results, the loveegy e

route to the SICN1 geometry involves two Cl migrations. The Cl atom from the SICN2’
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TS11 (36)

TS1 (30) TS6 (65) et T TS9 (37) TS5 (88) v

A
CICN1 |—» CICN2 —» CICN4 SiCN2 |—>»| SiCN1 |« SiNC1
TS7 (15) SiCN2' | 1sg (70)

o Figure 1I-5: The double-dimer adsorption and decomposition pathways for CICN. Tchinsois the lowest energy pathway and the
()]

activation energies in kJ/mol are given in parentheses next to each tranatédatsel. The initial dative-bonded structure (CICN1)

is bounded by a square while the final structures consistent with the experita¢ai@e bounded by an oval.



model first migrates across the Si-dimer through TS8 over a 70.0 kJ/mol baraanto f
SICN2. Starting with the CICN4 species shown in Figure 4a, the final SICNBenilie
mirror image of that shown in Figure 4c. To form SiCN1, another migration of the ClI

atom to the adjacent Si-dimer occurs via TS9 over a 36.9 kJ/mol barrier.

As mentioned above, the SICN2’ intermediate is unstable with respect to uncodstraine
total energy optimizations. An unconstrained optimization leads to a highly defforme
configuration cluster on both the double- and triple-dimer clusters. The quoted energy
for SICN2’ is based on a total energy optimization with the Si atoms of the two bottom
layers frozen at clean double-dimer cluster positions. With this consthanmgdulting
final configuration contains an imaginary frequency corresponding to arcluste
deformation. One possible explanation is that steric repulsion of the CN and @kspeci
placed on the same side of the cluster induces the bending of the dimer and results in the
appearance of an imaginary frequency in the constrained cluster. It is alsddeotheat
stress-induced unfavorable interactions of the unsymmetrical substitutedesirdsults
in lattice deformation. Regardless of the reason, the constrained clusigedted to
correctly model an extended Si surface in which such deformations are dxtreme
unlikely. Thus, the SICN2’ type geometry is probable on the Si(100) surface and the

resulting reaction pathway is feasible.

There are two additional adjacent Si-dimer reaction pathways (dasheid lingsre 5)
that start with the CICN4 intermediate. Unlike the pathway discussed abowangvol
breaking a Si-N bond, these additional reaction pathways start with the dissocidahe

SiC bond to form an N bound CN species (SiINC2) through TS10 with a barrier of 59.7

27



kJ/mol. This barrier is larger than the 14.5 kJ/mol barrier to form SiCN2’ and eefses
assuming first order kinetics and similar pre-exponential factors, a pribedss
approximately 60 times less likely than that across TS7. After formdgXithe

pathway can continue with a Cl migration (dashed the line in Figure 5) to therade
dimer bond through TS11 (36.2 kJ/mol barrier) to form SINC1. SINC1, as in the single-
dimer pathway, can then isomerize over an 87.7 kJ/mol barrier (TS5) to form SiCN1.
This isomerization barrier is similar to the 88.1 kJ/mol barrier found for tiggesdimer
cluster. Alternatively (see Figure 5), SINC2 can first undergo an isoatien (TS12)

over an 92.0 kJ/mol barrier to form the more stable C-bonded CN isomer represented by
SICN2. Next, the Cl atom can migrate to the adjacent Si-dimer bond through TS9 with a
36.9 kJd/mol barrier to form SIiCN1. Both the SICN1 and SiCN2 structures are consistent

with experimental observatioRs*°

We considered and discounted two additional possibilities for the dissociation of CICN
on double-dimer clusters. The first starts with the CICN4 species and involves CI
migration across the Si-dimer bond to form CICN4’. This process has a 214 kJ/mol
barrier and, assuming first order kinetics and similar pre- exponentiatdars at least
10° times less likely than that across TS7. This significantly largéebavith respect to
those over both TS10 and TS7 casts doubt on the feasibility of this pathway and it was
not explored further. Another alternative possibility starts with CICN abspdn the
surface (CICN1) followed by a reaction across two adjacent Si-dimemotie side-on
intermediate that, unlike CICN4 is bound across two Si atoms within a single&i-di
(see Figure 4a). Reaction pathways involving adjacent Si-dimer have been

computationally investigated on double-dimer clusters for the decompositieigf

28



However, the CN group is significantly shorter than the distance from oteniNta

either the other N atom or to the C atom bound to the other BNm @n addition, when
considering the possibility of a bridging CN between two adjacent Sirdmreference

to the bridge structures determined aftgidCand GH,4 absorptior?* "% % ®lthe shorter

SiN and CN bond lengths need to be taken into account. On the clean double-dimer
surfaces, the separation between two Si atoms on the adjacent Si-dimers is abput 4.0 A
almost two times the 2.3 A distance between two Si atoms on the same Si-dimer. The
average CN double bond is 1.3%while the SiC and SiN single bond lengths are 2.0 A
and 1.8 A, respectiveRf?. Assuming an ideally $phybridized C and N, the CN double

bond length would have to exceed 2.0 A. Optimization of this cross-dimer species result
in severe distortion of the cluster as the optimization attempts to bring the &

on the different Si-dimers closer together to obtain a reasonable CN double-bdhd leng
Further optimizations with the bottom Si atoms frozen at the positions found for the clea
double-dimer results in a structure with unrealistic distortion in the fiyst lEnd a

relatively small adsorption energy (-152.3 kJ/mol) when compared to the other

geometries. Thus, this pathway was also deemed improbable and not explored further

The SICN2 to SICN1 conversion (TS9) was discussed as occurring through Cl
migration across two Si-dimers. An alternate mechanism involving the uphggtdip
diffusing across the two Si-dimers was considered. Transition stateshaogia
bridging C or N over the Si-dimer could be found. However, internal reaction
coordinates calculations indicate that these states lead to a bridging\ gith C
bonded to one Si on the Si-dimer and N bonded to the other one, on a highly distorted

cluster for reasons discussed above. Thus, the large separation between Si atoms on the
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adjacent Si-dimers precludes an upright CN group from migratingsawosSi-dimer

rows (SiICN2 to SiCN1). The conversion of SICN2'to SICN2 (TS8) was also discussed
above as occurring through a Cl migration. For this transformation, an uprigipto@pl
diffusing across a Si-dimer should be considered. Although transition stategiogra
bridging C or N could be found, internal reaction coordinates calculations agaeténdic
that these state also lead to a bridged CN intermediate. Since the average lipasl ener
of the SiC (435 kJ/mol), SiN (439 kJ/mol) and SiCl (456 kJ/fhale within 20 kJ/mol

of each other, the preference of the bridging pathway over the upright migsation i
probably related to the 300 kJ/iffotost of breaking the CN triple-bond to form a CN
double-bond. The transition state leading to the bridging intermediate compénisates
this energy cost by initiating the formation of additional SiC or SiN bond. For the
double-dimer SICN2'to SICN2 reaction pathways (see Figure 5), the diffusioN of
through a bridging CN intermediate corresponds to reforming the CICNHidéte

and proceeding to SICN2’ over TS7.

C.3. Reaction Pathways Across Si-Dimer Rows

The possibility of CICN dissociation pathway across two Si-dimers in eliffeows
was investigated with trench type clusters. TheHgj cluster, generated by attaching
two single-dimers in an end-to-end fashion, has two possible isomers, thecti-end
the A-trench’® The V-trench cluster (Figure 1c) has both the buckled-down atoms of
each Si-dimer facing the center of the cluster, resulting in a miaoeghrough the
center of the cluster. The other possible geometry iatfieench cluster in which one of

the buckled up Si atoms faces the edge of the cluster. Thaibeech cluster is
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slightly higher in energy than the V-trench and structures starting frerxa-trench
geometry tend to revert to a V-trench based geometry during optimiz&torhe
SixgHo4 cluster, this paper only utilizes the V-trench isomer, which have also been used

|7

by Widjajaet al.”” to examine cluster size effects in ammonia adsorption.

Given the large distance (5.4 A) between silicon atoms in different dimver the only
additional pathway involves Cl atom migration from one Si-dimer row to another. With
this constraint, Figure 6 shows the five additional stable geometriesddayrtee
reaction of CICN with a V-trench cluster. The energies for thegetstes and possible
transitions states are listed in Table 3. Frequency calculations weyeneal for the
1D-Row and 2D-Row structures. The stable structures contained no imaginary
frequencies and the transitions states contained only one imaginary frequeaay, A
each connection between a pair of stable structures and the respectitiertratade was
confirmed by internal reaction coordinates calculations. Due to the flexiilihese
clusters, the final geometries were carefully compared to the baterctugnsure that no
unrealistic distortions have occurred during the optimization. No additional @omstr

were required for the geometries shown in Figure 6 and the respectivednsrstates.

The larger SpH32 and SisH4o clusters were utilized to investigate cluster size effects.
The SggH3; cluster models were created from the V-trench geometries by adding two
additional Si-dimers onto the V-trench model (see Figure 6) to creaistaratonsisting
of two double-dimers attached in an end-on fashion. EgH{icluster, two extra Si-
dimers were added to both sides of the V-trench model to create a clustermposisti

two triple-dimers attached in an end-on fashion. As expected from single-, double- a
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d) SiCN3 e) SICN4

Figure II-6: CICN adsorption models on the Si V-trench cluster: (a) Cii3drbed in an end-on position. (b) Dissociated Cl and NC
on different Si-dimers. (c) Dissociated species with Cl and CN adsorbed inrangidsition. (d) Dissociated Cl and CN on different
Si-dimers. (e) Dissociated Cl and CN on different Si-dimers. The atorsshgdrogen@® nitrogen, carbon,@ silicon anc®

chlorine.



Model 1D-Row 2D-Row 3D-Row
CICN1 -51.6 -65.3 -74.2

SINC3 -240.2 -251.2 -271.7
CICN5 -215.2 -255.1 -274.8
SiCN3 -293.2 -295.7 -299.6
SiCN4 -272.0 -282.0 -302.2

TS13 -17.9 -26.2 -27.2
TS14 -168.3 -172.7 -168.7
TS15 -192.9 -234.3 -255.7
TS16 -150.8 -158.9 -183.4

Table II-3. Calculated B3LYP/6-31G(d) adsorption and transition statgieag€kJ/mol)
for V-trench (1D-Row) based adsorption models. The large$i(2D-Row) and

SissHa0 (3D-Row) contain two or three Si-dimers in each row, respectively. All stable
structures and transitions states were optimized without geometricaladotisst
Frequency calculations were performed for the 1D-Row and 2D-Row structures. The
stable structures contained no imaginary frequencies and the transitieacstatin

only one imaginary frequency.
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triple-dimer computations, the dative bonded species (CICN1) and transition state
connected to this species (TS13) are strongly affected by the clusteSsigprisingly,

the CICNS5 structure with a bridging CN group and its associated transitibe§1s$4.5)

are strongly affected by the cluster size. Possibly, the largeerduslow the relatively
isolated CN group, not found for the double- and triple-dimer clusters, to delotslize i
charge more effectively. An average cluster size effect of 11% is oddenthe other
stable structures and transition states. This value is larger than the 5Yecasmergy
difference (Section 1) observed between the single-dimer and the arsalogl@idimer
models and the 3% average difference (Section 2) observed between the double-dimer
and the analogous triple-dimer models. Nevertheless, the cluster scts éffenot

significantly influence the resulting reaction pathways.

Figure 7 summarizes the reaction pathways for the adsorption and dissoci&iGNof
on the V-trench based models. The solid line is the lowest energy pathway and the
activation energies in kJ/mol are given in parentheses next to eachdrestsite label.
The initial dative bonded structure (CICN1) is bounded by a square box while thesspecie
bounded by an oval are consistent with experimental obser¢afidhis reaction
pathway starts with the V-trench equivalent of the CICN1 species (Figurdba CCI
bond then dissociates across the Si-dimer rows through TS13 to form a bond with an
adjacent Si-dimer to form SINC3. The 33.7 kd/mol barrier for this processategthan
the 23.5 kJ/mol barrier over TS1 to form CICN2 on the single-dimer clusters. TSdce
and TS13 involve a dative bonded species, cluster size effects become important. For the

large SisH4o cluster, the TS13 barrier increases to 47.0 kd/mol. Using this value, TS13
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TS13 (34) TS14 (72) TS15 (22)

CICN1 [—» SiNC3 ——» CICN5 ——[ SiCN3
R »( SiCN4
TS16 (89)

Figure II-7: The V-trench based adsorption and decomposition pathways for Tl@&N\solid line is the lowest energy pathway and
the activation energies in kJ/mol are given in parentheses next to eaclotrastate label. The initial dative-bonded structure

(CICN1) is bounded by a square while the final structures consistent with thevexpeal data are bounded by an oval.



barrier is still approximately 10 kJ/mol larger than that for TS1 (35.7 k)}/owhputed
with triple-dimer clusters. Assuming first order kinetics and similaregmenential
factors, this cross dimer-row process should proceed at a significantly sédevéhat

occurring over TS1 on the single-, double- and triple-dimer clusters.

Once SINC3 forms, the C atom in the N-bonded CN species can react with the other S
atom on the Si-dimer (TS14) forming a bridging CN species, CICN5. An akernat
mechanism based on the migration of an upright CN group was excluded for reasons
given in Section 2. Assuming that the dative bound CICN is fully accommodated, there
is approximately 220 kJ/mol of energy available to help traverse this 72.0 kJ/met bar
(103.0 kJ/mol for the §H4o cluster). After which, the SiN bond can break through a
relatively small 22.3 kJ/mol barrier (TS15) to form an upright CN speciésaiC
bond, SICN3. This transformation is similar to the conversion of CICN4 into SICN2’ on
the double-dimer clusters, which has a similarly small barrier of 14.5 kJ/mol.
Alternatively, SINC3 can isomerize (TS16) over an 89.4 kJ/mol barriedasitaithat
found on the single- and double-dimer clusters, to form the more stable C-bond CN
isomer represented by SiCN4. Both the SICN3 and SiCN4 structures are comsthtent

experimental observatioA3?°

D. CONCLUSIONS

The final structures from the single Si-dimer, the adjacent Si-dimédre Batne row
and the cross Si-dimers in different rows reaction pathways (SiCN1, SiCBI22Si
SiCN3 and SiCN4) are in agreement with experimental reStfftsKadossowet al. have

previously investigated the adsorption and decomposition of CICN, BrCN and ICN using
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single-dimer model§>°® However, the large transition state barrier of TS3 for the
dissociation of the CCIl bond on the single-dimer clusters raised questions as to why none
of the intermediates, for example the bridged CICN2 species, were absgetlie

experiment. To complicate matters further, the TS3 transition state onrautigde Si-

dimer models could not be found with only one imaginary frequency or without

constraints.

The cross Si-dimer and cross Si-dimer row pathways on larger clestehgerthis
guestion by providing pathways with significantly lower activation energithsrespect
to the single-dimer based model. The key step in lowering the activation aiitier
respect to the single-dimer model is the dissociation of the CCI bond across two Si-
dimers, either in the same row or in different rows. For the pathways involviaceat]
Si-dimer in the same row, the large activation barrier over TS3 is reducéEdbhy
replacing it with a new cross-dimer CCI dissociation transition st&6)(TFor the
trench clusters, a cross-row CCl bond dissociation (TS13) occurs astistefr. This
step has activation energy of approximately 10 kJ/mol larger than that fouhe for
initial step for the adjacent Si-dimer pathways. Assuming that the daioetied CICN
species is fully accommodated, significant kinetic energy is nowadaito traverse the
adjacent Si-dimer and the cross-row pathways to form a structure consistettiew
experimentally observed Si bound CN speéié8.Thus, multiple-dimer pathways
explain the lack of intermediates observed experimentally during theiditso of

CICN on the Si(100) surface.
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CHAPTER IlI

Theoretical Investigation of the Si(100) Surface Excited State and the &bictden

Crossing Probability

A.INTRODUCTION

Recently, a theoretical study of the excited states of Si(100) surfabedraseported
8 This paper is of great interest to us because it relates the wide seen sgieforbi
reactions in organic/inorganic chemistry with the surface chemistofidtssirfaces.
Even though not many efforts have been put into the investigation of spin forbidden
reactions on solid surfaces, these reactions are not rare. The oxidation pr&ides of
SiO,, for example, could be treated as starting with triplet reactantsesBigiurface
atoms combined with triplet O or,{2go through spin crossing process, and yield singlet
product SiQ. Or the Si surface can go through spin crossing process first, then couple
with triplet O or triplet Q in an antiferromagnetic fashion to form overall singlet spin
reactants. After that, the oxidation process can take place through the tnansition
state theory (TSTY*. Through either approache, nonadiabatic spin crossing process has
to be involved. Several theoretical studies on the oxidation proces&8f Bave shown
the importance of incorporating spin crossing processes to understand theexiaér

data correctly.
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One way of incorporating nonadiabatic spin crossing process with the conventional
TST is to treat the spin crossing barrier as an extra activation entegpieaed for the
reaction®. Spin crossing process are characterized by an avoid-crossing seagnbetwe
the potential energy surfaces (PES) of two different electron spin &tatddnder Born-
Oppenheimer approximation, when incomplete electronic Hamiltonian with some te
dropped (i.e. spin-orbital term) is used, the diabatic PES of two spin states san cros
through a seam that is orthogonal to the reaction coordinate. However, Born-
Oppenheimer approximation will be invalid near the spin crossing seam since gven ve
small change of nuclear positions can completely change the electréaicfstee
system. When full electronic Hamiltonian is used, two non crossing adiab&ithBE
are separated by the spin-orbit coupling (SOC) coefficient Hamiltoamabe obtained,
and the ‘crossing seam’ is indeed avoid crossing (Figurel). Along the awvsglng
seam, the global minimum is defined as the minimum energy crossing point (MECP)
which is the most important vicinity for the spin crossing process to take plasé oM
the time, when the SOC term is not very large, non-adiabatic spin crossing priblcess w
take place and the spin crossing probability will be smaller than unity betbauses
non-zero surface hopping probability from one adiabatic surface to another. Several
theories are available to calculate the spin crossing probability, the aldssiclau-

Zener theory*®3has one of the easiest forms and can give satisfactory résults

22
P, (E)=1- ex “ArHsoc |4
hAF 2E

In this equation h is the Planck’s constandptis the SOC coefficieni\F is the
difference in slope of the two PES along the direction crossing coordinateMiE G,

is the reduced mass of the system as it moves along the crossing coordinaig thed E
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Figure IlI-1. Schematic diabatic and adiabatic potential energgcuigind the non-

crossing seam for a spin-forbidden reation.
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kinetic energy available to pass through the MECP.

As the referenced pap&rhas initiated the study of spin forbidden reactions on solid
surface, we find more care has to be taken to correctly reveal the pictureseof the
chemical processes. The result obtained from the referenced paper irttiesdes
essentially no spin crossing difficulty (~100% of spin crossing probabitiy) the
ground singlet state of Si(100) surface 2x2 dimer model to its first ebstaée (triplet).

This result is quite surprising when taking account the fact that there is nodtemsy

that can give strong SOC coefficient in the silicon dimer cluster modsd, Among

previous studies of Si oxidation process, it is clearly shoywpl@ Si(100) system have

a very limited spin crossing probability; which suggests the spin crossing probability of
bare Si(100) surface cannot be too large. So we have decided to perform a more careful

and detailed study of the spin crossing effect on the bare Si(100) surface.

Before investigating the triplet excited state of the dimer cleistied the kinetic
pathways to accomplish the excitation process, we must first understaraliitd gtate
(singlet) configuration. There have been debates on whether the ground stat@®f Si(
should be symmetrical or buckled as shown in Figure 2. Depending on the different
theoretical levels used to treat the electron correlation, controveittsrbave been
obtained. As the electron correlation can be separated into static corrafatidgnamic
correlations, theoretical methods that reveals static correlation C8QW) predicts
symmetrical ground geometfy, while methods recovers dynamical correlation (i.e.

DFT) tend to prefer buckled configuratioh¥’. The ideal method that can incorporates
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Figure IlI-2. SgsH,g 5-dimer cluster model in (a) buckled geometry and (b) flat
geometry. (c) The buckling angle in this study is defined as the angle hetveegormal

vector of the line connecting 1 and 2 and the normal vector of the surface of the plane

containing 3, 4 and 5.
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both static and dynamical correlations are multi-reference peromttagory (MRMP)
or diffusion Monte Carlo (DMC) calculatioh Unfortunately, no direct complete
geometry optimization at these high level theories has been done yet bechese of t
unavailability of the analytical gradients from these methods. Expeiaesults have
also showed controversial conclusidfié% We will not attempt to resolve this dispute,
but various theoretical methods will be used in this study to investigate whether t

kinetic process of spin crossing is selective to the theoretical level.

B. THEORETICAL METHODS

The geometry optimization and frequency analysis of the singlet groundustate
triplet excited state of §tl;, single dimer cluster are preformed with Gaussian 03
software packag&. Starting from Hartree-Fock theory, higher level ab-initio methods
were used after, to incorporate the electron correlations. First, thg aimydoubly
excited configuration interaction (CISD) calculation is performed. Themradupled
cluster calculation with singly and doubly excitations (CCSD) are used@ifbeercome
the size inconsistency issue of CISD method. These two methods are expectedeo re
the dynamical electron correlations both. We also performed B3LYPidnatt"
calculations to test the result from the low cost density functional the@Em).(
Finally, complete active space SCF (CASSCF) calculations aieccaut in order to
incorporate static electron correlations. All stationary geomedrisonfirmed to be

global minimums by performing frequency analysis. MECP between the gjngletd

state and the triplet excited state are obtained from the code provide by Marasgd
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upon the algorithm proposed by Bearpart el’aSeveral different theoretical methods,
including HF, CISD, CCSD, B3LYP, CASSCF are employed to do the MECP search. All
calculations are accomplished by using 6-31G(d) Gaussian-typesbSigrequency
analysis of every stationary configuration has been performed, excépe fioiplet state

at CCSD level due to the limit of computer power. All stationary configurstiontain

no imaginary normal mode. Additional calculations of ground state, excatxlastd

MECP search with larger basis sets are carried out by applying 6-31185 and

311+G(2df) basis set to the two silicon dimer atoms in the CCSD and B3LYP

calculations individually, to investigate the basis set size dependence

Spin orbital coupling (SOC) coefficients are computed by GAMESS {U&jing the
same 6-31G(d) Gaussian-type basis set as in Gaussian 03, at various MEERiggom
obtained from different theoretical methods. In addition, SOC coefficieht6wi
311+G(2df) basis set at the two silicon dimer atoms are calculated at thie yHeGhetry
found by CCSD/6-31G(d) method to test the sensitivity of SOC coeffici¢htbasis set

size.

C. RESULTSAND DISCUSSION

C.1. Choice of Active Space for CASSCF

It is very important to choose a proper active space for the complete actieeS<pia

calculations (CASSCF). Pulay has suggested that if the natural orbitaldiocunumber
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Method NOON

CAS(2,2) 1.74(0.26) — — — —
CAS(4,4) 1.80(0.20) 1.98(0.02) — — —
CAS(6,6) 1.80(0.20) 1.97(0.02) 2.00(0.01) — —
CAS(8,8) 1.80(0.20) 1.97(0.03) 1.98(0.02) 1.99(0.01) —
CAS(10,10) 1.80(0.20) 1.97(0.03) 1.98(0.02) 1.98(0.02) 1.98(0.02)

Table IlI-1. Calculated natural orbital occupation numbers (NOON) foritht s¥ingle
dimer cluster model. The numbers listed in the parentheses are the NOON for the

corresponding anti-bonding orbitals.
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of an anti-boding orbital exceeds 0.1, this anti-boding orbital and the corresponding
bonding orbitals should be included in the active spat& So we performed a series of
CASSCEF calculation of the NOON for the8i, single dimer cluster model. The results
are listed in Table 1. It is found that among all the virtual orbitals, onlytihé¢@ has
NOON larger than 0.1, this is consistent with some researchers choosesZyA&ich
includes two electrons and two orbitals (HOMO and LUMO) as the active 3p& But

we have noticed that when increase the active space to four electrons and fogr orbital
from CAS(2,2), the NOON for the HOMO and LUMO have non negligible changes,
while further increasing the active space till CAS(10,10) has essentakgd no change
to the NOON of the HOMO and LUMO. This is consitent with some other researche
describing the active space as the surface dimef, =, n* orbitals®%. Since the
computational cost of CAS(4,4) is not much larger than that of the CAS(2,2), we have
decided to carry out our complete active space calculation at the CAS(414i) lve

chapter.

C.2. Ground and Excited State Geometry

Several methods have been used to reveal an insight about the effect of different
electron correlation methods on the geometry of optimized Si dimer cluaréreétFock
method with no electron correlation predicts a relatively shorter Si dimer bogith le
(2.19 A) and a stronger character of Si-Si double bond at the ground state of the Si dimer
cluster. After electron correlation is added, the Si dimer bond length gges (ar21 A -

2.27 A) and ther bond between the two Si dimer atoms becomes less obvious, more
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diradical pattern that corresponds to have an unpaired electron on each Si dimer atom i
revealed. Comparing to the experimental value of 2.36itkcan be seen that electron
correlation is very important for the systems that contain dangling electroothek fact
that can further strength the requirement for electron correlation isldnaee-Fock

(both UHF and ROHF) methods without size correction have mistakenly pcethete
triplet state of Si dimer cluster has lower energy than the singlet Ehagas possibly
because when at the singlet state, the Si dimer bond length is shorter andirtiner Si
cluster has stronger electron correlation dependence on lowering thentrigy
comparing to the triplet state. Thus, electron correlation can decheasedrgy for

singlet state more than the triplet state, and result in a relatively mbte singlet state
correctly. As the most expensive method here, CCSD is the most reliabla@b-init
method in this paper. CCSD/6-31G(d) revealed a better Si dimer bond length and
correctly predicted the singlet state of the Si dimer cluster agdh@d energy state.
Also, density functional method also works very well on the Si dimer cluster model a
shows very close results to the CCSD method. However, we also can see coatroversi
results on the buckling angle of the Si dimer cluster between the DFT method and ab
initio methods. Even though both CCSD method and DFT method recovers the
dynamical electron correlation of the Si dimer cluster, CCSD method prediiats a
symmetric surface just as the other ab-initio methods that are used in thisygaleer

DFT method shows a picture of buckled surface and this buckling angle increase as
bigger basis set is used. In retrospect of the previoust#grkot only the difference of

whether to focus on the dynamical electron correlation (DFT) or thie stactron
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correlation (MCSCF) could give different buckling angles, two methods (DFT and

CCSD)
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Method Dimer Bond Length (&) Buckling Angle AE (T-S) (eV) AE (C-T) (eV) SOC (crl)
UHF/6-31G(d) 2.19/2.16/ 2.40 0.0 -0.687 0.696 1.07
ROHF/6-31G(d) 2.19/2.18/2.41 0.0 -0.570 0.570 0.74
CISD/6-31G(df 2.19/2.36/2.39 0.0 0.255 0.011 25.05
CCSD/6-31G(d) 2.21/2.38/2.39 0.0 0.276 0.007 25.06
CCSD/Mix1° 2.21/2.38/2.39 0.0 0.278 0.007 -
B3LYP/6-31G(d) 2.2212.40/2.42 4.0 0.304 0.004 25.32
B3LYP/Mix2° 2.2212.39/2.41 5.6 0.335 0.002 -
CAS(4,4)/6-31G(d) 2.271250/2.41 0.0 0.471 0.090 25.87

Table IlI-2. Calculated dimer bond length for the singlet ground stateJPVIHriplet excited state, dimer buckling angle, energy gap
from triplet state to singlet state, energy gap from MECP to triplet atal the SOC at the MECP that are obtained at each methods.
Al stationary structures are computed without geometrical constrainut contain no imaginary frequencfSISD with Davidson
correction” Mixed basis set: 6-311G basis set for the two Si dimer atoms and 6-31G(d)rfestthMixed basis set: 6-311+G(2df)

basis set for the two Si dimer atoms and 6-31G(d) for the rest.
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that both focus on the dynamical electron correlation could also result in different
pictures. So besides the difference between dynamical and statiorelsmtrelation, one
may have to take account the different ways how DFT methods and ab-initio methods
handle the dynamical electron correlation to find out the reason why differeniniguckl

angles are predicted.

C.3. Comparison with Experimental Data

We can justify our calculation by comparing the computational results with the
experimental data. Several experimental studies of the excitation erie3g$00)
surface have been carried out bef8f&% Techniques like photoemission/inverse
photoemission and STM measurements that inject or extract electrenmbtecated an
indirect band gap of 0.9 eV for the Si(100) surf#éé®* while optical measurements
suggested this value is 0.44 eV-0.64'8% The smaller energy gap from the optical
measurements is attributed to the extra stabilization effeatdhae¢s from the electron-
hole attraction during the physical process of optical excitation. Our addugnergy
difference between the optimized singlet ground state and the optimptetifirst
excited state corresponds to the adiabatic excitation energy between thatésovih
no electron injection or extraction. Thus our computational result should be comparable
with the optical experimental measurements. Hess and Doren did such a comiparis
their papef>. However, the optical excitation process follows the Frank-Condon
principle, which does not allow geometry relaxation. As a result, verticahéraitfrom

the optimized singlet ground state to the first triplet excited stateettadts the singlet
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ground state geometry should be the closer to the optical experimentaleneasts,
instead of the adiabatic excitation energy. We have calculated thealveKcitation
energy equals to 0.63 eV at CCSD/6-31g(d) level. We also did the calculation at
B3LYP/6-31g(d) level with applying 6-311+G(2df) basis set to the two dimeosil
atoms in order to compare to the results give by Hess and Boreralue of 0.73 eV is
obtained at this level, which is a little smaller than the value of 0.79 eV as repyrted
Hess and Doreff. When comparing to the optical experimental results of 0.44 eV-0.64
eV, our calculated values are generally higher. This result is surpbistagise optical
excitation actually measures the excitation energy betweemiletsjround state to the
first excited singlet state as limited by the selection rule. Thiggmzp should be
higher than that between the singlet ground state to the first exgied $tate according
to the Hund's rule. However, it is indicated that the optical excitation isdrides the
bulk valence band maximum instead of theurface state at tHepoint'®, which is 0.3
eV lower than the formal one. Taking account of this fact, the optical experimenta
measurement actually indicatea-@ excitation energy of 0.74 eV-0.79 eV, which is

now a consistent upper limit to our calculated values of 0.63 eV or 0.73 eV.

C.4. MECP Optimization

Minimum energy crossing point search were carried out with several differe
methods. As mentioned above, we combined the code provide by Harvey and the
Gaussian 03 program to compute all the different MECP structures. All metlsolilst pr

the MECP geometry is fairly close to the electronic state that has leigbigy. For
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example, the lack of electron correlation in Hartree-Fock method predicts {G& ME
very similar to the Hartree-Fock singlet state, while CCSD levetatels the MECP is
located right by the CCSD triplet state, in terms of both geometry andoeleatnergy.
Again we can see the B3LYP method works very well when compared with tits res
obtained from the expensive CCSD level. This confirms the validity of using
B3LYP/CCSD(T) hybrid method on MECP optimization, which was proposed byeia
when studying the singlet and triplet states of phenyl c8fiomong all the different
MECP configurations we have computed, the one predicted from CCSD level isghe m
reliable one on the basis of recovering the dynamic correlations. A problemrhasa

us on whether to focus on the CCSD or the CASSCF level, as there is a diferenc
between them on which part of electron correlation is recovered. We have decided t
focus on the CCSD level here in this paper, even though it is shown the multi-reference
configuration is important on Si dimer mod&l§he reason is that the calculated MECP
geometry from CCSD or B3LYP level is very close to that of the tripleitexk state,
while the CASSCF level gives a silicon dimer bond length of 2.50 A, which ig ldraye
both the singlet and the triplet states. It has been concluded that most of the MECP
geometry should be located very close to the excited %817 It seems that either
the CASSCF method has overestimated the diradical character of the dintlees,
dynamic correlations that have been neglected by the CASSCF method is peraih
on determining the MECP. On the other hand, the CCSD level is shown to be more
suitable. Since the basis set size dependence is very weak on the MECP optiymzat
will simply adapt the geometry predicted by CCSD/6-31G(d) method fdolloging

study of spin crossing.
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C.5. Spin-Orbit Coupling Coefficient

The Breit-Pauli spin-orbit Hamiltonian including both one and two electron terms is
used to compute the spin-orbit coupling (SOC) coefficient. The procedurefistarts
performing a full second order CI calculation at the MECP geometry. Tieaptimized
MO coefficients are read into the spin-orbit coupling coefficient calomgirogram.
Active space is chosen to be same as CAS(4,4) (4 active orbitals and 4lactreng).

As in Table 2, SOC coefficients at different geometry are esserditityent from each
other, especially between the methods including the electron correlatibiiseamethods
that don't include electron correlations. More specifically, the Hartos#-Foth UHF

and ROHF) methods with no electron correlations recovered, have shown very small
SOC coefficients of approximately 1 ¢émwhile the electron correlations methods have
given almost 25 times larger SOC coefficients ( ~ 25)cfhis can be explained from

the fact that larger Si dimer atom bond length comes with stronger diradieshpat

the Si dimer atoms, and will result with strong spin-orbit coupling effect.Hearartree-
Fock methods, the predicted MECP has even smaller Si dimer atom bond length than the
singlet state, which corresponds to almost pure double bond between the dimer silicon
atoms and near zero diradical character. Thus, there is very weak spin-orbiigoupli
effect in the Hartree-Fock optimized MECP configurations. On the other hand, the
electron correlation methods predict that the MECP configurationscae td the triplet
state configurations, which correspond to larger bond length and stronger diradical
character. As a result, a much larger spin-orbit coupling effect withloedfat the MECP
configurations that are optimized by correlation methods. We also nodicthe SOC

coefficient difference is small among all the correlation methods, thisaitedi that as the
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dimer silicon atom bong length is close or larger than the ones at the trigetrstat
diradical character will be almost completely recovered, and the othtiS8@E
coefficients will not be much different. Upon all the obtained SOC coefficientrave a
most interested in the one obtained at the MECP configuration that is optirhized a
CCSD/6-31G(d) level, and the SOC coefficient is found to be 25.06atiis
configuration. Applying 6-311+G(2df) basis set to the two silicon dimer atothg at
same MECP geometry gives a SOC coefficient equals 26.87wehich is very close to
that from using the 6-31G(d) basis set. This indicates there is no obvious basie set

dependence on computing SOC coefficient.

C.6. Spin Crossing Probability

As the MECP and the SOC coefficient at MECP has been found, we can apply the
Landau-Zener formula to compute the spin crossing probakyf{&n singlet ground
state to triplet excitation state of the Si dimer cluster model. Sipde #function of the
kinetic energy of the system available to pass through the MEGE)jPwe need to
take into account the strength of the motion that corresponds to the spin crossiseg.proce
This motion takes place mostly between the two Si dimer atoms, as the gegestry
change from the singlet state to the triplet state is the elongation ofdimee8iatoms
bond length. Thus the reduced mass of the sysigas(it moves along the crossing
coordinate can approximately be set as the same as the reduced massthetivez Si
dimer atoms, which is equals to 14.04 g/mol. This approximation is used in the Hess and

Doren’s papef*. However, the two dimer atoms are tightly bonded to the under layer Si
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atoms, the motion between the two dimer atoms is correlated to the under layer atoms.
One alternative way is to examine the vibration modes of the cluster model &hd use
reduced mass indicated by the vibration mode that corresponds to the same motion of the
dimer bong elongation. We have found a reduced mass equals to 11.51 g/mol at CCSD/6-
31G(d) level using this approach. The slope difference of the two PES along thierdirect

of the crossing coordinate at the MEQ¥F] is taken as the norm of the 63 dimensional
vector that corresponds to the gradient difference between the two potentggl ener

surface at the MECP calculated at CCSD/6-31G(d) level, which hasitetdrto be

2.53 eV/ A.

As we have just discussed above, the major geometry difference from the ground
singlet state to the excited triplet state is the elongation of the surfaeelgbmd. This
physical process is similar to a harmonic oscillator with the two Si datoens on each
side. On the clean silicon surface when no chemical reaction that provides atiditiona
energy to the surface environment is taking place, the kinetic energy availaitn this
motion equals to the vibrational energy of the vibration mode that corresponds to the
same motion. We have found this energy equals to 2.958 kJ/mol at 298.15 K and 6.837
kJ/mol at 800 K. Comparing to the value of 3.156 kJ/mol from Maxwell-Boltzmann
distribution approximation as used in Hess and Doren’s fape298.15 K, our result is
a little bit smaller. Plug in SOC coefficient equals to 25.06 andAF equals to 2.53
eV/A, we have obtained the spin crossing probably @@juals to 0.005 at 298.15 K and

0.003 at 800 K. This is a much smaller value than unity, and falls into the typical fange o
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a few thousandth for a spin crossing probably, when not too big SOC coefficient is

observed?®.

C.7. Lifetime and Population of the Triplet Excited State

To obtain the total free energy of a molecule, frequency analysis is kddoeever,
we are unable to perform the CCSD/6-31g(d) frequency calculation for treestdpé of
the SgH1, single dimer cluster due to limited computer power. Since the results from the
B3LYP method have been found to be very close to the ones from the CCSD method in
this work, we performed frequency calculations at the B3LYP/6-31g(d)ilestelad, and
expected to get a good estimation of the CCSD/6-31g(d) result. We found 288t 5
K, the free energy correction to the singlet state and triplet state $kkhe single
dimer cluster equal 1.82 eV and 1.80 eV, respectively, at the B3LYP/6-31g(d)Tkigel
gives a free energy correction of -0.02 eV, to the energy gap betweeiplttestate and
the singlet state. When we look at the free energy correction to the siatgedts298.15
K calculated at CCSD/6-31g(d), the value equals 1.90 eV, which is very cldese &b t
the B3LYP level. Thus we decide to use the free energy corrections calaitltte
B3LYP/6-31g(d) level to estimate the energy gap between the triptietestd the singlet
state. Using approximation, we have calculated the Triplet-Singkeehergy difference
equal 0.257 eV at 298.15 K and 0.241 eV at 800 K, respectively. This corresponds to
0.0045% of the surface dimers adopting the triplet exited state at 298.18 K and 3.0% at

800 K, if thermodynamic equilibrium can be reached. The thermal rate constanpiior a s
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crossing reaction can be approximately calculated by combing theitrarssate theory

(TST) with the spin crossing probability:

k, T -AG
k(T)z<Psh>>< E;] exp(Fj

At 298.15 K, R, equals to 0.005 is equivalent to add 44.1 J*m6! of activation

entropy to the spin crossing reaction. The total energy barrier is found to be ato#t kJ/
for the spin crossing from singlet to triplet state, and the calculatdai(ls to 5.1xT0
s™. This is a very larger rate constant, which indicates that the spin crosaatipn is
very quick. So we can conclude that the chemical equilibrium will be reachedrainor
conditions. Upon this point, we can see that there is a small amount of the Si-dimers
staying at its triplet excited states at room temperature. As tetupenacreases, the
population of the excited triplet state can increase dramatically and reankiderable
amount that could play a very important role in many chemical reactions. Théaxida
process of Si(100) surface, for example, has been shown that a too small reacison rate
calculated when only taking account the spin crossing effect when the tripletring
right close to the singlet Si(100) surf&¢eOur calculation of the non-negligible
population of the triplet Si(100) surface can give an increased reaction rateailedidet
calculation of this factor should be very beneficial for the understanding dfitioa s

oxidation process.

D. CONCLUSIONS

We have shown that the electron correlation is very important on revealing the correct

geometry and energy of the Si(100) dimer cluster models. Even between tran® Hle
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CCSD method, which are both expected to recover the dynamical correlation of the
system, controversial results on whether a buckled or flat surface is timeummround
state can be obtained. It is also found out that the MCSCF method as suggested by other
researchers on treating the Si(100) dimer cluster models is not adedu&€RLt
searching calculation. Even though the MECP geometry from differahbageare not
guite the same, the spin-orbit coupling (SOC) coefficient, which is the mpsttant
fact that determines the spin-crossing probability, is not very sensitiie geometry
difference as far as the correlation methods are used in the MECP 3&aighour
calculated room temperature spin-crossing probability of 0.005 is expedted t
gualitatively correct. Large rate constants obtained from combingathsition state
theory (TST) and Landau-Zener crossing probability suggest thequdibrium
between singlet ground state and the first triplet excited state of Sgid8¢e can be
reached. The population of the triplet excited state is very small at room or lowe
temperature, but it can increase dramatically with increasing tataper The non-
negligible amount of triplet excited state of Si(100) surface dimerglaté@mperature
may play an important role on explaining many silicon surface chemicaiaes, such

as the silicon oxidation process and other chemisorbed reactions.
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CHAPTER IV

Dissociative Adsorption of Benzene Molecule on the Si(100) surface

A. INTRODUCTION

In the past two decades, the adsorption and the reaction of unsaturated aromatic
organic molecules on the Si(100) surface have received intense attention frgm man
research groups #1935 Among all the aromatic compounds, benzene has one of the
simplest form and is of particularly interest to lots of researcid¢ttsough many results
of the adsorption of benzene on Si(100) surface in terms of both experimental and
theoretical techniques have been repofféd*, the picture of the benzene adsorption
and chemical behavior on the Si(100) surface is yet still not clear. The deltae most
stable adsorption configuration of benzene onto Si(100) surface has lasted for ove
decade. In theory, there are six possible adsorption configurations of benze(i®oh S
surface that are commonly recognized: the standard butterfly (SB) 2irijdtterfly,
tilted (T) or [2+2] tilted, pedestal (P), twisted bridge (TwB) and thgahal-bridge
butterfly (DBB) configuration§. The center of the debate lies between the preference of

the dic configurations (SB, T) and the teisaconfigurations (TB,TwB).

An early 9" study using high resolution electron energy loss spectroscopy
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Standard Butterfly (SB) Pedestal (P) Tight Bridge (TB)

s

| _ ) Diagonal-Bridge
Tilted (T Twisted Bridge (TwB . 3
ilted (T) wisted Bridge (TwB) Butterfly (DBB)

Figure IV-1. Sketch of the six most commonly recognized configurationsnaEhe

adsorbs on Si(100) surface. Figure adapted from refefénce
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( HREELES), thermal desorption spectroscopy and Auger electron spgepydAES)

has concluded that the benzene molecule chemisorbs on Si(100) surfack theoj4g-2]
butterfly and [2+2] tilted, two different di-fashions at both 90K and 300K Similar
conclusion has been addressed by Brovsky et al. through STM experiments. They have
pointed out that the [2+2] tilted product is the most stable configuration, while the [4+2]
butterfly product is a metastable structure. The energy differencedretivese two

states is estimated to be 13.5 KJ/ ffoGokhale et al. performed a combined study of
angle-resolved photoemission spectra and density functional theory (DFT) method a

have concluded the [4+2] butterfly configuration is the final adsorption prétuct

However, the room temperature STM studies by Lopinski ét&**®have revealed
the presence of three different adsorption configurations, including enprdduct
([4+2] butterfly) and two tetraproducts (TB and TwB). Their density functional singlet
point energy calculation at Hartree-Fock optimized geometry (DFT¢Higies suggest
that the the tetra-(TB) configuration is more stable thanal[4+2] butterfly
configuration by 3.9 kd/mol, and later configuration can convert into formal one khroug
a 91.7 kd/mol activation barrier. Similar conclusions are also suggesg&itvéstrelli et
al. ** through Car-Parrinello molecular dynamic simulations in the framework oftgensi
functional theory. They have indicated that the tetcanfigurations (TB, TwB) are
more stable than the butterfly structures (i.e. SB, DBB) and they esliarat&ctivation
barrier of 50.2 kJ/mol for the transition from the [4+2] butterfly (SB) to the TB
adsorption state. Also, a recent study from Nisbet et al. using photoelectraatidiff

technique has observed bothodi4+2] butterfly and tetra (TB ) tilted configurations,
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the composition of the [4+2] butterfly configuration is determined to be 58+29% and the
Gibbs free energy difference between these two different ste®3 B) - AG(SB)) is
estimated to be between -2.2 and 4.7 kJfndihe vibrational IR spectroscopy, thermal
desorption and near-edge X-ray absorption fine structure (NEXAFS) experiinoents
Kong et al. indicates the chemisorbed product of Benzene on Si(100) surface at room
temperature is mainly di-([4+2] butterfly) while trace amount of tetsaeonfiguration
(TwB) is also observed. It is found that the abundance of TwB configuration incesases
the time scale gets longer. This observation could be interpreted as the [4e&lybut
configuration is a metastable structure that is kinetically easycessa, and the formation
of the stable tetra-product from [4+2] butterfly configuration is limited by the

activation energy barrier, which could be considered to be consistent with thekiLopins

and Silverstrelli’s results to a certain extent.

The high-resolution core-level photoelectron spectroscopy and ultraviolet
photoelectron spectroscopy study of Kim et al. has observed that the ratiorbtevde
o and tetras absorption configurations of benzene on Si(100) surface varies as the
surface coverage chang8sMore specifically, the [4+2] butterfly configuration becomes
more favorable than the tetsaconfiguration (TB) at high surface coverage. The DFT
calculations from Lee et al? have indicated the tetraconfiguration (TB) is 6.8kJ/mol
lower in energy than the [4+2] butterfly configuration and the activation etargier
for the transition from the [4+2] butterfly configuration to the TB configorats
83.9kJ/mol, which is close to the results from Lopinski. However, they found that the

energy of the tetra-configuration (TB) is even lower than the [4+2] butterfly
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configuration at higher surface coverage. Thus they proposed the increment of [4+2]

butterfly configuration comes from the steric effect at high surfacerage.

On the other hand, the polarization-resolved near-edge x-ray-adsorption ¢towgtru
(NEXAFS) experiment from Witkowski et af shows that the di-[4+2] butterfly
configuration is the only existing adsorption state and noatinfigurations has been
observed. Same result has also been addressed by Shimomufaustiady the
photoelectron diffraction (PED) technique. Jung and Goftmerformed a study using
the hybrid multi-reference Moller-Plesset second-order perturbatiorythedrcomplete
active space self consistent field method (MRMP2//CASSCF). They conchatetti¢
di-c [4+2] butterfly is the most stable adsorption product with a total energy 9.6 kJ/mol
lower than that of the tetr@TB configuration. The barrier for the transition from the
[4+2] butterfly configuration to the tet&TB configuration, if were to happen, is

estimated to be 154.8 kJ/mol.

Besides the debate on the preference of theatithe tetras adsorption
configurations, there is also a lot of discussion between the two differerdsiorption
configurations of benzene and other unsaturated organic molecule adsorbing on Si(100)
surface. The [4+2] butterfly configuration is analogous to a [4+2] DielsrAlde
cycloaddition product, which requires very small or no activation energy to form.
However, the tilted d& configuration is an analogy to a [2+2] cycloaddition product,

which in principle is symmetry forbidden according to the Wooward-Hoffmann. rules
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Figure IV-2. Sketch of (a) concerted symmetry forbidden, (b) biradical amd (c
complex precursor reaction mechanisms for the [2+2] ethylene adsorption on Si(100)

surface. Figure adapted from referefite
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This means the formation of the tiltedadadsorption product of benzene or any other
alkenes is expected to be very difficult, which is not consistent with sexgratimental
studies that have showed non-negligible amount of tilted (T) configur&tidrrhus,

two alternative reaction routes, namely the biraditsndr complex precursor®
mechanisms, have been proposed for the absorption of unsaturated organic matecules
Si(100) surface, when the adsorption is through the [2+2] fashion. However, a recent
DFT study of the frontier orbital of the Si(100) surface from Ryan et al.Hoagnsthat

the concerted [2+2] symmetry forbidden addition could take place through dahauie
symmetry allowed’’. So the [2+2] adsorption mechanism of benzene on the Si(100)

surface is also a mystery.

Besides the tremendous amount of studies on the adsorption process and products of
benzene chemisorbs on Si(100) surface, the post-adsorption chemistry of the benzene on
Si(100) surface, on the other hand, has received much less attention. This is because
unlike the small unsaturated organic molecules (i.elsGZ:H>), benzene molecule is
believed to chemisorbs nondissociatively and reversibly on the Si(100) surface most of
the time. Several studies of the halogen derivatives of benzene can go through

°3033 whereas benzene molecule is still

dissociation process after adsorpttd
considered as inert after adsorption in general. At the edflyo®@ semi-empirical study
that predicts the dissociated benzene structures are not as stable as tbleantscrbed
configurations has been reportédl After that, no more efforts have been put into the

benzene dissociative adsorption study for a long time.
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Recently, a DFT study of the benzene dissociative reactions on the Si(100) kadac
been reported by Nunzi et &f. They have ruled out the dissociative reactions for the
two tetras configurations due to the high energy barrier and have only considered the
dissociative reactions for four differentglieonfigurations, including the tilted and [4+2]
standard butterfly configurations that are located within a single dumce, and
another two dis adsorption products that lies either between two dimers in the same row
or two dimers across two different rows. They concluded that the tilted conifogu{®)
and the cross dimer row configuration are the only two qualified candidateshimggh
the cleavage processes, and yield with dissociative products thaivaran energy than
the original intact chemisorbed structures. However, none of the configuratiohe tha
between two dimers in the same row or two different rows has ever been observed
experimentally. Thus these two models are of less significance cogpatime tilted (T)
and [4+2] butterfly configurations. Also, the activation energy barrier of tlsedation
process for tilted configuration (T) is estimated to be 92.5 kJ/mol, whadmgarable to
the predicted energy barrier for the transition from the [4+2] butterflyignnaition to the
tight bridge tetras (TB) configuration'*41®, As the later transformation is believed to
be accessible under mild conditions, we should also expect to see the dmspcatuct
for the tilted configuration (T) in experiments, which in contrast, has never besvedths
yet. In addition, the transition state predicted by Nunzi et al. that leads togbeidisve
product requires the concurrent cleavage of two hydrogen atoms. Considering that mult
atom transfer in one step rarely occur in chemistry reactions, we haralsgoubts

about this result.
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We have decided to perform a careful examination of the dissociative reactions of
benzene on Si(100) surface. Taking account the history of the experimental results
29,31,32.37,39.41-43.116hd the suggestions from Nunzi's papethe candidates we consider

in this work include only the di-tilted (T) and the [4+2] butterfly configurations.

B. COMPUTATIONAL DETAILS

We use the $4H16 double dimer cluster models to reproduce the Si(100) surface for
most of our calculations. Single simer cluster modgiiSiis also used for those
adsorption configurations that could be represented by this model, in order to compare
with the results from the double dimer models. Triplet dimer cluster mogel,&s used
when the adsorption configuration requires at least three dimers. Unpdis#tlg)stated
in the test, the geometry of all the cluster models and the adsorption/dissociati
configurations are fully optimized with no constrains applied. Energy catmsat
geometry optimization and frequency calculations are performed usihglihd density
functional method that includes Becke’s 3-parameter nonlocal-exchange furittivitial
the correlation functional of Lee-Yang-Parr, B3L¥PThe 6-31G(d) all-electron split-
valence basis sé&twhich includes the polarizatiahfunction on non-hydrogen atoms,
was employed for calculations. The Gaussiaft §8ftware package is utilized to
perform the geometry optimization and frequency calculations. The repddegbion
energy is defined as the difference between the total electrongyesfahe adsorption
model and the isolated molecule and cluster. All energies are reported witttepbire

corrections. Unless explicitly stated in the test, frequency calculatarism that all the
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stable geometries have no imaginary vibrational frequencies and allrtbgidrastates
have only one imaginary normal mode. All connections between stable structures and

their transition states are confirmed by internal reaction coordical@dations.

Since there has been an argument that multi-reference descriptiod sceeedingly
to describe the adsorption of benzene the Si(100) sifffame have performed several
calculations at the multi-configuration self consistent field (MEBEvel for the
purpose of comparison. More specifically, complete active spaceossittent field
involving 10 active electrons and 10 active orbitals (CASSCF(10,10)), which includes the
four active electrons and four dangling bonds in the two silicon dimers and &g
electrons and six delocalizadrbitals from benzene molecule, has been used to perform

single point energy calculations at the B3LYP/6-31G(d) optimized geometry

We have noticed, during our calculation, the spin crossing processes are involved.
Thus, we have performed a search for minimum energy crossing point (MEChgwend
calculated the Spin orbital coupling (SOC) coefficients to find out the spisicgos
probability. Required MECP geometries are obtained from the code providianrbgy®®
based upon the algorithm proposed by Bearpart &aaB3LYP level. Spin orbital
coupling (SOC) coefficients are computed by GAMESS (38}ing the same 6-31G(d)

Gaussian-type basis set as in Gaussian 03 at the obtained MECP geometries
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C. RESULTSAND DISCUSSION

C.1. Initial Adsorption Productsand Their Energies

As mentioned above, we have limited our studies within theatisorption
configurations that are located within the same silicon dimer surfasedd® the
conventional [2+2] tilted (T) and [4+2] standard butterfly configurations ,we also
considered another [2+2] adsorption state, which has the two hydrogen atoms from the
two bottom carbon atoms that attached with the silicon dimer atoms located oo the tw
different sides of the benzene molecule (see Figure 3c). To distinguish thefasendif
[2+2] products, we name the conventional tilted (T) configuration as the 1,2-cis
configuration and the one with two hydrogen atoms on the two different sides as the 1,2
trans product. The new 1,2-trans configuration has never been studied by theoretical
researchers before, however, the existence of this configuration nhag stdssible
since the intact chemisorbed 1,2-cis and 1,2-trans configurations are indstaige to

most of the experimental methods discussed in the introduction.

The adsorption energies of the intactl,2-cis, 1,2-trans and [4+2] standard butterfly
configurations are listed in Table 1. We have used the Si double dimer cluster mapdels f
the conventional [2+2] 1,2-cis (or tilted) and [4+2] standard butterfly configurations. For
the [2+2] 1,2-trans configuration, we choose to model it with the Si triple dinngecl
since the potential dissociation process through this configuration needs aimiaofm

one dimer on each side. The adsorption energies of all the three configurations under Si
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a) 1,2-cis b) [4+2] butterfly c) 1,2-trans
Figure IV-3. Benzene adsorption models on the: aHg silicon double-dimer cluster through [2+2] 1,2-cis fashion, b}

silicon double-dimer cluster through [4+2] butterfly fashion and gHgg silicon triple-dimer cluster through [2+2] 1,2-trans fashion.



the adsorption energy difference between the Si single dimer clustiedsvand the
corresponding larger cluster models is very small for the 1,2-cis and [4+2{flyutt
configurations (< 6%). However, 1,2-trans configuration has a very strongrchuss
effect, the calculated adsorption energy from a single dimer cluster rmat®ut 50%

larger (more negative adsorption energy) than that of the triple dimer cluziet. m

We have consistently predicted the [4+2] butterfly adsorption configuratios the
global minimum among the three candidates. On the other hand, the 1,2-trans
configuration is predicted to have positive adsorption energy which excludes the
possibility of its formation, thus we have discontinued the exploration of this
configuration. The calculated adsorption energy for the 1,2-cis contfiguind [4+2]
butterfly configurations are -20.6 kJ/mol and -88.0 kJ/mol, respectively, which are
consistent with the -20.5kJ/mol and -85.8 kJ/mol values calculated by Nunzi et al
without zero point energy corrections, at the same theoretical level andhevghrhe
basis set as well as same silicon dimer cluster nfdddbwever, Jung and Gordéh
have performed a MRMP2 calculation at the geometry optimized by the E{A8Q0)
lever with the Dunning-Hay double zeta valence (DZV) basis plus d polarization
functions DZV(d) basis set using the surface integrated molecular orbitahmes
(SIMOMM) model, and have predicted higher adsorption energies (more negatiee va
of -26.4 kd/mol and -121.3 kJ/mol for the 1,2-cis configuration and [4+2] butterfly

configurations, respectively.

Gordon® has argued that the single reference methods like DFT cannot describe the
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Model 1,2-cis 1,2-trans  [4+2] butterfly
Multi Dimer -20.6 22.8 -88.0
Single Dimer -19.6 12.0 -90.0

Table IV-1. Calculated B3LYP/6-31G(d) adsorption energies (kJ/mothéothree
different models of the intact chemisorbed benzene molecules on the Si(186¢.slihe
single dimer refers to the gbly, single dimer cluster model. The multi dimer cluster used
for the 1,2-cis and [4+2] butterfly configurations is thgl$isdouble dimer cluster

model and the multi dimer cluster used for the 1,2-trans configurations isHeg, Si

triple dimer cluster model. Geometries are fully optimized and frequentyseanshows

no imaginary normal mode for all the configurations.
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silicon dimer models correctly because there are strong multi-confignmbhtiharacters
among the silicon dimer cluster models on several papers. The reasoninghsrthaté
less than full (smaller than two) natural orbital occupation numbers in thre Aotding
orbitals among the silicon dimer cluster models and the natural orbital occupation
numbers on the corresponding anti-bonding orbitals are relatively large. The proper
description of the multi-configurational character of a chemistresys$tas been proved
to be important to the correct calculation of the system propért&s Jung and Gordon
“have pointed out that there are also strong multi-configurational charadtiein the
configurations of intact chemisorbed benzene molecules on the silicon dimersgluste
such as the 1,2-cis configuration (tilted) and [4+2] butterfly configurations,ntsstee

use of multi-reference methods is essential.

However, we have concluded on Chapter Il that the single reference @@SD
B3LYP methods are actually more reliable than the multi-referen@SCA method in
the study of searching for the minimum energy crossing point (MECP) of idensil
dimer cluster. Taking account that the multi-reference charactee sfliton dimer
cluster comes from the two surface silicon dimer atoms (four for double dimtrclus
models and so on), it seems doubtful that the multi-configurational charactethsen
surface silicon dimer atoms can strongly affect the energyeuadfthe Si cluster models.
As for the benzene chemisorbed silicon dimer clusters, it is necessaayifiowhether
the multi-configurational character comes from the interaction bettieebenzene
molecule and the Si dimer atoms, or simply from the spectating neighbon slimer,

before a conclusion of if the multi-reference method is a must can be nadevé
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have calculated the natural orbital occupation numbers (NOON) for thes1,2-c
configuration (tilted) and [4+2] butterfly configurations, which have been shownrip ca
strong multi-configurational character from Jung and Gordon’s fafére CAS(10,10)
method has been used for the calculation of the 1,2-cis configuration (tilted) and [4+2]
butterfly configurations on the silicon double dimer clusters in order to be consigtent w
Jung and Gordon’s approach. However, we used the 6-31G(d) basis set indtead of t
HW(d) effective core potential and 6-31G(d) mix basis set or the DZV setdfs We

have also performed the same calculations on the Si single dimer cluster onodel f
comparison. For the Si single dimer cluster, we used the CAS(8,8) method,
corresponding to 8 active electrons and 8 active orbitals, including the two active
electrons and two dangling bonds in the silicon dimers plus the six active elecions a
six delocalizedt orbitals from the benzene molecule. The calculated NOON for the two
adsorption configurations on the two different Si dimer cluster modelsad listhe

Table 2. Taking account we have used different Si(100) model (dimer cluster model
versus SIMOMM) and different basis sets, our result is reasonably consigtatite
values from Jung and Gordon’s pafieand also suggests a strong multi-configruational
character of the benzene on Si double dimer cluster adsorption models. However, the
NOON forthe Si single dimer cluster model shows near full occupation number in the
bonding orbitals and all the anti-bonding orbitals have natural occupation numbers no
more than 0.09. According to the standard suggested by’Ptifayvhich states that
NOON equals or larger than 0.1 for a virtual orbital is the bottom limit for a multi-
configurational description, we can conclude that the benzene on Si singlectlister

adsorption models do not possess a critical requirement for multi- configurational
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A

Model NOON
1,2-cis 1.79(0.21) 1.91(0.09) 1.97(0.03) 1.97(0.03) 1.98(0.02)
Double Dimer
[4+2] butterfly | 1.84(0.15) 1.96(0.03) 1.98(0.02) 2.00(0.01) 2.00(0.00)
1,2-cis 1.91(0.09) 1.97(0.03) 1.98(0.02) 2.00(0.01) —
Single Dimer
[4+2] butterfly | 1.91(0.08) 1.92(0.08) 1.98(0.02) 2.00(0.00) —
_ 1,2-cis 1.69(0.31) 1.88(0.12) 1.93(0.07) 1.97(0.03) 1.98(0.02)
Previous Work
[4+2] butterfly | 1.69(0.31) 1.91(0.09) 1.92(0.08) 1.98(0.02) 1.98(0.02)

Table IV-2. Calculated natural orbital occupation numbers (NOON) for thasl¢pfiguration (tilted) and [4+2] butterfly
configurations of the intact chemisorbed benzene molecules on the Si(100¢.stifacumbers listed in the parentheses are the
NOON for the corresponding anti-bonding orbitals. The NOON for the Si double dinster model and the Si single dimer cluster
model include five and four active bonding orbitals and the correspond ing anti-bonding orlsipastively. The data from the

previous work is adapted from refereffce



description. Taking account that the major difference between the Si doubtectiister

and single dimer cluster models is the existence of an extra neighbor Siwerean
conclude that the multi-configurational characters we have observed in the doulsle dime
cluster adsorption models mostly come from the two dangling bonds at the neighbor S
dimer, instead of the benzene-Si dimer moiety. We have pointed out that the multi-
configurational characters from the dangling bonds on the bare silicon dinter elues

not necessarily better described by the multi-reference theories meCHa Thus, the

single reference DFT methodology should be reliable of obtaining qualitefiu#s.

C.2. Dissociation Products and Their Energies

We have considered three different dissociation products for the 1,2-cis (tiite)+e2]
butterfly adsorption configurations, consisting two products from the 1,2-cispéidsor
configuration and one from the [4+2] butterfly adsorption configurations. The gsctur

and the adsorption energies for these dissociation products are listed in Figdre 4 a
Table 3, individually. The first product from the 1,2-cis adsorption state involves the
breaking of both C-H single bond from the two adsorbing carbon atoms of the benzene
molecule, then the two hydrogen atoms migrate through the gap between the two dimer
in the same row and form new Si-H bonds with the dimer silicon atoms on the next
neighbor. Since the both C-Si bonds keep intact after the dissociation, we nanmakhis fi
complex as 1,2-cis dissociative double adsorption product or 1,2-cis-dohblether

product from the 1,2-cis adsorption state consists of breaking one of the C-Si single bond

and abstracting the hydrogen atom from the other adsorbing carbon atom. {fhetedbs
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hydrogen atom then transfers to the silicon dimer atom to which the fibstrcatom
was connected. In this dissociative product, there is only one C-Si bond remains
connecting the benzene molecule with the silicon dimer cluster, we namedhis f

complex as 1,2-cis dissociative single adsorption product or 1,2hutge.

For the dissociation product from [4+2] butterfly adsorption structure, the result
configuration is similar to that of the 1,2-cis-double product, both C-H single bond from
the two adsorbing carbon atoms of the benzene molecule break apart and the two
hydrogen atoms migrate through the gap between the two dimer in the same row and
form new Si-H bonds with the dimer silicon atoms on the next neighbor. Both of the C-Si
bonds keep intact after the dissociation as well. The result indicates tfat2he

butterfly dissociative adsorption product has +47.7 kJ/mol adsorption energl,ig/hic
consistent with the +50.2 kJ/mol value obtained from the previous?tadyg has

suggested the unavailability of this dissociative product. This result npaaap

surprising at the first glance because the abstraction of the two hyctoges on the

two adsorbing carbon atoms resume tHehspridization of the two carbon atoms and

the aromatic of the benzene molecule is expected to be resumed as well, whidh shoul
bring down the system energy significantly. However, the C-Si adsorption bondist alm
vertical to the benzene molecule, the bond angle among the adsorbing silicon atom,
adsorbing carbon atom and the para-carbon relative to the adsorbing carbon atom is
found to be 88.6° instead of 180° in an ideal benzene ring. This large angle incopsistenc
has caused a strong distortion force on the benzene molecule and makes it nonplana

which breaks the symmetry requirement for the aromaticity. On the other hand, t
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(@) (b) (©)

Figure IV-4. Benzene dissociation products on theHa4 silicon double-dimer cluster: (a) 1,2-cis dissociative double adsorption

product (1,2-cis-double) , (b) 1,2-cis dissociative single adsorption product¢isixgie) and (c) [4+2] butterfly dissociative double

adsorption product.



Model 1,2-cis-double 1,2-cis-single [4+2] butterfly-double
Double Dimer -272.8 -187.1 47.7

Table IV-3. Calculated B3LYP/6-31G(d) adsorption energies (kJ/mothéothree
different models of the dissociative chemisorbed benzene molecules onl®®@) Si(
surface using $Hisdouble dimer cluster. Geometries are fully optimized and frequency

analysis shows no imaginary normal mode for all the configurations.
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original intact chemisorbed [4+2] butterfly adsorption configuration resjaineideal 90°

for the same angle and the calculated number is 83.2°, which is not far fronsitied de
value, and much small distortion force on the six carbon ring is expected. Thus, because
of the failure of resuming aromaticity and the strong distortion fonctne benzene

molecule, the dissociative product from the [4+2] butterfly adsorption configariat

less stable than the intact structure.

The two dissociation products from the intact 1,2-cis chemisorbed configuratien ha
252.2 kJ/mol (1,2-cis-double ) and 166.5 kJ/mol (1,2-cis-single) more adsorption energy
than the original precursor. The gain of the adsorption energy can be exgities
resume of the aromaticity for the benzene molecule in both products. The C-Sirbonds i
these two dissociation products lie in the same plane of the benzene molecule, thus the
resume of sphybridization of the adsorbing carbon atoms can also restore the
aromaticity of the benzene molecule. In summary, we can conclude thiaictfie+2]
butterfly chemisorbed configuration should stay intact with no dissociation prizdes
place, while the dissociation process for the benzene 1,2-cis chemisorbedratioiigs
possible and the 1,2-cis-double dissociation product is expected to be thermodymamical

favorable.

C.3. Transition State for the Initial Adsorption

We first consider the initial adsorption mechanism of the intact chemisorbets 1,2

(tilted ) and [4+2] butterfly configurations. The formation of the 1,2-cis adsorption
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configuration is analogous to a [2+2] cycloaddition reaction. At the introductidmsof t
chapter, we have given a short review of the [2+2] cycloaddition reaction nischaf
unsaturated organic molecule adsorbing on the Si(100) surface. It is gebelialed

that the concerted [2+2] cycloaddition reaction is difficult to take place, betaigs
reaction is symmetry forbidden. We have found the transition state (1,24@)$HE®
connects the free reactants and the adsorbed product has a configuthtioenzene
molecule leans to one side of the Si(100) surface first. The carbon atom afizbade
molecule on the same side gets close to the cluster and forms a dative bond with one
silicon dimer atom. At the same time, the neighbor carbon atom relative tcsthe f
carbon atom lies above the Si dimer at a longer distance. This configuration is very
analogous to the one seen in the “diradical” mechanism, which has been predicted to be
the correct mechanism that accounts for the adsorption of ethylene on Sif863'3>

On the other hand, the formation of [4+2] butterfly configuration follows a faghatris
consistent with the symmetry allowed [4+2] cycloaddition, so the concert@{l [4+
cycloaddition of benzene on Si(100) surface is expected to take place with no or very
small barrier. However, we have found that the transition state ([4+2] buT&®)

leads to the formation of chemisorbed [4+2] butterfly structure has a conibguttzat is
similar to the one leads to the 1,2-cis (tilted) adsorption. Instead of egdagh
adsorption carbon atoms concurrently at the same time, as has been prediated by J
and Gordorf®, it starts the adsorption from one side of the benzene molecule first, and
then the ring closes through the other adsorbing carbon atom after. This inithattes
“diradical” mechanism may actually have taken place in the benzene aoisqgnuicess

for the formation of [4+2] butterfly configuration as well.
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Then we looked through the adsorption energies of these two transition states, the
energy barrier for the formation of 1,2-cis-TSO0 is found to be 41.6 kJ/mol, while the one
for [4+2] butterfly-TSO is only 1.2 kJ/mol. This result is consistent with the aegtithat
energy barrier for a symmetry forbidden [2+2] cycloaddition reaction is naughrlthan
symmetry allowed [4+2] cycloaddition reaction. We have found a strong cluster si
effect on the adsorption energies of these two transition states, the activatgyn ene
decreases by 26% and 83% for the 1,2-cis-TS0O and [4+2] butterfly-TSO configurations
respectively, when the silicon dimer cluster size increase from simgér dluster to
double dimer cluster. This strong cluster size reveals the identity of thedf@+Be
adsorption bond is indeed dative and is supportive to the “diradical” adsorption
mechanism for both reactions. Because the unpaired electrons on the long didéance s
between the benzene molecule and the dimer surface can be dispersed and $tgbilized
extended surface dimer sites. Our calculated activation energy for this-T.3€cis
consistent with the value of 48.1 kJ/mol at the B3LYP/MIX level found by Jung and
Gordon?®, but is lower than the value of 92.0 kJ/mol at CAS(10,10)/DZV level and
slightly higher than the 37.2 kJ/mol at MRMP2/DZV level at the same B3uUYP/
optimized geometry. As for the [4+2] butterfly-TSO configuration, Jung and Gordon only
performed the geometry optimization at CAS(10,10)/MIX level and has otitame
energy barrier of 74.1 kJ/mol, which is abnormally high for a [4+2] cycloaddition
reaction. Thus they have performed MRMP2 single point energies for severakige®sme
along the pathways indicated by the IRC calculation for the transition Stegg have
found that the MRMP2 single point energies are actually lower than the fotentsaand

no reaction barrier is observed, so they pointed out the dynamic correlation is very
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Figure IV-5. Transition states that lead to the formation of intact chemisbdarzene

molecule on the $H;; silicon double-dimer cluster: (a) transition state that leads to 1,2-
cis configuration (1,2-cis-TS0) and (b) transition state that leads to [4+2}fhutt

configuraiton ([4+2] butterfly -TSO0).

83



Model 1,2-Cis-TSO [4+2] butterfly-TSO
Double Dimer 41.6 1.2
Single Dimer 56.5 7.0

Table IV-4. Calculated B3LYP/6-31G(d) adsorption energies (kJ/mothéotransition
states (TSO0) that lead to the formation of thel,2-cis and [4+2] butterfly adsorption
configurations. Both of the §;, single dimer cluster model and thesHisdouble
dimer cluster model are used. Geometries are fully optimized and frequeigsis
shows only one imaginary normal mode for all the configurations. Interngloreac
coordinate (IRC) calculations have been performed to confirm the found stafomiais
do connect between the reactants (free reactants) and products (chemisorbed

configuration).
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important for the correct description of these transition structures. Welisaussed in
section C.1 that the multi-configurational characters of the benzene adsorptida amde
Si(100) mostly come from the dangling bond of the spectator silicon dimers and they
don’t play very important roles in the correct calculations of the systergiesefo the
static correlations included in the multi-configurational charactenetreritical to the
calculations. The CASSCF method, which only recovers these statiationrslbut no
remaining dynamical correlations, would not be proper in performing thelatdns of
benzene adsorption on silicon dimer cluster models. Actually at Jung and Gordon’s
calculations, the single point energy difference between MRMP2 method &aiYéPB3
method at the same optimized 1,2cis-TS0O geometry is not far from each other fram, whe
the same MIX basis set is used for the MRMP2 method, the energy barriasexte

51.5 kJ/mol, which is very close to the value of 48.1 kJ/mol from B3LYP méthdtis
further proves that dynamical correlations are much more important thatatice
correlations in the benzene adsorption on silicon dimer cluster models, because the
B3LYP and MRMP2 method are both considered to be able to recover the dynamical
correlations, except the later one can also recover the static con®iatthe selected
active space. Thus, the B3LYP method we use in this chapter should be more reliable

than the CASCF method.

C.4. Reaction Mechanism for the Dissociations Process

As we have discussed that the hydrogen dissociation process is not thenmiodima

accessible for the [4+2] butterfly configurations, we will only have to condider t
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dissociation process for the 1,2-cis adsorption configuration. After the fomudtithe

intact chemisorbed species, we need to abstract two hydrogen atomstrgete

stable 1,2-cis dissociative double adsorption product (1,2-cis-double). Nunzi et al. has
addressed this reaction as a one step cleavage pfaddeseported a transition that
directly connects between the intact 1,2-cis chemisorbed structure atidshaative

double adsorption product, and the energy barrier for this transition state is found to be
92.0 kJd/mol relative to the intact chemisorbed structure (74.9kJ/mol abovedotants).
This conclusion is very surprising because the migration of two atoms at one step in
chemistry reactions is very rare. We performed the transition statehsat the same
B3LYP/6-31G(d) level and found a transition state structure (1,2-cis{hatljs very

similar to the one reported by Nunzi et al. The C-H bond lengths between the twg leavin
hydrogen atoms and the original carbon atoms they were connected to are found to be
1.50 A and 1.16 A respectively, which are very similar to the value of 1.48 A and 1.17 A
reported by Nunzi et af’. Also, the Si-H bond lengths between the two leaving

hydrogen atoms and the silicon atom destinations are found to be 1.77 A and 2.28 A
respectively, which are also very close to the reported values of 1.78 A and 2.23 A. Our
calculated energy barrier for this transition state structure {4;281) equals to 91.5

kJ/mol, and is consistent with the reported value of 92.0 kJ/mol as well.

However, the internal reaction coordinate (IRC) calculation has shown that-T.34cis
doesn’t lead to the doubled dissociated product. Instead, it terminates at rae i
structure that consists with only one hydrogen atom abstracted (irec®-. When we

try to perform geometry optimization on this potential intermediate steidihe benzene
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molecule fails to stay adsorbed through two C-Si bonds and ends up with a dissociative
single adsorption structure. The reason is that there exists a strongdcimethat is
breaking a C-Si bond and leading to the formation of a single adsorption combigurat
(Figure 7).Whereas very interestingly, we have found that the desired ediaten
structure can be successfully obtained when the system multiplicity is chiangériplet
state. We performed a single point energy calculation for the singlet afgrasthe
optimized triplet intermediate structure, the adsorption energy is found ToOdel/mol,
which is 25 kJ/mol less than that of the triple state. It may appear to beayratio
change the multiplicity of the system, but spin forbidden/crossing react®nstarare

in organic chemistry reactions. In fact, Naumkin and Polanyi &°alave noticed that
the use of triplet spin state is necessary for several structures thataved in the
dissociation process for chlorinated benzene on Si(100) surface. Forcingea singl
multiplicity for the adsorption system can cause unphysical strainedwsts and result
with much higher system energy. However, they didn’t specify when the spimgross
process is required, and their discussion on the dissociation mechanism for @dorinat
benzene on Si(100) surface is based on the transition states that are approximated b
performing several single point energy calculations along a geonfeinge direction

that is responsible for the majority configuration change between the reaatant
products, through semiempirical (AM1) method. More importantly, they didn’t

investigate the kinetic difficulty for the spin flipping process.

The adsorption energies for all the required stationary configuratiorar¢ha¢eded

to comply the entire dissociation process to form the 1,2-cis dissociative double
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Figure IV-6. Transition states and intermediate that connect the intact

chemisorbed 1,2-cis configuration and the dissociative double adsorption product
(1,2-cis-double): a) singlet 1,2-cis-TS1, b) triplet 1,2-cis-TS1jmletrl,2-cis-

InterO and d) triplet 1,2-cis-TS2.
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Figure IV-7. The force vector of the singlet spin state at the optimiget tt,2-cis-Inter0

configuration.
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Model 1,2-cis-TSO 1,2-cis 1,2-cis-TS1 1,2-cis-Inter01,2-cis-TS2 1,2-cis-double

Singlet 41.6 -20.6’ 91.5 — -42.2 -272.8

Triplet — 7.3(-51.0)  127.2(69.0) -32.0(-90.2)  153.2(95.0)  -122.9(-181.2)

Table IV-5. Calculated B3LYP/6-31G(d) adsorption energies (kJ/mothéotransition states and intermediate that connect between
the free reactants and the dissociative double adsorption product (1,2-cis-double¢skEnehg parentheses are the adsorption
energies relative to the triplet Si double cluster dimer plus free singieéihe molecule. Geometries are fully optimized and
frequency analysis shows no imaginary normal mode for all the locallmal gitonimum structures and only one imaginary normal
mode for all the transition state configurations. Internal reaction coordlR&2¢ calculations have been performed to confirm the

transition state configurations do connect between the reactants and productsttaibatep.

(a). see table 4; (b). see table 1; (c). see table 3



adsorption product are listed in Table 5. Adsorption energies for both the singlet and
triplet states, if available, are calculated for each structure. Weesathat the transition
state (1,2-cis-TSO0) that leads to the intact chemisorbed 1,2-cis configusatot
available through a triplet spin state. So if the silicon dimer was atet sph state
when the benzene molecule approaches in the beginning, the adsorption would not occur.
From the intact chemisorbed 1,2-cis configuration, the system has to pasé émoug
activation barrier of 112.1 kJ/mol (1,2-cis-TS1) to proceed the hydrogen cleavagesoro
However, this activation barrier is larger than the barrier of 62.2 kJomtié desorption
barrier that goes back to free reactants. In addition, a spin crossingsgnasds be
incorporated if the cleavage process were to happen, which adds more diffichky t
activation procedure. As a result, the singlet intact chemisorbed 1,2-ciguratibn will
prefer to desorb back to free reactants rather than proceed with tbgdrydieavage
process, when enough energy is available. In another alternative routeathe int
chemisorbed 1,2-cis configuration can go through the spin crossing procetesréesth
the triplet state, then the triplet state passes through an activation biatdér®kJ/mol
(triplet 1,2-cis-TS1) and leads to the triplet intermediate configuratigheftd,2-cis-
Inter0). One may be concerned about that the triplet state of intactscbed 1,2-cis
configuration has a positive adsorption energy relative to the ground state oéthe fre
reactants, which may indicate this chemisorbed structure is not availablevétov we
consider the energy difference from the triplet configuration with thedontagy of the
free triplet silicon dimer cluster and singlet benzene molecule, the adsoepgrgy
changes to be -50.9 kJ/mol. Thus, triplet chemisorbed configuration is stable on the

surface. Also, since the transition state (TS0) between the triplet fetansaand the
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intact chemisorbed 1,2-cis configuration is not available, the desorption thdiayphe®
free reactants is not expected to take place through a simple one step poteas S
no other reactions that compete directly with the hydrogen cleavagendacithe
triplet state of intact chemisorbed 1,2-cis configuration, which makes thedeydr

cleavage reaction feasible.

After the triplet chemisorbed 1,2-cis configuration passes through thel119.9 kJ/mo
energy barrier (triplet 1,2-cis-TS1), one of the hydrogen atoms transfeesrieighbor
silicon dimer and reaches the intermediate state (triplet 1,2-ci§)ittert has an
adsorption energy of -32.0 kd/mol relative to the free singlet reactdr@abEtraction of
the second hydrogen atom from the benzene molecule requires the intermediate
configuration to pass through an energy barrier of 185.2 kJ/mol (triplet 1,5R2)s-T
After the second hydrogen atom also migrates to the neighbor silicon dimemligte tri
state of the dissociative 1,2-cis double adsorption configuration, which has aniadsorpt
energy that is 149.9 kJ/mol less than the singlet ground state is obtained. At firkar anot
spin crossing process is required to reach the singlet dissociative 1,2-cis doubl

adsorption product, which is the global minimum for this reaction route.

On the other hand, after the formation of the intermediate state (triples-t2ec0),
the system can pass through a much lower barrier of 4.2 kJ/mol (triplet-T.33j)isand
break the C-Si bond from the carbon atom that is connected with both the silicon dimer
atom and a hydrogen atom. The resultant structure after the C-Si bond breakéng ha

benzene molecule bonded to one silicon dimer atom through a single Si-C bond, and a
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hydrogen atom bonded to another silicon atom at the other Si dimer. The benzene
molecule and the hydrogen atom are located on the same side of the silicon witeer cl
in this structure (triplet 1,2-cis-Interl). It is found the full optimized sihglate
configuration of this intermediate structure has a severe distortezhglimer cluster
framework, even though its adsorption energy (-169.6 kJ/mol) is slighgigrithran the
triplet state configuration by 6.4 kJ/mol. Partial optimization by fixmgtivo bottom

layers of silicon atoms successfully gives a reasonable confryuratid the frequency
analysis of this partial optimized structure contains a weak imaginary howada that
corresponds to the distortion of the fixed bottom layer silicon atoms. It is founti¢hat t
resultant adsorption energy for the partial optimized structure is onlyl-kd8nol,

which is 44.1 kJ/mol smaller than the triplet state. Taking account the resaitboth

full and partial optimized singlet 1,2-cis-Interl configuration, we conclodethe

singlet state of this configuration is the ground state. This is probably duefaattiize

two dimer silicon atoms from the two different dimers both have unshared electrdns, a
they are located on the same side of the cluster model. When the systemaityispli

set as singlet, the two dimer silicon atoms will try to approach each oithehare the
unpaired electrons they carry. This results with strong distortion to the dinsézr
framework, which makes the system less stable. Whereas in the tapetise two
unshared electrons have the same spin, and will not try to pair with each other due to the
Pauli’'s exclusion principle. The hydrogen atom that bonded to the dimer silicon atom can
then transfer to the other dimer silicon atom within the same dimer and formranothe
intermediate structure (triplet 1,2-cis-Inter2) that has an adsorptiogyeofe-163.4

kJ/mol. The energy barrier (triplet 1,2-cis-TS4) for this process is found16&8

93



€6
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Figure IV-8. Transition states and intermediate that connect betwegipltéel,2-cis-InterO configuration and the dissociative single

adsorption product (1,2-cis-single): a) triplet 1,2-cis-TS3, b) triplet 1,It@s1, c) triplet 1,2-cis-TS4, d) triplet 1,2-cis-Inter2 and e)

triplet 1,2-cis-TS5. Note, all structures are optimized at triplet migitipl
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Model 1,2-cis-TS3 1,2-cis-Interl 1,2-Cis-TS4 1,2-cis-Inter2 1,2-cB-TS 1,2-cis-single

Singlet — -119.7 4.6 -93.0 57.9 -187.F
Triplet -27.8(-86.0)  -163.2(-221.4)  5.7(-52.5)  -163.4(-221.6)72.9(14.7)  -158.1(-216.3)

Table IV-6. Calculated B3LYP/6-31G(d) adsorption energies (kJ/mothéotransition states and intermediate that connect between
the triplet 1,2-cis-InterO configuration and the dissociative single adsorption pfadiscis-single). Energies in the parentheses are
the adsorption energies relative to the energy of the tripldb$le cluster dimer plus the energy of the free singlet bemzeleeule.
Geometries are fully optimized, except for the noted structures, and frequrealggis shows no imaginary normal mode for all the
local or global minimum structures, except for that of the singlet 1,2-cistlobafiguration. Only one imaginary normal mode is
observed for all the transition state configurations. Internal reactiodinate (IRC) calculations have been performed to confirm the

transition state configurations do connect between the reactants and productsttraibatep.

(a). see table 3; (b), (c), (d) configurations are partial optimized thraxigh the bottom two layers of the silicon atoms.



kJ/mol. It is found the triplet state of this new intermediate structure is stadske than

the singlet state too. So the system multiplicity will stay in trigkgies and the hydrogen
atom that bonded to the dimer silicon atom can pass through an activation bgtedr (tri
1,2-cis-TS5) of 236.3 kJ/mol, migrates across the gap between the two silicos, dimer
and form a new Si-H bond with the free silicon dimer atom at the first silicorr.dine
thing we have to mention is that the full optimized 1,2-cis-TS5 configurations in both
singlet and triplet state have severe distorted silicon dimer clustesvirark, the

energies optimized here are obtained from partial optimization by fikengvo bottom
layers of silicon atoms. The frequency analysis shows that there is onlyarge st
imaginary normal mode that corresponds to the migration of the hydrogen atom, for both
multiplicities. Upon this point, we have obtained the triplet state of the disseciaB-

cis single adsorption product (triplet 1,2-cis-single). The calculation sthesvproduct is
more stable at singlet multiplicity. Thus, a spin crossing process fromgilet stiate to

the singlet state is expected to reach the global minimum for thisoreaatite.

C.5. Kinetic Controlled versus Thermodynamic Controlled Dissociation Products

The energy calculation shows the dissociative 1,2-cis double adsorption product (1,2-
cis-double) is more favorable than the single adsorption product (1,2-cis-single)
thermodynamically. However, the actually population of these two different psoduct
could be different from the thermodynamic prediction, if the reaction rate isineigd
and the equilibrium state cannot be reached under normal time scale. Espgicially s

crossing process is involved for the formation of both products here, which migat caus
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the reaction rates limited to very small values if the spin crossing plibpabiow.
Generally, the reaction rate should be limited by the step that encountergdéise lar
activation energy for both reactions.

The difference between the double dissociation route and the single dissociation route
begins after the formation of the triplet 1,2-cis-InterO configuration. Frasn thi
intermediate structure, if we first disregard the spin crossing diffiamtyonly consider
the energy difference between each transition states and the previomastaioint, we
find that the largest energy barrier for the double dissociation route equals1o 185
kJ/mol, which is at the step when the second hydrogen atom abstracts from the benzene
molecule (1,2-cis-TS2). The largest energy barrier for the singg@dation route is
236.3 kJ/mol, which is at the step when the hydrogen atom migrates across the tw
dimers (triplet 1,2-cis-TS5). It first appears that the double dissociatige is also
kinetically more favorable than the single dissociation route. However, thargey |
activation barriers at the single dissociation route (168.9 kJ/mol for the fommwdti
triplet 1,2-cis-TS4 and 236.3 kd/mol for the formation of triplet 1,2-cis-TS5) ahealbot
the hydrogen migration steps. If we only focus on the hydrogen cleavage prot¢ess of t
benzene molecule, the largest activation barrier for the single dissociatte is only
4.2 kJ/mol at the step of the formation of triplet 1,2-cis-TS3, and the lagjirsttian
barrier for the double dissociation route still remains to be 185.1 kJ/mol a¢phefshe
formation of triplet 1,2-cis-TS2. Thus, we consider that the single disswocraute will
not proceed all the way through to the final 1,2-cis-single dissociation produdt, thee
extreme kinetic difficulty at the hydrogen migration process. Insteadl) halt at the

1,2-cis-Interl configuration, and now the largest kinetic barrier for thenplete single
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dissociation route is only 4.2 kJ/mol. When the formation difficulty of the tripleti;2
InterO configuration is taken account, the largest energy barrier for taphete single
dissociation route changes to be 119.9 kJ/mol, which lies right at the step of the
formation of the triplet 1,2-cis-InterO configuration (triplet 1,2-cist),Svhereas the
largest energy barrier for the double dissociation route remains the sathis. gdint,
the single dissociation route is kinetically preferred than the double adsormchrcpr

though an incomplete fashion.

Finally, we add in the effect of the spin crossing difficulty to theengiaction kinetic.
There are two steps that require the spin crossing to take place for the w# Tinat
first time is at the excitation from the singlet intact1,2-cis chemisarbefiguration to
the triplet state, which is required for both dissociation routes. Our calculatios ghew
MECP for this configuration lies 28.2 kJ/mol above the singlet ground state. The spin-
orbit coupling (SOC) coefficient is found to be 15.17"@nd the slope difference
between the singlet potential energy surface (PES) and the triplas @& eV/A,

taking the Landau-Zener formula®

A2192
P, (E)=1-ex “ArHsoc |4
hAF 2E

we have calculated a spin crossing probability of 1.72x0®mbing transition state

theory (TST) with the spin crossing probabifify

k. T -AG
K(T) =~ (Ry)x ; eXp(Fj

the spin crossing difficulty is analogous to add 53.0 J*i{diactivation entropy to the

reaction. This is also equivalent to add 15.8 kJ/mol activation energy to themescti
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298.15 K, which gives a total activation barrier of 44.0 kJ/mol to this step. When the
temperature increases to 1730 K or 2960 K, the total activation barrier okthisiltbe
larger than the maximum spin allowed activation energy for the incompheie si
dissociation route (119.9 kJ/mol) or the double dissociation route (185.1 kJ/mol),
respectively. This indicates that when the temperature is too high (>1730), the
dissociation for both routes will be limited by the spin crossing process atdle i
chemisorbed 1,2-cis (tilted) configuration, and the kinetic difficulty lellthe same for
both single and double dissociation routes. However, this high temperature is not
expected to be reached at normal experiment conditions. The other step thes rbguir
spin crossing procedure is at the final step of the double dissociation routehehen
triplet 1,2-cis-double product crosses back to the ground singlet configuratiotise For
triplet 1,2-cis-double configuration, the MECP is located at 5.5 kJ/mol above the triple
excited state, and the equivalent activation entropy increment from theregaing
process is found to be 87.3 J-thel™. At 298.15 K, the overall activation barrier for this
spin crossing process is 31.5 kJ/mWle can see the energy barrier for the formation of
singlet ground state product is relatively smaller. This process wardthieethe rate
limiting step for the double dissociation route till the temperature esa2057 K. One
may think that the product of the single dissociation route also needs to go through a spin
crossing process, this is true if the global minimum product (1,2-cis-soigle¢ single
dissociation route can be reached since the singlet state of this product isr2810 kJ/
lower than the triplet state. However, we have concluded that the single dissacate
will not proceed all way through to the global minimum product due to the kinetic

difficulty in the hydrogen migration process. Instead, a mabéesproduct (1,2-cis-Interl)
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will be reached, and this ground state of this metastable product is actuglgtastate.
Thus, the incomplete single dissociation route will give a triplet méiagpaoduct and

No spin crossing process is needed.

In summary, the incomplete single dissociation route has lower actieaigogy
barrier than the double dissociation route. At low temperature condition, theiaativat
energy of the rate limiting step for the incomplete single dissoniatiute is 65.2 kJ/mol
smaller than that of the double dissociation route. Assume the first order kirnagics, t
single dissociation reaction is approximately 2.6%titnes faster than the double
dissociation reaction, thus we expect the metastable triplet 1,2-ai$-tatefiguration
from the incomplete single dissociation route will be the major product. When the
environment temperature increases over 1730 K, the reaction rate for both sthgle a
double dissociation route will be limited by the spin crossing process of #oe int
chemisorbed 1,2-cis configuration, and the more stable dissociative double adsorption
product will become the major product instead. However, this high temperature is not
usually seen in normal surface adsorption experiment, so the metastalté 2Hgis-

Interl configuration is expected to the major product under normal conditions.

D. CONCLUSIONS

We have used the DFT method to investigate the adsorption and dissociation process
of benzene molecule on the Si(100) surface. For tleimtact chemisorbed products, it

is found that the [4+2] butterfly configuration is more stable than the 1,2}asl)ti
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configuration, which is consistent with previous wotk&>% A new die chemisorbed
product 1,2-trans is also studied, but the positive adsorption energy of this cordigurati
eliminates its existence. We also found that the multi-configurationaceaiof the
benzene adsorption configurations mainly comes from the spectator silicos,dameis

not very important to the adsorption energy calculations and the dynamicéhtomnres

very important for the calculations of the studied benzene adsorption configurations.
Thus, the multi configurational method (CASSCF) that only recovers the static
correlations is not appropriate and the DFT method has shown better results. Once the
chemisorbed [4+2] butterfly configuration is formed, it will stay intact and no
dissociation process is expected. However, the 1,2-cis (tilted) configuratiagoc

through hydrogen cleavage process and form more stable dissociative adsorpti
products. It is found that spin crossing process has to be involved during the hydrogen
cleavage reaction. Between the two possible products from the dissociattoanrefic

the 1,2-cis configuration, the dissociative double adsorption product (1,2-cis-double) is
more stable than the dissociative single adsorption product (1,2-cis-single),
thermodynamically. But the kinetics for the single dissociation route if fagter than

the double dissociation route at low temperature. Thus the single dissociatersrout
expected to be the major reaction pathway. On the other hand, it is found that the single
dissociation route will not likely go to completion due to the extreme difficulty of
hydrogen migration process. As a result, the metastable triplet 1,2-cik{ndeluct will

be formed and is the major product of the benzene dissociation reaction. When the
environment temperature is raised over 1730 K, the reaction will become

thermodynamically controlled and the dissociative double adsorption produtiwitb
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be the major product instead. However, this high temperature is is not usually seen in
normal surface adsorption experiment, so the metastable triplet 1,2esik-Int
configuration is expected to the major product under normal conditions. In gemecl,
higher activation barriers than the previous research are predicted fodtbgdry
cleavage from benzene molecule, which explains the lack of experimentalatioseof

the dissociative adsorption configurations of benzene molecule on the Si(106¢ surfa
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CHAPTER V

Adsorption Models of the Phenanthrene Molecule on the Si(100) Surface

A.INTRODUCTION

After the investigation of the surface adsorption and dissociation models of the
benzene molecule, we have moved on to look through those larger aromatic molecules
adsorbing on the same Si(100) surface. Several researches of polyayehoide
aromatic hydrocarbon molecules, pentac®fié'®**1>for example, have been reported
before. Phenanthrene (o) is a wide used chemical in color dying and pharmaceutical
industries. It is as important as the many other compounds in the benzenoidcaromat
family. To our best knowledge, there hasn’t been any theoretical studies ofdhgtiads
or dissociation of phenanthrene molecule on the Si(100) surface yet. Thus, wedalecide
explore the surface chemistry of phenanthrene molecule with trensilimer cluster

models.

The adsorption configurations of the phenanthrene molecule on the Si(100) surface are
expected to be close to those of benzene molecules. In Chapter IV, we have seen that
there are di and tetras, two important intact chemisorbed configuration families of

benzene on Si(100) surface. For the larger phenanthrene molecule, configtinations
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contain more than four C-8Sibonds (tetras) are possible. Researchers have seen intact
chemisorbed configurations with as many as eight €4#inds (Octas) across four

silicon dimers for the pentacene molecule on the Si(100) suffat® So the

investigation of all the possible adsorption configurations of phenanthreneuteadec

the Si(100) surface should require relative large silicon dimer cluster mbde&¢ able

to handle the multi C-St bonding structures. However, due to limit of computer
resource, we are not able to perform calculations on silicon cluster muatet&ve more
than three dimers upon the time when this work is done. Also, in the Chapter IV, we have
seen that the dissociation process for benzene molecule is only accessibldit
chemisorbed configurations. So we focus our study on thecdemisorbed

phenanthrene molecule and its dissociative derivatives that are locatedarsthgle

silicon dimer only.

B. COMPUTATIONAL DETAILS

The SyH1, single dimer cluster models is used to reproduce the Si(100) surface for
most of our calculations. V-trench §{8il,4) and triple (Si;Hzg) dimer cluster models are
also used to calculate the adsorption energies for several configuratiorgerimo
compare with the results from the single dimer cluster models. The ggahall the
cluster models and the adsorption and dissociation configurations are fullyzepitim
with no constrains applied. Energy calculations, geometry optimization and frgquenc
calculations are performed using the hybrid density functional method thadescl

Becke’s 3-parameter nonlocal-exchange functidneith the correlation functional of
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Lee-Yang-Parr, B3LYP? The 6-31G(d) all-electron split-valence basis'3ethich
includes the polarizatiod-function on non-hydrogen atoms, was employed for
calculations. The Gaussian’®8oftware package is utilized to perform the geometry
optimization and frequency calculations. The reported adsorption energy isidefitiee
difference between the total electronic energy of the adsorption modéleaisdlated
molecule and cluster. All energies are reported without zero-point comeckrequency
calculations have confirmed that all the stable geometries have no anagormal

mode.

C. RESULTSAND DISCUSSION

C.1. di-e Intact Chemisorbed Configurations

The phenanthrene molecular (Figure 1) is analogous to three benzene molecdles fuse
together in a non-linear fashion. Theadintact chemisorbed configuration requires two
carbon atoms to bond with the Si dimer atoms, there are in principle thirty ninemliffer
possible combinations for the dimntact chemisorbed product. We have studied all the
thirty nine possibilities and found that several of them will interchange to the other
adsorption configurations during the geometry optimization procedure. After rule out
those duplicate configurations, we have found there are eighteen different adsorpti
models can be successfully optimized with using tbid;2single dimer cluster model.
The adsorption energies of the eighteen obtained adsorption models are ligtblkih, T
ranked by adsorption energy from high to low. Table 1 shows that there are eleven

configurations have positive adsorption energies, among the eighteen obtainedadsorpt
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Figure V-1. Phenanthrene molecule and the orders assigned to the position of each
carbon atoms. In this chapter, all the numbers that are used to specify tipdi@asor

configuration orders correspond to the positions of the carbon atoms shown here.
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Models 1,4 12,13 34 1,2 2,5 5,12 3,14
-120.9 -75.2 516 -474 -376-37.0 -285
Continue:
Models 2,3 1,12 3,12 4.5 1,14 413 5,14 11,14 13,14 2,12 5,6
AE 11.7 15.7 18.5 36.7 43 79.2 81.9 84.9 121.1 1547 1725

L0T

Table V-1. Calculated B3LYP/6-31G(d) adsorption energies (kJ/mol) foighteen different models of the diintact chemisorbed

phenanthrene molecules on the Si(100) surface. ThRk,Single dimer cluster model is used to perform the calculation. Geometries

are fully optimized and frequency analysis shows no imaginary normal modktfar eonfigurations.



models. As a result, these configurations are expected to be non-existing, athe only
seven remaining di-intact chemisorbed configurations are thermodynamically favorable
in theory. The pictures of these seven models are shown in Figure 2. We will focus on
these seven thermodynamically favorable chemisorbed configuratidres fmillbwing

discussions.

Very similar to the chemisorbed configurations of benzene molecule on the Si(100)
surface, the d& adsorption structures for the chemisorbed configuration of phenanthrene
molecule on the Si(100) surface can be separated into two types. Thes1 25 dic,
5.12-dic and 3,14-dis chemisorbed phenanthrene configurations are analogous to the
[4+2] butterfly chemisorbed configuration for benzene molecule on the Si(100)esurfac
While the 12,13-di, 3,4-dic and 1,2-dis chemisorbed phenanthrene configurations are
analogous to the [2+2] 1,2-cis (tilted) chemisorbed configuration for benzareute

on the Si(100) surface.

Comparing to the adsorption energy of the [4+2] butterfly chemisorbed benzene
molecule for on the samegBi, single dimer cluster (-90.0 kJ/mol), the four analogous
configurations from phenanthrene have adsorption energies that scaétehigitier or
lower than that of benzene molecule. The most stable s4anfiguration, has
approximately 30 kJ/mol more adsorption energy (-120.9 kJ/mol), while the &,6-di-
37.6 kd/mol), 5.12-dt (-37.0 kd/mol) and 3,14-di-(-28.5 kJ/mol) configurations have
approximately 50-60 kJ/mol less adsorption energies than the [4+2] butterfly

chemisorbed benzene molecule. The higher adsorption energy of thesl,4-di-
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(d)

(e) (f) (9)

Figure V-2. Pictures of the seven configurations af ditact chemisorbed phenanthrene molecules on the Si(100) surface that have

negative adsorption energies: (a) 1,4d{b) 2,5-dis, (c) 5,12-dis, (d) 3,14-dis, (e) 12,13-dis, (f) 3,4-dic and (g) 1,2-ds.



configuration comparing to the [4+2] butterfly chemisorbed benzene configuration

most likely because of the three unsaturated hexagonal rings can provideahlere st
resonance structures comparing to a single unsaturated hexagonal ring.ofptasds
energy difference among the four chemisorbed phenanthrene configurations can be
explained by the fact that, in the 1,4edeonfiguration, the two Sghybridized carbon

atoms that bond to the dimer silicon atoms are connected to two other carbon atoms tha
are both located within the same hexagonal ring. Thus the distortion force on the
phenanthrene molecule plane caused by the rehybridized carbon atoms is lithited w
single hexagonal ring, while the remaining two rings are almost notedfaod keep

near perfect planar geometry. However, for the 2,5;&i:12-dis or 3,14-die

configurations, one of the two $pybridized carbon atoms that bond to the dimer silicon
atoms is shared by two hexagonal rings. As a result, the distortionddfee t

phenanthrene molecule plane caused by the rehybridized carbon atoms is spread out to
two hexagonal rings, and causes a much less stable configuration. We cahtbee tha
type of the carbon atoms to which the dimer silicon atoms are connected, is very
important in determining the system energy. In the 5,1dl@infiguration, both of the

sp’ rehybridized carbon atoms are shared by two hexagonal rings, the distort@n forc
from the two carbon atoms is so strong that the adsorption energy decreases by
approximately 200 kJ/mol comparing to the 1,4sdienfiguration, and this configuration

ends up with a positive adsorption energy.

For the three [2+2] cycloaddition analogy adsorption configurations, we have found

higher adsorption energies for all of them, comparing to the [2+2] 1,2-cis (tilted)
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chemisorbed benzene molecule. The extra stability in the phenanthrene adsorpti

models most likely comes from the resonance effect from the two extraiatedt

hexagonal rings also. Similar to the [4+2] cycloaddition analogies, we have atsanot

the selectivity on the carbon atoms to which the dimer silicon atoms are cahidate
12,13-dis, 3,4-dic and 1,2-disthree stable adsorption structures all have tie sp
rehybridized carbon atoms located within the same hexagonal ring. Whereas
configurations like 4,5-d#, 1,14-dis and etc. have at least one of the rehybridized

carbon atoms shared by two rings, and result with much smaller adsorptigy. &fexy
interestingly, the 2,3-d#adsorption configuration, with both*mhybridized carbon

atoms located within the same hexagonal ring, has an unfavorable positive adsorpti
energy. We can address this result by examining the configuration of thetiitena
molecule. As we can see in the Figure 1, the hexagonal ring on the right side of the
phenanthrene molecule is connected to the other two rings through the carbon 5 and 14.
The bond between the carbon 1 and 2, as well as the bond between the carbon 3 and 4 are
located at the meta-position relative to the bond between carbon 5 and 14, whereas the
bond between the carbon 2 and 3 are at the para-posotion. When the adsorption takes
place through the 1,2-di-or 3,4-die fashion, the resulted structure will have similar
resonance configurations. However, if the adsorption takes place through the2,3-di
fashion, a different type of resonance configuration is formed, and this resonance
configuration is not as stable as the formal one. Thus the 2 8atfiguration has a

relatively smaller adsorption energy than the 1,8-did 3,4-dis configurations.
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C.2. Dissociative Single Adsorption Configurations

We have seen in Chapter IV that the dissociative single adsorption configuration of
benzene molecule is easier to access under normal experimental condigdsctsen
C.5 of Chapter 1V), thus we are interested in knowing the energy profile of the
dissociative single adsorption configuration of phenanthrene molecule. Taéne ar
principle 5 different configurations of the dissociative single adsorption coafigarfor
the phenanthrene molecule, corresponding to the five different hydrogen attimas i
phenanthrene molecule (see Figure 3). One thing we have to mention is thatyfor ever
adsorption configuration, there exist two different conformational isorhbes; are
equivalent of each other by rotation along the C-Si bond by 180° (see Figure 4). We have
found that the adsorption energies for the conformational isomers that have the
phenanthrene molecule closer to the hydrogen atom on the silicon dimerilathe sl
higher adsorption energy (< 2%) than the other ones. This is probably due to the
repulsion force between the phenanthrene molecule and the hydrogen atom on the silicon
dimer is stronger when they are closer to each other. We disregardedittsefires the
higher energy isomers and have only listed the adsorption energy for thesteevgy
ones of each adsorption configuration. Comparing to the adsorption energy of the bezene
molecule on the samegBi;;» single dimer cluster model (-187.1 kJ/mol), the adsorption
energy of the five phenanthrene adsorption isomers are either almost the damet.or
Generally, adsorption configurations that have the phenanthrene molecule dwéyer
for the hydrogen atom at the silicon dimer have higher adsorption energiesnidmeo-
o configuration has the phenanthrene molecule lined furthest away from thgéaydro

atom at the silicon dimer, its geometry is almost the same as the one of bendetse, a
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Models 2 3 13 1 4
Single Dimer -187.1 -186.7 -179.2 -177.1 -145.2
V-trench Dimer -188.2 -187.7 -178.0 -165.4 -141.4
Triplet Dimer -180.8 -180.3 -172.9 -170.5 -137.5

Table V-2. Calculated B3LYP/6-31G(d) adsorption energies (kJ/mol) foivime f
different monos dissociative single adsorption configurations of the phenanthrene
molecule on the Si(100) surface. Thetgp single dimer cluster model, giH»4 V-trench
and SjiHoo triple dimer cluster models are used to perform the calculation. Geesetri
are fully optimized and frequency analysis shows no imaginary normal moalé tfoe

configurations.
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(d) (e)

Figure V-3. Pictures of the five different moaadissociative single adsorption

configurations of the phenanthrene molecule on the Si(100) surface: (a) 2smbH&-

monow, (c) 13-monos, (d) 1-monos and (e) 4-mone-
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Figure V-4. Pictures of the two conformational isomers of the 2-nsaadsorption

configuration.
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adsorption energy is almost identical to the one of benzene too. Whereas the 4-mono-
configuration has the phenanthrene molecule closest to the hydrogen atoml@abthe si
dimer, the repulsion force between them is so strong that it even caused noticeable
distortion to the planar geometry of the phenanthrene molecule. Thus the 4smono-
configuration is much less stable than the 2-memonfiguration, and has about 30%

less adsorption energy than the later one.

We have also explored the cluster size effect of the adsorption enetlyg for
dissociative single adsorption configuration of phenanthrene molecule. V-{@pntip,)
and triple (Si1Hzo) dimer cluster models are used to recover the surface interaction
between silicon dimers that are in different rows or in the same row, regbgedtinlike
the strong cluster size effect we have seen in Chapter Il for soneadl€orption or
dissociation configurations (see Section C.1. of Chapter Il), the adsorptigy enhdne
dissociated phenanthrene molecule cannot gain enhancement when larger cluster model
are used. This is due to the fact that the dissociated phenanthrene adsorption models have
normal C-Si covalent bond between the phenanthrene molecule and the dimer silicon
atoms. Unlike the dative bond we have seen in some CICN adsorption and dissociation
structures, the normal C-Si covalent bond here for the phenanthrene molecule does not
have much electron density that needs to be dispersed by extended cluster suefiace dim
Thus, the larger cluster models cannot provide extra stabilization effinet tlissociative
single adsorption configuration of phenanthrene molecule. In fact, the repulsion force
from the neighbor dimers may actually increase the energy of the adsorpt

configuration, which can cause smaller adsorption energies for the ¢duger models.
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This explains that in a few occasions, when larger cluster models are ussatsdh@ion
energy for the dissociative single adsorption configuration of phenanthrenaitaolec

decrease by a small amount.

D. CONCLUSIONS

We have investigated the adsorption energy of theidiact chemisorbed and mowo-
dissociative single adsorption configurations of the phenanthrene molecule adsorbing
the Si(100) surface. By using the silicon dimer cluster models, the DETlatans have
shown that the possible diintact chemisorbed phenanthrene can be separated into [4+2]
cycloaddtion and [2+2] cycloaddtion two different families, which is very sirtoldnat
of the benzene adsorption configurations on the same Si(100) surface. It is fouhd that t
adsorption energy is selective to the type of the carbon atoms to which the touoer si
atoms are connected. The adsorption energy is at maximum when the tvidizetiyr
carbons are located within the same hexagonal ring. When one or more of these
rehyridized carbon atoms are shared by the other rings, the adsorption enaugi is
smaller due to the enhanced distortion effect from the rehyridized cadros. athe 1,4-

di-o and the 12,13-d#configurations are the most stable [4+2] cycloaddtion and [2+2]
cycloaddtion products, respectively. Their adsorption energies are found tgdrelian
then benzene analogies, possibly duo to the resonance stabilization effetitdrtwo

extra unsaturated hexagonal rings. We have also noticed that the phenanthrene [2+2]
cycloaddtion adsorption has a selection rule that's analogues to a neetadllbenzene

molecule, 1,2-ds and 3,4-dis configurations are energetically favorable, while the 2,3-
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di-c configuration has positive adsorption energy. This selection rule is possibly due t

the stability difference among the different resultant resonangestes.

For the monas dissociative single adsorption configurations, we found that the
phenanthrene adsorption models are less stable than that of benzene moleculéedue to t
larger repulsion force between the phenanthrene molecule and the hydrogen atom that
locates on the silicon dimer surface. The cluser size dependence is found todmealery
for the phenanthrene momodissociative single adsorption configurations, which is
consistence with that the C-Si bonds for these configurations are normartdxahds

instead of dative bonds.
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CHAPTER VI

Quantum Capping Potential for Silicon Cluster Models

A. INTRODUCTION

In the previous chapters, we have shown the usage of hydrogen capped silicon cluste
models to model chemistry reactions on Si(100) surface. Even though the hydrogen
capped silicon cluster models are widely used, there are limitations on thizdnséll.
One biggest drawback is that the hydrogen capping atoms are artificiallimiraduce
unreal change the electronic environment of the surface cluster modelse#dt, large
cluster models are often needed to minimize the unphysical effect from thte adde
hydrogen link atoms, which will cost a lot of computer time. In order to overcome the
drawbacks of using hydrogen capping clusters, researchers have inve Stayatel
other approaches, such as surface slab métiélswever, due to the expensive cost of
computer time, the usage of slab models is very limited. Typically, only thedsiv
Hartree-Fock and density functional methods are applicable in slab model coomputat
Thus, the cluster models are still the center of interest for manycksgaups. In this
chapter, we will discuss the alternative approaches to build cluster modelsutldat ¢

result in better performance than the hydrogen capping method.
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We start our discussion with a brief review of the development of cluster model.
Despite the outstanding accuracy and wide usage of modern quantum chemisgrintheor
theoretical computations, its application is limited to small system modbisiue to the
expensive cost of computer time. However, many areas of chemistrycrerearadays
require the treatment of large scale systems. For instance, the bidchegaistion
involving large protein molecules or the modeling of surface chemistcyioas often
requires thousands of atoms. Pure quantum mechanical treatment of theseisystems
extremely difficult even at the modern super computers. Thus, researchers ha
developed a hybrid treatment of the large scale chemistry systemttigpgglinto a
small quantum mechanical (QM) modeled region which is active during tmestee
chemistry reaction, and a lager molecular mechanical (MM) modelezhredpich
remains almost unchanged during the chemistry reaction. The MM modeled region ca
be treated with very cheap computer time cost and yields an averegealeotential
field that applies to the QM region. The biggest challenge of applying this metsat li
the treatment of the boundary covalent bond between the QM and MM regions. The
unsaturated electrons on the QM region can cause unphysical bonding. Two strategie
have been used to solve this problem. The first method, namely the ‘link atom’ approach

124125126 yses single valence capping atoms like hydrogen atoms to terminate the

unpaired electrons. The second formalism applies local self consistent B2’ 128

12913045 the boundary atom. Link atom approach is easy to use with quantum chemistry
software packages. Procedures like integrated molecular orbital mole@dhanics
(IMOMM) method**! or surface IMOMM (SIMOMM)**? have been successfully

developed and widely used by many researchers. However, it is discoverée tivdt t
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atom can change the electrical environment of the studied object, as we merttibeed a
beginning of this introduction. On the other hand, the LSCF formalism does not require
the artificial addition of link atoms and has shown good results in minimizing thgyener
of protein reaction pathway$’ *221%°1% To solve the issue that LSCF requires
reparametrize when applied to new systems, another analogous approachtimamely
generalized hybrid orbital (GHO) method, has been developeditddnlike the capping
atom approach, the LSCF method requires extra programming and is harder todrandle f
researchers; care must be taken in order to obtain suitable LSCF parawbtrshe
charge of the frontier atom is large, big errors in energy calculatitinsccur ***. Also,
LSCF method is very sensitive to the size of the QM region, it is shown when seall si
of QM region is used, link atom approach is actually more preferred than@fe LS

method>*,

Recently, several research groups have investigated the application of using
pseudoatoms instead of hydrogen as the link atdm& with effective core potential
(ECP) parameters optimized to reproduce the truncated covalent bond, these
pseduoatoms have shown great improvement over hydrogen atoms on recovering the
chemistry environment of the studied objEet**® A study of applying silicon quantum
capping potentials (QCP) has attracted our attention as this approach has shown
promising results on recovering the chemistry properties of ideal extemdadesusing
small cluster models to minimize the computer time t8sWe decided to test this
approach, verify the suitability of this method, and apply this method to our silicen dim

cluster system.
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Figure VI-1. The molecule shape of disilane and the corresponding QCP model.
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The development of silicon QCP starts with th&-SiH; disilane molecule. With
keeping one Sikimoiety unchanged, a silicon atom with psudopotenials and valence
basis sets of Ingel-Mann, Stoll and Pret¥svere used to replace the other Sikbiety
(Figure 1). Then one shielding and three Pauli potentials were used to cap the empty
valence at the ‘pseudo silicon atom’. The exponents and coefficients of the applied
potentials were optimized to reproduce the Si-Si bond length, H-Si-H bond angle and the
Mulliken charge of the original disilane molecule. With applying 6-31G(dslsetion
the normal silicon and hydrogen atoms and using Gaussians to expand the potential of the
form:

U(r)=r2xCries” (1)

DiLabio and et al. have obtained the optimized Gaussian exponents and coefficiants for
one electron QCP of the silicon atom (Tablel). It has been shown QCPs aerdtdasf
and independent of the ECP type that is used to represent the core efétttbus these
optimized parameters can be applied to other silicon models including the siliceesurf
dimer models. Our exploration of the QCP method on the Si dimer models adapts the

parameters from DiLabio’s pap&Y.

B. COMPUTATIONAL DETAILS

We limit our QCP calculation to small cluster models as the cluster prayestyall
models are expected to improve the most from this approach. Bare single ldster ¢
model S§H;, and the model with the surface dimer silicon atoms terminated by two

hydrogen atoms (&14) were constructed as the basis, QCP derivatives of these two
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1 0.539 -2.97
2 0.448 188.0
2 0.437 -376.0
2 0.126 188.0

Table VI-1. Optimized Gaussian exponents and coefficients for a one ele@GRDIQ

the silicon atom, table adapted from referetiée
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models are then built after them (Figure2).

Bigger cluster models including double dimer clustetstgi) and triplet dimer cluster
(Six1H20) models with both bare surface and hydrogen terminated surface were also
constructed in order to compare with the results obtained from corresponding QCP
calculations. To test the actual performance of the QCP cluster model on Huoe surf
chemistry reaction, we performed calculations of the single adsorptiorisndde
phenanthrene and the CICN adsorption/dissociation models onykhe Suster as well
as the corresponding QCP derivatives. The B3LYP methGdrom Gaussian 03
software packag is used to perform all the calculations. Standard 6-31G(d) badfs set
is applied to all the normal atoms. For the pseudo-silicon atoms that are used ta perfor
guantum capping, the same basis set and identical parameters as those flmoisDiLa
paper’ are used. All calculations include the full geometry optimization with no
constrains. The validity of the resulted structures is verified by frequeicylation,
every stationary structure is confirmed to contain no imaginary normal mddevary

transition state structure is confirmed to have only one imaginary normal mode.

C. RESULTSAND DISCUSSION

We have listed our results for the electron affinity and HOMO-LUMO engagyof both
the bare and hydrogen terminated silicon cluster models in Table 2. When the surfac
dimer silicon atoms are terminated by hydrogen atoms, QCP method has shown very

promising results on reproducing the electrical property of the largercistiels, while
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using only a small single cluster model. When we increase the clizgtéran single

dimer to triple dimers, the electron affinity of the hydrogen capped clnsteel

increases from -0.433 eV to 0.830 eV (~291.7%) and the HOMO-LUMO gap increases
by1.483 eV (~24.5%) during the same time. For the QCP models, the electron a&finity i
quite close to that of the large cluster models for a single dimer clustetheelectron
affinity only increase by 0.075 eV (~4.4%) when the cluster size grows from dingge

to triple dimers. Also, the HOMO-LUMO gap shows no appreciable variation (<8.1%)
with the cluster size change. This observation is consistent with the resuDilcaiyio’s
work **” and our calculated EA and H-L gap for the single dimer cluster and double

dimer cluster are very close to those of DiLabio’s.

The promising results of the QCP method on the hydrogen terminated cluster models
have shown a good potential of this approach in the surface chemistry researeheiiow
when we check the results from the bare cluster models, we have found much less robust
conclusions. The electron affinity of QCP increased by approximately O\6@hen
increase the cluster size from single dimer to triplet dimers, this ieatasinot much
less that the 0.772 eV increase observed in the hydrogen capped models, and is much
bigger than the 0.075 eV increase found in the hydrogen terminated QCP models. Also,
the HOMO-LUMO gap decrement was even larger for the QCP method (0.30dagaV) t
in the normal hydrogen terminated clusters (0.228 eV). This result callguastion
whether the QCP methods can actually improve the performance of sroaft silister

models used for studying surface chemistry reactions.
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(©) (d)
Figure VI-2. Pictures of (a) Hydrogen-capped bare single cl(lstétydrogen-capped
hydrogen terminated single cluster (c) QCP-capped bare single ct)siCP-capped

hydrogen terminated single cluster.
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The result of applying QCP method to the single adsorption of phenanthrene on the
silicon single dimer cluster has confirmed our doubt (Table 3). The adsorptigesrar
all the ten different adsorption configurations corresponding to the adsorption of
phenanthrene through the five different carbon atom positions are recomputed by QCP
approach, except for the adsorption configurations througt*tharbhon atom from the
phenanthrene molecule (see Section in Chapter V) due to the convergence problem. The
adsorption energy on the QCP models are 13-26% less than that of the hydrogen capped
models. Even though in Chapter V (see SectiontCChapter V), we have found the
cluster size effect is not very significant on the phenanthrene single aoisongtdels,
and the adsorption energy may actually increase by a certain small drm6an)
possibly due to the dimer-dimer repulsion effect, the significantly recadsalption
energy for the QCP models casts doubt on the application of this methodology to Si

cluster systems.

To further verify the effect of applying QCP approach to the surfaceistigm
reactions, we performed the calculation of the CICN adsorption/dissociatimiesne
using QCP models. We have found that the similar adsorption energy reduces also afte
applying the QCP method. As we have seen in Chapter Il, the adsorption eakrgies
CICN1 and TS1 structures have significant cluster size dependence, and edtetr a
higher value (more negative number) when larger cluster model is used due toethe bett
electron density delocalization effect on larger cluster models. Unfogtyntite
adsorption energy decreased by approximately 30% to 60%, when replacing hydrogen

capped cluster models with QCP ones. This observation has further confirmed our doubt
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Model EA(ev) EA-SP“ev) H-L gap(ev) H-L gap-SP“"(ev)
Hydrogen Terminated Single -0.433 1.719 6.042 3.018
Doubel 0.363 1.702 5.110 3.262
Triple 0.830 1.794 4,559 3.177
Bare Surface Single | 4 43 1.804 2.204 2.145
Doubel |5 285 2.365 2.125 1.879
Triple 2 503 2.496 2.066 1.841

Table VI-2. Electron affinity (EA) and HOMO-LUMO gap (H-L gap) for there and hydrogen terminated, single cluster model,

double cluster model and triple cluster model, with normal hydrogen atom cappilCP capping methods.



about the applicability of QCP method to our surface chemistry studies.

In order to find out the reason for the failure of QCP method at the bare silicon cluster
models, we have plotted the shape HOMO and the LUMO of the hydrogen capped and
QCP capped bare silicon single dimer clusters (Figure 3). It is shown tH4D¥© and
LUMO for the QCP models are more compact than that of the hydrogen capped. models
This could decrease the electron delocalization capability of the cluster@edsiethe
stability of the chemistry adsorption configurations. The plots of the HOM&eoCICN
adsorption configurations indicate that the electron density is more de&utaiio the
bottom silicon layers for the QCP models (Figure 4). However, the elatgromity of the
covalent bond between the adsorbate and the substrate decreases and the stability of the
adsorption configurations is weakened. Thus, the QCP models do not give better

adsorption energies.

D. CONCLUSIONS

The QCP approach has been proposed as a cost efficient method on restoring the
chemistry property of large bulk of silicon surface through using smalkctudt has
shown promising results on the hydrogen terminated silicon cluster modelsvétpwe
our calculation shows its application to the bare silicon cluster models, whicloae m
commonly used in surface chemistry study, is problematic. The calculattdele
affinity and HOMO-LUMO energy gap shows QCP approach has no significant

improvement on recovering the properties of the bigger cluster models compatieg t
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Order H-Capping Si®“*-Capping Adsorption Energy
(kJ/mol) (kJ/mol) Differential
2 -187.1 -160.0 14.5%
3 -186.7 -161.0 13.7%
13 -179.2 -150.1 16.2%
4 -145.2 -107.6 25.9%
1 -177.1 N/A N/A

Table VI-3. Calculated adsorption energy of the single dissociative adsoopti

phenanthrene on the single silicon cluster model with normal hydrogen atom capping and

QCP capping methods and the energy differential between the two methods.
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Order H-Capping Si%“*-Capping Adsorption Energy
(kJ/mol) (kJ/mol) Differential
SiCN1 -397.7 -383.5 3.6%
SINC1 -365.0 -351.8 3.6%
CICN2 -202.0 -193.4 4.3%
CICN1 -44.4 -32.1 27.7%
TS1 -20.9 -8.6 59.1%

Table IV-4. Calculated adsorption energy of the CICN adsorption conigusaas well
as the dissociation derivatives on the single silicon cluster model with nordrablen
atom capping and QCP capping methods and the energy differential between the two

different methods.
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(@) (b)

() (d)

Figure VI-3. Pictures of (a) HOMO of the Hydrogen-capped bareestigster (b)
LUMO of the Hydrogen-capped bare single cluster (c) HOMO of the GpPecl bare

single cluster (d) LUMO of the QCP-capped bare single cluster
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() (d)

Figure IV-4. Pictures of (a) HOMO of the CICN1 configuration in Hydregapped
single cluster (b) HOMO of the CICN1 configuration in the QCP-capped sthgieer
(c) HOMO of the TS1configuration in Hydrogen-capped single clustel @O of the

TS1 configuration in the QCP-capped single cluster
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conventional hydrogen capped models. Our calculation of the adsorption energy of the
CICN molecule and the phenanthrene molecules have also indicated that the Q@GP mode
have worse performance than the conventional hydrogen capped models. The analysis
of the molecule orbital shape of the bare cluster models shows the electriy aletise
surface of the QCP models is more compact than that of the conventional hydrogen
capped models. On the cluster models with molecule adsorbing on them, the electron
density of the QCP models has become more delocalized. However, the QCP approach
delocalizes the electron density into the bottom layer of the dimer clustel imstdad

of the neighbor dimers as that of the bigger cluster models. This unphysicallvatistri

of electron density has weakened the bond strength between the absorbate and the
substrate and resulted with less favorable adsorption energies, which is in conitadic

the behavior of the larger cluster models. Thus, we can conclude that the QCIRelapproa
brings in unphysical change to the electrical environment and gives wetdes than the

conventional hydrogen capped method.
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