





General Introduction

The birth of quantum mechanics in physies at the beginning ot the 20th century
makes it possible to understand how the electrons and atomic nuclei form the chemical
bonds that bind the atomic nuclei in molecules and solids. At the same time. the no - held
called quantum chemistry which meant applications of quantum mechanics to chemic
problems was born. Although the application was mainly of qualitative nature in early
days. it has been developed rapidly since the 1960s with the appearance of powerful
computers. Now quantum chemistry is indispensable to studies in various fields of
chemistry.

The methods to describe the electronic structure of atoms and molecules are
classified into two different theories: the molecular orbital (MO) theory and the density
functional theory (DFT). The MO theory that is based on the one-electron approximation
has been a conventional idea for both the calculational method and the theories of
reactivities of molecules. The Hartree-Fock approximation established by Roothaan and
Hall, for instance, is known to be used widely as the first step in many ele: -onic structure
calculations. and the theory of o ital-symmetry conservation by Woodward and
Hoffmann and the frontier orbital theory by Fukui are based on the  ickel MO thec .
Moreover, there are excellent methods, such as the configuration int. iction, the cluster
expansion, and the perturbation theory. that estimate the electron correlation energy
beyond the Hartree-Fock approximation. The growth of the MO theory has led >
prosperity of quantum chemistry.

On e other hand, the DFT in which an electronic system is described by the
electron density p(r) instead of the wave function ¥(r) has also been developed recently.
Although the « ginal idea of this theory was initiated by Thomas and Fermi in 192 . this
theory was established by Hohenberg and Kohn in 1964. Hohenberg and Kohn proved
that an external potential v(r) is a 1ique functional of p(r). That is, they showed that ¢
ground state of many-particle system is a unique functional of p(r). They also shc ed

that the energy functional E[p(r)] equals the ground-state energy £ for the co >t ).









1. Introduction

Reactions are essentially a series of formations and breakings of bonds betwee
atoms. The development of the precise picture of atoms and chemical bonds has atfected.
therefore. the outlook of chemists.! The mechanisms of reactions that they propose must
be in harmony with the theoretical concept of bonds. The formation of new bonds
between the reagent and the reactant is brought about by mutual electron delocalization.”
In this interaction, the highest occupied (HO) MO and the lowest unoccupied (LU) MO
play usually the dominant roles.3> The energy levels of the HOMO and the LUMO have
been connected with some important quantities of molecules, e.g.. the "electronegativity”
by Mulliken®, the "absolute hardness” and "chemical potential” by Parr er al.7-? The
concept of "hard and soft acids and bases" (HSAB) proposed by Pearson is related also
to the frontier orbital energy levels. 1014 These are all molecular quantities, represent g
the chemical and physical properties that apply to the whole system. @ molecule, an ion, or
a radical. However, the reactivity of molecules should be related essentially to the power
of an atom or a functional group in a molecule to attract or release electrons. Thus. in the
f ntier orbital approach, the amplitude on an atom and the nodal property —etween atoms
in the HOMO and the LUMO are of crucial importance.3> As ¢ syster  that we study
become more and more complicated, we need a way of connecting the abilities of a
molecule for electron donation and acceptance in reactions to some local quantities.  In
evaluating those, it is important to take the effects of the molecular periphery appropriately
into account. We report here that analysis of the bonds that are being formed and broken
with the progress of chemical reactions leads to a reactive scale that will be applicable to

large molecular species.

2. Results and Discussion
2.1. Transient Bonds in Chemical Reactions
Electron delocalization between two molecular species is represented by a

combination of the occupied MOs of one part and the unoccupied MOs of the other



part.® S Though the HONMO w1 the clection-donor part and the LUNMO of the electron-
aceeptor prut play the domimant roles: the MO relevant for the orbital interactions tend 16
crease in number. as the mteracting species becomes larger in size. To evaluate the
participation of other MOx in chenucal interactions, 1t may be helptul to utilize a concept
of hybridized MOs. The situation is similar to molecules in which chemical bonds are
represented compactly in terms of hybrid atomic orbitals.! The hybridized MO should
have a large amplitude in a particular region of the reactant molecule to specity the active
site and should have an appropriate nodal property to indicate the bonds that are broken or
strengthen in the course of the reaction.

First, we want to see the orbitals that participate in electron delocalization. Then. we
carry out simultaneous transformations of the occupied MOs ¢; (i = 1, 2. ..., m) of the
donor part and the unoccupied MOs (I =1, 2. ... N-n) of the acceptor part within
cach of the two fragment species so as to represent the intermolecular elements of the
bond-order matrix for the composite reacting system in terms of the pairs of hvbridized
Jragment MOs. (¢'r. y/p). [ being the smaller of m and N-n .1516 The simplest example to
apply the method, with abundant experimental data, may be electrophilic substitution of
aromatic molecules.!” Figure 1 sketches the benzene molecule interacting with an
attacking ~ Oo™* to cause an electrophilic aromatic substitution. The transition-state
structure for e system in the presence of a methyl alcohol molecule has been
determined.'® The calculated C1-N distance was reported to be 2.48 A.18 This C-N
length may be too long to form a covalent bond. To make simpler our arguments here, we
have fixed the 'I-N bond at 2.5 A and at 2.0 A and determined the other geometrical
variables disregarding the solvent molecule. The MOs of the interacting system and of
the two fragment species were calculated by applying the Gaussian 92 program with the
simplest STC 5G minimal b s set.!? The pair of orbitals that pla: the principal role in
electron delocalizatio  from the benzene part to the NO»* part is presented in Figure 1.

At the stage shown by  ~.y =2.5 A, the orbital of the benzene part looks similar
toits HC O, but the orbital was amplified on C1, C2. and C6 and was attenuated on C3

and C5. This distortion of the orbital becomes clearer at Rei.n=2.0 A. The interaction

Figure 1. A sketch of the reaction model for nitration of benzene and the pair of
orbitals t. ing part in electron delocalization from the benzene part to the NO-*
part. The orbital of benzene is shown on the left and that of NO>* on the right.
The orbitals are illustrated arbitrarily in e plane parallel to and 2.0 A above

(for Rep.n =25 A) and 1.0 A above (for Ry N = 2.0 A) the plane defined by €2,
C3, C5, and C6.



is three-centered in the benzene pait. the carbons C2 and C6 adjacent to the reaction site
ClLtaking part i the election delocalization to NO~*. The HOMO is the dominant
component ot the iiteracting orbital 0'y of the benzene part. but another w-type MO, 7).
participates significantly in the orbital 0’y to mix in-phase with the HOMO on the reaction
site. C1. The resulting orbital is strongly bonding between C1 and C2 and between C1
and C6. This mdicates that the © conjugation is weakened between the reaction site and
the adjacent carbons upon electron donation to the attacking cation. This is obviously in
harmony with the chemists” view of bond interchange in this reaction process that the C1—
(2 and C2-C6 bonds arc converted into single bonds. while the conjugation is retained in
the remaining part o give a o-complex.!” Theoretically, an old reactivity index,
“localization energy”, was proposed by assuming intuitively such a change in conjugation
in the reaction course.20

A part of the electrons donated from the orbital ¢’y of the benzene part is not
transferred to the paired counterpart y'y of the NO»* part, but is retained in the region
between the two species through the overlap between ¢ and 'y to form a loose bond
between the C2-C1-C6 region of the benzene part and the nitrogen center of the
clectrophile.? As the interaction proceeds, electrons are promoted to the unoccupied MOs
in the benzene part induced by electron delocalization and they participate in bonding
interactions with the electrophile unoccupied orbital.2! Then. the (C1. C2, C6)-N
transient bond is converted into the C1-N bond of the sigma complex. The mixing in of

the o-type MOs of benzene is not important at the early stages of the reaction.

2.2. Projected Reactive Orbitals

An important aspect of electron delocalization disclosed above is that it determines
the active structural units of the reagent and reactant molecules for a given reaction. It tells
us what bonds are formed and what bonds are broken. The next step for us is to find a
way of obtaining such orbitals without carrying out time-consuming MO calculations on
the composite reacting system. In the reaction model studied above. the benzene is

supposed to produce the orbital that has the maximum amplitude on the reaction center,

C1. by combining the occupied MOs. In the occupied MO space. however. the orbital
cannot be localized completely on the reaction site. but 1s delocalized over other carbons.

Now, projection of a certain orbital function. 8, onto the occupied MO su Hace of
a molecule should give the occupied orbital, ¢,,.(5, ). that has the maximum amplitude on
the function. &, .22 The projected reactive occupted orbital. ¢, (5, 1. of an solated
reactant molecule 1s given by

m m

0,.8) = (X diyo/(2 d,])" 0

=1 =1

where d; , is the coefficient of the occupied MO ¢; in the linear expansion of o, in terms

of the occupied canonical MOs ¢; (i = 1, ..., m) and the unoccupied canonical MOs @; (j =
m+1, ..., M):
m M
8= 2 do,+ 2, dy, 0, 2)
i=1 J=m+ |

To discuss the reactivity of a carbon in benzene against an electrophile, it is simplest
to take the 2pm AO of the reaction site as the reference orbital. 8. One may find easily
that the intermixing of the one of the HOMOs, nt3, with the T} MO of benzene gives rise
to e orbital that has the largest amplitude on C1, but is delocalized on 1e adjacent
carbons, C2 and C6. The orbital is bonding between C1 and C2 and between C1 and C6.
Actually, the orbital obtained in this manner bears a close resemblance to the interacting
orbital @'y derived from an analysis of electron delocalization in the reacting system,
(benzene + NO»7T), though the projected reactive orbital is slightly more localized.
Inclusion of the 2pm AO of C4 in §, makes the projected orbital closer to the interacting
orbital, but we may take simply the 2pm AO of C1 as 6, in the present study. Application
of the same procedure to substituted benzenes should lead natur: 'y to e occupied
projected orbitals that are very similar in shape to the orbital of benzene.  Incidentally, the
reference function J, is not necessarily an AO, but may be an atomic hybrid orbital or a
combination of several AOs spanning a functional group, depending on the type of

reaction to be studied.



Now . the local electron donating potential of the structural umt associated with 6, is
given by

i m

)LU('((SI") = Z d,‘: g,)/( Z (/[",.A) . (3) AL (

1= =1

ol [ ] |
where ¢ signifies the energy of the MO ¢;. Note that the quantity defined by ¢q.(3) does B |
= ! - s |
not apply to the whole molecule. but represents a local property of an atom or a group. ~ ) A oy
‘ i S re gl
Abundant experimental results to see relative reactivities of substituted benzenes in an - o e Lo
aromatic substitution reaction have been interpreted very compactly in terms of the Lo e /"; e
a " »»:.c:\ "o e ON
Hammett ¢ parameter and its modified versions.23-27 Figure 2 plots the calculated A,,.. L g
e
values against the ¢ paramcters for various substituent groups. One sees a good S 1 ] e
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corre ion between the theoretical scale and the experimental one for various electron- o

releasing and -withdrawing gro s at different positions, meta and para. In contrast, ot . . - - . it
. coes P ! Figure 2. Correlation between the local electron-donating potential of reaction sites
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parameters deviate significantly from the theoretical scale for ~NJ ., ~OH, and ~OCHj3 and the Hammett 6 parameters for substituted benzene

gro Hs in the para-position, as illustrated in Figure 3. It has been suggested that these

groups have an additional stabilizing effect: The resonance between the benzene ring and

the substituent group that intervenes when an electronic charge is removed. Then, the - |

004
deviation from the theoretically estimated values will make it possible to trace the effects
involved in the experimental parameters into different origins. The parameters ¢ that 0.02 o
have been proposed so as to lift the direct resonance effect are seen to agree well with the . <O  CH
= 1 CHy
- L4 m-NH,
. . : ® ’
theore cal scales for p-NH», p-OH, and p-OCH3z groups, as shown in Figure 4. ~oer . S
- P a r @ " OCH,
Unfortunately, the correlation between the theoretical scale and the ¢ parameters is worse = "Ele ol
Cl e n CFy
i whole, relative to the original o parameters. Adjustments within these parameters may o ® e moN
® ¢ 'CN
be necessary. Now, the theoretically estimated electron-donating potential may be utilized e 2
-0.04 I I ! ! '
as a reliable measure of discussing the reactivity of atoms and groups in any other type of s 0 05 0 03 Lo
. o'_
reaction.
Projection of the reference orbital function 6, onto the unoccupied MO subspace Figure 3. Correlation between the local electron-donating potential of reaction sites

- - - - ‘ . : 7 and the 1mmett o' parameters for si  stituted benzenes.,
gives rise to the unoccupied reactive orbital that has the maximum amplitude on §,:22
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The electron-accepting capacitance of the structural unit is evaluated then by
i i
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Now. the reference function is rewritten in terms of ¢, and 0., as

m
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It follows then that we can evaluate the power of the reaction site to attract electrons by

m M
*/1(5r):_(2d1‘,r25i)“( z di.rzg./')

=1 J=m+1
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oc¢
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The coefficient «2 varies in the range between 0 and 1. depending on the reaction
site or the ft ctional group of a reactant molecule used for the reaction. If ¢2 is 1, the
reaction site serves only as an electron donor, whereas the reaction s : serves only as an
elect 1a ptor when a? is 0. Thus, @2 and (1 — «?) measure the efficiency of a reaction
site as an electron donor and as an electron acceptor, resper vely. The effic :ncy is
related obviously to the localizability of the projected oc ied and unoccupied orbitals.
@oe and @0, 00 6, and, hence, to the localizability of interaction on the reaction site, i.c..
a?and (1 — a?) represent, respectively. the active part of ,.an  of @, In the case a2
= 1/2, eq. (7) 1s forma ; equivalent to the ulliken electronegativity of a molecule.?
Thus, we can regard —A as giving the local electronegativity of the reaction site. This may
be quite natural, remembering that the electronegativity indicates the power of an atom (o
attract electrons in a molecule in the origin  definition by Pauling 2%

The electron-donating and -acce ting abilities of the functional unit are define

respectively, by2?






3. Conclusion

Electron delocalization 1s the major driving force of chemical reactions.  An
analysis of electron delocalization has disclosed an attracting behuvior of molecules in
reactions that they recombine their MOs to give the orbitals that are localized specitically
around the reaction site. They tell us what bonds are formed and what bonds are loosened
in the course of reactions. By taking the interaction between benzene and NO2* as an
example, it has been illustrated that these interacting orbitals are reproduced approximately
by projecting a certain reference function onto the MO subspaces. This finding is
connected intimately with the fact that chemical interactions are local by nature: Various
reactants different in size and structure undergo the same type of reaction if they have the
same functional group, while a compound undergoes a variety of reactions against
different kinds of reagents. as has been observed in experiments. We can thus estimate
local ¢ ctron-donating and -accepting abilities of an atom or a functional group in large
molecules by MO cale  ations and interpret them in terms of local electronega /ity and

chemical h  dness of reaction sites.
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Chapter 2:

Population Analysis along the Intrinsic Reaction Coordinate:

Application to 1,3-Dipole Cycloaddition






the overlap matrix arises trom the LCAO formalism  In usual quantum chemical
calculations. cach AO 15 centered on the nucleus of an atom. except for the case with the
floating orbital or the planc-wave basis set. These two contributions must be classified.
This kin ol divisions has already been introduced in the force theory. Nakatsuji er al.
investigated the analytical second derivative of the potential energy satistying the
Hellmann-Feynman theorem and discussed the role of each term in the second derivative
of the Hartree-Fock energy .20

In the present study, the derivatives of the gross atomic charge, the bond order, and
the atom valence with respect to the nuclear positions are calculated analytically along the
ntrinsic reaction coordinate (IRC). This method is applie to a simple 1.3—-dipole
cycloaddition reaction between fulminic acid and acetylene. The 1.3—dipole cycloaddition
reactions are important not only from a synthetic viewpoint but also from theoretical
nterests with respect to the reactivity an  the regioselectivity. Some interesting studies
have recently been done using the dens 7 functional theory (DFT) and a hard and soft
acids and bases principle (HSAB) model for 1,3~dipole cycloaddition reactions.27.28
Chandra er al.27 investigated the cycloaddition reactions between 1,3-dipoles and
dipolarophiles and observed that the hardness went through a minimum along the reaction
coordinate. Méndez er al.28 have used the formalism of interaction energy and suggested
that the electrophilic nature of 1,3—dipole and the nucleophilic nature of dipolaropl es
were important. Furthermore, they indicated that reshuffling of the charge distribution
shouv 1’ be more important than charge-transfer processes. On the other hand, Karadakov
et al. st lied the mechanism of 1,3—dipole cycloaddition in terms of the valence-bond
theory.2? They examined the spin-coupled wave function along the reaction coordinate
around the transition state and concluded that the following description (I) should be more
plausible than (IT), by which the mechanism of 1,3-dipole cycloaddition was usually

represented.

0
[t /M
N I - :N\ H
—\W C N _-C
/ /
H H .
’/O'ﬁ, - /O\CH
N I — N ]
L\\\ C_H \\C/CH
/ /

Having their discussion in mind, the reaction mechanisn is investigated here by means of

the population analysis using the Hartree-Fock electron density.
2. Methods of Calculation

In this study, the LCAO-MO approximation for the Roothaan-Hall equation3® is

used:

0(r) =2 ¢, x,(r), (

where c¢y; 1s the coefficient of the AO y,(r) in the ith MO ¢i(r). With this formalism,

the density matrix P consists of the elements P, with respect to the atomic orbital :

)
=

5
Pﬂ" =2 Ai‘ Cuicw .

According to the Mulliken's population analysis!?, the gross atomic charge of the atom A,

qa- 18

A

gi=2 (PS)W . (3)

]
where § is the overlap matrix composed with the elements S .

S = r){ﬂ(r)x\‘(r)c . (4)

Hyv

Therefore, the Mulliken gross atomic charge naturally corresponds to the partitioning of

electron density p(r) with respect to AO22:






As shown i eqg. (100, the derivative of the Mulliken gross atomic charge is given by two
ditferent contributions.  The first term on the right-hand side represents the contribution
from the change in the density matrix without the change in the overlap matrix. that is to
sav. the redistribution of electrons due to the nuclear motion. This term is called the
density derivative term. What is more, this term is able to be divided into two terms: the
renormalization term and the relaxation term.  On the other hand, the second term
represents the contribution from the change in the overlap without the change in AO
coetticients, and hence, this is called the overlap derivative term.

By transforming the rivatives with respect to the 3N Cartestan coordinates into
those with respect to the 3V mass-weighted Cartesian coordinates x, (1 =1, 2...., 3N), the
derivative of the Mulliken gross atomic charge with respect to the intrinsic reaction

coordinate (IRC) 1s given by
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where V is the adiabatic potential of the reaction system and where the IRC-equation**

9V
dy,_ 0% 15 3
dS —-E (I— Ly ..,‘N) (17)
ds
has also been used. In the same way, the derivative of the bond order is given by
IV
51,{1‘,’1 — S 81,41;5}7
ds — = dx, dV- (18)

ds

The derivatives of the atom valences are also defined in a similar fashion. These
derivatives are divided into the redistribution part of the electron density p(r) and the
exchange part of the second-order density matrix along the IRC.

The restricted Hartree-Fock scheme with Pople's 6-31G** basis set?Y was used for

calculations. The 6-31G** basis set is known to give reliable results for the population

analysis. The geometry optimization and analytical frequency analysis w ¢ HF
calculations were performed with the Gaussian94 program package S0 The

. ~ . 1 . . b
calculations by the Gonzalez-Schlegel algorithm " with the step size 001 amut/2he

were done with the GAMESS program.

3. Results and Discussion

Concerning the 1.3-dipole cycloaddition reaction. Huisgen? proposed the
concerted single step reaction mechanism. while Firestone*! proposed that this reaction
should take place in two steps via a biradical intermediate. Schlegel er al. ! performed the
MC-SCF study of three different 1,3—dipole cycloaddition reactions and concluded that
the concerted single step pathway was preferred to the biradical path. Therefore, the

concerted single step reaction is considered here in our study.

3.1. Energy and Geometries

" e optimized structures of the reactants. which are fulminic acid 1 and acetylne 2,
the transition state TS. and the proc ct, isoxazole 3, are shown in Figure 1. The total
energies are presente in Table 1. The activation energy of this reaction is 35.50 kcal/mol
and the reaction energy is exothermic by 81.65 cal/mol (including zero-point ¢ rgy
correction). In literature, it has been reported that the activation energy is 26.0 kcal/mol
and the reaction eners— is 66.9 kcal/mol (exothermic) at the MRCI //MCSCF/4-31G
level. 4! Another study4? has shown that the activation energy is 11.0 kcal/mol and the
reaction energy is 77.7 keal/mol (exothermic) at the MP4(SD™ ))/6-311G(d.p)//HE/6-
311G(d.p) level. More recently, it has been reported that the activation energy 1s 12.2
keal/mol at the CASPT2//CAS(6,6)/6-31G* level.2Y

Figure 2 shows the potential energy rofile along the IRC. At the point s = 5.9, the
IRC connects practically to the product. The changes in bond lengths and bond angles

along the IRC are shown in Figures 3 (a) and (b). respectively. Here. the numbering of the
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(a)

Figure 10. Contour maps of the density differential with respect to the IRC in (a) TS

and (b) s=5.5 on the Cy plane.

Contours are drawn by solid lines: 0.3, 0.1, 0.03, 0.01,

0.003. and 0.001: dashed line: 0.0; broken lines: -0.001, -0.003, -0.01. -0.03, -0.1, and

-0.3.
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performed within the Hartree-Fock tormalism. It is possible to extend this study. by

using wave functions of higher accuracy. 1

4. Conclusion

The population analysis along the IRC has been investigated. The derivatives of the
Mulliken atomic gross charge and the Mayer's bond order with respect to the nuclear
motion along the IRC have been calculated analytically. These derivatives have been
divided into two components: the derivative term of the density matrix and the derivative
term of the overlap matrix. Furthermore. the density derivative term has been shown to be
divided into two parts, namely, the renormalization term and the relaxation term. The
method has been applied to the 1,3—dipole cycloaddition reaction between fulminic acid
and acetylene using the Hartree-Fock electron density. Concerted but non-synchronous

bond formation has been described clearly in this analysis.
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Quantum Chemical Study on Low Energy Reaction Path for

SiH4 + O(ID) — SiO + 2H>
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1. Introduction

One of the methods to produce SiO> laver over the Si surtace is the chemical vapor
deposition (CVD) by using oxygen gas and silane gas.! A number of relevant reactions
have been examined?-12 and some interesting studies have been published recently.!3-10
But little is known about the mechanism of this oxidation reaction not only on the surface
but also in the gas phase. Therefore, we have been applying quantum chemical methods
to study these problems. At the first step of a series of these studies. we take up the gas
phase reaction between singlet oxygen(!D) and silane (SiHy).!7-24 This is because
excited oxygen species are considered to be important in the CVD reac Hn. especially
plasma CVD reaction, while the detailed reaction mechanism is not well established. For
this reaction, Koda er al. observed SiH3 and OH as the reaction products by means of
infrared diode laser kinetic spectroscopy.2> Recently, Tezaki et al. have studied this
reaction in more detail by laser-induced fluorescence (LIF):26

(1) The overall observed rate constant is 3x10-10cm3molecule-!s-!, which is three
times fas  than that of methane.

(2) AHa 1 wi detected as one of the products.

(3) A vibrationally excited (to v=11) SiO mc :cule was deter :d as a produ
species, and the rate constant agrees with the pseudo-first o er e constant of O atom
decay.

Moreover, v ra Hnal distril tion of product SiO in low v regime is ¢ 't om
that in high v regime as cc pared with prior distribution of surprisal a ysis.2®  his
suggests that a low energy reaction path does exists and lays an important role in
addition to the excited state reaction path. We have therefore examined this interesting
reaction system StHg + O('D) = SiO + . 5 using MP2(fc)/6-31G** level ab initio

molecular orbital calculations.
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harmonic vibro+i~nal fres iy

“AL the MP2/6-31G** level: in em™ .

species

Ho 4608(0g)

Si0 1176(0y)

OH 3844(0y)

H20 1682(ay), 3892(aq). 4030(h2)

SiH»> 1078(ay), 2168(aq), 2169(H2)

SiH3y 821(aq). 984(e), 984(¢), 2317(a). 2352(e), 2352(e)

SiH4 974(12), 974(12). 974(12), 1018(e), 1018(e). 2339(a), 2350(r2). 2350(12), 2350(12)
SiH30OH 225(a"), 713(a’), 756(a").856(a’), 930(a"), 998(a"), 1027(a’), 1073(a’), 2318(a"). 2324(a’), 2375(a ). 3964(a)
SiH»-HyO 158, 333, 475, 559, 720, 856,1061,1659.2113.2164.3841,3974

SiH30 475(a"), 637(a’), 834(a’), 971(a"), 1002(a’). 1058(a’). 2343(a’), 2357(a"), 2357(a’)
SiHpOH 276, 711, 812, 874, 925, 987, 2274, 2343, 3953

H,S10 728(h1), 728(h2), 1080(a1). 1188(a]), 2341(ay), 2354(b2)

cis- HSIOH
trans- HSIOH
TS-1
TS-2
TS-3
TS-4
TS-5
TS-6
TS-7
TS-8
TS-9
-10

687(a"). 761(a", 872(a"). 1018(a"). 2059(a’). 3909(a")

728(a"). 831(a"). 870(a’), 1004(a’), 2153(a"), 3903(a")

1480, 364, 524, 606, 792, 879, 1043, 1168, 1963, 2270, 2300, 3797
1360, 345. 632, 759. 806, 853. 998, 1136, 1652, 2265, 2369, 3944
1524i(a’), 575(a"). 729(a"). 856(a"), 980(a’), 1073(a", 1182(a’), 1234(a™). 20053(a’). 2232(a’), 2348(a"). 2350(a")
2116i(a’), 534(a"). 664(a”, 1118(u"). 1510(a”. 2359(c"

1125ia", 202(a"y. 817(a’), 979(a"), 2090(a"). 2217(a’)

7914, 308, 904, 918, 2055, 4077

1953i(a”), 946(a"). 1028(a’). 1241(a"), 1850(a"). 2071(d")

1443, 578. 626, 744, 916. 984, 1151, 1397, 1938, 1997, 2207, 3864
1402i. 551, 623,698. 928, 961, 1125, 1413, 1964, 2000, 2137, 3878
[338i. 396 &7 777 g()5, ©04¢ 000 1112 16]3, 2274, 2336, 307







One channel 1s direct decomposition (7) through TS-4 and another channel is via
rearrangement channel (8)—(9)—(10) through TS-5. TS-6 and TS-7. Reaction (7) has
high energy barrier of 88.78 kcal/mol and hence is of little importance.  While the
rearrangement channel (8)—(9)—(10) proceeds easily as found in Figure 1. In reaction
(9).  §-6 was found to have € symmetry at the HF/6-31G** level, while C; symmetry at

the MP2/6-31G** level. Y/

34 H>Si-H>0 Complex— cis- or trans- HSIOH
Although the favorable reaction path of SIH3OH is | elimination leading to trans-
HSIiOH or H>Si0, yet we propose the path to the SiH2-H>O complex is considerably
important. The H»Si-H>O complex has been consi :red a precursor of the reaction of
SiH> + H>O ading to SiH3OH so far.810° Zachariah and  hang considered that in the
¢ 1> + H»O reaction this CT complex forms at first, and then rearrangement of H atom
to silanol occurs. 0 In case of singlet carben, this kind of CT complex is not on the
reaction coordinate of CHy + HoO38-41 50 it is considered important in case of silicon
compounds. Indeed, in our present study, it is confirmed to stay on the reaction surface
bv HF/6-31G** level calculations of the intrinsic reaction coordinate (IRC) starting from
T¢ | as shown in Figure 1.
We propose a new reaction path of this CT complex leading directly to cis- or
rrans- HSit 1, not via formation of HpSiO:
Si-HyO complex — TS-8 — trans- HSiOH + Hj (Ln)
H>Si-H>O complex — TS-9 — c¢is- HSIOH  + Hj (12)
The products trans-HSiOH + Hy and ¢is-HS1OH + H» are 41.57, 42.03 kcal/mol higher
in energy than silanol, but the barriers of these reactions are considerably lower: 21.59
kcal/mol for =S5 22.22 kcal/mol for TS-9. As shown in Figure 1, these reactions are
likely to occur. Figure 2 shows the structure of T -9 for the transition state of the
reaction (12). The imaginary frequency of this transition state 1s 1443 cm-l as shown in
Table 3. The imaginary vibrational mode corresponds to H» elimination. The reaction

paths are interpreted in terms of classical valence bond theory as follows.
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caption of Figure 2.

63









Chapter 4:

Quantum Chemical Study of the Oxidation Sites
in Hydrogen- and Water- Terminated St Dimers:
Attempt to Understand the Si—Si Back-Bond Oxidation

on the Si Surface

69



1. Introduction

A thorough understanding of the silicon surface oxidation processes both
scientifically and technologically is significant because of the necessity to control the
formation of atomic-scale structures at the Si/SiOx interface for apphcation to ultralarge-
scale integrated circuits.  As a matter of fact. fine control of S1/SiO» interface electronic
characteristics has become a crucial problem since the oxide layer thickness must e
reduced due to the demand of further reduction of the device size. The attempt to have an
appropriate understanding of silicon surface oxidation in order to control atomic-scale
structures at the interface has just begun.

From a historical point of view, not only experimental studies!-2 but also many
interesting theoretical studies were made.3-14  For example, Goddard 111 ¢f «/. studied the
chemisorption of an oxygen molecule on a silicon surface using the generalized valence
bond (GVB) method.® They treated a SizHeO> complex, which was used to describe the
O; molecule chemisorbed on a Si3Hg surtace cluster model.  They conc 1ded that the
chemisorbed O in the initial stage is a peroxy radical. Moreover, they postulated  at a
local electronic excitation would lead to e subsequent formation of normal Sit -like
strt ure.

Schubert er al. studied the initial stages of oxidation of the Si(] | 7x7 surface
usi 1 extended Hiickel tight-binding calculations.®> They noted that the most reactive

¢ was the adatc 1 in the Takayanagi model, or d er adatom stacking fault (DAS)
model of a Si(111)-7x7 surface when O molecule interacts with a silicon surface.* As a
result, they found that the major stable precursors were of the chemisorbed peroxy radical
type attached to one Si adatom (which Goddard 11 ez a/. studied).

Next,d they studied the pathways involved in converting the initial precursors into
S104 units and compared the calculated density of states (DOS) with the X-ray
photoemission spectroscopy (XPS) and ultraviolet hotoemission spectroscopy (UPS)

experimental data. Once the initial precursors are inserted into the Si-Si ack bond, an
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able 3:

Reaction Encrgies

reaction

(

heat of reaction in kcal/mol4 (e V)
MP2(tull)
SiHRSIH: + 02(7Zy) = SiH3SIH(OH)»

MP3(full)
(n
SiH:SiH3 + 05(*Z) = SiH4-0-SiHA(OH)

-143.19 (-6.21)

CISD(ful)+QC
cluding ZPE(scaled) at the MP2(fu  /6-31G**

-143.48 (-6.22)
(2) -171.87 (-7.45) -170.31(-7.39)
N

-135.65 (-5.88)

-163.08 (-7.07)

Table 4: Reaction Energies in kcal/mol (eV in parentheses)
reaction

activation energy“

/heat of re~-tion4
S1H3S1H>OH + H — SngSng()(zA Y+ Hy (3)

MP2(full) MP3(full)  CISD’*')+""
2823 (1.22)  22.93(0.99) 19.24 (0.83)
/17.72(0.77)  /9.72 (0.42) /6.95 (0.30)
SiH3SiH,0(?A") — SiH;0SiHa(Cy) (4)  2.27(0.10) 4.30 (0.19) 2.01 (0.09)
/-54.25 (-2.35)
SiH3SiH,0(2A") — S 3SiH(OH)(Cy) (5)

/-45.25 (-1.96)

/-44.34 (-1.92)
24.16 (1.05) 28.89 (1.25) 26.54 (1.16)

[2045 (1 28) /27 77 (-0.99)

YIncluding ZPE(scaled) at the MP2(full)/6-31G** level.

/-21.40 (-0.93)
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Therefore. although structure 10 is a local minimum structure (having all real vibrational
frequencies). 10 reacts to 12 and 13 with almost no barrier and the product 1s much more

stable than the reactant.

The SOMO of SiH3SiH>O is localized at oxygen 2p orbital as shown in Figure 4. E T
n the other hand. the highest occupied molecular orbital (HOMO) is the Si~S1 6-bond -
e
(Figure 4).  These HOMO-SOMO interactions result in a low activation energy of the Wk - =
| | e >
reaction because SOMO energy level is lower than HOMO energy level in alpha space. e R b Y
i -—4$—';:=1:=2:, e - !
3.2.3. SiH3SiH>O — SiH3SiH(OH)  Reaction (5) is an alternative to reaction (4) ) i .
‘ i TJP —_—r ===
16 —_— i
except for the difference of oxygen insertion into Si-H bond.  The transition state sk = ,
1 —_— -t — -
structure is shown in Figure 1. Its imaginary frequency is 1747icm ! thus, the potential ot '& [; :a B
cnergy surface is very sharp along this reaction path.  The activation energy is 26.54 3. o) 2
A : ‘ : ¥
kcal/mol, which is highc by 24.53 kcal/mol than that of reaction (4). The reaction energy = ‘ /3 = (&ﬂ 5
b T
‘ ‘
. y N o . } . o . ) /x/ A S
is 21.40 kcal/mol (exothermic). Comparing reaction (4) with reaction (5), it is found that %y SECN Yy

the Si=Si bond is more easily broken than the Si—H bond and the Si-O-Si bond is " B
definitely more stable than the Si—O-H bond.
Figure 4. MO energy diagrams of 10, TS4 and 12 at the UHF/6-31G** level on
the MP2(full)/6-31G** level geometries.

3.3. Local Oxidation Character of Hvdrogen-Terminated Si Surface

In section 3.1, it is shown that the Si—-O-Si bond is more stable than the Si-O-H @ \
H- +H» / '—T (,‘
bond in molecular structure. This corresponds to the preference of back-bond oxidatic / " “’/7 ‘ l;
—H 3 (I) J

of H-Si(111), which was observed experime ally by Hattori et al.#2-46  Recently, Hattori \ / \ \ '/'/)
. - . - . . . ¥ \:"\ll ~"/ \:"\‘1 .
investigated the > lation of a hydrogen-terminated Si(111) surface, that is, the H- ; ) \3 \/\\

, / ) ) N '

Si(111)-1x1 surface4? at 300 °C in dry O> under a pressure of 1 Torr up to a thickness of o/ ge

0.5 nm. Oxidation-induced changes in Si 2p and Si 2p3/2 photoelectron spectra and T x Lot e

I
infrared absorption spectra were observed. As a result, he concluded that no desorption H. +H, '\/’ '\_
/ (1 X o
of H occurs and no Si—OH bonds are formed, but oxygen is inserted into the Si-Si back i “'V/) , / b
' ! SA (1 A
onds. Similar results were reported for the oxidation of a hydrogen-terminated Si(100) / S i N »,4'
K .;",\'i ) ,'\'.1 L '
surface by Nagasawa et al. 47 They prepared a hydrogen-terminated Si(100) surface and v ) 'K. ,
investigated the change in FT-IR-AT  (Fourier-transform infrared attenuated total Y4 \"

igure 5. Oxygen insertion reactions.
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Table 2: Vibrational Frequencies at the HF/6-31+G** Level

species

harmonic vibrational frequencies (cm” 1

-74.90464

CISDfulh+QC
/6-31+GF
-74.93903
-290.73632
-365.89031
-581.58887
-656.68327
-656.64228%
-656.64507
-656.62228
-656.61655
-656.67956
-656.59340)
-056.72400
-656.66250)
-656.67033
-656.64232
-656.66939
-656.72073
-656.10567

MP3(tull)
s

-74.90059

-74.93293
2290.72917
-365.87750
-581.57631
-656.66956
-656.62809
-656.63055
-656.60755
-656.63221
-656.66568
-656.57639
-656.70988
-656.64805
-656.65411
-656.62599
-656.65455
-656.70625
-656.08875

/A U

o 314G
-74.88911
-74.92984

2290.71197

-656.59725

-656.60126

-656.60165

-656.53656

-656.61845

-656.62829

-656.62598

PMP2(full)

MP2(tull)

/6-31+G**
-74.88750
-74.92760
290.71145
-365.87115
-581.54022
-656.63805
-656.59717
-656.59916
-656.57573
-656.60158
-056.63435
-656.53444
-656.68102
-656.61844
-656.62739
-656.59910
-656.62594
-656.67763
-656.06782

0.750
2.008
0.764
0.754
0.751
0.775
0.751
0.761
0.758
0.750
0.754
0.750

<S>

2

-0.49823
-74.78676
-74.76662

90.6116

o]

F/6-31+G** Optimized Geonetries in au

-365.55198
-581.31584
-656.22886
-656.17812
-656.17338
-656.16139
-656.18210
-656.22419
-656.14137
-656.14085
-656.27338
-656.20531
-656.20140
-656.18051
-656.21196
-656.26924
S-SR A5304

HE/6-31+G**

(C3y)
(C3y)
(D3g)
(Cs)
(Cy)
(Cs)
(Cy)
(Cs)
(D3p)
(Cy)
(C3y)
(Cy)

species
(2A")
5SiH3SiH2(OH) (24

1: Total Energies ot the H
SiH3"

SiH30" (2A4")

-¢

Tab

0 %,)

o

1Si1H3

2S1H30"
3SiH3SiH3
4SiH3SiH2(OH)

4+¢

5
6SiH3SiH2(OH)(%4")
6-¢

7SiH3SiH30 (247
8Si

9SiH3-0-SiH3
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874(ay). 1018(e). 2343(a1). 2361(e)
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1031ayg). 1044(ey). 2338(ayy,). 2338(eg). 2347(ey,).2354u} o)
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T1d(a™), 800a". 902(a"). 984(a"). 1029(a". 1036(a"). 1044(a").

1048(a"), 2253(a". 2276(a "), 2290(a "), 2325(a "), 2339(u"),
3937(a")

S53(a”). 124(a’"). 175(a"), 248(a"). 300(a"), 497(a"). 543(a™).
686(a’), 845(u’"). 907(u™), 955(a”), 970(a". 1015(a". 1052(a"),
1061(a’). 1961(a’). 2128(a"), 2152(a"), 2181(a"), 2194(a").
4139(a’)

104(a”). 180(a’"), 210(a"), 416(a"). 454(a"). 578(a’). 680(a"),

803(a™), 817(u"). 890(a"), 959(a"), 1022(a’). 1033(a"). 104(a’).

1070(a"), 2318(a"), 2325(a’), 2338(a’), 2351(a™), 2353(a’),
4223(a’)
24(a"), 178(a"), 202(a"), 354(a"). 443(a’). 480(a"), 607(a"),

738(a"), 772(a"), 905(a’), 999(a’). 1043(a’), 1053(a™), 1179(a".

1I8I(a™). 1716(a"). 2145(a”). 2161(a"). 2216(a"). 2222(a’),
2249(a")

29i(a"), 176(a’), 262(a”), 401(a"). 410¢a"), 414(a"). 552(a"),
619(a™), 669(a", 931(a’), 1017(a’), 1044(u". 1053(a"),

Y4(a"), 1202(a™), 1712(a", 2117(a"). 2122(a"). 2214(a"),

2217(a’"), 2248(a’)

27(a1"). 122(e", 577(ay"). 778(e"), 818(e"), 1045(an™), 1053(e™),
1059(e"), 1115(a1"), 1227(ap™), 2358(e "), 2358(¢e"), 2362(¢").
2372(ap"), 2385(ay ")

23(a™), 76(a"), 101(a"), 378(a"), 567(a™), 57 ). 794(a™), 802(a"),
904(a"), 1023(a’), 1060(a"), 1062(a"), 1094(a"), 1130(a"),
1H48(a”), 1714(an, 2180(a™), 2193(a’), 2225(a’), 2227(a"),
2285(a’)

32(an), 135(e), 529(ay), 771(e). 815(e), 815(e). 903(a1), 1006(e),
1061(e), 1106(ay), 1197(aq). 2296(e), 2333(ay), 2379(e),
2391(ay)

124(a"), 190(a"), 385(a™), 397(a"), 549(a"), 678(a"), 822(a"™).
943(a"), 1014(a"), 1042(a’), 1044(a™), 1065(a’), 1160(a"),
2079(a"), 2135(a’), 2203(a")., 2229(a"). 2252(a’)

34.58

36.84

3223

36.95

33.69

36.33

29.04
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inhibited by the experimental fact that the second electron affinity of O should be negative
because of the resultant large electron-electron repulsion.  On the other hand. no matter
how transient the lifetime of the species 10 or 5 is, the excess electron in these species has

strong interaction with the conduction band of Si as demonstrated by the distribution of Table 5: Reaction Energies in SiH4.n(OH)py + O~ System (First Row : CISD(full)/6-
31+G** /I HF/6-31+G**: Second Row : HF/6-31+G** (kcal/mol))

charge and spin density in Figure 3. Thus. we can further assume that with the lapse of

n=() n=| n=2 n=3 n=:4

sufficient time, the excess electron should be released even from 10 or 5. SiH4.n(OH)y + O 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0
3.4, Reactivity of Oxidized St with Oxygen Anion e o o o o .
(axial) -31.266 -39.837 44470 45 141 ~47.058
We have investigated the reactivity of O~ with Si that is partially oxidized on the — [SiH4-n(OH)HO1 -75.954 -88.209 95058 296,608 98319
surface using the following consecutive reactions: (equatorial) -31.044 -41.397 -47.380 48.158 -50.175

SiHa(OH)y + O- o (SiHs(OH)O]- — [StH3_{(OH)n+1]1° -112.889 -123.472 -132.260 -132.553 -

-57.958 -68.500 -77.390 -78.194 -

- St (OH)n+1™ — SiH3.n(OH)p4 1 -141.347  -148.800 -150.549 -151.131 -

5 SiH3 (OH)pe . -93.121 -100.276 -102.759 -103.743 -

The reaction energies are summarized in Table 5 and energy diagrams and geometries are
shown in Figu 6. In all cases, the stable penta-coordinated complexes are found. The
stat ization energy increases as the number of n (n=0-4) increases. This tendency may
serve as the driving force for layer-by-layer oxidation of H-Si(111) using ¢ ~asar :tive
species. The stabilization energy is enhanced if it releases the excess electron, which is a
natural extension from the situation in preceding subsections.  he most stable p1 luct
up to n=3 is the neutral species SiH3.,(OH)n+1. The reaction energy increases as the
number of n (n=0-3) increases.

Further investigation including the effects of surface strain in H-Si(111) i1s
necessary in order to study a real material under oxidation. A preliminary attempt toward

this investigation may be found in section 3.5.

3.5. Cage Model
For the H-Si(111) surface we have adopted a local cage m lel SijgHje whose

optimized geometry in 7y symmetry at HF/6-31G* level is shown in Figure 7. The total

energy is shown in Table 6 and vibrational frequencies are shown in Table 7. The Si-Si

108 109






(AN}

200

400

Energy (keal. moh

oLt

BRI

150.0

s
;o & < %)
st :L”i#\ - + 0 "\'-'}g L7
3 )

A\
)]

A 2
Ve, i
)

i tor! T

L
b

o . e
v ~
ad SHOH S + O b SHOHLO 1 Chiey.
equatorial-coordinated anion
N
ad v

.
NCLRIVIRIE A
b4

Fed
F
Ie |
g - \ A
FY
©

cd. SHOHLO ™ (CHax.
axial-coordmated anion

SN YR 996[47 058

cd

Figure 6. (Continued from the previous page.)

112

Table 6: Total Energies at the Hartree-Fock and MP2(fc) Levels in au

systems HF MP2(tc)//HF
Cage model SijoH}6¢ (Tq) -2898.53000 -2899.3 33
O~ in Cage (Si-O 2.3A fixed)? (C3y) 2297332690 22974.925

AUsing 6-31G* basis set.

bUsing the 6-31G* basis set for St and H atoms and the 6-31+G* basis set for O atom,

Table 7: Vibrational Frequencies of Cage Model at the HF/6-31G* Level

har nic vibrationsl frequencies (cm’l)

80(t1), (e, 123(12), 202(12). 329(ay). 347(ay). 367(12). 417(11), 437(e),
456(12),511(11), 533(12), 626(11), 636(a2), 698(11), T13(e). 747(12), 756(t1), 198(e),
847(r2),  16(e), I ), 1 6(a]), 2326(c 1, 2327(12). 2341(e), 2345(1), 234 1),

12).2359(ay)

86.60

.scaled by € ).
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(44) Smith, A. L.: Angelotti, N. C. Spectrochim. Acta 1959, 15, 412.

(45) Lucovski. G. Solid State Commun.  ¥719.29 . 571.
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method was used for closed-shell singlet states. the spin-unrestricted HF (UHF) method
was used for open-shell doublet states. Theoretical harmonic vibrational frequencies
were obtained from analytical second derivatives calculated at MP2(full)/6-31G** level.
Zero-point vibrational energies(ZPE) were then scaled by a factor of 0.94.11 To obtain
higher correlation energies, single point calculations of single and double substituted
configuration interaction (CISD)!2 including unlinked cluster quadruple corrections
(QC)!3 were carried out on the MP2(full)/6-31G** geometries (denoted as CISD

+QC(full)/6-31G**//MP2(full)/6-31G**).

3. Res ts and Discussion

Following our preceding works!4-16, we use molecular cationic species for local
models of p-doped Si. Model reaction paths and total energies of reactant and product
species are listed in Tables 1 and 2. The transition state (TS) of the nth reaction path is
de ted as TSn. The TS1 and TS2 are shown in Figure 1. Reaction energies are
summarized in Table 1. The energy diagrams and the stability of the local structure . 2

demonstrated in Figure 2.

3.1. Optimized Structures

Some of the model species are found in our preceding works.!*16" SiHs* has
several geomet  al isomers due to Jahn-Teller distortions.!7-20 'We use a conventional
C3, structure of SiHg*t here in this paper.  SiH3SiH3* . thought to be a reaction
complex between SiHz and  H3*, and is optimized to have symmetry of D3, the same
as the neutral Si ;SiH3.2! For the optimized geometry of SiH: Hg3*, the Si-Si bond
length 1s 2.658A at MP2/6-31G** level, which is longer than that of neutral SiH3SiH3 by
0.32A, showing the Si-  bond in the p-doped Si is weakened. These data are in accord
with the theoretical results published by Curtiss et al.2! Moreover, the ener_, barrier of
internal rotation around the -Si bond in SiH3SiH3* is only lkcal/mol at the MP2/6-

31G* level.22  Judging from the data presented above, the local structure is considered

140

Table 1: Reaction Energies (kcal/mol)

reaction heat of reaction

/activation energy

stuggerred-SiH3SiH3 + SiH3F 0.0(0.0)
—staggerred-SiH3S1H3+ SiH3F (1) /65.34(60.46)
staggerred-SiH3SiHF+ SiHRF -9.73(-9.17)
staggerred-SiHASiH3+ SiHoF  (2) /63.58(57.10)
SiH3SiH3* + SiH3F -12.56(-13.75)
—eclipsed-SiH3-F-SiH3+ + SiH3y  (3) [ -
SiF3SiH3* + SiH3F -28.39(-26.72)
—eclipsed-SiH3-F-SiHat + SiFy (4) /-
SiHg™* + SiH3F -42.05(-43.92)
—eclipsed-SiH3-F-SiH3+ + H (5) /-
SiH3F* + SiHy -44.99(-46.72)
—eclipsed-SiH3-F-SiH3t + H (6) /

/ -

At CISD(ful])+QC/6—31G**//MP2(full)/6-3lG** level including ZPE(scaled).
At MP2(full)/6-31G** level including ZPE(scaled) in parentheses.
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