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ABSTRACT

Absolute rate constants of the room-temperature gas-phase reactions of
dichlorosilylene, SiClz, with Oy, NO, CO, N20 and 1,3-butadiene, and those of
dibromosilylene, SiBry, with O; and NO have been measured using the flash

photolysis-kinetic absorption spactroscopic technique.

SiCl2 and SiBry were generated by flash-photolysing SisClg and SiBry,
respectively, and their absorption spectra were used to monitor their decay. Absolute
rate constants were obtained from the increase in their decay rate in the presence of a
substrate relative to the background decay. All the reactions investigated have been
found to follow second-order kinetics — first-order in silylene and first-order in

substrate concentration, and the following rate constants were obtained:

SiCly: koy = (3.4 £0.2) x 109 M-15-1, ko = (1.6 £ 0.1) x 109 M~Is-1, kco = (6.3 %
0.7) x 108 M-1s-1, knyo = (5.7 £0.3) x 108 M-15-1, kcaHg = (5.4 £ 0.3) x

108 M-1s-1;
SiBra: ko, = (5.6 £ 0.4) x 108 M-1s-! and kno = (2.8 £ 0.4) x 108 M-1s-1,

The reactions of SiCl are faster than those of SiBry. Towards NO, SiClj is
less reactive than SiH but towards CO it is more reactive than SiHy. On the other
hand, 1CH; reacts faster than CCl, with both NO and CO. Both SiCl; and SiBr> react
with O much faster than SiF;. A similar trend has been obser ved for the CCl3 vs CFa

reactions with O,.

Like its reactions with other unsaturated hydrocarbons, SiCl; was found to react

as an electroph:ie with 1,3-butadiene. With unsaturated hydrocarbons its reactivity is



lower than that of SiH; and its selectivity zmong olefins is higher than that of SiHs.

This trend is similar to the relative selectivity of !CHa vs CCla.

Mechanisms for each of the SiX2 + § (X = Cl, Br; S = inorganic substrates)
reactions investigated have been proposed on the basis of the rate constant
measurements, thermochemical considerations, and previously reported qualitative data
on the similar reactions of analogous species. Arrhenius parameters for all the primary

reactions have also been estimated.
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Chapter |

INTRODUCTION

The divalent species "silylenes” are the silicon analogs of carbenes. Carbene
chemistry has been extensively investigated by both organic and physical chemists and

several excellent reviews have been written on the subject [1].
I.1. Physical Properties of Carbenes.

The simplest carirene, methylene, has been studied very extensivcly since its
involvement as an intermediate in the photolysis of diazomethane and ketene was
reported more than 50 years ago (2, 3]. Its absorption spectrum was firs reported by
Herzberg and Shoosmith [4] in 1959 from the flash photolysis of diazomethane, .
CH2N», in a large excess of N3. The spectrum featured a diffused band near 141.5 nm
and by isotopic labeling experiments it was attributed to methylene, CHy, in its lowest
triplet state. For CHD and CD3 this absorption band showed a fine structure and from
rotational analysis was assigned to the 3Z, « 3Z; transition of CH;. This assignment
was based on the assumption that CHj is nearlv . ear or linear in both the lower and

upper state, i.e. the £ HCH angle is between 14G" and 180°.

The geometry of CHj in its triplet ground state and the energy difference
between its ground and the lowest singlet states have been controversial subjects for
many years. In the ground state, vaiues of the £ HCH angle ranging from 109° to 180°
have been proposed [S]. It is now well established that CH3 is bent in its ground state
(3B1) and not linear 3Z; ). Its well-accepted gecmiewrical parameters are: r(C-H) =
1.078A, £ HCH = 136°, first reported by Herzierg and Johns (6] from analysis of the

UV spectrum. The electronic configuratiens :n the ground (3B)) and lowest singlet



(A1) states are (1a1)2 (2a1)2 (1b2)2 (3m) (1by) and (1a1)2 (2a1)2 (1bg)? (3a1)2,

respectively.

For the singlet (1A}) - triplet (3B) splitting (AEsT = Esinglet — ETripter), values
in the range -23 to 54 kcal mol-! have been suggested on the basis of theoretical

calculations and experimental observations [5]. Itis now well accepted that the value of

AEgT is ~ 9.1 kcal mol-1 (7, 8].

Upon replacing the hydrogens of methylene by different substituents, the spin
state of the resulting ground state species is not always triplet. The carbene carbon in
CX2 (X is any substituent including H) has two non-bonding electrons which can be
accomodated in two non-bonding orbitals, a 5- and a p-orbital. The spin multiplicity of
the ground state of the carbene depends on the relative energy of these two orbitals. If )
the energy difference between the o- and p-orbitals is less than the increase in energy
due to electron-electron repulsion when two non-bonding electrons are brought together
in the same spatial orbital, then the two non-bonding electrons will occupy different
orbitals giving a (op) configuration and, in accordance with Hund's rule, their spins
will be paraliel and thus the ground state of the carbene will be triplet (¢f. Figure I.1a).
On the other hand, if the energy difference between the two non-bonding orbitals is too
large, the two electrons will rather occupy the same orbital (the lowest energy orbital)
with opposite spin and thus the carbene will have a singlet ground state (cf. Figure

[.ib).

For the relative energies of 0- and p-orbitals of substituted carbenes, Hamson er
al. [9] proposed a theory based on the electronegativity of the substituent, which

suggest that the electrone gativity 1s a decisive factor in determining the spin muluphiaity



(a) Triplet ground state

(b) Singlet ground state

Figure I.1. Electronic configurations of triplet (a) and singlet (b) carbenes.



of the ground state of the substituted carbene. As the substituent becomes more
electronegative relative to the carbene carbon, the s-character of the o-orbital increases,
thus its energy decreases and this favors the singlet ground state for the carbene. On the
other hand, a more electropositive substituent relative to carbon would result in electron
transfer from the substituent to the carbon, i.e. the g-orbital will lose its s-character and
at some point the o- and p-orbitals will become close in energy, giving rise to a triplet
ground state. Thus halo- and dihalocarbenes, CHX and CX2 X =F, Cl, Br), have
singlet ground states (1A}) whereas LiCH and CLij are triplet in their ground states
(3B}). Theoretical estimates of the singlet - triplet energy gaps (AEsT), calculated using
ab initio methods, are — 8 kcal mol-! for CBr; [10], - 25.9 kcal mol-! for CCl, [8] and
- 57.5 keal mol-! for CF; (8). These data are in excellent agreement with Harrison er
al.’s theory, i.e. as the electronegativity of the substituent increases, the singlet ground

state Yecomes more stable.

Harrison er al. have also suggested that by replacing carbon in carbenes with a
less electronegative atom, e.g. silicon, while keeping the substituents unchanged, the
relative energies of the o- and p-orbitals would be affected in a similar way as by
substituting the carbene with more electronegative atoms, i.¢. the G-orbital will become
more stable than the p-orbital. Thus on going from carbenes to the corresponding
silylenes, the singlet ground state would become more favorable than the triplet ground
state. This explains the singlet ground state of silylene, SiHy, in contrast to the triplet
ground state of its carbon analog, methylene. The singlet ground state for SiH, was

first predicted by Jordan [11).

The equilibrium geometries of dihalocarbenes in their ground electronic states
have been investigated experimentaily and theoretically using ab initio methods. The

molecular parameters thus obtained are compiled in Table I.1.



Table L1, Equilibrium ground state gcometries of CX; species.

X Ground Calculated Geometry [10)8 Experimental Geometry
Electronic
State r, A 9,° r,A e,°
H 3B, 1.075 128.8 1.078 [6) 136 [6]
F 1A 1.305 104.3 104.9 [12]
Cl 1A} 1.756 109.2 106 £ 5[13)
Br 1A, 1.875 110.1 1.740 [14) 114 [14]

3 In this and the following Tables, numbers in brackets are reference numbers,



The data exhibit good agreement between theoretical and experimental values. All

dihalocarbenes as well as methylene are bent in their ground electronic state and have

Cav symmerry:

E
r X=H,Br,Cl,F
MO

L2. Reactivity of Carbenes.

The two main types of reactions carbenes generally undergo are insertion and
addition. A vast body of research has been devoted to the reactivity of carbenes, as is
evident from the number of reviews on carbene chemistry (1], therefore, only a brief

description of these two types of reactions of carbenes is given here.

In their addition and insertion reactions, carbenes of different multiplicity follow
different reaction paths. Singlet carbenes are capable of insertion into the C-—H bonds
in a concerted process whereas triplet carbenes react via H abstraction giving radical

products.

* |
CH(T) —e R-C-H

\ R--e---H |
R-H + JC(ih) — ]__. R-C-H
\
4 l

\
R-H + /C:(TT) — Re(T)+

In their addition reactions, singlet carbenes add to unsaturated bonds in a one-

Step stereospecific process in accordance with the rules of conservation of orbital



symmetry. The addition proceeds via a n-approach transition state (A) in which the p-
orbital of the carbene impinges on the n-system of the unsaturated bond. This approach
is commonly accepted in view of the electrophilic character of carbene; only the p-orbital
of a singlet carbene is able to accept additional electrons, thus the most efficient overlap

would occur in a transition state resembling (A):

.Y

/50

() Qe
N O>

(A)

The general scheme for stereospecific addition of a singlet carbene to an olefinic bond is:

The addition reactions of triplet carbenes to unsaturated systems proceed via a
non-stereospecific two-siep mechanism. In accordance with the spin conservation rule,
the initial step gives a triplet diradical intermediate. Spin inversion is much slower than
any molecular process and rotation about the C—C bond in this intermediate is fast
compared to ring closure. The general mechanism for the addition of triplet carbenes to

olefins is as follows:



Rl\- R2 R'.. T R .‘\‘R
_—_-_\ + CXY(TT) —— o /C C\ (B)
i H yxc«1t H
Ro‘. C Té,\“
H* ©
/ N
YXC+ T R
R L. R R R
C ———————
(B) g~ € \H V
YXC- T XY
R, . H R
C .C C. —
” e W V\R
YX XY

Additional examples of qualitative studies of insertion and addition reactions of

carbenes are described in Reference 1.

Very limited data have been reported on the absolute rate constants of carbene
reactions with unsaturated hydrocarbons, however, relative reactivities of various
carbenes toward different sets of olefins have been studied extensively [1]. Based on
these relative reactivities, a selectivity scale for carbenes has been constructed and a
carbenic philicity has been formulated [15]. According to this carbenic philicity
formulation, CX3 (X = F, CI, Br) act as an electrophile in its reactions with unsaturated
bonds whereas carbenes such as C(OMe); and MeOCNMe; act as nucleophiles. The

selectivity of the reactions of methylene and dihalocarbenes, CX3, follows the order



CH; < (fBrz < CCl3 < CFji.e. CF, is the most selective and thus the least reactive in
its reactions with olefins, whereas CHj is the least selective and thus the most reactive.
The increase in the relative selectivity and the decrease in reactivity of dihalocarbenes
CX3 in the order Br < Cl < F has been suggested [16] to be due to the ability of halogen
atoms to supply electrons to the electron-deficient carbene carbon and thus to stabilize

the singlet carbenes through canonical forms such as:

c /a\ . /a
x/\x X/X x\\>+(

Hack et al. [17] have measured absolute rate constants for the reactions of !CHj
with a series of olefins using the laser pulse photolysis/laser induced fluorescence
technique. They observed that the reactions of !CH with various olefins are very fast,
of the order of 101! M-1s-1, and are independent of alkyl substituents on the olefinic
double bond. This observation is in accordance with the selectivity scale which
characterizes CHj as the least selective. Their values are in good agreement with the

previously reported values of Langford et al. [18].

No data on absolute rate constants for the reactions of CX3 (X = F, Cl, Br) with
unsaturated hydrocarbons are available to compare their reactivity towards a common
substrate. However, some direct kinetic data on the reactions of Ph\CX (X = F, Cl, Br)
with a set of olefins (MeoC=CMe,, Me;C=CHMe, trans-MeCH=CHEt, n-
BuCH=CH3) in solution at 23°C have been recently reported [19]. For every olefin
used, the rate constants were in the order BrCPh > CICPh > FCPh a"id the spread in the
numerical values of the absolute rate constants, i.e. their selectivity, followed the
reverse order which is in accordance with the inverse type correlation between reactivity

ard selectivity.



Quantitative studies of the reactions of methylene and dihalocarbenes with
inorganic species are of main interest here, since the present study concerns the
quantitative investigations of reactions of dichloro- and dibromosilylenes, the silicon

analogs of carbenes, with inorganic substrates.

For the 3CH3 + NO reaction, absolute rate constant values have been measured
by five independent research groups [20 — 24]. These values are in good agreement,
within a factor of ~4.5, and range from 6.02 x 109 M-1s-1 [21] to (2.2 + 0.5) x 1010
M-1s-1[24). Similarly, the absolute rate constant ot ihe 3CHz + O3 reaction has also
been measured by five different research groups [20 - 23, 25]. These values are within
a factor of 3.5, ranging from 7.2 x 108 M-15-1[21) to (2.0 £ 0.5) x 109 M~1s-1 [25]).
The values reported by Pilling and Robertson [21] are the lowest in both cases and were
obtained from the analysis of the effect of added substrate on the product yields from the
flash-photolyzed 3CH; precursor. On the other hand, the upper limit values of Seidler
et al. [24] for reaction with NO, and of Bohland et al. [25] for that with Oy, were
obtained by directly monitoring 3CH; using laser magnetic resonance spectroscopy.
Since 3CHy was directly monitored in these studies [24, 25), their values should be
more accurate. These values, kNo = (2.2 0.5) x 1010 M-!s-1 [24] and ko, = (2.0 %
0.5) x 109 M-15-1 [25], are also in excellent agreement with those of other recently

reported direct measurements 23], kno = 1.7 x 1010 M-15-1 and ko, =(1.9510.2) x
109 M-15-1,

Seidler er al. [24] have proposed that the 3CH; + NO reaction proceeds through
initial formation of an adduct which cnuld be either cyclic (D) or linear (E) with
subsequent chemical decay via different channels. The end products of this reaction are

not known.

10



0
H2C<IL H,CNO

(D) (E)

The formation of 14CO and 14CO; was observed following the photolysis of
14CH2CO in the presence of Oz and these products were proposed to be duc: to the
reaction of 3CH3 with O [26). However, formation of 14CO from photolysis of
14CH,CO even in the absence of O has been reported [27], so the above argument is
somewhat illogical. A mechanism involving initial formation of an excited intermediate
HCOOH, which can either decompose vig various routes or be stabilized, has been

proposed [28]:

0
3CH, + 0, — CH,00 (or Hzc<(l) )

|

HCOOH*

The 3CH; + CO 12action has been found to be very slow and only an upper limit
of k < 6 x 105M-1s~1 has been reported [20, 21].

3CH; + CO ——= CH,CO

A few independent measurements of the reactions of singlet methylene (!CH,)
have also been reported. Laufer and Bass [20] have reported the upper limits of k < 1.8
x 1010 M-15-1, < 2.4 x 1010 M-1s-1 and < 5.4 x 10° M-1s-1 for the reactions of 1CH,
with O, NO and CO, respectively, using the vacuum UV-flash photolysis-GC analysis
technique in which the 1CH; concentration was deduced from product analysis. Later
on, Ashfold er al. [29] and Langford er al. [18] also measured the absolute rate

constants of these reactions by following the !CH; concentration directly. Ashfold et



al. used time-resolved laser induced fluorescence, while Langford et al. used laser
absorption spectrometry to monitor !CH3. The values of absolute rate constants
reported by these two groups are in very good agreement and are more reliable than the

upper limits reported by Laufer and Bass [20]. These values are:

kop =(4.5£0.3) x 1010 M-15-1[18), 1.8 £ 0.2 x 1010 M-15-1 [23].
kNo = (9.6 £ 0.9) x 109 M-15-1 [18].
kco =(2.9£0.2) x 1010 M-15-1 [18], (3.4 £0.3) x 1010 pg-15-1 [28],

Rowland et al. [30] observed that the products of the ICH; + O3 reaction were
the same as those of the 3CH; + O, reaction, i.e. CO, CO; and H20. They proposed
that in the former case these products were formed vig initial quenching of ICHy to _

3CH,.

Neither the products nor the mechanism of the ICH; + NO reaction have yet

been reported.

From the 14CH3 (1A}) + CO reaction , Montague and Rowland [27] observed
the formation of 14CO and proposed that this reaction proceeds through an oxirene
intermediate (F), although there was no evidence of a stabilized adduct other than the
[14C] ketene. They observed that 840 Torr CO was needed to stabilize 50% of the
14CCH»0 complexes.

WA

C=—=C
"
(F)

1M



Very little quantitative data have bcen reported on the reactions of

dihalocarbenes.

Modica [31] studied the reaction of CF2 with NO by heating a mixture of C3Fs
and NO in excess argon in a shock tube and the disappearence of CF7 was analysed by
time-resolved UV absorption at 260 nm. The products were analysed mass

spectrometrically. He proposed that below 2500K the major reaction is
CF,+NO ——= CF,NO
and that above 2500K 1dditional reactions occurred, yielding NoO, CF20 and N :
CF;NO +NO ——= CF,0+N;0
2CFa;NO ——= 2CF;0+ N,

Burks and Lin [32], however, using chemical laser emission spectroscopy and
mass spectrometric analysis of the products, proposed a different path for this reaction

in order to account for the presence of F atoms in their reaction system:
CF;+NO == CFO+N
CF,+N —— FCN +F

They also suggested that in Modica's experiment [31] at high temperature, NoO may

form from the reaction
NO+NO —— N0 +0
No other data on this reaction are yet available to support either of the above

reaction mechanisms.

13



Dalby [33] studied the reactions of CF3 with O, C2Fs and C;H34 quantitatively
and concluded that at 25°C CF; is unreactive towards these substrates. The main

reaction observed was dimerization, for which he measured an absolute rate constant of
k=17 x 107 M-1s-1. For the reaction with O,

CFy+ 0y ——= CF,O
an upper limit of k< 104 M-1s-! was proposed.

Recently, Tiee et al. [34] have studied the kinetics of the reactions of CCly and
CCIF with Oz, NO and CO using the laser-induced fluorescence technique. They
reported the following values for the rate constants of the reactions of CCl3 and CCIF
with NO, CO and O, respectively.

CClz : 1.8 x 108 M-15-1 (NO); 3.0 x 107 M-15-! (CO); <1.8 x 106 M-15-1 (O3).
CCIF : 6.0 x 105 M-15-1 (NO); 9.0 x 105 M-15-1 (CO); 1.8 x 105 M-15-! (09).

No other data on the absolute rate constants of the reactions of dihalocarbenes
have yet been reported. However, it can be seen from the above results [34] that as the
electronegativity of the substituent on the carbene carbon increases, the rate constant
decreases in direct proporiton to the increased stability of the carbene CX3 in the order

X =Cl <F, as mentioned above.
L.3. Carbenes vs Silylenes.

Although silylenes and other group IV A analogs of carbenes have been studied
extensively, it was not until 1970, after the insertion reaction of silylene into the Si—H

bond was firmly established, that silylenes were recognised as an important class of

14



reactive intermediates. Since then many excellent reviews have been written concerning

the chemistry of various silylenes [35 ~ 39].

As one moves on from carbon to silicon chemistry, the following changes in the

atomic properties should be noted:

(1) Si is larger and heavier than C ( the atomic radius of Si is 0.117 nm and that of Cis

0.077 nm).

(ii) Si is less electronegative than C ( the electronegativity of Si is 1.8 and that of C,

2.5).

(iii) Both Si and C have an ns2 np2 valence shell electronic configuration. Si has 3d
orbitals in its valence shell which allows Si to expand its valence beyond 4 whereas
C is limited to a valence of 4 due to the unavailability of d-orbitals in its valence

shell.

All these factors may contribute to some dissimilarities in the physical and

chemical properties of silylenes and carbenes.

Consider, for instance, the simplest silylene, SiHa, the silicon analog of the
simplest carbene, methylene (CHy). The spectrum of SiHj in the 480 — 650 nm region
resembles the red bands of methylene [40]. In contrast to CHy which is triplet 3By) in
the ground state, SiH has a singlet ground state (1A}) as was first predicted by Jordan
(11] and experimentally confirmed by Zeck et al. [41). An explanation for this
difference in the ground state spin multiplicity be*ween CH; and SiH> has been
provided by the electronegativity theory of Harrison et al. [9] as inentioned above.
Although both CH3 and SiH> are bent in their ground states, “weir molecular structures

are different, and therefore the chemistry involved in the reactions of ground state

15



silylene may be expected to be different from that of the reactions of ground state
methylene. However, the structures of SiHz and CH3 in their lowest singlet states

(1A}) are quite similar:

SiHy (1A1): r(Si-H) = 1.52 A; O(HSiH) = 92.1° [40]
CHz (1A)): r(C-H) = 1.11 A; 8(HCH) = 102.4° [42)]

thus SiH2 (1A1) and CHz (1A}) could be expected to undergo similar reactions, as will

now be discussed.

Both CH; and SiHj insert into the Hy molecule to give CH4 and SiHy,
respectvely. The energy barrier for insertion of SiH3 has been calculated to be 8.6 kcal
mol-1 whereas the same calculations predict no energy barrier for the insertion of CH;

[39].

SiH2 inserts into the O—H bond of water to form SiH30H, for which the

following mechanism has been proposed [39]:

H ~H s
- + . “
HzSiZ + Hzo — .S‘l————-( .S‘l (\
[ H W H
H o q R g
H,Si—O—H

16



ICH has also been reported to react with Hz0 to give CH and OH radicals. Initial
insertion into the O—H bond yielding CH30H®, which could decompose to CH3 and
OH or be stabilized, has been proposed [43]:

CH, + H,0 ==—== CH,OH* CH, + OH

SiH3 inserts into the Si—H bond of silane and disilane, similarly to CHj insertion into

the C—H bond of alkenes [35]:
SiHp + SiHy —— SijHg
SiH; + Si)Hg —— Si3Hg
CHz + CHy ———= C;Hg
CH; + CoHg —— C3Hg

SiH; adds to olefinc bonds in a similar way as 1CHj to give silacyclopropanes which,
unlike cyclopropanes, are not stable and thus undergo rearrangement.
: H,C—CH,
H,Si + H,C=CH; — \ / — H,C=CH-SiH,

Like CHy, SiH; is also known to add to acetylenes and conjugated dienes. More
examples of qualitative investigations of such reactions are given in the reviews listed i
References 35 - 39. Since a detailed comparison between the chemistry of carbenes and
silylenes is beycnd the scope of this chapter and moreover, since the primary interest of

the present work is in quantitative data, therefore the rest of this section will be focused

on comparing the quantitative results available for carbenes and silylenes.
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Absolute rate constants for the reactions of CH3 and SiH3 in their lowest singlet
state, ('Ay), with hydrocarbons and some inorganic substrates such as H3, O3, NO and
N2 are compiled in Table 1.2. Insertion of SiH; into C—H bond of CH4 and into H—
H bond of H is slower than that of ICH,. Stronger C—H bond than Si—H bond
{D(C—H) =98 kcal mol-! vs D(Si—H) = ~89.6 kcalmol-! (48]} could be the driving
force for faster insertion of !CHa. For both species, insertion into H—H and C—H
bonds is slower than addition to unsaturated bonds which is very fast. 'CHjy shows
almost no discrimination among olefins whereas SiH3 shows a little selectivity, In
general, the reactions of CHy with hydrocarbons as well as with inorganic molecules are
faster than those of SiHy. This could be due to the fact that the reacting !CHj is in its
first excited state and thus these rate constant values include physical quenching of the
(A1) to the (3B ) ground state, whereas SiH; (1A,) is already in its ground state. Both
ICH3; and SiHj show a similar reactivity trend towards the radical scavengers O3 and ‘
NO ie. kno > ko,. With CO, ICHj reacts much faster than SiHy. The formation of
stable ground state ketene (CHy=C=0) from the ICHj + CO reaction is in accordance
with the spin conservation rule and therefore this could be the driving force behiad this
fast reaction. The reaction with ground state methylene, 3CHj, which would yield a
triplet ketene, i .. an excited state ketene, is very slow (k S 6 x 105M-1s-1 [20,21}).
Yamabe and Morokuma [49], from their MO and state correlation calculations on the
photodecomposition of ketene which, as they pointed out, follows a bent out of plane
(Cs symmetry) route, have reported that {(CH; + CO) correlates with ground (1A") state
ketene whereas 3(CH; + CO) correlates with a higher-lying triplet (3A") state instead of
the lowest triplet (3A") state of ketene. Even though their state correlations predict a
faster reaction with ICHj than that with 3CH,, as has been reporied form quantitative

studies 18, 20, 21], they were unable to resolve the energies of the singlet and triplet
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Table 1.2 Absolute rate constants of the reactions of CH; (A1) and SiHz ('A ).

Substrate k, M-15-1
SiH, CHy

Hj 2.7 x 108 [44] 6.3 x 1010 [18]
CHy4 1.5 x 107 [45] 4.4 x 1010 [47]
C2Hg 7.2 x 108 [45]

CaH, 5.9 x 1010 [45] 2.2x 1011 {17
CoHy 3.2 x 1010 [45] 1.4x 101 [17]
C3Hg 7.2 x 1010 (45) 2.0x 1011[17]
i-C4Hg 2.0x 1011 [17)
1,3-C4Hg 1.1 x 1011 [45) 2.1x 1011 [17]
N2 < 6 x 107 [46) 6.6 x 109 (18]
NO 1.0 x 1010 [46] 9.6 x 1010(18)
0 4.6 x 109 [46] 4.5x 1010 (18]
(00) <6x 107 [46) 2.9 x 1010 (18]
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states at the minimal level of theory (STO-3G basis set) used in their calculations, and

thus these results are not too reliable.

The existence of a stable silaketene has not yet been proven. A recent ab initio
study predicts the formation of a Lewis acid-base type adduct (G) rather than a

silaketene (H) from the SiHj3 + CO reaction [50].

i
H
f N§i=C=0
Si
/ \
H H
G) H)

The slow reaction between SiHz and CO may be in part due to the formation of such a

weak acid-base type adduct.

Halogen substituents on both methylene and silylene have similar effects on the
relative energies of their lowest singlet and triplet electronic states. For comparison, the

known values of AEgT (= Esingles - Erriplev) of substituted carbenes and silylenes are

given in Table I.3.

Two trends in AEgT values can be seen from these data, i.e. AEgT becomes

more negative as:
(1) the electronegativity of the substituent increases in both the CX3 and SiX; series; and

(i1) as one goes from a carbene to the corresponding silylene.
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Table L.3. Singlet—triplet energy separation (AEST)® of carbenes, CX2, and silylenes,
SiXas.

X AEgT (CX2), keal mol-! AEgT (SiX2), keal mol-!

Experimental Calculated Experimental Calculated

H 9.09 [7] 9.09 [8] S - 14.0 [52] ~20.0 [S4)
Br -8.0(10] ~33.4[55)
a ~259 (8] - 38.5 [55]
F - 56.6 [S1] ~57.51(8] ~7520531  -73.5(54]

3 Negative values indicates that the singlet (1A ;) state is lower in energy than the triplet

(3B)) state,
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Both these observations are consistent with Harrison.et al.'s theory [9] as mentioned
earlier, according to which the stability of the lowest singlet state relative to the lowest
triplet state of species MX3 increases as the substituent X becomes more electronegative
or as the central atom M becomes more electropostive while keeping the substituents, X,

unchanged.

The dihalosilylenes, SiX3 (X =F, Cl, Br), have a singlet (1A}) ground state like
their carbene analogs and the stability of their ground state relative to that of their lowest
triplet state (Table 1.3) varies in the same way as that of dihalocarbenes, with the
electronegativity of the substituents. One would therefore expect trends in the

reactivities of dihalosilylenes similar to those of dihalocarbenes.

Among the dihalosilylenes, difluorosilylene (SiFs) has been most widely
investigated although most of the work reported is qualitative in nature. In the gas
phase SiF2 has been reported to be quite long lived with a half life of ~150 sec and to
decay exclusively via a wall reaction to form polymer [56). Because it was initially
believed to be inert in the gas phase, most of its reactions were studied under co-
condensation conditions in which thermally-generated SiF; is mixed with the substrate
and the mixture is then condensed at - 196°C. Under these conditions, Margrave and
coworkers observed that the reactions of SiF2 with BF3, CoHy and C7Hj generated the
following products [56, $7]:

-196°C
BF; + SiF,

BF,(SiF),F  n=1-3

_196°C  —SiF, -
H,C=CH, + SiF, 20 | + ek
____Sle SIF2
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-196°C SiF,
HCaCH + §iF, —— || | ° + HCeC-SiF,-SiF,-CHsCH,
L—SiF,
SiF,
SiF
+ / / 2
Sle

Based on the observation that all the major products of these reactions contained the
(§iF2), moiety, the authors suggested that the initial step was dimerization of SiF; and
that the resulting *F2SiSiF2" radical was the reactive species [56, 57]. The proposed
mechanism of the reaction with C,Hj is illustrated in scheme I [57). Reactions with
other substrates such as aromatic compounds, alkyl substituted acetylenes, BF3, Oy
were also believed to involve diradical intermediates of the type *(SiF2)y (n =1, 2, 3
etc.) [56, S8 — 60].

Scheme L
' ring —SiF,
*HC=CH-SiF,-SiF,*

HC=CH + 'Si2F4' Closure SiF

HC=CH

polymer *HC=CH-SiF,-SiF,~-CH=CH»

rin
closure 1,5-H shift
SiF,

\__siF, SiF SiF, _—
g —— [y HC=CH-SiF,-SiF,-CH=CH,
2

In 1978, however, Seyferth and Duncan [61] suggested that a more plausible

reaction mechanism would involve addition of SiF; across an unsaturated bond,
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followed by secondary reaction of the silirane or silirene adduct such as ring expansion,
dimerization or reaction with another SiFy, as illustrated in scheme I1 for the case of
acetylene. Such a mechanism fully explains all the products detected by Margrave and
coworkers. While initial dimerization of SiF3 cannot be excluded a priori , the rate of
this reaction would be expected to be slow, compared to addition across a C=C or CaC
bond.

Scheme I
=y §iF, —SiF,
HCaCH + §iF, —e \/ 202 | |
f;' —SiF,
2

'C2H2$ in' S in . )
*F,8i-CH=CHs ] + HC=CH(SiF,),CH=CH-

SiF,
SV H shift
SiF,
/ X//Sin HC=CH-SiF,-SiF,-CH=CH,

In later developements, Thompson ez al. 's [62) 29Si NMR spectroscopic
evidence for the participation of monomeric SiF; in the reaction of SiF; with propene
under co-condensation conditions, and the observation that SiF; reacts with halogenated
olefins to generate SiF; + olefin adducts as stable products (see below) lend extra

support to Seyferth and Duncan's mechanism.

Following this proposal the gas-phase reactions of SiF; were reinvestigated by

Hwang and Liu [63, 64]. They observed that under the proper conditions, SiF; does
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react in the gas phase with 1,3-butadiene, cis- and trans-difluoroethylene, vinyl
chloride, vinyl fluoride and propene giving products containing only one SiF3 unit, in
agreement with Seyferth and Duncan's mechanism. It should be noted that the reaction
of §iFz with haloolefins generates products that are entirely different from those formed
in the reactions with unsubstituted olefins [56], e.g.

c . H F F SiFs

F
b = \ = Nea
F’JC C( SiF3+ H,C <SiF3 + H,C-C(

F,C=CHF + SiF,
F

Margrave and Wilson [56] proposed that this type of reaction may proceed viz initial
formation of a silirane-type intermediate (I) which would then rearrange rapidly to give

the final products; however, details of the mechanism were not given.

SiF i
F 2F F\C_<SXF3
— C= + energy

M

From a comparison of the products formed in the reaction of SiF3 with vinyl
fluoride in the gas phase and those formed under co-condensation conditions Liu and
Hwang [64] concluded that the reaction at ~196°C also involves monomeric SiF,
although in addition to CHp=CHSiF3, which is the only product in the gas phase, some
products contai- :d two SiF3 units, such as CH,=CHSIiF;SiF3 and 4,5-difluoro-
1,1,2,2-tetrafluoro-1,2-disilacyclohexane. They further concluded that the mechanism
for the gas-phase reaction is simple and involves initial attack of SiF3 on an unsaturated
bond followed by rearrangement when possible or polymerization, whereas the

mechanism for the reaction under co-cordensation conditions is quite complex.
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Nucleogenic difluorosilylene, 3!SiF3, has also been shown to react in the gas
phase with butadiene as a monomer yielding 1.l-diﬂuomsilacyclopent-B-ene [6S)

S1SiF,
3ISiF2 + C4H6 —

and with ethylene to yield 1,1-difluorosilacyclopentane via initial silirane formation

(66].

SSiF, + CH, —— Q’ =2 ()

By competitive trapping experiments Tang and coworkers [66] observed that ethylene is
10 times less reactive than butadiene towards 31§iF,, showing that SiF; is more
selective than SiHy, for which the reaction with ethylene is ~ 3 times slower than that

with butadiene.

More examples of the reactions of monomeric SiF; with various hydrocarbons
have been summarized in two recent reviews [38, 64]. It is now well accepted that the
reactions of SiFy with unsaturated hydrocarbons follow a mechanism similar to that
with singlet carbenes i.e. vig initial silirane- or silirene-type intermediate formation,

however, such intermediates have yet to be isolated.

The reactions of SiF2 with inorganic molecules NO and CO in low-temperature
matrices have also been reported to involve monomeric SiF;. Bassler et al. [67], who
carried out IR spectroscopic investigations of these reactions in Kr matrices at 20K
proposed that SiF3 reacts with the cis dimeric form of NO to yield an adduct which
decomposes violently to N20 and siliconoxyfluoride polymer upon warming the matrix

to -150°. This adduct was proposed to have the cyclic structure (J).
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For the SiF; + CO reaction they proposed the initial adduct to be SiF>CO which
decomposed to volatile silicon oxyfluorides and a carbon-rich polymer upon warming
the matrix. They failed to observe any reaction between SiF; and O, under the same

conditions.

Quantitative data on the reactions of SiF; are very limited and the only rate
constants reported for its reactions are listed in Table 1.4 along with similar data on
SiHj, ICH; and CF> for comparison. From these data it can be seen that the rate
constant values of SiF3 vs SiHj follow a trend similar to that of CF; vs ICHj; i.e. they )
decrease upon fluorine substitution in CHj and SiH3. The lower reactivity of SiF;
compared to that of SiH; towards Oy, H3 and C4Hg could be due to the stabilization
effect of the halogen substituents similar to the orie that has been proposed for carbenes
[16].

For insertion into Hy, Sosa and Schlegel's [69] ab initio calculations predict that
fluorine substitution on both CH: and SiHj increases the energy barrier height of the
reaction. They reported values of 2.0, 15.0 and 47.0 kcal mol-1, and 12.0, 31.0 and
65.0 kcal mol-! for insertion of CH3, CHF and CF3, and SiHy, SiHF and SiF,,
respectively. This large differsnce in barrier height for MH; vs MF; (M = C, Si)
insertion is consistent with the lower rate constant values associated with the MF; + Hy,
as compared to the MH3 + H», reaction (¢f. Table 1.4). It should be noted that for CHp
and SiH3 insertion, Sosa and Schlegel's values are slightly higher (2.0 and 3.4 kcal
mol-1 respectively) than the previously reported theoretical values [39].
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Both §iF; and CF; are unselective towards halogens, i.e. their rate constants are
about the same for reaction with Cl; and F. The higher reactivity of SiF as compared
to that of CF3 was suggested [68] to be related to the higher exothermicities of the SiF>

reactions.

From the above discussion one can conclude that the fluorine (the most
electronegative of halogens) substituent stabilizes both methylene and silylene, i.e.
reduces their reactivity significantly. With unsaturated hydrocarbons SiF3 reacts by a
mechanism similar to that of singlet carbene addition. Although the data on relative or
absolute rate constants of SiFy reactions do not allow the demonstration of broad
selectivity trends, it is a fact that SiF; is more selective than SiH; between ethylene and

butadiene and this parallels the selecuvity of CF2 vs CHa.

It is quite reasonable for one to expect the other dihalosilylenes (SiClz and
SiBry) to behave similarly, i.e. to exhibit more selectivity than SiHy. One could expect
dihalosilylenes to follow a similar selectivity trend as that of dihalocarbenes i.e.
increasing in the order: M1ry < MCly < MF2 (M = C, Si), and their reactivities to

follow the reverse order.

Since the present work comprises quantitative studies of the gas-phase reactions
of dichloro- and dibromosilylene with various substrates and since several excellent
reviews have been written on the chemistry of othe .ilylenes [35 — 39], the remaining

part of this chapter will focus on the chemistry of SiCl3 and SiB. only.



L4. Generation of Dichloro- and Dibromosilylene.

The two most widely-used methods of generting dihalosilylenes (SiCl; and

SiBry) are thermal and photochemical in nature.
1.4.1. Thermochemical Generation.

Two decades ago thermal methods were the most general ways of generating
silylenes. For example, the reduction of tetrahalosilanes or of metal halides over a
silicon surface has been reported to yield cihalosilylenes at temperatures above 800°C
[70]:

SiX4 @) + Sigy) —= 28iXp4 (X=Br,ClLF)

2 CuCl + Si

2 Cu + SiCl,

High-temperature reduction of SiClg by H; has also been used to produce SiCl,
[70):

SiCly + H,

2 HCl + SiCl,

Atwell and Weyenberg [71] have used the thermolysis of unsymmetrical
disilanes to produce various silylenes, including dihalosilylenes. The general reaction

yielding silylenes is

ZYXSiSiXYZ SiXY + SiXYZ,

(Z = H, halogen, alkoxy)
(X, Y =H, halogen, alkoxy, alky! or aryl)
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Chernyshev et al. [72] have reported that the one-stage thermal decomposition of
perchloropolysilane is an efficient method for producing dichlorosilylene vig a-
elimination:

$00 - 600°C
CLSi(SiCl,), SiCly (n + 1) SiCl, + SiCl, 120

Doncaster and Walsh 73] studied the kinetics and mechanism of the gas-phase
decomposition of SizClg in the presence of I3 and suggested the following mechanism,
involving the formation of SiCl2 by unimolecular elimination as the initial step:

596 - 655K ,
Si,Clg SiCl, + SiCl, slow

SlClz + Iz Clzsuz fast

For the slow SiCl; extrusion, they reported the following parameters: log(A/s~1) =

13.49 £ 0.12 and E, = 49.2 kcal mol-1.

Kagramanov et al. [74] have reported the mass spectrometric detection of SiCl>
in a yield of 90% from the reduction of CCly with Si at 1000°C, and of SiBr3 in 95%
yield from the reduction of SiBrg by Si at 1100°C:
1000°C

1100°C

SiBl" ®) +Si SiBr2 )

Hargitai er al. [75] observed that the reduction of SiClg by Si gives higher
yields of SiCl; than the analogous reduction of SiClg:

Si(s) + SlzCls ) SIC]2 ®
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The formation of dichlorosilylene from the pyrolysis of cyclic silaalkanes,
silaalkenes and siladienes has been reported by Chermyshev and coworkers [76 - 78).

SiClp was detected by trapping experiments. A few examples are:

—SiCl,  sgoeC SiCl,
"5 00 -0

Cl, Cl,

Me M
Q+W)_<“550°c +/—\

cl, Si
cl,
560-580°C / \ @
O SiC12 + @ ——
Si Si
a, Cl,

1.4.2. Photochemical Generation.

Flash photolysis of hexachlorodisilane or 1,1-dichlorosilacyclobutane in a
Suprasil system, with a single flash of 2900J, was used by Ruzsicska er al. [79] to

produce SiCly in order to record its absorption spectrum in the UV region.

SiyClg (g + hv SiCly q) + SiCly ()

— SICI(I) + Cl(‘) + SlCl4 (2
~—SiCl,

+ hv SiCly () + CyHq
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Washida et al. (80] have demonstrated the generation of SiCl; from the vacuum
UV photolysis of the chlorinated silanes SiH2Cl; and SiHCl3, but they did not observe

any silylene formation from the photolysis of SiCls under similar conditions.

SiH,Cly + hv ~———— SiCl, + H, AH = 34,6 kcal mol™!

SiHCl3 + hy ———— SiCl, + HCl AH = 57.6 kcal mol™!

Kr and Xe lamps were used as photolysis light sources and SiCly was identified by its

emission spectrum.

Sausa and Ronn [81] used the IR multiphoton excitation of SiH2Cl; to produce

electronically excited SiCl; and recorded its emission spectrum.

Suzuki et al. [82] reported the formation of SiCly from the photolysis of
dichloro- and trichlorophenylsilane, PhSiHCI; and PhSiCls, in conventional flow and
supersonic free jet experiments. Excimer lasers (KrF, 248 nm and ArF, 193 nm) were

used as photolysis light sources.

The only report on the photochemical generation of SiBrs is that of R zsicska et
al. [83] who photolysed SiBr4 in a Suprasil system with a single flash of 2900J and
recorded its absorption spectrum in the UV region.

SiBr, + hv SiBr, + Br, AH = 89 kcal mol™!

SiBr, + Br + Br AH = 142 kcal mol™
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1.4.3. Other Modes of Generation.

Madix and Schwarz [84] used the molecular beam method to produce SiCl; via
the abstraction of Si from a silicon single crystal using a low pressure (10-6 — 105

Torr) molecular beam of chlorine at temperatures 770 to 1S00K.

Si (single crystal) + Cl, (beam) SiCl,

Bochkarev er al. [85] investigated the SiCl; extrusion reaction from a series of
dichlorosilanes under the impact of 30 ¢V electrons by measuring the intensity of the (P-

§iCl2)* ions mass spectrometrically.

RRSiCl; + € —— [RR,SiCL)*" + 2¢

RR,** + SiCl,

They observed the formation of SiCl, for R, Ry = CgHs, a-C4H3S, or R = CgHs, a-
CioH7 and R; = H. Elimination of SiCl2 from some unsaturated cyclic dichlorosilanes

was observed as well. Some examples of these compounds are:

ClySi
is; O @O

Si
Cl (o Cl, 0--SiCl,

Radiofrequency-excited low-pressure discharge in a parallel plate reactor with a
rapid gas flow was used 10 generate SiCl2 from SiClp(CH3)4n (n = | - 4) by Sameith
etal [86]. A radiofrequency power density of 0.5 W cm-2 at a frequency of 2.6 MHz

was used and SiCl; was identified by its emission spectrum.
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Bock ez al. [87) have generated SiCls from the photoelectron spectroscopically
optimized thermal decomposition of various precursors and have recorded the

photoelectron spectrum of SiCly. The reactions were carried out in an electron-impact-

heated system.
1450K/Si
SiyCly ——KBle_ 5501,
SiClg 21BKB_ gicp, _MSO0KS | gic),

S 1100K
SiCl, SiCl; +
—,

LS. Spectroscopy and Molecular Geometry of Dichloro- and ~

Dibromosilylene.
1.5.1. Spectrum of SiCl;.

The assignment of the electronic spectrum of SiCl; has been a controversial
subject under investigation for about half a century. The first report of the observation
of the electronic spectrum of SiCl was made in 1938 by Asundi er al. [88] who, from a
discharge through flowing SiCls vapor, observed a broad structured emission spectrum
consisting of two well-known band systems of the SiCl radical and two sets of
unknown bands. They attributed these two new band systems to two electronically
excited states of the SiCly radical, lying at 29952 and 28295 cm-! above the ground
state. For the ground state they determined the fundamental frequencies 13; and 13; to
be 540 and 248 cm-1, respectively. For the upper state at 29952 cm-! they estimated
the vibrational frequencies ﬁ; and 0; to be 445.3 and 201.1 cm-1, respectively. Later
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on, Burger and Eujen [89] suggested that the electronic state at 29952 cm-! was the 1B,
state. They also suggested that the vibrational structure of the spectrum observed by
Asundi et al. should be re-analysed.

In 1951, Weiland and Heise [90] reported the observation of a continuous
absorption spectrum with an intensity maximum near 315 nm from the reaction of Si
with SiCly at 800 — 900°C. They assigned this absorption spectrum to SiCl; which

would be formed according to the reaction

Si + SiCl, 2 sicl,

however, neither the experimental details nor the spectrum itself were described. They
also observed the well-known band systems of SiCl in the UV region upon heating the
system to 1150°C.

Milligan and Jacox [91], in 1968, studied the vacuum UV photolysis of SiHCly
and SiD,Cl; in an argon matrix at 14K using IR and UV spectroscopy to detect the
intermediates. A microwave discharge (2450 MHz, 125W) through 1 Torr of Hy : He =
1 : 9 mixture was used as the photolysis light source. In the IR spectrum of the
photolyzate, two new strong absorptions at 502 and 513 cm~! were observed, and
assigned to the stretching fundamentals (0; and 6;) of SiCl. However, the authors
could not decide which one of these two frquencies is due to symmetric stretch (1‘);).
They also estimated the frequency of the bending mode (1‘);) to be around 200 cm-!. In
the UV spectra of the photolyzed Ar:SiH,Cl; and Ar:SiD2Cl; samples they observed a
broad (~5 nm half-width) unstructured absorption near 315 nm.

In 1972 Maass er al. [92) studied the IR spectrum of matrix-isolated SiCl,,
produced by the reaction of SiCly with Si at ~1150°C and rapped in a matrix (Ar, Ne or
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N2) at 1SK. From chlorine isotopic spilitting measurements, they assigned the
observed bands at $12.5 and 501.4 cm~1 to the symmetric (9;) and asymmetric (5.)
stretching modes of SiCl, respectively. They were also able to observe a weak band at
202.2 cm1 due to a bending mode (13;) of SiCly. Their frequency measurements were

in excellent agreement with those of Milligan and Jacox. The £ CISiCl bond angle in
SiCly was calculated to be 105 t 3°,

Also from the IR spectrum of matrix-isolated SiClj at 15 — 20K, Svyatkin et al.
[13] reported the following values for the vibrational frequencies of SiCls, which are in
good agreeement with Maass er al.'s values; 19; = §12 cm-!, 1‘); = 202.2 cm-!

(calculated), 9, = 501.2 cm-!.

In 1977 Comet and Dubois [93] cast doubt on Asundi er al.'s [88]
assignment of the emission spectrum of SiCly. They proposed that the two band
systems discovered by Asundi ef al. in the emission spectrum of the condensed
discharge through SiCls vapors and assigned by them to the SiCl, radical, are, in fact,
emitted by some other species. In Asundi et al.'s experiment SiCly vapor, before
reaching the discharge tube, was passed through P2Os for the removal of water vapor,
and then through an NaOH bulb for CO; removal. However, in 1956 Remey [94]
showed that SiClg reacts with P2Os to give POCI3 which was later shown to produce
PO and P, radicals in a condensed discharge [95]. Comnet and Dubois claimed that in
Asundi er al.'s experiment PO and P; radicals were produced instead of SiCly and
excited by the discharge. Cornet and Dubois were able to match each of the several
bands, observed and attributed by Asundi er al. to SiCly, with the two well-known
systems of PO: the B 22+ — X 211, (B) [96, 97] and the B 2Im; — X 211, [97 - 99]
transitions, and the well-known C 1L, — X 1Z] tansition of P; [96]. Comnet and

Dubois thus concluded that all the bands claimed to be due to SiCl, [88] were in fact
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emitted by PO and P; radicals while the electronic spectrum of SiCl was yet to be

discovered.

The discovery of the absorption spectrum of gas-phase SiCly in the UV region
was reported in 1985 by Ruzsicska e al. [79]. The spectrum was obtained employing
the flash photolysis-kinetic absorption spectroscopy technique and SiyClg was used as
the silylene precursor. Upon photolysing 0.2 — 2 Torr Si3Clg in the presence of SO Torr
argon with a single flash of 2900, Ruzsicska et a!., in addition to 19 known absorption
peaks of SiCl (B 2+ « X AT, and B 2A « X 2IT,) in the 297.00 - 274.58 nm region
and 15 known emission peaks of SiCl (B 2£+ — X 2[T,) in the 306.70 - 292.20 nm
region, observed a new structured absorption band in the 308.70 - 328.22 nm region
with the most intense peak at 317.4 nm. From GC and mass spectrometric analyses of
the photolyzate in the presence of up to § Torr of added butene, the authors assigned -
this spectrum (c f. Figure 1.2) to SiCl; and not to the SiCl3 radical which could also
have been formed in the photolysis of SiyClg. In order to obtain an independent
confirmation of their assignment they flash photolysed 1,1-dichlorosilacyclobutane,
which could produce SiCly but not SiCl3, under similar conditions and the spectrum

obtained was identical to the one obtained from the SiyClg photolysis.

Based on the reported absorption bands of the analogous group IV A dihalides,
Ruzsicska et al. .ssigned this newly-discovered absorption band of SiCls to the A 1B
« X 1A transition and the measured interval between the absorption peaks, 148 + 11
cm-1, to the bending frequency, 0;. of the 1B state. By analogy, the most intense
peak at 317.4 nm was assigned to the A 1B1(0,8,0) « X !'A(0,0,0) transition and

tentative assignments of other vibrational levels in the !B, state were made. The authors
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Figure 1.2. Absorption spectrum of SiCl, [79].
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reported the observed electronic energy of the upper state (1B)) to be Too S 30,000

cm-l,

Shonly afterwards, Sausa and Ronn [81) reported that the IR multiphoton (CO;
TEA laser) decomposition of SiHyCl3 under collision-free conditions is accompanied by
an electronic emission which they attributed to an electronically excited SiCls radical.
The emission spectrum consisted of a broad band with an intensity maximum at 330
nm. Based on product analysis and photodecomposition reaction energetics, they
concluded that this emission is due to a spontaneous one-photon radiative decay from
electronically excited SiCly (!B; — !A}) and measured the lifetime of this transition to
be 4.5 us. However, they could not determine whether SiCly was formed vig one-step

photodetachment of a Hy molecule or a stepwise loss of H atoms i.e.

SiH,Cl, SiCl, + H,
or

SiH,Cl, SiHCl, + H
SiHCl, SiCl, +H

Later on, Washida ez al. [80] recorded emission spectra following the vacuum
UV photolysis of chlorinated silanes SiH;Cl3 and SiHCl3 using rare gas (Ar, Kr, Xe)
resonance lamps as photolysis sources. In both cases the common emission band in the
300 - 400 nm region was broad and unstructured with an intensity maximum at about
340 nm. The fluorescence excitation spectrum of SiHCl3 was also recorded by these
workers using synchrotron orbital radiation. Based on the energetics of the various

possible photodecomposition paths for chlorinated silanes and the appearence energy of
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the emission, this broad emission band with maximum at ~340 nm was attributed to the

A 1By = X 1A electronic transition of SiCly. The general features of the emission
band are in good agreement with those of the absorption spectrum [79], considering the
difference in equilibrium geometry between the upper electronic state and the ground

state.

Following Ruzsicska et al.'s discovery of the absorption spectrum of SiCly,
Gosavi and Strausz [100], using ab initio molecular orbital methods, calculated the
excitation energy for the A 1B81(0,0,0) « X 1A1(0,0,0) transition of SiCly to be
30677.1 cm-, in good agreement with the experimental value ~30300 cm-! * obtained
from the absorption spectrum. They reported the following values for the harmonic
vibrational frequencies of SiCl; in the ground electronic state (1A}): \9; = §30.89 cm-!,
9, = 212.78 cm-! and 9, = 521.08 cm-!. These values are 3.6 - 5.2% higher than
those obtained experimentally [13, 91, 92] and this could be due to the anharmonicity

correction which was not taken into account in the calculations.

Another theoretical investigation of the low-lying electronic states of SiCl, was
carried out by Ha et al. [101] using ab initio methods at different levels of accuracy.

For the A 1B & X 1A transition their value of 32423 cm-! for the vertical excitation
energy (1B1(0,n,0) «- 1A,(0,0,0)} is in good agreement with that calculated by Gosavi
and Strausz [100] (32507.9 cm-1) and also with the experimental value of 31505 cm-1
for the most intense absorption peak {1B;(0,8,0) « 1A1(0,0,0)} [79].

Sameith er al. [86] have carried out a vibrational analysis of 52 individual bands

of the A 1By — X 1A transition of SiCl. They recorded the emission spectrum of
* The originally reported value of < 30,000 cm-1 [79] was an estimate.
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SiCl; following an rf discharge in the flowing §iClg vapor, in the 300 - 450 nm region.
Their spectrum was dominated by two broad and intense emissions with maxima at 330
and 390 nm, the former being assigned to the A 1By — X 1A transition of SiCl, [80].

The broad emission recorded following the plasma-chemical production of SiCly

plasma
Si +8iCly, ==—= 2SiC],

consisted of a large number of individual vibrational bands.

From the analysis of the emission centered at 330 nm, Sameith et al. concluded
that the spectrum was dominated by a 1‘); progression with ﬁ; = 0, similar to the
absorption spectrum [79]. Their numerical assignment of each v'2 level of the IB; state
is in excellent agreement with the one made tentatively by Ruzsicska et al. [79]. From
their analysis, the following values for the bending modes of SiCl; in the ground state ~
(1A1) and the upper electronic state (!B;) have been reported: 13; = 1985 £3.7 cm-!
and ﬂ'z = 1489 £ 3.4 cm~1. These agree very well with previously reported values
[79,91,92]. Their derived electronic energy, Tog = 30336 cm-1, for the A 1B1(0,0,0)
« X 1A1(0,0,0) transition is also in good agreement with that reported by Ruzsicska et
al. [79)] und calculated by Gosavi and Strausz [100).

In 1986 Suzuki er al. [82] reported the laser excitation fluorescence spectrum
and dispersed fluorescence spectra of the A 1By — X 1A transition of the gas-phase
SiCly. PhSiHCIy, PhSiCl3 and SizClg were used as silylene precursors, excimer lasers
(KrF,248 nm and ArF =, 193 nm) as photolysis light sources, and a frequency doubled
Nd:YAG pumped dye laser was used as a probe laser. From all three precursors
identical spectra were obtained in a conventional flow system. The spectral features
were similar to those of the absorption spectrum of SiCl3 [79] and thus the spectrum

was assigned to SiCly. From the . “nersed fluorescence spectrum they were able to
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make vibrational assignment for most of the bands in the excitation spectrum. They
assigned the most intense peak (321.9 nm) to the v; = 7 vibrational level in the upper
electronic state ('By). By least square fitting they estimated the energy of the A
1B1(0.0,0) — X 'A1(0,0,0) transition to be Tag = 30003.6 + § cm-!, which is in good
agreement with the value ~30300 cm-! observed from the absorption spectrum [79] and
the calculated value of Gosavi and Strausz {100). Their vibrational frequency for the
bending mode of SiClj in the 11 state, (‘};-: =149.9 + 0.5 cm-1, is also in agreement
with Ruzsicska ef al's vaiue of 1.¢8 + 11 cm-l. Other frequency values reported by
them, 1‘); = §26.5 el an l-)'z = 201.2 cm~!, also agree with previously reported
values from matrix experiments: ﬂ: =512.5 cm-! and »3; =202.2 ecm-1 [92]). Except
for the vibrationai level assignment of the upper electronic state, the absorption spectrum
[79] and the laser excitation spectrum of SiCl; are in good agreement. According to
Suzuki er al.'s zssignment, the most intense peak (317.4 nm) in the absorption spectrum
should be assig~ed to v; = 10 instead of the V'2 = 8 level of the upper electronic state as

assigned by Ruzsicska ef al. [79].

Wavelength and vibrational level assignments of the various peaks of the
absorption spectrum of SiCl; as made tentatively by Ruzsicska er al [79] are given in

Table LS.

The vibrational frequencies of SiCl in its ground electronic state, 1A}, and first
excited singlet state, !By, as reported by different workers, are compiled in Table 1.6.
Energy values of the clectronic transition A !B 1(0,0,0) — X 1A1(0,0.0) of SiCl>

obtained from different studies are presented in Table 1.7.
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Table 1.5. Assignment of the absorption spectrum of SiCl2 [79).

v, A, nm v, cm-! Av, cm-1
08 ~330 ~ 30300
1 328.22 30467

146
2 326.66 30613

150
3 325.07 30763

154
4 323.45 30917

139
5 322.00 31056

151
6 320.44 31207

157
7 318.84 31364

141
8 317.41 31508

137
9 316.04 31642

146
10 314.58 31788

152
11 313.09 31940

138
12 311.74 32078

159
13 310.20 32237

157
14 308.70 32394

Mean Av =148 % 11

3 Since the origin of the absorption spectrum was not very well resolved, X and v for

v, = 0 are estimated values using either vg = v - AVayg., 01, = vy, - nAvgyg, (n =
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Table 1.7. Electronic transition energy,Tog (A !B{(0,0,0) « & 1A1(0,0,0)), of SiCls.

Too, cm-1 Reference.
Experimental ~ 30300 [79]

30336 [86]

300036t S (82]
Calculated 30677.1 [100]
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All the experimental values of the frequencies of SiCl, are in excellent agreement
and also in fairly good agreement with the calculated values (cf, Table 1.6). Therefore,
the following values for the vibrational frequencies of SiCl; in its ground state and first

excited singlet (!B}) state are recommended:

vy, cm-l V2, cm-l V3, cm-!
1A): S12.5 202.2 501.4
IBy: 435+ S 1489 + 3.4 —

(v3 for the 1By state has not yet been reported.)

The calculated values of the vibrational frequencies of Gosavi and Strausz [100]
(f. Table 1.6) are slightly higher than the experimental values due to the anharmonicity
correction, as mentioned earlier. The other set of calculated values in Table 1.6 is the
one reported by Coffin et al. [S5] which seems to be in better agreement with the
experimental values than those of Gosavi and Strausz. It should be noted that Coffin et
al.'s values actually represent the corrected calculated vibrational frequencies obtained

by applying the scale factors of 0.870 for v} and v3, and 0.918 for vs in order to fit the

calculated data to the observed ones.

The data on Tog values in Table 1.7 exhibit a good agreement among various
experimental values and also between Lhe experimental and the calculated values. The

value of 30336 cm~! [86] for Tog (A 1B1(0,0,0) « X 'A1(0,0,0)) is recommended.
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1.5.2. Spectrum of SiBr;.

There has not been as much controversy about the electronic spectrum of SiBr»
as for that of SiClz. In 1969 Kuznetsova and Kuzyakov [102] recorded the emission
spectrum from a glow discharge in SiBrs vapor. In addition to the known bands of
SiBr and SiBr* they also observed two new systems in the 415 — 435 nm and 425 —
595 nm regions. The first of these two new systems was clearly assigned to the 2A - X
211 transition of SiBr. The second band showed very complex rotational structure and
did not allow an unequivocal assignment to SiBr or SiBry. Therefore, vibrational
assignments were made assuming that it may belong to either SiBr or SiBr although the
authors favored SiBr; as the carrier of the spectrum. From the SiBr, assignments they
deduced the values 425 and 240 cm! for the stretching frequencies of SiBrj in the
ground and excited states, respectively, and for the bending modes, 170 and 120 cm-!,

respectively.

Later, Babu Rao and Haranath [103] assigned the band system in the 433 — 657
nm region, obtained from a discharge through SiBrs vapor, to the 25+ - X 211,
transition of the SiBr radical. More recently, Bosser et al. [104] also discovered 30 new
bands in 430 ~ 520 nm region and assigned them to the A 2E — X 2ITy/ systern of the
SiBr radical.

Maass er al. [92] studied the IR spectrum of SiBry produced from the reaction of
Si with SiBry4 at elevated temperature,
950°C

SiBr4 + Si 2 S8iBr,

and isolated in an Ar or N2 matrix at 15K. From silicon isotopic studies they assigned

the peaks at 402.6 and 399.5 cm-1 to the 1‘): and 1‘); stretching modes of SiBry,
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respectively. They failed to observe any peaks due to the bending mode, ﬁ;. of SiBr;

but estimated its value to be around 120 cm-!.

The first electronic absorption spectrum of SiBr; in the gas phase has been
reported very recently by Ruzsicska er al. [83], using the flash photolysis-kinetic
absorption spectroscopic technique. They photolyzed 1.0 Torr SiBrg in 30 Torr argon
in a Suprasil system with a single flash of 2900J and observed a broad absorption in the
340 - 400 nm region with a maximum at 362 nm (Figure 1.3). This absorption
spectrum was assigned to the A 1B &« X 1A transition of SiBr) partly by analogy with
the known spectra of other group IV A dihalides, and partly on the basis of the

chemistry involved in its generation. For the A !B « X !A electronic transition of

SiBr; they reported the vertical excitation energy to be 27600 cm~!.

More recently Coffin er al. [SS] have calculated the fundamental vibrational
frequencies of ground state SiBry, and, after correcting these calculated values
employing scale factors of 0.870 for v} and v3, and 0.918 for vy, reported the
following values: 9, = 395.9 cm-1, 8, = 128.2 cm-! and ©, = 394.6 cm-1. The
calculated values of the fundamental stretching and bending frequencies are in good
agreement with the values reported by Maass et al. [92].

The vibrational frequencies of SiBry in its ground state (1A), as reported by
different workers are listed in Table 1.8 along with the vertical excitation energy of its

electronic transition A 1B « X 1A;.

Energies of the A 1B; — X A electronic transitions of group IV A dihalides
are compiled in Table 1.9. Dihalosilylenes show a similar trend as the other group IV A
dihalides i.e. the electronic erergy of any MX» dihalide series (M = C, Si, Ge, Sn, Pb)

decreases in the order X = F > C1 > Br. The electronic transition energy increases on
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362 nm

Figure [.3. Absorption spectrum of SiBrs [83].

(very sharp emission line indicated by an arrow, T, is the charcteristic atomic emission

from the spectroscopic lamp.)
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Table.1.8. Vibrational frequencies of SiBra (!A}) and the vertical excitation energy, Te
(cm-1), of its A 1B} « X 1A transition.

Fundamental Frequency, cm-! Reference.
)| 402.6 (experimental) [92]
395.9 (calculated) [55]
v 120 (estimated) [92]
128.2 (calculated) [55]
V3 399.5 (experimental) [92]
394.6 (calculated) [55]
Te 27600 (experimental) (83]
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going from carbenes to the corresponding silylenes. Both these trends could be
explained by Harrison et al.'s [9) electronegativity theory as explained above. The
similarities in the electronic energies of MX2 (M = Si, Ge, Sn, Pb) species are also in
accordance with the electronegativity theory since Si, Ge, Sn and Pb all have similar

electronegativities.
1.5.3. Molecular Geometries of SiCl; and SiBr,.

According to Walsh's rule both SiCly and SiBry, with 18 valence electrons, are
bent in their ground (1A;) electronic state and have C;, symmetry, like Jdihalocarbenes,
SiH3 and SiF,:

r X=H,Br,C,F
Ao

The predicted bent geometries of SiClz and SiBry have been supported by
various reports on their molecular parameters, which are in good agreement. For
example, Hargittai et al. [75] reported r(Si — C) = 2.083A and £ CISiCl = 102.8° from
electron diffraction combined with mass spectrometry, and Ha et al. [101], using ab
initio methods, obtained r(Si - Cl) = 2.083A and ZCISiCl = 101.49°. All the reported
values are presented in Table I.10. The molecular parameters of SiCl; in its first excited
singlet (1B1) state have also been reported and are presented in Table 1.10. On going
from the (1A}) to the (1B) state of SiCly, the Si—Cl bond distance decreases while the
Cl-Si-Cl bond angle increases. A similar change in the molecular parameters of CCn,
(1A}) was cbserved in its (1B)) state. The molecular parameters for the (1B ) state of

SiBry are not yet available.
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During the A 1By « X 1A transition of SiCly, the small change in the Si—Cl

bond distance is in accordance with the Frank-Condon principle and the large change in

the C1-8i-Cl bond angle corresponds to the progression in 19'2 as has been observed in

the absorption spectrum (79,
1.6. Heats of Formation of SiCl; and SiBr;.

Heats of formation values for dichloro- and dibromosilylene as reported by
various workers are in good agreement and are compiled in Table I.11. JANAF tables
[111] recommend a value of — 40.3 £ 0.8 kcal mol-! for AH?(SiCly), based on the six

independent studies of the equilibrium

Si ©t SIC14 ® —— 2 SlClz ®

For AH{(SiBrjp), JANAF tables[111] recommend a value of - 12.5 + 4 kcal mol-!
whereas CATCH tables [114] recommend - 11.1 £ 0.8 kcal mol-! based on the same
two flow studies reported by Schaefer er al. [112], and Wolf and Herbst [116] of the
equilibrium

Si (c)+ SiBl'4 @® 2 SiBl’z @

Subsequently, Farber and Srivastava [117] pointed out that in both cases the workers
ignored the possible formation of SiBr3 along with that of SiBr; and thus there must be
a small error in their values. Farber and Srivastava, from their high-temperature mass
spectrometric measurements, reported AH{(SiBry) = — 10.5 £ 2.0 kcal mol-1. Walsh
(118] however, doubted that SiBr; would be formed and recommended the weighted
average of — 11 + 2 kcal mol-! for AH{(SiBr;). Presently, this is the most commonly-

accepted value.
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Table L.11. Heats of formation of 18iClj (5) and 1SiBr3 (), AH{, keal mol-!,

SiCl, Reference SiBry Reference
-40.3t0.83 [111) -12.5+£40 [111}
-38.2 [112) -12.2 [112]
-40.6x0.6 [113) ~-10%£2 [116]
-399+0.2 [114) -11.1£08 [114]
-376 [118) -10.5%20 [1mn

~-11%28 [118)
3 Recomended values to date.
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L.7. Reactivities of Ground State Dichloro- and Dibromosilylene.

Like their carbon analogs, silylenes undergo both insertion and addition
reactions. Until the 1980s, the reactions of dichlorozilylene had only been studied
qualitatively but more recently, after the discovery of its absorption spectrum, some
quantitative data on its reactivity have been reported. On the other hand, the reactivity of

dibromosilylene has scarcely been investigated either qualitatively or quantitatively.
1.7.1. Qualitative Investigations.

A number of qualitative investigations on both the insertion and addition
reactions of SiCly have been reported. A few qualitative studies on the reactions cf
SiBr) are also reported. In all these studies both SiCl; and SiEry were generated
thermally. It has been shown that when these dihalosilylenes are generated in the

absence of any reactive substraie, they undergo polymerization to give polysilanes [70):

~800°C >900°C

Si + $iXy ———-= SiX,

(SiX)),

X =Cl, Br

1.7.1a. Insertion Reactions.

Timms [119], in 1968, showed that SiCla, produced from the reduction of SiCly
with Si at 1350°, when co-condensed with BCl3, PCl3 or CCly at - 196°C, inserts into
B—Cl, P--Cl and C—Cl bonds, however, from his experimental description it is not
clear whether the insertion occurs in the solid phase upon co-condensation, or in the gas

phase prior to condensation. He isolated the inscrtion products by low-pressure, low-
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temperature distillation and analysed them using IR, mass spectrometric and analytical

techniques.
SiCl, + BCl4 Cl,SiBCl,
SiCl, + PCly Cl;SiPCl,
SiCl, + CCl, ChLSiCCl,

Later on, Chemyshev er al. [120] showed that SiCly also inserts into the C—Cl

bond of other chlorine-containing hydrocarbons. SiCly was generated from the

pyrolysis of Si>Cle.

SiCl
CeHsCH,CI 2 CsHsCH,SiCl,

450-500°C
: L . .
ClCHleCl3 C Cl]SlCHleCl}
-
CL,CH, 25 cusicH,sia,
620°C

SiCly «lso inserts iato the Cy—Cl bond, as shown by the formation of
trichlorophenylsilane troen the pyrolysis of benzyldichlorosilane in the presence of
chlorobenzene [121]. An abstraction-recombination mechanism has been proposed for

such insertion reactions [76]:

up to 70%
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SiCl also inserts into Cyr—X bonds (X = Br, F, ) [76). although such

reactions are complicated by halogen exchange:

X SiCl,X SiCl,
SiCl,
+
S00°C
X=Br 2% 44%
F 15% 20%
[ 40%

SiCl has been reported [70] to react with chlorosubstituted polysilanes to give

products arising from insertion into the Si—Cl bond:

SiCl, + CI(SiCl,),Cl

CI(SiCly), . ,C!

n22

SiCly also inserts into the H—Cl bond [70, 122):

SiCl, + HCl

HSiCl,

Insertion into the C—H bond of methy] substituents in an aromatic ring [121]

has also been observed

CH, [ CH,siClLH Sicl,

+ SiCl, — — + H,
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and also into the Cyr—H bond, as shown by the formation of 1,1,2,2-tetrachloro-1,2-

disilaacenaphthenc from the copyrolysis of trichlorosilane and trichloro-1-naphthylsilane
[121):

SiCly [CLSH Sic | q,Si—sicl,
680°C
+ SiCly; ———e — + HCl

Insertion of SiCl; into the Ca—C bond has been reported by Chemyshev ez al.

(121] on the basis of the observation of the following ring expansion reaction:

Cl,Si CLSi”SiCl,
670°C
+ SiCl, ——~

SiCly inserts into both O—H and O—C bonds [121], as shown by the
copyrolysis of phenol and SiyClg. The initial step is insertion into the O—H bond
followed by insertion of another molecule of SiCl; into the O—C bond. However,

different reaction routes have been proposed for different pyrolysis temperatures:

OSi(H)Cl, SiCl,08i(H)Cl,

OH
| SicCl sicl,
S~ s ¥
SiCl,08iCls




H OSi(H)C
H sic, ? N0
680°C - — SiCl,

SiCl,
SiCl,

P
SiCl,

Insertion of SiCly into the Si—H bond is also known [121] to occur, as shown

by the following reaction:

SiHCl, Cl,8iSiHC, Cl,Si—SiCl,
SiCl,
655°C + i

Data on the reactivity of SiBr; are very scarce. Other than its polymerization, it

has been reported (70] to insert into the B—F bond of BF3, followed by halogen

exchange to give the final product:

halogen

SiBr, + BF; —— FBr,SiBF; F,SiBF,

exchange

L.7.1b. Addition Reactions.

As for the case of the insertion reactions, a number of qualitative investigations
concerning the addition of thermally-generated SiC:7 to unsaturated bonds have been

reported. However, no data are available on the addition reaction of SiBr>.
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Like singlet carbenes, SiCl; adds to olefinic and acetylenic bonds leading to the
initial formation of silacyclopropanes and silacyclopropenes, respectively, which, unlike
their carbon analogs, are unstable and thus undergo reactions such as dimerization,

rearrangement etc. to give stable products as shown in the following examples.

Chernyshev et al. [72] observed the formation of 1,1,4,4-tetrachloro-1,4-
disilacyclohexa-2,5-diene from the copyrolysis of Si2Clg with acetylene. They

explained the formation of this product by initial addition of SiClj across the acetylenic

bond:
450 - 550°

$i,Clg 0_30¢ SiCl, + SiCl,
Cl,
. . Si

dimenzation

SiCl; + HCsCH —— [| SiCl - | ]
Si
cl

During the copyrolysis of hexachlorodisilane and ethylene, Chernyshev e al.
[123] did not observe any cyclic Si-containing products. However, from the 70% yield
of Si-containing compounds formed they proposed initial silacyclopropane formation

with subsequent isomerization to the silapropylene structure:

500 - 550°C ,
SiCl, + H,C=CH, [ [>ch12

|

Cl,Si(H)CH=CH,

CL,SiCH
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SiCl2 also reacts with conjugated dienes to give silacyclopentenes [124]:

R, 1
PR S oy
RZ R2 Si
cl

R, = H, CH,, CI; R, = H, CH,

In 1978 Chernyshev and coworkers [123] suggested that although addition of SiCl, to
conjugated dienes gives a 1,4-addition product, the possibility of initial 1,2-addition

followed by rearrangement cannot be ruled out.

r -
R] Rl Rl
SiCl, + —>'_\ — h — -
R2 \ R?. / Clz th
Si- CLSi

Ry™ Nsi
cl,

Later on {76} however, from the thermal decomposition of 1,1-dichloro-1-silacyclo-3-
pentene in the presence of 2,3-diraethyl-1,3-butadiene, they concluded that SiCly adds

across conjugated double bonds in a concerted 1,4-addition.

SiCly also reacts with cyclic conjugated dienes under similar conditions. Initial
addition of SiCly acioss a double bond with subsequent rearrangement of the bicyclic

intermediate to a six-membered heterocyclic product has been proposed [124]:
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$00°C
s ) =2 ()
)

a’ Na
It also reacts with the double bonds of furan[124):
r -
N
= . S00°C |
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1.7.2. Quantitative Investigations.

Following the discovery of the UV absorption spectrum of SiClj in the gas
phase [79] Safarik et al. [125] have reported the f~st absolute rate constant
measurements for the gas-phase reactions of SiCly with a series of unsaturated
hydrocarbons using the flash photolysis-kinetic absorption spectroscopic technique in
which the SiCl absorption spectrum was used to monitor its concentration. These rate
constznt values, along with the known values for the similar reactions of SiH», are

compiled in Table I.12.



Table 1.12. Absolute rate constants for the gas-phase reactions §iX3 + R —= Products,

(X = H, Q).
R k, M-1s-1
SiCl, [125) SiH; [45]
CaH; (43 1.1)x 107 (5.9£0.7)x 1010
1-C4Hs (79£1.9) x 108 -—
C2H4 (7.8 £2.0) x 107 (3.2£0.3)x 1010
C3Hg (2.310.6) x 108 (7.210.6) x 1010
t-C4Hg (3.11£0.8) x 108 —
SizClg <53x108 —
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No quantitative data on the reactions of SiBry have been reported thus far.

For the reactions of SiCl2, rate constant values increase with increasing alkyl
substitution on the C—C double and triple bond, thus exhibiting the electrophilic nature
of SiCly, like that of SiH;. From the limited data given in Table I.12 it can be seen that
SiH3 reacts faster with unsaturated hydrocarbons than SiCly, and thus one can roughly
conclude that the selectivity of SiCly vs SiHj is parallel to that of CCl; vs CHj i.e. the
dihalospecies MX2 (M = C, Si) are less reactive than MH> species.

Measurements of absolute rate constants for the reactions of SiX; (X = H,
halogen) with more substrates are needed in order to draw a more meaningful

comparison of their reactivity.
I.8. Synthetic and Industrial Applications.

Qualitative investigations of the chemistry of $iCl3 have led to the synthesis of

several otherwise inaccessible novel organosilicon compounds. A few examples are

[121, 124]:
CLSi” N sicl,
P! cl,
X ’Si
\
Si

cl

SiCl3 has also been found to be an important interraediate in technologically-
important processes, such as chemical vapor deposition of thin silicon films, and as one
of the reaction products in the chemical etching of silicon wafers. Both these processes,

i.e. chemical vapor deposition (CVD) and chemical etching, are two of the several



processes employed repeatedly in the production of integrated circuits for the

microelectronics industry.

Chemical vapor deposition (CVD) can simply be defined as a process in which
gaseous molecules undergo thermal decomposition or react with other gaseous species
on a solid surface to leave behind solid materials of well-defined properties. CVD
processes are used to deposit thin films of a variety of conducting, semiconducting and
insulating materials essential for the fabrication of integrated circuits. Two most

commonly employed CVD reactors are:

1. Cold Wall Reactor: The object of this type of reactor is to cause the desired reaction
only on the surface of the hot wafer and keep all other surfaces free of deposits. A
ske:ch of a cold wall reactor is shown in Figure .4a. These reactors are used at
pressures of several Torr to onc atmosphere and thus this process is alsc called
atmospheric pressure CVD (APCVD). The reactant gas or mixture of gases flow
continuously down a quartz tube over a heated susceptor aligned parallel to the flow.
The susceptor is heated by an rf source or optically, using UV lamps. The wafers to
be coated are placed on the susceptor. The wafer, on which integrated circuits are
built, is a single crystal of very pure silicon in flat circular shape. Cold-wall types of
reactors are often used for the growth of thin films of polysilicon, SiO2 and epitaxiai
s.licon which is single-crystal silicon layer. A carefully-grown epitaxial Si film is
much purer than the underlying Si wafer, in fact it is of such high quality that
integrated circuits are actually built on the epitaxial film, whereas the single-crystal Si

wafer serves as a mere holder for the epitaxial film.

»”
2. Hot Wall Reactor: one of the problems with cold wall reactors is the difficulty in
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maintaining a uniform temperature on the wafers. Such problems can be solved by
using a hot-wall reactor in which the entire reaction chamber is placed in a furmace. It
is typically used at pressures below 1 Torr and thus this process is also known as
low pressure CVD (LPCVD). A basic diagram of this reactor is shown in Figure
1.4b. The reactant gases are introduced at one end of the fumace and pumped out the
other end. Wafers are loaded vertically and thus several hundred wafers can be
processed in a single run. The problem with this type of reactor is that film
deposition also occurs on the reactor walls and thus the reactor must be cleaned
frequently. Such systems are commonly used to deposit polysilicon, $iO; and Si3Ng

films.

The intermediacy of SiCly in the CVD of epitaxial Si from Si-CI-H (i.e.
SiCl2H2, SiCl3H or SiCls in Hp) and Si-Cl-He (SiCly in He) systems has been
reported. Smith and Sedgwick [126] were the first to report the formation of SiCly
during CVD of epitaxial Si from $i-Cl-H systems using inelastic scattering spectroscopy
as a reaction probe. SiClz was found to be the dominant Si-containing species at high
temperature. Sedgwick and coworkers [127, 128] then studied the formation of SiCl;
as a function of deposition conditions such as temperature, flow rate of source gas and
input reactants, using SiCly fluorescence as a reactor probe. Sedgwick and coworkers
reported that SiClj fluoresces in 488 and 514.5 nm light. However, from Gosavi and
Strausz's b initio calculations SiCly has no singlet state in this energy range, and the
only excited state of SiCl in this range is 3A; (445 nm, 22467 cm-!). Radiative
transition from this state would be phosphorescence and not fluorescence, as reported

by Sedgwick and coworkers. They concluded that SiCl; forms homogeneously in the
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gas phase during CVD of Si by the following reactions:

0,

SiCly + H, SiCly+ 2 HCI

1050°C

SlClez SlClz + H2

and as the wafer surface is approached, SiC!5 diffuses to the surface and is reduced to

Si by the reaction:

) surface
SlClz + H2

Si, + 2 HCI

They also found that the SiCl, gradient at the surface is proportional to the growth rate.

Ban {129], who studied the epitaxial growth of Si using a mass spectromeier
coupled to a CVD reactor, also observed the formation of SiClj in the vapor phase at
1300K as well as several other Cl- and H-containing products during CVD of epitaxial
Si from the Si-Cl-H system. The concentrations of SiCly were, however, small, and

SiCl; was proposed to be formed from the reaction:

SiCl4 ® + Hz @ _—— SlClz ® +2 HCl1

In contrast to Sedgwick and coworkers' [127, 1., yroposal, Ban claimed that the

major heterogeneous decomposition reaction is:

Subsequently, Nishizawa and Saito [130] studied the growth mechanism of the
CVD of Si films from Si-Cl-H systems, using IR direct spectroscopic detection of the
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reaction products. From their observations they proposed that the most probable

mechanism of Si CVD involves SiCl; as an important intermediate:

SiCly + H, SiHCl; + HCI

SiHCl; + H, SiH,Cl, + HCI

SiH,Cl, SiCl, + H,

SiHCl4 SiCly + HCI
surface?

SiCl, + H, Sy + 2 HCI

It is now generally accepted that SiCl; is the major depositing species during

CVD of Si.

After the desired pattern is transfered onto the Si wafer and protected by a
photoresist coating using a lithographic technique, the unprotected Si film is removed by
chemical etching. Dry etching processes are most commonly used since highly
anisotropic profiles, very critical in integrated circuits, can be obtained and very small
amounts of reactant gases are required as compared to wet etching. Plasma chemical
etching is one of the dry etching processes in which Si wafers to be etched are exposed
10 an etching gas atmosphere in a vacuum system. The etching gas molecules in the
vicinity of the gas-solid interface are dissociated, e.g. by an rf excitation, to produce
reactive species. These transient species then react with the surface atoms 1o produce
volatile compounds which eventual'y escape from the surface, yielding the etched

surface.

Sputter etching is another dry etching process which uses energetic noble gas
ions such as Ar* to beimbard the wafer surface and etching -.f the surface is

accomplished by physically knocking atoms off the wafer surface.

71



Sedgwick and coworkers [127, 128] observed the formation of SiCl3 during the
dry etching of Si by HCl in Hz or SiCly in He and propcsed that SiClj is formed at the

Si surface according to the following reactions:

SlCl4 ) + Si(s) 2 SiCIz in He

2 HCl(s) + Si(s) SiClz + Hz in H2

Ban [129] also investigated the etching of Si by HCI and SiCls-He, and
observed the formation of SiCly generated in the above two heterogeneous reactions, in

both cases.

More recently, Li er al. [131] studied the laser-induced ttching of a Si surface by
a chlorine molecular beam under 355 and 560 nm irradiation. 7 he desorbed reaction
products were detected mass spectrometrically and the formation of only SiCl> and

SiCl3 was observed under both irradiation conditions.

Industrial applications of SiBry are not known yet, perhaps due to the
unavailability of any data on its reactivity. It could be expected as one of the etching

products if Bry gas is used as an etchant.
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L9. Aim of the Present Investigation.

In the previous sections it has been shown that silylenes, an important class of
reactive intermediates, have molecular geometries and spectral features similar to those
of their carbene analogs. Qualitative studies have shown that they undergo the same
type of reactions as those of carbenes. Of the dihalosilylenes, dichlorosilylene has been
shown to be a precursor for the synthesis of novel organosilicon compounds and has
also been shown (o play a siginificant role in such processes as chemical vapor
deposition and chemical etching of Si which are employed to fabricate integrated circuits

used in the fast-growing area of microelectronics.

Dihalocarbenes have been studied extensively and their relative reactivity
towards unsaturated hydrocarbons as well as some inorganic compounds (O3, NO, CO)
is well established. The reactivity increases in the srder CF; < CClz < CBrj < CHa.
Some data on the absolute rate constants of the reactions of CF,, CCl; and CH> with

02, NO and CO have also been reported.

In contrast to carbenes, studies of dihalosilylene chemistry are limited.
Although a number of qualitative investigations of SiCl, reactions have been reported,
quantitative data are scarce. The reactions of SiBr; have never been investigated either

qualitatively or quantitatively.

Quantitative information is essential in understanding the mechanistic details of
any reaction. At the time this project was undertaken, the only quantitative data
available on SiCly were the absolute rate constants of its reactions with acetylenes and
alkenes [125], which reflected its electrophilic nature towards addition to unsaturated

bonds. No qualitative or quantitative information on its reactions with inorganic
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compounds was known. A few absolute rate constant values of SiF; reactions are
available and show that, like CFy, SiF; reacts extremely slowly with both organic and

inorganic compounds.
Thus the primary aims of this investigation were:
1. 15 measure the absolute rate constants of the reactions of gas-phase SiCl, with

(a) inorganic molecules Oz, NO, CO and N0 which have never been studied before,

qualitatively or quantitatively;

(b) 1,3-butadiene, since SiCl3 is known to react with conjugated dienes but the rates

of reactions have not yet been  rted;

(c) saturated hydrocarbons such as isobutane, in order to measure the rate of SiCly
insertion into C—H bonds, which has been shown to occur from qualitative

studies.

2. t0 measure the absolute rate constants of the gas-phase reactions of SiBrp with
inorganic molecules since the reactivity of SiBry had not been investigated in any

manner, and to compare its reactivity with that of SiCly;

3. and lastly, to shed some light on the mechanistic aspects of these reactions on the
basis of previous work and these measurements, and to see whether the relative

reactivity of dihalosilylenes follow a trend similar to that known for dihalocarbenes.
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Chapter IT

EXPERIMENTAL

In direct investigations of fast reactions it is very important that the reaction
initiation is accomplished in a time period shorter than the overall reaction time in order
to create a high initial concentration of the reactive species, and in such a way that the

reaction is homogeneous throughout the volume of the reaction mixture.

Years ago Norrish and Porter [132] introduced the method of flash photolysis to
study fast reactions. Since then it has undergone many technical refinements and to date
the photochemical initiation of reaction by flash photolysis is the most convenient
method of bringing about a large extent of primary reaction, in a short interval of time,
in a homogeneous system. Since it is a very well-established technique and has been
the subject of several excellent review articles, therefore only a brief description of the

conventional system is considered necessary here.

In flash photolysis, the reaction system is irradiated with a short-duration, high-
intensity light flash, thus creating a non-equilibrium situation in a small interval of time
of the order of micro-seconds. This provides a general means of producing relatively
large concentrations of transient species which undergo subsequent reactions. The rate
of cisappearance of these transients, due to their reactions, is monitored by recording
their absorption profile which may be investigated in two ways, flash spectroscopy or
kinetic spectrophotometry. In the present study, flash spectroscopy was used, in which
the whole range of wavelengths is recorded at a single time. This is accomplished by
monitoring a beam from the spectroscopic flash discharged at a pre-set delay time after

the photolysis flash discharge, which essentially provides a background continuum.
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This beam, after passing through the reaction system, is resolved by the spectrograph
and is recorded photographically. The process is repeated at various time delays and a

time profile of the chosen absorption band of the transient is thus obtained.

I.1. Apparatus
I1.1.1. The Vacuum System.

A conventional high vacuum system made of Pyrex was used to purify the
reagents. It was completely grease-free, using helium-tested Hoke valves, and

consisted of a distillation train and storage units (Figure I1.1).

The whole system was evacuated to a pressure of 10-6 Torr by means of a
mercury diffusion pump backed by a rotary pump (Duo-seal vacuum pump). Pressures
were monitored by Pirani Vacuum Gauges (type GP-140), Magnevac Vacuum Gauges
(type GMA-140), MKS Baratron Pressure Meters (type 77, 315 BHS-100 and 170 M-
6B) and mercury manometers which were capable of measuring pressures in the 103 to

10-3 Torr range.

The distillation train, consisting of a series of three traps isolated by Hoke
valves, was used to purify the reagents. The two storage units, one for the reagents and

the other for the reaction mixtures, consisted of several one- or three-litre bulbs.

Argon was introduced into the main vacuum system after passage through a 30-
cm long column of copper turnings (heated to 350°C for the removal of oxygen) and a

30-cm long column of molecular sieve (type SA, for the removal of water vapor).
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A separate mercury-free line was used to fill the flash lamps. Vacuum was
achieved by a Duo-seal vacuum pump with a liquid nitrogen trap and the pressure was
monitored by a Pirani Vacuum Gauge (type GP-140) and measured by Edwards CG3

gauges.
11.1.2. The Flash Photolysis-Absorption Spectroscopic System.

The four major components of the flash photolysis-absorption spectroscopic

system are illustrated in Figure I1.2.
I1.1.2a. The Reaction Vessel and the Recflective Housing.

The reaction vessel used was a Suprasil (wavelength cutoff 165 — 170 nm)
cylindrical tube 73 cm long and 25 mm in inner diameter. It was equipped with flat
Suprasil windows on both ends and a side arm for the introduction and evacuation of
the reaction mixture. The side arm was connected to the main vacuum system by a
helium-tested Cajon valve, which facilitated the detachment of the reaction vessel from

time to time for cleaning.

The reaction vessel, sitting on two end supports, was positioned at the centre of
a reflective housing assembly lying horizontally along the optical path. Anertures on
both ends allowed the passage of light in and out through the reaction vessel. Nitrogen
gas was flushed through the reflective housing in order to prevent ozone formatior, from

the photolysis flash.

The reflective housing (Figure I1.3) was constructed of aluminum and was
cylindrical in shape, 80 cm long and 15 c¢m in inner diameter. It consisted of two half

cylinders joined together by hinges on one side, so that the upper half could be opened
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for the removal of the reaction vessel and the photolysis lamp for cleaning. The lower
half, upon which the ends of the reaction vessel and photolysis lamp rested. was
mounted by two supports onto the optical bench. The inner surface of the housing was

coated with BaSO4 which is highly reflective in the UV region of the spectrum.

11.1.2b. The Photolysis Lamp.

The photolysis lamp (Figures 11.2 and 11.3) was a Suprasil tube 25 mm n
diameter with a sidearm for filling and evacuation. Molybdenum alloy electrades
(Vitreosil Model T/E7/232) were sealed into each end by standard lead seals able 1o
withstand high thermal and mechanical shock. The distance between the tips of the
electrodes, 73 cm, was the same as the length of the reaction vessel. The side arm way
connected to the lamp vacuum line through a high vacuum stopcock (Pyre« V-4) and a
detachable ball joint. A stopcock isolated the lamp from the vacuum line, and the ball

joint facilitated the removal of the lamp for cleaning.

The lamp was placed horizontally next to the reaction vessel with the electrodes
resting on the ends of the reflector housing and protruding outside through the end
apertures. When filled with ~19 Torr xenon gas, the light flash reached its maximum
intensity in 10 us and had a half life of about 20 s with a long tail, as recorded by a
photocell ( Sylvania 90 CV) and displayed on an oscilloscope (Hitachi Densh Ltd 1.R
54541). The lamp circuit included an ignitron (National Electronics NL.-7703) and a
G.E. Energy Storage Capacitor ( Capacitance 14.5 uF, 20 KV). The lamp circunt,
when discharged at 20 KV, dissipated 2900 joules through the xenon atmosphere,
creating a plasma which generated the high intensity light output. To condiion a new
lamp the following method was used: the lamp circuit was discharged imtially at a low

voltage and the discharges were then repeated with gradually increasing volages unul
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the desired voltage was reached. The repeated discharges helped to condition the new

lamp to the high thermal and mechanical shock of discharging at a high voltage.
I1.1.2¢. The Spectroscopic Lamp.

The spectroscopic lamp (Figure I1.4) was also made of Suprasil with a flat
Suprasil window at the end facing the reaction vessel. Molybdenum alloy electrodes
(Vitreosil Model T/E7/232) were sealed into the sidearms by standard lead seals and
were separated by a short capillary tube, S cm long and 3 mm in inner diameter, to
ensure high current density and intense light output. An aperture close to the lamp
window minimized the deposit of silica on the window and an expansion bulb was used
to accomodate the shock which accompanied the discharge. The lamp parts were sealed
together by Apiezon black wax to facilitate frequent cleaning and the lamp was
connected to the lamp vacuum line through a high vacuum stopcock (Pyrex V-4) and a
detachable ball joint. The spectroscopic lamp was filled with ~56 Torr xenon to provide
a background continuum. The light flash reached its maximum intensity in § ys and had
a half life of 10 ps. The spectroscopic lamp circuit included an ignitron (Westinghouse
Size A, WL7703) and a CSI Energy Capacitor (Model 25 W067 TN, Capacitance 1.0
HF, 20 KV) which, when discharged at 20 KV, provided 200 joules per flash. The
spectroscopic lamp was also conditioned by repeated discharges at lower voltages.
Fused quartz lenses were used to collimate the light beam from the spectroscopic lamp

through the reaction vessel and to focus it at the entrance slit of the spectrograph.

82



dwir ) mdoxonnadg sy g aundiyg

Jonoeded 30mos
0)

23 feas
¥em yor|q YeM 1®Iq

_ll\ﬁ\/AWJll\[\//
_' l//\L/lJI/J\\

Suij wnnea
0l

*

f

qinq voisuedx>

83



11.1.2d. The Spectrograph.

A Hilger-Watts spectrograph (Model E742.1/582) was used, which operates
with a Littrow mounting system utilizing a quartz prism as a non-linear dispersion
device (Figure ILS) and the resolved spectrum was focused on a light-sensitive
photographic material. Kodak spectroscopic plates type 103a-0 were used to record the
absorption spectra. The absorption lines in the spectrum recorded by the photographic

material were traced out as absorption peaks using a microdensitometer.
11.1.3. The Microdensitometer.

The microdensitometer (MK III C, Joyce, Loebl & Co. Ltd., Figure I1.6) used
in this study operates on the principle of a true double-beam light system in which two
beams arise from a single light source and terminate in a single photoelectric receiver,
making the instrument almost independent of its own parameters and thus achieving
complete reproducibility of recording. The sample beam is scanned across the
photographic material and the reference beam passes through an optical density wedge,
and the two beams are alternately fed into a photomultiplier detector. Any difference in
the intensities of the two beams produces a signal which, after amplification, activates a
se1vo motor to drive the optical density wedge so as to nullify the intensity difference.

A pen attached to the optical density wedge traces out the resulting spectrum.
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IL.2. Operational Procedures.
11.2.1. Operation of the Flash Photolysis System.

The circgit diagram is illustrated in Figure I.7. The two lamp capacitors were
first charged up to 20 KV voltage. Then a pulse delay generator was activated, which
sent out two voltage pulses, one to the photolysis lamp ignition and the other to the
spectroscopic lamp ignition. These pulses closed the lamp circuits and caused the
capacitors to discharge through the lamps, producing the photolysis and spectroscopic
light flashes. The delay between the two pulses could be adjusted from 1 to 9999
microseconds. The light pulses from the two discharges were picked up by a photocell
(Sylvania 90 CV), amplified and displayed on an oscilloscope screen (Hitachi Denshi
Lid. LR 54541). The trace was photographed (Hewlett-Packard Oscilloscope Camera
Model 197A using Polaroid film type 667) and the separation between the peak of the
photaiy:is flash signal and that of the following spectroscopic flash signal was taken as

the time delay. A typical oscilloscope trace is shown in Figure I1.8.
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11.2.2. Preparation of the Gas Mixtures.

For all the reaction systems investigated in this study, two gaseous mixtures
were made for every experiment.
(a) the silylene precursor in a large excess of argon (hereon referred to as the blank).
(b) the silylene precursor and various amounts of a reactive substrate in a large excess of

argon (hereon referred to as the mixture).

Both the blank and the mixture were made simultaneously. The following
procedure was employed for preparing, as examples, a blank (consisting of 1.0 Torr
Si2Clg in a total pressure of 500 Torr argon) and a mixture (consisting of 1.0 Torr
Si2Clg and 0.30 Torr oxygen in a total pressure of S00 Torr argon) in storage bulbs A

and B, respectively.

First, 1.0 Torr of purified Si2Clg, from the reagent storage bulb, was introduced
into the mixture storage bulbs A and B and the vacuum line. Pressure was monitored
by the Baratron pressure meter. This pressure was allowed to stabilize for few minutes
and the valve of bulb A was closed. 1.0 Torr Si;Clg in bulb B and the vacuum line was
condensed in a trap, of negligibly small volume, on the vacuum line using liquid
nitrogen as coolant. When the reading on the Baratron pressure meter reached 0.00, the
valve of the trap was closed. 0.3 Torr of oxygen was then introduced into bulb B and
the vacuum line. SiClg was slowly allowed to expand from the trap into bulb B and
the vacuum line containing 0.3 Torr oxygen. The pressure was allowed to stabilize for
a few minutes (until the Baratron Pressure Meter read 1.30 Torr), the valve connected to
bulb B was closed and the vacuum line was evacuated. Then argon was introduced,
first into bulb A and then into bulb B, the pressure being monitored by the mercury

manometer. To introduce argon into bulbs A and B, argon was expanded in the vacuum



line and after the pressure was well past 2 Torr, the valve of one of the bulbs (A and B)
was opened. 500 Torr argon was admitted into the bulb and excess argon was pumped

away.

For all the SiCl; reactions, 1.0 Torr Si>Clg and differing amounts of a given
substrate in a total pressure of SO0 Torr argon was used in each experiment. For the
SiBr; reactions, the initial gas mixture composition for each experiment was S Torr
SiBr4 and differing amounts of a given reactive substrate in a total pressure of 200 Torr

argon.

The gas mixtures were stored overnight to achieve homogeneity. For the flash
photolysis experiment, a mixture from one of the mixtwe storage bulbs was expanded
into the reaction vessel until a pressure of 100 Torr (40 Torr in the case of SiBr;
reactions) was achieved. After reaction the reaction vessel was evacuated, with pressure
being monitored by the Pirani Vacuum Gauge. Each experiment was repeated after

proper evacuation.

Due to deposition of solid materials from the photolysis of the mixtures, the
reaction vessel had to be cleaned frequently by rinsing with 109 hydrofluoric acid,
distilled water and finally with methanol, after which it was evacuated and treated with
chlorotrimethylsilane to remove moisture and coat the glass surface with *Si(CHj)s.
The two lamps were also cleaned frequently with 10% hydrofluoric acid to remove

deposits of silica and metal from the glass.
11.2.3. Development of Photographic Plates.

The Kodak 103a-o spectroscopic plates were developed in Kodak D-19

developer for 3 min. at 24°C, 4 min. at 20°C or S min. at 16°C. They were then rinsed
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successively in a stop bath (2-3% acetic acid) for 1 min., in Kodak rapid fixer for 4
min. and running water for 30 min. The photographic plates were then air-dried and

placed on the microdensitometer for scanning.
IL.3. Materials

Information on materials used in this study is compiled in Table II.1. Generally,
the materials were introduced into the vacuum system, degassed several times to remove
air contamination, distilled from trap to trap with retention of only the middle fraction

and stored in vacuum-tight reagent storage bulbs.
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Chapter III

RESULTS

The determination of absolute rate constants using the flash photolysis-kinetic
absorption spectroscopy technique is based on measurements of the decay profiles of
the reactive species in the absence and in the presence of an added substrate. The
former is referred to as the background decay and the relationships between the
concentrations of the transient species as a function of time and of pressure of the
diluent gas must first be established since the observed decay rates in the presence of

various amounts of added substrates have to be corrected for this background decay.

III.1. Background Decay of the Dihalosilylene Spectra as a Function of

Time.

The 1B « 1A, transitions of the UV absorption spectra of SiCl; and SiBr
have been employed for the quantitative investigations of their reactions with various

substrates.

The first- and second-order expressions for the disappearance of a
dihalosilylene, SiX3, in the absence of any reactive substrate are given by equations

I11.1 and IT1.2 respectively

- @%d = ki [5iXa] (IIL1)

B g[_sg‘zl = k2 (SXaI? (I11.2)
Upon integradon these equations yield

In[SiX7] = - k1t + constant (111.3)
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——L— = kyt + constant
[Sixa) ~ (ITL.4)
where £ is the first-order rate constant and k3 is the second-order rate constant for the

decay of 5iX3 in the absence of any reactive substrate (background decay).

If the decay of SiX3 in the absence of any reactive substrate follows first-order
kinetics then according to equation IT1.3 the plot of In[SiX2] vs time, t, should be linear
with a slope of — k1. On the other hand if the decay of SiX3 is second-order in SiX>
concentration then the plot of 1/[SiX?>] vs time, t, should be linear with a slope of &2 in

accordance with equation II1.4.

Concentrations of SiX; could be monitored using their absorption profiles (cf.

Appendix A), and thus their reaction kinetics could be investigated.

The absorption spectra of SiCl and SiBr; at different time delays were recorded
in order to obtain a time profile of their concentrations, the concentrations being
monizored by the peak heights of their absorption spectra. In the case of SiCly, the peak
height of the most intense peak corresponding to the !B (0,8,0) « !A; (0,0,0)
transition at 4 = 317.4 nm was measured and for the case of SiBry, the peak height of
its absorption spectrum due to the A IB; « X 1A| transition was measured at Amay =
362 nm. Peak height measurements for SiCly and SiBr; as a function of time are listed
in Tables ITI.1 and II1.2 respectively, and the first- and second-order plots are shown in
Figures II1.1 and III.2 respectively. Both the SiCl; and SiBr; absorption spectra were
found to decay according to first-order kinetics as shown by the linear relationships
between In(peak height) and time in Figures II1.1 and I11.2, respectively. The slopes of
these first-order decay plots correspond to - k1, i.e. the background decay rate constant

for the corresponding dihalosilylene.
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Table II1.1. Peak heights as a function of time for the decay of SiClj (Si2Clg = 0.2
Torr, Ar = 100 Torr).

Time, ys Peak Height, mm  Ln(peak height) (1/peak height) x 1u,mm-!

11 103 4.63 0.97
24 83 4.42 1.20
35 65 4.17 1.54
44 58 4.06 1.72
65 33 3.50 3.03
76 28 333 3.57
88 18 2.89 5.56
98 15 2.71 6.67

Table II1.2. Peak heights as a function of time for the decay of SiBr (SiBrg = 1.0 Torr,
Ar =40 Torr).

Time, s Peak Height, mm  Ln(peak height) (1/peak height) x 102, mm-!

13 58.1 4.06 1.72
21 50.5 3.92 1.98
28 47.4 3.86 2.11
39 40.8 3.71 2.45
47 38.0 3.64 2.63
35 35.8 3.58 2.79
63 28.8 3.36 347
71 25.2 3.23 3.96
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Figure I11.1. Background decay curves of [SiCl3]. (D): first-order decay; (W): second-

order decay.
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Figure I11.2. Background decay curves of [SiBrz). (Q): first-order decay; (®): second-

order decay.
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In the experiments on the decay of SiCl, both peak heights and peak areas were
used to monitor its concentration and the results are summarized in Table II.3. Since
the two procedures gave identical values, within experimental error, for the SiCla
background decay rate constant and since peak height measurement is less tedious as
compared to peak area measurement, peak heights were subsequently used to monitor

the dihalosilylene concentrations.
I11.2. Background SiCl; Decay as a Function of Argon Pressure.

Rate constants for the decay of SiCl, in the presence of varying amounts of
argon were measured. Data obtained from such measurements for the decay of SiClj in
the presence of total pressures of 50, 100 and 150 Torr of argon (at a fixed pressure of
§i2Clg of 0.2 Torr) are given in Table I11.4 and the decay plots are shown in Figure
[IL.3. The background decay rate constants obtained from these plots are compiled in
Table IIL.S. As the argon pressure was increased from SO to 100 Torr, the decay rate
increased, but on further increasing the argon pressure to 150 Torr, the decay rate
remained almost the same. Therefore, for each reaction of SiCl; investigated in the

present study, 100 Torr argon was used as diluent.



Table I11.3. Dr -ay :ate corst 2 ot SiCl2 as obrained from peak height and peak area

NRASYICrie. '

[Si2Clg), Torr [Ar], Torr k(x104), s-!
Peak Height Peak Area
0.2 100 1.33 1.34
1.66 1.65

1.51 1.52
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Ln(peak height)

Time, microsec.

Figure IT1.3. Dependence of the decay of SiCl; on argon pressure. (0): 50 Torr: (m):
100 Torr; (a): 150 Torr. [SiyClg] = 0.2 Torr.

"N~



Table II1.5. Dependence of SiCl; decay rate constants on Ar pressure.

[Si2Clg), Torr [Ar], Torr k(x104), s-! Avg. k(x10%), s-1

0.20 50 0.888
0.615 0.72
0.667

0.20 100 1.659
1.333 1.50
1.511

0.20 150 1.489
1.361 1.40
1.344




IIL3. Reactions of Dihalosilylenes.

In the presence of an added reactive substrate, S, the rate of SiX3 disappearance

is given by

- Sl _ . 15iXa) + SiXaIS) s,

= k[SiX;] (111.6)

which integrates to

In[SiX5] = - kst + constant (11.7)
or

In(peak height)six, = — kt + constant (111.8)
where

k2 = k1 + k[S], the pseudo first-order rate constant for the decay of SiXj in the presence

of a given amount of substrate, S;
k = second order rate constant for the reaction SiX7 + S — Products;

and (peak height)six, = peak height of the absorption spectrum of the dihalosilylene

SiX».

A plot of In(peak height) vs time gives the pseudo first-order decay rate

constant, k2, of SiX» in the presence of a given substrate concentration.

These pseudo first-order rate constant values, k2, obtained for the decay of SiX»

in the presence of different amounts of a given substrate, must then be corrected for the



variable background decay rate constants, k1, in order to obtain k[S]). These corrected
data, when plotted against the substrate concentration, [S], yield the bimolecular rate

constant, k, for the reaction

k
SiX;+§ === Products

The rate constant k thus obtained has units of (mm Hg)-1ps-! which can be

converted to M-!s-1 units by multiplication by the conversion factor 62.36 x 106 T.

All measurements for the gas-phase reactions of SiX3 with different substrates

were conducted at room temperature (25 + 3°C).

In an attempt to detect any new absorbing species that might have been formed
during the flash photolysis of Si;Clg, and of SiBrs in the presence of different
substrates, the spectrum of the photolyzate was scanned in the 200 — 700 nm region

during each of the reactions studied. No new species were observed.
IIL.4. Reactions of SiCl,.

The gas-phase reactions of SiCly with Oz, NO, N»0, CO, 1,3-C4Hg and i-
C4Hjo were studied quantitatively. In all these reactions, 0.2 Torr Si7Clg in 100 Torr
argon was used as SiCly precursor in each experiment. Because of the complications
arising from the solid polysilane buildup on the cell walls, the background decay of
SiCly was variable and thus had to be measured before and after each series of decay

rate measurements in the presence of any of the substrates.



111.4.1. The SiCl; + O3 Reaction.

The decay rate of SiCl3 in the presence of O3 at four different pressures was
measured in the delay range 10 to 95 us. The data obtained from such measurements
are listed in Tables IT1.6 to II.9. The presence of oxygen had an accelerating effect on
the decay rate of SiCly as shown by In(peak height) vs time plots in Figures IT1.4 t0
IIL.7, each of which is one representative plot for each oxygen pressure used. The
variable background decay of SiCl; as measured in each case is also shown. The
pseudo first-order rate constants obtained from the slopes of such plots as in Figures
1114 to I11.7, after being corrected for the background decay of SiCly, by substracting
the slope of the decay curve of SiClj in the absence of oxygen from the slope of the
decay curve of SiClj in the presence of oxygen, are listed in Table II1.10, and are
plotted against oxygen concentration in Figure III.8, which shows a good linear
relationship. The straight lines in this, and all the kinetic plots obtained in this work,
represent the least mean square fits to the data, and the vertical error bars correspond to

one standard deviation,
The gas-phase reaction
SiCl; + O — Products

is first order in both SiCl; and O2 concentrations and the bimolecular rate constant as

obtained (cf. Appendix B) from the slope of the linear plot in Figure IT1.8 is

k(SiCly + 0y) = (3.4 £ 0.2) x 109 M-1s-1,

an-



Table IIL6. Peak heights as a function of time for the reaction of SiClp with 0.03 Torr

oxygen.
[O02] = 0.00 Torr [07] =0.03 Torr
Time, us Ln(peak height) Time, Us Ln(peak height)
16 4.64 16 4.25
26 4.45 27 4.01
37 4.30 37 3.80
46 3.97 46 3.62
67 3.74 66 3.04
76 3.42 76 2.73
87 3.44 95 2.46

Table IIL.7. Peak heights as a function of time for the reaction of SiCly with 0.05 Torr

oxygen,
(O2] = 0.00 Torr [O2] =0.05 Torr
Time, ys Ln(peak height) Time, us Ln(peak height)
15 5.15 14 444
24 5.02 24 4.23
33 494 34 3.92
42 4.66 41 3.81
51 4.69 51 3.40
58 452 59 3.28
68 428 67 3.38

75 291




Table ITL.8. Peak heights as a function of time for the reaction of SiCly with 0.06 Torr

oxygen.
[O2] = 0.00 Torr [07] =0.06 Torr
Time, ps Ln(peak height) Time, Js Ln(peak height)
Y 491 10 4.58
20 4.84 19 4.19
30 4.61 29 4.19
39 4.49 35 4.03
47 4.34 42 3.79
54 4.30 50 3.39
60 4.15
69 4.11

Table I11.9. Peak heights as a function of time for the reaction of SiClj with 0.07 Torr

oxygen.
[02] = 0.00 Torr [02] = 0.07 Torr

Time, s Ln(peak height) Time, ps Ln(peak height)
16 4.11 09 4.14
21 4.06 15 3.85
29 4.03 28 3.56
35 3.99 34 3.56
42 3.78 4] 3.22
53 3.74 47 3.18

53 3.04
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Figure II1.4. Decay curves for [SiCl3] in the absence (Q) and presence (®) of 0.03 Torr

oxygen.
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Figure II1.S. Decay curves for [SiCl,] in the absence (C) and presence (@) of 0.05 Torr

oxygen.
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Figure II1.6. Decay curves for [SiCl3] in the absence (Q) and presence (@) of 0.06 Torr

oxygen.
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Figure III.7. Decay curves for [SiCl3] in the absence (0) and presence (®) of 0.07 Torr

oxygen.



Table III.10. Dependence of the pseudo first-order rate constants of the SiCly + O
reaction on oxygen concentration.

[03], Torr k[O7] x 103, ps-! Avg. k{O2] x 103, ps-1*

0.03 5.474
5.863 5.67 £ 0.39

0.05 8.122
7.062
9.086
9.171
9.348 8.56 £ 1.93

0.06 11.299
8.251
11.526
11.825
9.901 10.56 £ 2.97

0.07 12.699
15.163
13.190 13.68 £ 2.61

* Uncertainities reported in this as well as in Tables II1.16, I11.22, IT1.29, I1i.35, I11.42
and I11.48 correspond to 95% confidence limit.
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Figure II1.8. Dependence of the pseudo first-order rate constants of SiClp + O, reaction

on the oxygen concentration. Numbers in the parentheses are the number

of decay plots with 5 to 8 individual measurements.



111.4.2. The SiCl; + NO Reaction.

The SiCl absorption peak height measurements as a function of time at four
different nitric oxide pressures, in the 0.024 to 0.09 Torr range, are listed in Tables
IIL11 to ITL1S. Typical first-order plots for the decay of SiCly in the absence and in the
presence of nitric oxide are shown in Figures IT1.9 to II1.13. The slopes of these plots
yielded pseudo first-order rate constants for the decay of SiCl; in the presence of NO
and, after being corrected for the background decay of SiCly, these are listed in Table
III.16. The corrected pseudo first-order rate constants have a linear dependence on
nitric oxide concentration as shown by the plot in Figure II1.14, whose slope resulted
(¢f. Appendix B) in the following value for the bimolecular rate constant corresponding

to the gas-phase reaction of SiCly with NO:
k(SiCly + NO) = (1.6 £ 0.1) x 109 M-15-1,

The formation of 8 volatile prduct from the photolysis of SisClg-NO mixtures
was observed upon pumping the photolyzate through a cold trap at —-196°C. This
product gave a purple ring around the trap mouth at the level of liquid nitrogen coolant.
Upon gradual warmup, the purple color changed o orange, then to light yellow with a
light blue outer ring, and finally the color completely disappeared. The same product

was also formed simply by mixing SioClg with NO, but the color intensity was low.
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Table IIL11. Peak heights as a function of time for the reaction of SiCly with 0.024

Torr nitric oxide.
[NO] = 0.00 Torr [NO} = 0.024 Torr
Time, Us Ln(peak height) Time, us Ln(peak height)
11 4.66 10 4.68
16 4.58 16 4.48
23 4.44 23 4.40
29 4.35 29 4.34
35 4.28 38 4.14
48 4.05 48 3.89
53 3.95

Table II1.12. Peak heights as a function of time for the reaction of SiCly with 0.05 Torr

nitric oxide,
[NOJ = 0.00 Torr [NO] = 0.05 Torr
Time, us Ln(peak height) Time, pus Ln(peak height)
11 4.85 10 4.64
15 4.65 15 4.52
22 461 22 4.37
28 4.56 28 4.29
35 4.30 35 3.99
4] 4.20 4] 4.04
53 4.12 47 3.87
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Table II1.13. Peak heights as a function of time for the reaction of SiCly with 0.066

Torr nitric oxide.
[NO] = 0.00 Torr [NO] = 0.066 Torr
Time, us Ln(peak height) Time, us Ln(peak height)

09 4.71 09 4.36
15 4.58 1§ 4.25
22 4.53 22 3.99
28 4.40 28 3.82
35 4.14 35 3
41 4.22 41 3.53
47 3.95 47 3.54
54 3.84 54 3.21

Table III.14. Peak heights as a function of time for the reaction of SiCly with 0.078

Torr nitric oxide.
[NO] =0.00 Torr [NO] = 0.078 Torr
Time, ys Ln(peak height) Time, us Ln(peak height)

10 4.69 10 4.56
16 4.62 15 4.22
22 4.53 22 4.15
27 4.46 28 3.99
34 4.33 34 3.86
41 4.05 47 3.53
47 . 4.08 53 3.38
53 3.89
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Table IIL.15. Peak heights as a function of time for the reaction of SiCls with 0.09 Torr

nitric oxide.
[NO} = 0.00 Torr [NO] =0.09 Torr
Time, us Ln(peak height) Time, Us Ln(peak height)

10 428 10 4.02
1§ 415 1§ 3.66
21 4.07 21 3.61
28 3.83 28 3.37
3s 375 3s 3.11
41 3.80 40 3.10
46 3.49 47 2.78
§3 3.33 53 2.59
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Figure I11.9. Decay curves for [SiCl3] in the absence (O) and presence (@) of 0.024 Torr

nitric oxide.
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Figure I11.10. Decay curves for [SiCl3] in the absence (Q) and presence (@) of 0.05 Torr

nitnc oxide.
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Figure IT1.11. Decay curves for [SiCl] in the absence (O) and presence (@) of 0.066

Torr nitric oxide.
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Figure I11.12. Decay curves for [SiCls] in the absence (D) and presence (@) of 0.078

Torr nitric oxide.
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Table IT1.16. Dependence of the pseudo first-order rate constants of the SiCl + NO
reaction on nitric oxide concentration.

[NO), Torr k[NO] x 103, us-! Avg. k[NO]J x 103, ps-!
0.024 2.554 2.554
0.050 3.555

3.014

3.472 3.35 £ 0.62
0.066 4.614

5.983 530 1.36
0.078 6.012

5.957

7.266 6.41 £ 1.99
0.090 8.166

7.838

7.016 7.67 £ 1.18
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Figure IIL.14. Dependence of the pseudo first-order rate constants of SiCl; + NO

reaction on the nitric oxide concentration. Numbers in the parentheses

are te number of decay plots with 5 to 8 individual measurements.
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I111.4.3. The SiCly + CO Reaction.

Five different pressures of carbon monoxide in the 0.10 to 0.16 Torr range were
used to measure the rate constant for the gas-phase reaction between SiCly and CO. The
data on peak heights as a function of time, for such measurements, are listed in Tables
IIL.17 10 IT1.21. Figures IT1.1S to I11.19 show the first-order decay plots of SiCl3 in the
absence and in the presence of CO. The - urrected pseudo first-order decay rate
constants, obtained from the slopes of such plots as in Figures II1.15 to III.19, are
compiled in Table [11.22, and when plotted against carbon monoxide concentration,
Figure I11.20, a linear relationship was observed. The slope of the plot in Figure IT1.20
yielded (¢f. Appendix B) the following value for the bimolecular rate constant for the

SiCly + CO reaction:

k(SiCly + CO) = (6.3 £ 0.7) x 108 M-15-1,

122



Table IT1.17. Peak heights as a function of time for the reaction of SiCly with 0.10 Torr

carbon monoxide.
[CO] = 0.00 Torr [CO] =0.10 Torr
Time, s Ln(peak height) Time, ys Ln(peak height)
11 4.53 11 4.43
17 4.23 17 4.25
24 4.19 24 4.19
29 4.10 29 4.06
36 4.20 36 3.91
42 3.83 43 3.69
49 3.69 49 3.59
55 3.53 5§ 3.35

Table ITI.18. Peak heights as a function of time for the reaction of SiCl, with 0.12 Torr

carbon monoxide.
[CO] =0.00 Torr [CO) =0.12 Torr
Time, s Ln(peak height) Time, s Ln(peak height)
10 4.75 07 4.73
16 4.67 11 4.66
22 4.56 16 4.55
30 441 23 4.45
34 4.33 28 4.28
40 4.22 34 4.08
47 4.10 42 3.91
53 4.04 48 3.86

53 3.68
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Table IT1.19. Peak heights as a function of time for the reaction of SiCls with 0.14 Torr

carbon monoxide.
[CO] =0.00 Torr [CO] =0.14 Torr
Time, ps Ln(peak height) Time, us Ln(peak height)
11 4.60 09 4,95
16 442 15 4.76
24 4.26 22 4.64
30 4.17 29 4.43
36 3.97 36 4.26
42 3.83 42 4.27
58 3.78 47 3.93

Table I11.20. Peak heights as a function of time for the reaction of SiCly with 0.15 Torr

carbon monoxide.
[CO] =0.00 Torr [CO]1=0.15 Torr
Time, s Ln(peak height) Time, us Ln(peak height)

15 495 15 4.81
21 4.80 19 4.75
27 4.69 23 4.64
35 451 29 4.54
47 431 32 4.38
53 4.13 37 4.24
59 4.23 41 4.19

45 4.14

54 3.92
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Table IT1.21. Peak heights as a function of time for the reaction of SiCl; with 0.16 Torr

carbon monoxide.
[CO] =0.00 Torr [CO] =0.16 Torr
Time, us Ln(peak height) Time, ls Ln(peak height)
09 495 10 4.81
15 4.70 16 4.60
21 4.68 23 4.48
27 4.62 27 4.35
40 435 35 4.09
46 4.26 41 4.04
54 4.15 47 3.90

53 3.78
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Figure II1.1S. Decay curves for [SiClp] in the absence (0)) and presence (®) of 0.10 Torr

carbon monoxide.
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Figure II1.16. Decay curves for [SiCl3] in the absence () and presence (@) of 0.12 Torr

carbon monoxide.
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Figure IIL.17. Decay curves for [SiCly] in the absence (0) and presence (8) of 0.14 Torr

carbon monoxide.
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Figure [11.18. Decay curves for [S1Cl] in the absence () and presence (@) of 0.15 Torr

carbon monoxide.
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Figure IT1.19. Decay curves for [SiCl3] in the absence (0) and presence (@) of 0.16 Torr
carbon monoxide.
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Table I1.22. Dependence of the pseudo first-order rate constants of the SiCly + CO
reaction on carbon monoxide concentration.

[CO]), Torr k[CO] x 103, ps-! Avg. k[CO] x 103, ps-!

0.10 2.885
2.928
1.832
3.880
3.236
2.938 295+ 133

0.12 3.579
4.028
2.697 343+ 1.34

0.14 3.514
2.448
6.00S
3.410
4.716 4.02 £ 2.74

0.15 6.232
4.174
4.699
3.875 474 +2.10

0.16 6.963
5.327
5.725
€684 592+ 142

129



8
- 6
2
3
o
é 4
»
~ 2
Q
S
~
0
2T v T v
0.0 0.1 0.2

Carbon Monoxide, Torr

Figure II1.20. Dependence of the pseudo first-order rate constants of SiCl; + CO
reaction on the carbon monoxide concentration. Numbers in the
parentheses are the number of decay plots with § to 8 individual

measurements.
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111.4.4. The SiCly+ N3O Reaction.

Peak heights of SiCly measured as a function of time, in the absence and in the
presence of 0.06 to 0.25 Torr of nitrous oxide, are listed in Tables IT1.23 to II1.28 and
the corresponding first-order decay plots are shown in Figures II1.21 to I11.26. The
corrected pseudo first-order rate constants of SiClj decay in the presence of N0, as
obtained from these plots, are listed in Table I11.29. The linear relationship of the
corrected pseudo first-order rate constants with N2O concentration is shown by the plot
in Figure II1.27. The slope of this plot resulted (cf. Appendix B) in the following value

of the bimolecular rate constant for the gas-phase reaction of SiCla with NyO:

k(SiClz + N20) = (5.7 £ 0.3) x 108 M-15-1,
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Table IT1.23. Peak heights as a function of time for the reaction of SiCly with 0.06 Torr

nitrous oxide.
[N20] = 0.00 Torr [N20] = 0.06 Torr
Time, ys Ln(peak height) Time, ps Ln(peak height)
13 5.14 13 4,92
21 5.02 17 4.78
21 4.99 26 4.69
31 4.70 31 4.54
39 4.59 34 4.37
49 4.37 44 4.30
55 4.36 49 4.08

Table I11.24. Peak heights as a function of time for the reaction of SiCl; with 0.10 Torr

nitrous oxide.
[N20] = 0.00 Torr [N20O] = 0.10 Torr
Time, us Ln(peak height) Time, ps Ln(peak height)
19 4.68 15 4.61
25 4.62 20 4.50
30 444 27 4.39
39 4.27 33 4.19
43 414 38 4.02
49 405 45 3.92
57 4.00 49 3.87

59 3.59
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Table II1.25. Peak heights as a function of time for the reaction of SiCl with 0.12 Torr

nitrous oxide.
[N20] = 0.00 Torr [N20] =0.12 Torr
Time, ys Ln(peak height) Time, us Ln(peak height)
19 4.11 20 4.26
25 4.04 26 4.10
31 3.89 31 4.04
38 3.81 39 3.84
44 3.63 44 3.7
51 3.50 50 3.58
56 3.48 58 3.40

Table I11.26. Peak heights as a function of time for the reaction of SiCl; with 0.16 Torr

nitrous oxide.
[N20] = 0.00 Torr [N20] =0.16 Torr
Time, ys Ln(peak height) Time, ys Ln(peak height)
14 4.63 13 4.50
20 445 19 428
26 430 25 4.20
32 420 31 3.93
44 3.85 38 3.78
52 3.69 4 3.65
58 3.65 50 3.47
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Table IT1.27. Peak heights as a function of time for the reaction of SiClp with 0.20 Torr

nitrous oxide.
[N20] = 0.00 Torr [N20} =0.20 Torr
Time, us Ln(peak height) Time, s Ln(peak height)
18 4.40 11 4.22
23 4.33 17 4.07
31 4.15 24 3.82
43 3.95 30 3.75
49 3.62 31 3.67
55 3.51 49 2.02

Table I11.28. Peak heights as a function of time for the reaction of SiCl; with 0.25 Torr

nitrous oxide.
[N20] = 0.00 Torr [N20] =0.25 Torr
Time, s Ln(peak height) Time, s Ln(peak height)
13 4.45 12 4.37
19 4.43 20 4.20
27 4.23 25 4.13
32 4.15 33 3.69
39 4.03 37 3.70
51 3.81 43 3.59
57 3.68 51 3.32

58 3.24
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La(peak height)

Time, microsec.

Figure 1.21. Decay curves for [SiCl3] in the absence (D) and presence (8) of 0.06 Torr

nitrous oxide.

Ln(peak height)

Time, microsec.

Figure I11.22. Decay curves for [SiCly] in the absence (0) and presence (@) of 0.10 Torr

nitrous oxide.
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Time, microsec.

Figure II1.23. Decay curves for [SiCl3] in the absence (0) and presence (@) of 0.12 Torr

nitrous oxide.

La(peak height)

Time, microsec.

Figure I11.24. Deczy curves for [SiCly) in the absence () and presence (@) of 0.16 Torr

nitrous oxide.
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Figure IT1.25. Decay curves for [SiCl3] in the absence () and presence (m) of 0.20 Torr

nitrous oxide.
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Figure I11.26. Decay curves for [SiCl2] in the absence (0) and presence () of 0.25 Torr

nitrous oxide.
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Table IT1.29: Dependence of the pseudo first-order rate constants of the SiCly + N3O
reaction on nitrous oxide concentration.

[N20], Torr

k[N,0] x 103, pus-!

Avg. k[N20] x 103, ps-!

0.06

0.10

0.12

0.16

2.886
1.586
2.016
1.118
2.541
2.163

2.971
3.077
3.592
3.405
3.885
3.939

3.104
4.936
3.276
4.286
3.556

5.662
5.908
5.333
4714

205+ 1.28

3.47 £ 0.80

3.831+1.53

5.40 £ 1.03
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Table IT1.29.(contd.)

[N20], Torr k[N20] x 103, ps-! Avg. k[N70] x 103, ps-!

0.20 5.242
6.850
7.388
6.288
6.082 6.37 £ 1.62

0.25 7.758
7.987
6.934 7.56 £ 1.11
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k[N20] x 1073, pus-!
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Figure 111.27. Dependence of the pseudo first-order rate constants of SiCls + N>O
reaction on the nitrous oxide concentration. Numbers in the parentheses

are the number of decay plots with 5 to 8 individual measurements.
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111.4.5. The SiCl; + 1,3-Butadiene Reaction.

The gas-phase reaction of SiCl with 1,3-butadiene was studied at five different
concentrations of 1,3-butadiene in the 0.04 to 0.20 Torr range. Peak height
measurements as a function of time for the decay of SiCl; in the ~bsence and in the
presence of 1,3-butadiene are presented in Tables I11.30 to IT1.34 and the corresponding
firsi-order decay plots are shown in Figures I11.28 to IT1.32. The corrected pseudo
first-order rate constants, as obtained from such decay plots as in Figures I11.28 to
11132, are listed in Table II1.35 and the dependence of these on 1,3-butadiene
concentration is shown by the linear plot in Figure I11.33. From the slope of this linear
plot, the following value for the bimolecular rate constant of the gas-phase reaction

between SiClz and 1,3-butadiene was obtained (cf. Appendix B):

k(SiClp + 1,3-C4Hg) = (5.4 £ 0.3) x 108 M-15-1,
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Table I11.30. Peak heights as a function of time for the reaction of SiCly with 0.04 Torr

butadiene.
[C4Hg] = 0.00 Torr [C4Hg) = 0.04 Torr
Time, us Ln(peak height) Time, ps Ln(peak height)

09 4.76 12 4.4
15 4.70 21 4.32
21 4.62 26 4.25
25 4.56 33 4.11
3s 433 38 4.06
40 4.30 42 391
44 4.17 47 3.79
49 4.10 53 3.68

Table IT1.3.1. Peak heights as a function of time for the reaction of SiCly with 0.08 Torr

butadiene.

[C4I76) = 0.00 Torr [C4Hgl = 0.08 Torr
Time, us Lin(peak height) Time, ps Ln(peak height)
10 471 11 4.28
14 4.67 15 4.14
21 4.59 30 3.90
24 4.50 35 3.82
32 4.47 41 3.76
37 4.19 48 3.49
45 4.02 54 3.28

54 3.99




Table I11.32. Peak heights as a function of time for the reaction of SiCla with 0.12 Torr

butadiene.
(C4Hs) = 0.00 Torr [CsHg) = 0.12 Torr
Time, us Ln(peak height) Time, us Ln(peak height)
16 4.26 07 4.32
21 4.22 13 4.08
27 4.03 17 3.97
41 3.74 39 3.53
s1 3.58 42 3.47

46 3.30

Table II1.33. Peak heights as a function of time for the reaction of SiCly with 0.16 Torr

butadiene.
[C4Hg) = 0.00 Torr [C4Hg] = 0.16 Torr
Time, ps Ln(peak height) Time, s Ln(peak height)
17 4.53 13 3.99
21 449 22 3.64
31 4.32 27 3.58
33 4.26 33 3.33
39 4.08 35 3.40
51 385 53 2.1
58 3.58 61 2.64
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Table II1.34. Peak heights as a function of time for the reaction of SiCly with 0.20 Torr

butadiene.
[C4Hg) = 0.00 Torr [C4Hg] = 0.20 Torr
Time, us Ln(peak height) Time, us Ln(peak height)
11 498 11 3.93
17 4.74 16 3.74
21 4.69 22 3.71
30 4.50 29 3.47
3s 4.30 34 3.37
41 4.2§ 41 3.04
54 4.09 47 2.89

55 2.77
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Figure IT1.28. Decay curves for [SiCls] in the absence (O0) and presence (@) of 0.04 Torr
butadiene.
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Figure II1.29. Decay curves for [SiCl3] in the absence (O) and presence (@) of 0.08 Torr
butadiene.
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Figure II1.30. Decay curves for [SiCl3] in the absence (0) and presence (@) of 0.12 Torr

butadiene.
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Figure II1.31. Decay curves for [SiCly] in the absence (0) and presence (@) of 0.16 Torr

butadiene.
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Figure IT1.32. Decay curves for [SiCl3] in the absence (0) and presence (@) of 0.20 Torr
butadiene.
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Table I1.3S: Dependence of the pseudo first-order rate constants of the SiCly + C4Hg
reaction on butadiene concentration.

[C4Hg), Torr k[C4Hg] x 103, pus-1 Avg. k[C4Hg) x 103, ps-1

0.04 1.624
1.406
1.199
1.894 1.53 £ 0.60

0.08 2.80S
2.263
1.733 227 1.07

0.12 2.836
2.474
3.329
3.639 3.07+1.03

0.16 4.874
3.719
5.252
4.761 4.65 £ 1.31

0.20 5.187
5.721
6.356
7.421 6.17 £ 1.92
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1,3-Butadiene, Torr

Figure II1.33. Dependence of the pseudo first-order rate constants of SiCly + 1,3-C4Hg
reaction on the butadien .oncentration. Numbers in the parentheses are

the number of decay plots with § to 8 individual measurements.

149



111.4.6. The SiCly + Isobutane Reaction.

The decay rates of SiCl3 in the absence and in the presence of 6 Torr isobutane
are listed in Table II1.36 where it is seen that the peak heights of SiCl are smaller in the
presence of isobutane, seemingly pointing to an enhanced decay rate, cwing to a
chemical reaction. However, when these data were plotted to obtained the pseudo first-
order rate constant, Figure II1.34, the slope of the line corresponding to the SiCly + i-
butane system was less than that of the background decay plot, indicating that isobutane
somehow suppresses the rate of decay of SiClz. No further experiments on this system

were carried out.
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Table IT1.36. Peak heights as a function of time for the reaction of SiCl3 with 6.0 Torr

isobutane.
[i-C4H0] = 0.00 Torr [i-C4Hj0] = 6.0 Torr
Time, us Ln(peak height) Time, s Ln(peak height)

12 5.08 12 4.19
25 4.80 26 3.94
36 4.61 36 3.70
47 4,44 47 3.56
68 3.95 67 1
78 3.78 78 3.07
88 3.76 89 2.82
109 3.30 97 2.67
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Figure II1.34. Decay curves for [SiCl3] in the absence (0) and presence (®) of 6.0 Torr

isobutane .
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IILS. Reactions of SiBrj.

The gas-phase reactions of SiBry were investigated with oxygen and nitric
oxide. In all the experiments 0.20 Torr SiBrg in 40 Torr argon was used as the SiBr)
source. As in the case of the SiClj reactions, the background decay of SiBr; had to be

measured before and after each series of decay rate measurer.. nts.
11.5.1. The SiBry + 0; Reaction.

The decay of SiBrj in the presence of O3, at five different pressures in the 0.06
to 0.20 Torr range, was measured. The rate of decay of SiBry was enhanced in the
presence of oxygen and followed first-order kinetics. Peak height measurements as a
function of time for the decay of SiBr; in the absence and in the presence of different
amounts of oxygen are listed in Tables IT{ 37 to II1.41 and Figures II1.3S to IT1.39
display the corresponding first-order decay plots. Such plots yielded the pseudo first-
order rate constants which, after being corrected fc. the background decay of SiBry, are
presented in Table IT1.42. The plot in Figure I11.40 shows the linear relationship
between the corrected pseudo first-order rate constants and the O; concentration, and the
slope of this plot yielded (cf. Appendix B) the following value for the bimolecular rate

constant of the gas-phase reaction of SiBry with oxygen:

k(SiBry + 07) = (5.6 £ 0.4) x 108 M-1s-1,
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Table IT1.37. Peak heights as a function of time for the reaction of SiBrp with 0.06 Torr

oxygen.

[O2] = 0.00 Torr (02] = 2.06 Torr
Time, us Ln(peak height) Time, us Ln(peak height)
13 4.06 13 3.74
21 392 22 3.43
28 3.86 28 152
39 371 38 3.23
47 3.64 5S 3.0
SS 3.58 63 2.89
63 3.36 70 2.80
11 3.23

Table II1.38. Peak heights as a function of time for the reactic n of SiBry with 0.09 Torr

oxygen.
[02] = 0.00 Torr (03] = 0.09 Torr
Time, s Ln(peak height) Time, us Ln(peak height)
12 4.28 1 4.19
19 4.10 20 3.92
30 4.00 29 4.00
37 3.98 37 3.77
45 3.81 45 3.66
5s 3.78 64 3.38
6: 3.62 71 3.20
71 3.46
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Table [11.39. Peak heights as a function of time for the reaction of SiBry with 0.12 Torr

oxygen.
[02] =0.00 Torr [02] = 0.12 Torr
Time, us Ln(peak height) Time, jis Ln(peak height)
21 4.68 14 3.73
31 4.59 21 3.56
39 4.52 31 345§
46 4.48 40 3.39
55 443 AR ) 3.18
64 425§ 6S 3.06
73 4.26 3 3.06

Table T11.40. Peak heights as a function of time for the reaction of SiBry with 0.16 Torr

oxygen.
[07] =0.00 Torr [02) =0.16 Torr
Time, us Ln(peak height) Time, us Ln(peak height)
08 4.60) 13 3.59
20 4.48 17 3.67
37 438 31 3.49
52 4.32 43 3.26
SS 4.19 55 3.14
67 4.1f 61 311

73 2.93
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Table II1.41. Peak heights as a function of time for the reaction of SiBry with 0.20 Torr

oxygen.
[(O7] = 0.00 Torr [02] = 0.20 Torr
Time, us Ln(peak height) Time, us Ln(peak height)
14 488 14 3.79
31 47§ 30 3.61
48 4.65 38 3.41
64 447 47 3.34
73 440 5§ 3.31
64 3.08
72 2.96
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Figure I11.35. Decay curves for [SiBr;] in the absence (0) and presence (@) of 0.06

Torr oxygen.
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Figure 111.36. Decay curves for [SiBra] in the absence (O) and presence () of 0.09

Torr oxygen.
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Figure II1.37. Decay curves for [SiBrj] in the absence (Q) and presence (@) of 0.12

Torr oxygen.
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Figure IT1.38. Decay curves for [SiBrs] in the absence (O) and presence (@) of (.16

Torr oxygen.
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Figure I11.39. Decay curves for {SiBry] in the absence (0) and presence (@) of 0.20

Torr oxygen.
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Table I11.42. Dependence of the pseudo first-order rate constants of the SiBr; + Oy
reaction on oxygen concentration.

[O2], Torr kO] x 103, uS'l Avg. k[O7] x 103, ps-1

0.06 1.828
1.354 1.59 £ 0.47

0.09 2.266
2.806
2614 2.56 £ 0.55

0.12 4.571
3.182
3.548
3.696 375+ 1.18

0.16 4.252
4.485
3.264
4.428 411114

0.20 6.242
5.563
6.369
6.742 6.23 £ 0.98
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Figure I11.40. Dependence of the pseudo first-order rate constants SiBrp + O reaction

on the oxygen concentration. Numbers in the parentheses are the

number £ decay plots with 5 to 8 individual measurements.
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111.5.2. The SiBr; + NO Reaction.

Only one to three measurements of this reaction, at each of the five different
concentrations of nitric oxide in the 0.16 to 0.30 Torr range, were carried out. The data
obtained from such measurements are presented in Tables I11.43 to II1.47 with the
corresponding first-order decay plots in Figures I11.41 to IT1.45. The pseudo first-order
rate constants as obtained from these plots, after being corrected for the background
decay of SiBry, are listed in Table IT1.48. The dependence of the corrected pseudo first-
order rate constants on the nitric oxide concentration is shown by the linear plot in
Figure I11.46 whose slope yielded (cf. Appendix B) the following bimolecular rate

constant for the gas-phase reaction of SiBr2 with NO:
k(SiBrz + NO) = (2.8 £ 0.4) x 108 M-15-1,

Absolute rate constants for the room-temperature gas-phase reactions of SiCls
and SiBry with different substrat: as measured in the present study are listed in Table

I11.49.
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Table IT1.43. Peak heights as a function of time for the reaction of SiBry with 0.16 Torr

_ hitric oxide.
[NO] =0.00 Torr [NO] =0.16 Torr
Time, ys Ln(peak height) Time, ys Ln(peak height)

14 4.79 18 4.50
29 4.69 29 4.3§
37 4.63 37 4.28
45 4.53 50 4.20
51 4.50 59 3.99
59 4.44 66 3.98
66 4.37

Table I11.44. Peak heights as a function of time for the reaction cf SiBry with 0.20 Torr

nitric oxide.
[NOJ = 0.00 Torr [NO] = 0.20 Torr
Time, ps Ln(per height) Tire, s Ln(peak height)
15 5.25 16 4.57
31 5.16 21 4.52
37 5.14 29 4.48
51 5.10 37 4.43
67 492 44 4.34

59 4.13
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Table IT1.4S. Peak heights as a function of time for the reaction of SiBry with 0.24 Torr

nitric oxide.
[NO] =0.00 Torr [NO] =0.24 Torr
Time, Us Ln(peak height) Time, ps Ln(peak height)
15 5.26 13 4.64
29 5.22 21 4.59
36 5.19 29 4.62
43 5.11 37 4.55
59 5.06 43 4.46
66 5.02 59 424

67 4.25

Table IT1.46. Peak heights as a function of time for the reaction of SiBry with 0.28 Torr

nitric oxide.
(NO] = 0.00 Torr (NO] =0.28 Torr
Time, us Ln(peak height) Time, us Ln(peak height)
16 4.84 16 4.08
22 4.76 29 3.92
37 4.70 37 3.85
44 4.68 45 3.7§
60 4.49 59 3.63
67 4.48 67 3.50
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Table IT1.47. Peak heights as a function of time for the reaction of SiBry with 0.30 Torr

nitric oxide.
[NO] =0.00 Torr [NO] =0.30 Torr
Time, ps Ln(peak height) Time, ys Ln(peak height)

14 5.34 15 4.81
21 5.26 20 4.63
29 5.30 43 4.43
36 5.24 58 4.31
43 5.17 66 4.30
65 5.09
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Figure II.41. Decay curves for [SiBr;] in the absence (0J) and presence (8) of 0.16

Torr nitric oxide.
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Figure I11.42. Decay curves for [SiBry] in the absence (0) and presence (@) of 0.20

Torr nitric oxide.
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Figure I11.43. Decay curves for [SiBrs] in the absence (Q) and presence (Q) of 0.24

Torr nitric oxide.
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Figure II1.44. Decay curves for [SiBrp] in the absence (0) and presence (@) of 0.28

Torr nitric oxide.
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Figure II1.45. Decay curves for [SiBrj] in the absence (0) and presence (@) of 0.30

Torr nitric oxide.
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Table 11.48: Dependence of the pseudo first-order rate constants of the SiBry + NO
reaction on nitric oxide concentration.

[NO), Torr k[NO] x 103, us-! Avg. k[NO] x 103, ps-!
0.16 2.246
2.586 242+ 034
0.20 3.595
3.884
1.879 312217
0.24 3.385 3.38
0.28 3.81§ 3.82
0.30 4.543
4.887 472 +0.34
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Figure I11.46. Dependence of the pseudo first-order rate constants of SiBry + NO
reaction on the nitric oxide concentration. Numbers in the parentheses

are the number of decay plots with § to 8 individual measuremerts.
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Table I11.49. Absolute rate constants for the gas-phase reactions of SiCl and SiBr2

with different substrates R.
R k, M-1s5-1
SiClp SiBry

o)) (3.4102)x10° (5.6 0.4) x 108
NO (1.6£0.1) x 10° (2.8+0.4)x 108
Q0 (6.3%0.7) x 108 _

N0 (5.7+0.3) x 108 _—
1,3-C4Hg (5.410.3) x 108 —_

171



Chapter IV
DISCUSSION
IV.1. Argon Pressure Dependence of the Background Decay of SiCl,.

The rate of background decay of SiCl; was found to increase upon increasing
the argon pressure from 50 to 100 Torr ( k increased from 7.2 x 103 t0 1.5 x 104 M-}
s-1) whereas a further incredse in argon pressure to 150 Torr showed almost no change
in the rate constant value ( kgyg. = 1.4 x 108 M-15-1) (cf. Table IIL.S5). In order to
explain this behavior, the following mechanism is proposed for the background decay

of SiCly:

}
2 Cl;Si—SiCl, 2b
l' \O _—__-_‘._____
%

SiCl, + SiyClg SiCly

ClSi-

Si;Cly + Ar Si;Clg + Ar®

SiCl2 produced from the flash photolysis of Si2Clg, in the absence of any other
reactive substrate, would react with excess Si;Clg via insertion into the Si—Cl bond
(SiCly is known to insert into the Si—C! bonds of perchloropolysilanes [70) and the
reverse of this insertion reaction, i.e. one-stage thermal decomposition, has been used
as a source of SiCl; [72]) to give a hot insertion product 1 (reaction 2b). In the absence
of a third body, this hot product 1 would decompose reversibly via reaction 2c, whereas
in the presence of a third body it would be stabilized 1o the final insertion product Si3Clg

via reaction 3. Thus at low argon (third body) pressure, reactions 2c and 3 compete
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against each other resulting in an overall slower rate of decay of SiCly. As the argon
pressure is increased, reaction 3 dominates reaction 2c i.e. the hot product 1 dissipates
its excess energy vig reaction 3 to yield a stable insertion product and hence the decay
rate of SiClj increases. However, once the limiting pressure of argon is reached, which
is sufficient to accomodate all the excess energy, any further increase in its pressure

would not affect the decay rate of SiClj (¢f. Appendix C).

IV.2. Mechanistic Aspects of the Reactions of SiCly; and SiBr;.
I1V.2.1. Reactions with Oxygen.

The room-temperature gas-phase reactions between SiX3 (X = Cl, Br) and O;
are found to be first order in both SiX7 and O concentrstions as shown by the linear
plots in Figures II1.4 to II1.8 for X = Cl, and Figures II1.35 to [11.40 for X = Br. The

values of the absolute bimolecular rate constants are
k(SiCly + O9) = (3.4 £0.2) x 109 M-15-1
k(SiBry + O9) = (5.6 £ 0.4) x 108M-15-1

The mechanism of the reaction between SiX2 (X = Cl, Br) and O, is not known.
However, for reaction beiween photochemically generated SiCl3 and O; in the liquid
phase, Gooden [133] have proposed the following reaction scheme to account for the

high quantum efficiency of Cl3SiOH produced from the photoxidation (A = 254 nm) of

SiHCl3 in SiCly :
SiCls + hv (254 nn) SiCl3 +Cl RGOAY
SiCl3 + 0, C135i00 (IV.2)
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2 C138i00

2 C18i0 + O (Iv.3)

C138i0 + SiHCl3 C13SiOH + SiCl; (IV.4)

This mechanism was further supported by the results of Niki er g/. [134] who
studied the Cl-atom initiated gas-phase reactions of SiHCl3 with O3 using the FTIR
spectroscopic technique. They observed the formation of Cl3SiOONO; from the Cl-

atom initiated oxidation of SiHCI3 in the presence of NO; according to following

scheme.
Cl + SiHCl3 HCl + SiQ4 (IV.$)
SiCl3+ Oy C13Si00 (1V.6)
. M .
C118i00 + NO, C13SiOONO, av.mn

Eley er al. [135), from relative rate studies of silylene reactions in the gas phase,
observed a slow reaction between SiHj; and O3, and proposed that it proceeds vig iniual
H2Si05 adduct formation with subsequent complex chemistry.

Recently, Gaspar er al. [136] suggested that in solution phase, diorganosilylenes

SiR3 (R = Me, t-Bu; R2 = MePh, w m ) react with (1 to

form a silylene-oxygen adduct which is of either a silanone O-oxide 2 or siladioxirane

structure.

A ~
SiR, + 0, R,Si =0 — 0 R,s.\i

9) (IV K)

More recently, Akasaka er al. [137] reported the first spectroscopic observation
of an R25i-O7 (R = H, Mes) adduct from the UV 1rradiation of the silylene preursor
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(trisilane for R = H, and 2,2-dimesityl-1,1,1,3,3,3-hexamethyltrisilane for R = Mes) in
an oxygen matrix at 16K. Fiom the FTIR and theoretical studies they concluded that
the R2Si-02 adduct has a silanone O-oxide 2 rather than ¢ siladioxirane 3 structure.
Upon warming up the matrix above 40K, they observed that the matrix became cloudy

and the products at room temperature consisted of polymeric species with Si—O bonds.

The reactions between CFa, singlet methylene and triplet methylene, and O»
have also been reported to involve initial CF,02 and CH207 adduct formation [27, 29,
33].

In view of the consistency among the suggested mechanisms for the reactions of
O3 with trichlorosilyl radicals and divalent Si and C species, and the fact that the gas-
phase SiXy + O (X = Cl, Br) reaction is first order in both SiX3 and O; concentrations
as observed from the present study, it is proposed that the gas-phase room-temperature
SiX2 + O reactions proceed vig initial 1:1 adduct formation between SiX5 (X = Cl, Br)
and Op. This silanone O-oxide type adduct can then react further according to either

reactions [V.10a or IV.10b:

SiX; + 0, X,Si00 (IV.9)
2 X,Si00 2 X58i0 + 0y (IV.10a)
or  X2Si00+0; X2Si0 + 03 (IV.10b)

The overall reactions can be written as

SiX2+1202 X28i0 (IV.11a)

or SiX24+202

X28i0 + O3 (IV.11b)
(X =Cl, Br)
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C128iO from the photolysis of a SiO and Cl2 mixture has been isolated in an Ar
matrix [138]. Golovkin er al. [139] have also isolated C13SiO in argon and krypton

matrices at -78°C, from the thermal decomposition of (henzyloxy)trichlorosilane:

450 - $30°C ,
CeHsCHO0SiCl, —S.L-—-—- -= [C138i=0] + CeHsCH>Cl A

These two reports on the isolation of Cl3SiO lend additional support 1o the

proposed mechanism for the SiX; + O2 reactions.

X28i0, proposed to form vig reactions IV.11a or IV.11h, can undergo

oligomenzation i.e.

X,8i0 (X2510), av.iy

The isolation of (X28i0),, n = 3.4, polymers has been reported {140 - 144].

Rheinboldt and Wisfeld [140] have examined the thermal oxidation of Si1X4 (N
= Cl, Br). From the reaction of SiClg with Oz at 950 - 970°C they obtained a venes of
siloxy compounds including SigQ4Clg. From the oxidation of SiBrg. the formanon of 4
series of oxybromides was observed at 670 - 695°C, from which crystalline Si1404Bry
was obtained as the major product. The authors suggested a cychc stucture & for

Si304Xg (X = Cl, Br):

/()

X2S| \SIX‘z
O/ \()
\ /
XJSl SIXZ
0
4
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Schumb and Klein [141] repcated the experiments of Rheinboldt and Wisfeld on
the thermal oxidation of SiBrg and suggested that the simplest oxybromide, BrSiO,
would probably be incapable of existence outside the gas phase and that it polymerizes
to (Br2§8i0)4 in the liquid phase. A heavy white solid corresponding to empirical
formula (BrSi0)4, melting to a colorless liquid at ~123°C. was obtained as one of the
major products. They also obtained traces of this product from the simultaneous action

of O, and Br; on silicon.

The formation of (Cl;SiO), has also been reported [142] from the

photooxidation of trichlorosilane accordinyg to the following mechanism:

2 SiHCl3 + 0, 2 Si(OH)Cl;3 (IV.14)
Si(OH)Cl3 C12Si0 + HCI (IV.15)
4 ClpSi0 (CLSi0) (IV.16)

(Cl2810), was :solated as a viscous, colorless liquid.

Wood er al. [143] have also observed the formation of cyclic SisO4Clg along
with many other higher molecular weight compounds, from the oxidation of SiCly at

1100°C. Above 1160°C, only SiO; was formed.
Krasnova er al. [144] obtained cyclic (C12SiO)n, n = 3, 4, as the final product

from the reaction of SiCly with lithijum in tetrahydrofuran at 35 - 45°C:

SiClg +2 Li + CsHg0 =2=3°C_ (C1,5i0) + 2LiCl + CsHg ~ (IV.17)

n=3 54%
n=4 46%
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All these reports support the proposed mechanism for the SiX3 + On reaction, as
represented by reactions IV.9 to IV.11band IV.13.

The reaction scheme [V.9 to IV.11b is exothermic. The heats of the overall
reactions IV.11a (or IV.11b) are estimated to be -127.4 (or - 97.3) kcal mol-! for X =
Cl. and -126.3 (or - 96.2) kcal mol ‘! for X = Br (¢f. Appendix D). The activation
energy for the primary reaction between SiX2 and (7 (i.e. recation [V .9) is estimated to

be £5~3.0 kcal mol-! for X = Cl, and ~4.1 kcal mol-! for X = Br (¢f. Appendix ).

1V.2.2. Reactions with Nitric Oxide.

The linear plots in Figures I11.9 10 [11.14 and 111.41 to 111.46 show that hoth the
SiCl3 + NO and SiBr; + NO reactions are first order in both the corresponding silylene
and nitric oxide concentrations. Absolute bimolecular rate constants of these gas phase

reactions are:
k(SiCly + NO) = (1.6 £ 0.1) x 109 M- 1s-!
k(SiBry + NO) = (2.8 2 0.4) x 108 M-1y-}

The mechanisms of these reactions have not yet heen reported  However, the
mechanisms of the reactions of other divalent species such av Sildy, SiFy, CF> and
CH3. with NO have been studied. For the SiF2 « NO reaction, Baswler er i 167]
reported that in a krypton matnx at 20 3K, this reacuon yields an adducc contaming a
single SiF; unit and cis-dimenc form of NO, which decomposes explovvely at 180°C
vielding silicon oxvfluonde polymer and nitrous onide  For vuch an energetic release of

N:0. the authors proposed that the initial adduct. S1F7 (NO hava cvilic $atructue



/
Fzs I—N
N=

Recently, Lampe [145], from IR laser (v = 944.19 cm-1) photolysis of a SiHj-
NO mixture, observed the tormation of N20 along with Hj, Si;Hg, SizHg and SigHjo,
and thus proposed the following reactions to occur (in addition to the formation and

subsequent reactions of SiH3):

>21
SiH, + nhv

SIHZ + Hz (IV.18)

SiH; + NO Products (Iv.19)

Although he could not identify all the products of the above reaction, he noted that they

comprise N20, solid siloxy compounds and perhaps Na.

Chu et al. [46], using laser resonance absorption flash kinetic spectroscopy,
have observed a fast reaction between gas-phase SiH; and NO (k = (1.0 £ 0.1) x 1010
M-1s-1) and proposed this reaction to proceed via initial formation of an H2SiNO

adduct of unspecified molecular structure.

For the similar reaction between 3CH; and NO, Seidler et al. [24} have
proposed the initial cyclic adduct 6 formation as a possible channel. Hcwever, the

details of this reaction mechanism have not yet been elucidated.

0
CHz + NO —— H,¢{ | —— Products
N (IV.20)

6
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For the analogous reaction of CF, two different mechanisms have been
proposed. Modica [31] proposed that below 2S00K reversible CFINO adduct

formation is the major reaction,

CF, +NO CF;NO av.an

and above 2500K this adduct reacts further 1o yield N2O, CF20 and N» as the final

reaction products.

2 CFaNO

2CF0 + N» >2S00K av.2d

CFaNO +NO

CF20 + N2O (IV.23)

On the other hand, Burks and Lin [32] proposed that CF20 is formed by simple oxygen

abstraction from NO:

CF, + NO CFO + N (IvV.24)

they also suggested that the formation of N3O in Madica's high-temperature reaction

arises from bimolecular reaction of NQ:

2NO.- N2O +0 (IV 28

Altiiough no new studies on this reaction have been reponted, Madica's mechanmiam n
analogous 1o those reported iur the SiHa and SiFy ¢ NO) reactions. with regand to the

formauon of N2O as one of *he products.

By analogy with these studies on the reactions of NO with ulvleney and
carbenes. it 15 not unreasonable to propose that the room temperature gas phase
reactions S1Xy (X = Cl. Bry « NO invalve the formanon of 3 X2910N addwt whi b

then undergaes further reactons via esther wheme | or [}
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SiX2 + NO X2SiON (IV.26)
Scheme I:
X3SiON + NO X,SiONNO (IV.27)
X>SiONNO X328i0 + N»O (Iv.28)
overall reaction:
SiX2 + 2NO ———= X3Si0 + N20 (IV.29)
Scheme 11
2 X12SiON — 2 X3Si0 + N3 (IV.30)
overall reaction:
SiX2 + NO X12Si0 + 12 Ny (Iv.31)

The initial adduct formed in reaction V.26 can be either of cyclic 7 or open 8 geometry:

0
xzs<‘ X,8i — O == N
N
7 8

Very recently, Gosavi and Strausz [146] have carried out molecular orbital
studies oa the SiCla + NO reaction at the SCF level using a 3-21G basis set. From their
preliminary calculations on the total energy of both the cyclic 7 and open 8 structures of
the initial adduct it appears that the cyclic adduct lies ~3.5 kcal mol-! below the

separated reactants, whereas the open adduct lies ~27 kcal mol-! above the reactants.
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Thus their calculations support a cyclic geometry 7 for the initial adduct formed in
reaction [V.25, similar to the cyclic adduct reported to form from the SiF; + NO
reaction in a matrix. The calculations of Gosavi and Strausz also indicate that the
products of reaction IV.27, i.e. C13SiO and N20, are ~24 kcal mol-! more stable than
the cyclic adduct 7 + NO. Calculations with a larger basis set, 6-31G, yielded even
greater stabilization (~48 kcal mol-!) of the final products of scheme I. Thus their
calculations show that scheme I is energetically feasible. No such calculations on

scheme II have yet been carried out.

A mechanism similar to scheme [ for the gas-phase reactions of SiH3 and SiCl3
with NO, yielding N2O and the respective oxysilanes, has also been reported {147,

134}; however, the geometries of the initial adducts were not discussed.

SiR3 + NO R3SiON (IV.32)
R3SiON + NO R3SiONNO (IV.33)
R3SiONNO R3Si0 + N2O (IV.34)
R =H,Cl

For the SiMeR2 + NO (R = H, Me) reaction, a mechanism similar to scheme 11

has been proposed [148]:
SiMeRy + NO MeR3SIiON (Iv.3%)
2 MeR3SiON ———— [MeR;SiON=NOSiR2Me] (1v.36)

[MeR,SiON=NOSiR,Me] IMeRSiIO+ Ny (IV.3])
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Schemes I and 11 are both exothermic. For reactions IV.29 and IV.31 AHpyy, is
~151 and -149 kcal mol-!, respectively for the reactions of SiCl, and -149.9 and
~147.9 keal mol~1, respectively for those of SiBry (¢f. Appendix D). An vppee umit for
the activation energy of the primary reaction IV.26 is estimated to be £, ~3.5 kcal mol-!
for X = Cl and ~4.5 kcal mol~! for X = Br (¢f. Appendix E).

From the SiCl; + NO reaction, the formation of a volatile product was observed
in both photolyzed and unphotolyzed reaction mixtures. This product was observed as
a purple deposit that appeared upon pumping the photolyzed or unphotolyzed reaction
mixture through a liquid nitrogen-cooled trap, at the level of the liquid N2. Upon
warming the cold trap, the purple color disappeared vig following transitions: purple —
orange — light yellow with a light blue outer ring — colorless. No product analysis, of
this or any other reaction studied in the present work, was carried out. From the
observed color change of the product on warming the cold trap the formation of NOCl
could be suspected. Crystalline NOCl is yellowish-red and, together with unreacted NO
(blue in crystalline form), would give the observed purple color. The formation of
NOCI from the photochemical (254 nm, Hg resonance lamp) as well as the dark reaction
(24°C, 69 hrs.) between SiHCl3 and NO, has been reported [149]. N20 and (SiCl3),0
were detected in the product mixture from the photochemical reaction but no mechanism

was discussed.

IV.2.3. Reaction with Carbon Monoxide.

The absolute bimolecular rate constant for the gas-phase reaction between SiCl;
and CO, which is first order in both SiCl; and CO concentrations, as evident from the

linear plots on Figures 1115 tc 111.20, is
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k(SiCl3 + CO) = (6.3 £ 0.7) x 108 M-15-1

The mechanism of this reaction or of any other reaction between divalent silicon
or carbon radical and CO has not yet been established. Recently, however, some
reports concerning the molecular structure of the initial adduct formed between CO and

organosilylenes (SiR3) in matrices have appeared.

Arrington et al. [150] have studied the SiMe; + CO reaction in low-temperature
matrices, and presented spectroscopic evidence for adduct formation between SiMe3 and
CO. The IR spectrum of the SiMe3-CO adduct in a solid Ar matrix at 15 — 40K and the
UV spectrum in a solid nitrogen matrix at 20 — 40K was recorded. Initially, the authors
expected a pyramidal Lewis acid-base type adduct between SiMe; and CO, in which the
lone pair electrons of CO form a coordinate covalent bond with the empty p-orbital on
Si. However, their experimental data on the shift of C—O streching frequency in the
adduct from that in free CO were in good agreement with theoretical values calculated by
AM1 and MNDO methods [1S1a], both of which predicted the linear silaketene 9 rather
than the pyramidal Lewis acid-base 10 type geometry for the Me3SiCO adduct;
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on the other hand, ab initio calculations [151b] predicted the pyramidal acid-base
geometry to be more stable. Thus Arrington et al. were unable to reach a clear-cut
decision with regard to the structure of the Me3SiCO adduct. They did, however, rule
out the possibility of CO bonding to SiMe; through a Si—O bond, since the energetics
of such a reaction would yield a product that is ~49 kcal mol-! less stable than

silaketene.

Pearsall and West [152] studied the reactions of diorganosilylenes with CO in

frozen hydrocarbon matrices at 77K using UV-visible spectroscopy:

SiRR'+ CO - R'RSiCO R'RSi=SiRR' (I1v.38)

RR' = Mes, t-butyl; Mes, Mes; Mes, OAr; Me, Me.

Upon warming the matrix they observed depletion of the characteristic silylene band
with the concommitant growth of a new band at shorter wavelength, which they
attributed to a silylene-CO adduct. Upon further warming of the matrix they observed
the formation of stable disilene in each case except for SiMe2. Based on the fact that the
silylene-CO adduct behaved in a manner similar to other acid-base complexes of
silylenes with other donor molecules in matrices, all yielding disilene upon melting the
matrix, Pearsall and West inferred the silylene-CO adduct to be of the pyramidal acid-
base 10 type complex rather than silaketene 9. West and coworkers also suggested
[152 - 154) that these acid-base type silylene-CO adducts are formed reversibly and,

upon annealing the matrix, dissociate to yield silylene which then dimerize to disilenes.

Hamilton and Schaefer {50], using ab initio methods, have calculated the
energetics for the formation of the H2SiCO adduct, in both planar and non-planar

geometry, from SiHz and CO. They concluded that the equilibrium geometry of
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H3SiCO is indeed pyramidal non-planar, whereas the planar silaketene is the transition
state for inversion between the two pyramidal forms. The estimated heat of formation
of the non-planar pyramidal ‘geometry is —16 kcal mol-! whereas that of planar

silaketene is 18 kcal mol-! higher.

Bassler et al. [67), from IR studies of the SiFy + CO reaction in an argon
matrix, suggested that the reaction proceeds vig irreversible formation of F2SiCO which
decomposes to volatile silicon oxyfluorides and a carbon-rich polymer at higher
temperatures. However, no information conceming the molecular structure of the

adduct nor the details of mechanism were given,

On the basis of data reported on the reactions of analogous silylenes with CO
and the kinetic measurements of the present study, the following possible routes can be

considered for the gas-phase SiClz + CO reaction.

Scheme I: SiClj reacts with CO to form a silaketene Cl;Si=C=0 with a subsequent

complex chemistry:

SiCl; + CO

ClSi=C=0 (IV.39)

The corresponding dichloroketene has been isolated in an argon matrix at

8K [155].

Scheme II: The initial adduct formed between SiCl; and CO involves Si—O bonding
and, upon subsequent reaction with another CO molecule, Cl3SiO is
formed. This mechanism is similar to that proposed for SiCl; + O; and

SiClp + NO reactions.

SiCl, + CO C1,810C (1V.40)
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Cl3SiOC + CO Cl1Si0 +C,0 (IV.41)
The overall reaction is
SiCl2 +2CO ClhSi0 + C,0 (IV.42)

Both these schemes, however, seem unlikely to be involved in the SiCl; + CO
reaction. Scheme I can be ruled out since all the reported data on the reactions of other
silylenes with CO favor the pyramidal acid-base type adduct over the silaketene.
Scheme II can be discounted since the overall reaction IV.42 is endothermic by 14.4
kcal mol-! (¢f. Appendix D). Thus scheme III, presented below, seems to be the most

probable mechanism for the SiCly + CO reaction.

Scheme I11: SiClj and CO react in the gas-phase to give an initial acid-base type adduct
Cl128iCO analogous to the one proposed for the SiR; + CO (R = H, organo
group) reactions [S0, 152). Since the rate of the SiCly + CO reaction is
moderate (k = (6.3 £ 0.7) x 108 M-1s5-1), the formation of the initial adduct
is proposed to be irreversible, as in the SiF7 + CO reaction [67]. On the
basis of Pearsall and West's results [152], the initial adduct is then expected

to undergo either reaction IV.44a or IV.44b to yield tetrachlorodisilerie:

$iClz + CO C1,Si-CO (IV.43)
2 C118ieCO C1,Si=SiCl + 2 CO (IV.44a)
or

Cl38iCO + SiCly C15Si=SiCl; + CO (IV.44b)
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The overall reaction,

2 8iClp

Cl,S8i=SiCl, (IV.45)

is exothermic by ~24.3 kcal mol~! (¢f. Appendix D) and the upper limit of
the activation energy for reaction IV.43, is estimated to be ~4.2 kcal mol-!

(cf. Appendix E)

Tetrachlorodisilene has not yet been isolated, however, from qualitative studies,
tetrachlorodisilene has been proposed [76] to be an intermediate in the gas-phase
pyrolysis of 1,1-dichlorosilacyclopentene. The formation of the carbon analog of
tetrachlorodisilene, tetrachloroethylene (C2Clg), was observed by Torres et al. [155]

following the thermolysis of the dichloroketene precursor, in an argon matrix at 8K.

A o
595°C i
| V=0 [C1,C=C=0] —A2MTX | 1.y
/ —C02 -CO
a O |
dimerization
Cl,C=CCl,

(1V.46)

IV.2.4. Reaction with Nitrous Oxide.

The absolute bimolecular rate constant for the gas-phase SiCl; + N2O reaction,
which is first order in both SiCl; and N2O concentrations as shown by the linear plots

in Figures I1.21 to I1.27, is:

k(SiClz + N20) = (5.7 £ 0.3) x 108 M-1s-i
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The mechanism of this reaction is not known. However, the corresponding
SiMe2 + N30 reaction in an argon matrix at low temperature has been studied by
Arrington et al. [156] using IR spectroscopy and GC-MS. They concluded that at 35K
SiMe; reacts with N2O by oxygen abstraction to form Me;Si=O since upon annealing
the matrix above 35K, (Me2Si0O)3 was the major product, along with small amounts of

(Me3Si0)4 and (Me3SiO)s.

> 35K
35K N, + Me,8i=0 (Me,S8i0),

n=23,4

SiM02 + N20

In view of the above study and the observation that: 1) the expected product of
the SiCl; + NO reaction, the corresponding dichlorosilanone, C13SiO, has been isolated
in matrices [138, 139] (¢f. section IV.2.1.); 2) the ClSiO monomer polymerizes to
(C128i0)n n = 3, 4 as final products; and 3) the SiCly + N20 reaction is first order in
both SiCly and N2O concentration. it seems reasonable to propose that the room-
temperature gas-phase SiCly + N20 reaction may proceed viag unimolecular extrusion of

Naj:

SiCl; + N3O Cl2Si0 + N; (IV.48)

The resulting Cl2SiO probably further oligomerizes.

Silyl and alkyl radicals have also been reported to react with N2O via N3
extrusion. The SiH3 + N2O — H3SiO + N reaction has been reported to proceed very

slowly at SOOK with an upper limit for the rate constant estimated to be k < 3 x 106 M-1
s~1 [157]. Other radicals which have been reported to react with N2O to form N3 below
400° via oxygen abstraction [158] include the ethyl, methyl and trifluoromethy! radicals:

189



R+ N0 RO+ N2 (IV.49)
(R = CH3, C3Hs, CF3)

For R = CF3, the rate constant at 400°C is ~4 x 102 M-1s-! and the estimated Arrhenius

parameters are: £, ~ 24 kcal mol-! and A ~1010 M-1s-1,

For the gas-phase reaction of SiCl with N2O i.e. reaction IV.48, AH,y, is
calculated to be ~147 kcal mol-! (¢f. Appendix D) and an upper limit for the activation
energy is estimated to be E, ~4.3 kcal mol-! (¢f. Appendix E).

IV.2.5. Reaction with 1,3-Butadiene.

The SiCly + 1,3-C4Hg reaction is also first order in silylene and butadiene
concentration as shown by the linear plots of Figures I11.28 to I11.33. The bimolecular

rate constant is:
k(SiClz + 1,3-C4Hg) = (5.4 £ 0.3) x 108 M-1s-1

Butadiene and substituted butadienes have been used as trapping agents for
SiCl and other silylenes and the mechanism of these reactions has been explored by

different workers.

Chemyshev et al. {123], from their qualitative studies, initially proposed that at
500°C SiCly adds to outadienes to give silacyclopentenes in 90 - 95% yield, which
appear to be formaliy 1,4-addition products. However, they also suvgcsted that these
products could also have been formed through initial 1,2-addition fcllowed Sy the fast

ist ziizaton of the vinylsilacyclopropane intermediate:
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SiCl, + /—\ — SiCh | — ( s
Si

F )
Cl (IV.50)

Later on, based on the results of the thermal decomposition of 1,1-dichloro-1-silacyclo-
3-pentene in the presence of 2,3-dimethyl-1,3-butadiene at 500°C, which generated
butadiene and 1,1-dichloro-1-silacyclo-2,3-dimethyl-3-pentene and the fact that
copyrolysis of the products regenerated the starting materials, they concluded that the

additon of SiCl; to butadiene occurs vig concerted 1,4-cycloaddition [76]:

— - e T\ —
Q */—/_\\ [:SiCl,] —— Q

i
Cl, -\ Cly (IV.51)

From the pyrolysis of disilane (a SiHz precursor) in the presence of i,4-
substituted butadiene (hexa-2,4-diene) at 420°C, Gaspar and Hwang [159] observed the
formation of both cis- and trans- isomers of the corresponding silacyclopentene in equal
amounts (10%) and thus they suggested initial 1,2-addition (reaction I'V.52) instead of
1,4-concerted addition (reaction IV.53) which would only give the cis product:
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1,2-addition \ ’“
SiH, + __/ '\__ — S
o O,

SiH,
+
:Si :Si I
H, H,
10% 10% (1v.52)

. 1, 4-addition I{_El
ble + _/—\_ Si

Hy (IV.53)

Lei et al. [160] have also proposed initial 1,2-addition for the high-temperature
reaction of SiMe; with 1,4-dimethyl-1,3-butadiene, followed by rearrangement of the
vinylsilacyclopropane intermediate to yield the final products:

N 460°C .
SiMe; + —  Me,Si \

= /N
Me,Si + MeySi + Me,Si Et

\

(IV.54)



Clark and Davidson [161], based on their qualitative studies of the reactions of
SiMeX (X = H, Cl, Me) with 1,3-butadiene at 430° — 520°C, have also proposed 1,2-

addition rather than 1,4-addition for these reactions:

XMesSi
SiMeX + —

Baggott er al. [162) studied the ronm-temperature gas-phase reaction between

Products

(IV.55)

SiMe; and 1,3-butadiene using the time-resolved flash photslysis method. They

observed a fast reaction (k = (4.5 £ 0.3) x 109 M-15-1) but were unable to detect

significant amounts of the expected 3,3-dimethyl-3-silacyclopentene product (which is
known to form as a stable product from the same reaction under pyrolysis conditions at
370°C) even upon raising the temperature to 100°C. Thus they suggested that SiMe)
reacts with 1,3-butadiene viag initial 1,2-addition yielding vinylsilacyclopropane, which
is either stable to rearrangement to the corresponding silacyclopentene at temperatures

below 100°C or is lost vig a different channel.

) >100°C .
(Iv.56)

From the above reports it is obvious that for the high-temperature (400 — 520°C)

addition of silylenes to butadienes, the reaction mechanism is controversial since the
products can be explained via either 1,2- or 1,4-addition. For the room temperature
reaction, although only 1,2- addition has been proposed [162], the 1,4-addition route

cannot be ruled out either since neither the silirane intermediate nor the final
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silacyclopentene products could be isolated in the photolysis experiment of Baggott ef

al.

loffe et al. [163] have used the intermolecular orbital theory of interactions to
examine the reaction of CCls, SiCl and GeCl; with 1,3-butadiene and concluded that

the probability of 1,4-addition increases on going from CCl3 to SiCl to GeCly.

Neither the value of the absolute rate constant for the SiCly + 1,3-C4Hg reaction,
nor the fact that SiCls is an electrophilic species (see Section IV.3.2), make it possible

to differentiate between 1,2- and 1,4-addition:

1,4-addition
SiCl, + /—/ — ()
/) Si

} Cl
12- d'ti\on /
—
c1zs<{
(IV.57)

Reaction [V.57 is calculated to be exothermic by 108 kcal mol-! (¢f. Appendix

D) and an upper limit for its activation energy is estimated to be E, ~3.8 kcal mol-! (¢f.

Appendix E).
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IV.3. Chemical Reactivities of the Ground State Singlet SiCly and SiBr;.
1V.3.1. Reactions with Inorganic Substrates.

Absolute rate constants of the room-temperature gas-phase reactions of !SiCly
and 1SiBr; as obtained from the present study are compiled in Table I'V.1 along with the

available data on similar reactions of 1SiH3, 1SiF3, 1CH3, ICCl; and !CF3.

Toward O and NO, both silylenes and carbenes follow a similar reactivity
trend. The reactivity of MX3 (M = Si, C) follow the order X = H> Cl1 > F, i.e. the
reactivity of divalent species MX7 decreases with increasing electronegativity of the
substituent X. For carbenes it has been proposed [16] that the more electronegative
substituents would increase its stability, and thus decrease its reactivity, through such

canonical forms as:

L= A = A
x/\x T X/X x\>+(

The same electronegativity effect also seems to be operative in SiX3 (X = H, Cl) + NO
and SiX3 (X = Cl, F) + Op reactions. For SiX3 (X = H, Cl) + O; reactions the rate
constants are too similar to observe any electronegativity ~““sct which may exist as in the
cases of X = Cl, F. The reactivity of SiBry is less tha:. that of SiCly, contrary to that
expected on the basis of the electronegativity effect. It should be noted, however, that
the decrease in electronegativity between Cl and Br is very small (3.0 vs 2.8) as
compared to that between Cl and F (3.0 vs 1.U) whereas the corresponding increase in
atomic size between Cl and Br is twice as much as between Cl and F {F(9), CI(17),

Br(35)}. Since the electronegativities of C1 and Br are very similar, the increase in

195



"E€ IDUIIJIY j ‘Y€ IIUIIIYIY 5 ‘R 2OUIIJIY p ‘§Y IIUIINJIY 5 DHOM UK g Yt BRITRIBIR) I

O°%N

(01 X0'€ 0101 X 62 (00

g0l X 8'[ 0101 X 9°6 ON

01 X1 oI XIS 0101 X S'¥ 0
fES ) X0 %) agd p CHO¢

-S1-w 'y Jiensqng

g0l X (EOF LS) OIN

0L X (LOFE9) (01 X9> (0 0)

Ol XUOFD OILXF0F8) o0 X(10F 0D ON

WOLXTT> O X(@TOFPE) OILXF0F99) O X(90F9¢) [Z6]
X% L) q A0S q 'S v CH'S

1-Si-W Y Jrensqng

‘SIRNSQNS NUESIOU! SNOUERA IIm TYJA SIS JUI[BAIP JO SBONILA JO SIUBISUOD INRI ANOSqY “[°Al 21qe],

196



molecular size of the silylene (i.e. the increased steric hindrance to the approaching
reactive molecules) on going from Cl to Rr may therefore be the dominating factor in
determining the reactivity of SiBr and thus may wholly or in part be responsible for the
slower reactions o § Brathia wo ¢ of SiCly. On the other hand, for the reactivity of
SiClp vs Sit» the lavge d.i ¢ - 1 the electvonegativities of Cl and F seems to be the

dominant factor.

No absolute rate constant data for the reactions of CBr; are yet available for
comparison. Although it has been reported [15] from qualitative studies that CBrs is
less selective and thus more reactive than CCly toward olefins, the chemistry involved in
the reactions with olefins is different from that in the reactions with inorganic
compounds, and it cannot be assumed, in the absence of any quantitative or qualitative
data, that the reactivity of CBry, relative to other carbenes, towards inorganic species
would follow the same trend as that towards olefins. A more comprehensive set of
quantitative data on the reactions of MX3 (M = Si, C; X = Cl, Br) with various
substrates is required to establish the =xact position of MBry (M = Si, C) on the

reactivity ladder MH3 > MCl1; > MBr; (?) > MF).

The reactions of SiHz, 1CH3 and CCljy are faster with NO than with O3,
whereas the present study has shown that the reactions of SiCl and SiBr; with NO are
about twice as slow as that with O2. In the case of the SiCly + NO reaction, as
mentioned earlier, the formation of a volatile product from some dark reaction was
observed. Since the extent of the dark reaction was not known, no correction was
applied to accomodate the decrease in the NO concentration due to the occurrence of the
dark reaction. Thus the NO concentration used in the calculation of k(SiCly + NO)

could have been higher than the NO concentration actually present in the reaction
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could have been higher than the NO concentration actually present in the reaction
mixture. Therefore the reported value of £(SiCl2 + NO) might be a lower limit. A

similar dark reaction might have been operative in case of SiBry-NO system.

From Table IV.1 it is seen that the reactivity of carbenes with 07, NO and CO
follows the trend CHz >> CCly >> CFj, as expected on the basis of increasing
electronegativity of the halogen substituents. On the other hand, with the exception of
the single reported rate constant for SiF3, no clear trend can be discerned in the

reactivities of silylenes.
Inspection of the data in Table IV.1 reveals the following trends:
k(1CHz + NO, CO) > k(CCl; + NO, CO),
k(SiHz + NO) > k(SiCl3 + NO);
however,
k(SiH3 + CO) < k(SiCl; + CO).

A possible explanation for the reverse trend in the reactivity of SiH3 vs SiClj
compared to that of !CH3 vs CCl; toward CO could be provided by considering the

following two observations.

First, the large difference between k(SiH; + CO) and k(1CH2 + CO) is
significant and must be due to totally different reaction paths for these two reactions.
The 1CH3 + CO reaction leads to the formation of ground-state ketene 1(CHy=C=0),
whereas for the SiHy + CO reactions, the theoretical calculations of Hamilton and
Schaefer [50] have predicted the silaketene to be less stable than the Lewis acid-base

type adduct H3Si~CO. Thus the SiHz + CO reaction path, unlike that of ICH; + CO,
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would not yield a silaketene product and therefore different rate constants can be
expected for the two reactions. On the other hand for the reactions of SiHj and !CHj
with O7 and NO, the formation of similar initial adducts has been proposed and their

rate constants are similar as well.

The second point to be noted is the lower rate constant of the SiHy + CO
reaction compared to that of the SiCl; + CO reaction for which an initial Lewis acid-base
type adduct (Cl3SieCO), similar to that predicted for the SiH; + CO reaction, is
proposed to be the most probable mechanism. From qualitative investigations, the
Si(Mes); + CO reaction (Mes = mesityl) in a hydrocarbon matrix has been proposed
[153] to yield an acid-base type adduct in a reversible manner. The lower rate constant
reported by Chu er al. [46] for the SiHz + CO reaction could be due to the reversible
formation of such an adduct at the low (S Torr) total pressure used. It is important to
note that Chu et al. [46] reported that the SiH2 + O3 and SiHj + NO reactions are
slightly pressure dependent. Although these authors did not give many details of the
SiH; + CO system, it is possible that this reaction is also pressure dependent. Thus at
the S Torr total pressure used in their measurements, reversible decomposition of the
initial weak acid-base type adduct (H3SieCO) could compete with pressure
stabilization and thus a slow reaction would be observed. On the other hand, for the
SiCl; + CO reaction, irreversible formation of a ClSi«CO adduct, analogous to the
irreversible SiF2CO adduct formation fiom the SiF2 + CO reaction in a low-temperature
matrix [67], is proposed. In the present study the total pressure used was 100 Torr,
enough to stabilize the adduct and thus to reduce and perhaps eliminate the reverse
decomposition of the adduct. Therefore the present rate constant value for the SiCl +
CO reaction is probably accurate and k(SiHz + CO) should be re-evaluated at higher

pressures.
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Another trend worth noting is that the reactivity of SiCl3 is higher than that of
CClz whereas that of SiH is slightly lower than that of ICH2. The slightly higher
reactivity of |CH; compared with SiH; (except for the reaction with CO) could be due
to the fact that all the reported rate constants for {CH3 reactions include the rate of its
physical quenching to the ground state, 3CH3, wheﬁas in the case of SiHj there is no
such physical quenching and the rate constant values are the rates of chemical reactions.
Thus, after applying corrections for physical quenching to the overall ICHj rate
constants, the SiH; vs ICH; reactivity might follow the same trend as that of SiCl, vs
CCly, i.e. SiX2 > CX3 (X = H, Q1), since the differehce between k(SiH3) and k(!CHjy)
is very small. The faster reactions of SiX7 species compared to those of CX3 toward
02 and NO, could be due to the stronger Si—O bond compared to the C—O bond
(D(C—O) = 84 kcal mol-!; D(Si—O) is not known but the comparison of their double
bond energies, i.e. D(Si=0) = 187 kcal mol-! vs D(C=0) = 174 kcal mol-1, indicates
D(§i—O) to be larger than D(C—O)} since mechanisms involving initial adducts
containing S§i—O and C—O bonds have been proposed for the reactions of 1CHj,
SiH2, SiCly and SiBry with Oy and NO. No information is available on the
mechanisms of CCI reactions with these molecules but they could be expected to
follow similar pathways involving adducts with C—O bonds, as has been proposed for
the CF3 + O, and CF; + NO reactions [31 - 33].

For reaction with N2O no comparison can be made at present due to the

unavailabilty of kinetic data on the reactions of NO with any other divalent species.
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I1V.3.2. Reactions with Unsaturated Hydrocarbons.

The absolute rate constant for the room-temperature gas-phase reaction of SiClp
with 1,3-butadiene along with previously reported data for reactions with other olefins

and acetylenes are presented in Table IV.2. Data for SiH; and SiMe; are also listed.

Among the olefins, the SiCl; rate constants follow the order C2Hy < C3Hg < t-
C4Hg < 1,3-C4Hg. Thus SiClj acts as an electrophile towards addition to olefins. The
rate constants for the SiHy and SiMe; reactions also show a trend similar to that of
SiCly. The reactivity of SiClj is lower than that of SiHj, which is consistent with the
electronegativity effect of the halogen substituent. The selectivity of SiCl is about
twice as high as that of SiH. This parallels the selectivity of CHz vs CCl2, proposed
on the basis of qualitative measurements. Only kinetic data available on reactivity of
carbenes towards unsaturated hydrocarbons is that for the reactions of !CHy with
CyHj, CyHy, C3Hg, i-C4Hg and 1,3-C4Hg [17]. All these reactions are very fast (rate
constants are of the order of 1011 M-1s-1, an order of magnitude higher than those of
SiHj reactions) and shows almost no selectivity among olefins. The faster reactions of
ICH, than those of SiH3 with unsaturated hydrocarbons could be due to the formation
of stable cylcopropane from the reactions of !CHj, whereas the corresponding
silacyclopropanes have not yet been isolated. The almost similar reactivity of SiH2 and
SiMe3 could be due to the almost similar polarities of Si—H and Si—CHj3 bonds. Both

H and CH3, when bonded to Si, act as weak electronegative substituents.
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Table IV.2. Absolute rate constants of the reactions of divalent species MX2 with

various unsaturated hydrocarbons.

Substrate k, M-15-1

SiCly 8 SiHp b SiMez ©
CaHy (7.8 £2.0)x 107 (3.2$0.3) x 1010 (1.3£0.7)x 1010
C3Hs (23+0.6) x 108 (7.2 0.6) x 1010 (2.210.2) x 1010
t-C4Hg (3.1£0.8) x 108 — (2.7 £0.1) x 1010
1,3-C4Hg  (5.410.3)x 1089 (1.1£0.1) x 101! (4.5 £ 0.3) x 1010
CaH; 43+ 1.1)x 107 (5.9+0.7) x 1010 (280.1)x 1010
1-C4Hg (7.9 £ 1.9) x 108 - -

4 Reference 125.
b Reference 4S.
C Reference 162.

d Present work.
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SUMMARY AND CONCLUSIONS

Dihi.usilylenes are important from the technical as well as chemical point of
view. Thus, SiCl; has been found to play an important role in the chemical vapor
deposition (CVD) of thin Si films, in the growth of epitaxial Si films on which
integrated circuits are fabricated, and it is also one of the products of the etching of Si
surfaces by Cls gas and chlorine-containing compounds. SiBr; is also anticipated to be
an intermediate of the CVD and etching of Si surfaces when bromine or bromine-

containing Si compounds are used for etching or CVD.

The fabrication of integrated circuits is a key process in the fast-growing micro

and submicro electronic industries.

In both CVD and chemical etching a detailed knowledge of the chemical
processes involved is essential in the control of the technological processes and in the

developement of new improved technologies.

From the chemical point of view SiCl; is also important in the synthesis of new
novel organosilicon compounds. Qualitative investigations of the reactions of
thermally-generated SiCly have shown that, like carbenes, SiCl; is capable of insertion
into various bonds such as Si—Cl, Si—H, C—H, O—H, 0—C, C—Cl, B—Cl, P—
Cl etc. and, addition, to the double and triple bonds of unsaturated hydrocarbons.
However, quantitative data on the reactions of SiCl; are scarce and none have been
reported for the reactions of SiBra. Recently, absolute rate constants of SiCly reactions,
in the gas phase, with a set of unsaturated hydrocarbons have been reported. On the

other hand no quantitative information on its reactions with inorganic substances like

203



03, NO, CO or N20, had been available. On the reactions of SiBrz, as mentioned

before, no data whatsoever had been reported prior to the present study.

The present research was, therefore, undertaken in order to obtain quantitative
data on the reactions of SiXz (X = Cl, Br) with various inorganic substrates and to

probe into their mechanisms.

Absolute rate constants of the room-temperature gas-phase reactions of SiCly
with Oz, NO, CO, N3O and 1,3-butadiene, and those of SiBry with O and NO, were
measured using the flash photolysis-kinetic absorption spectroscopic technique. This
technique employs a high energy (2900J) light flash to photolyze the silylene precursor,
thus generating a high initial concentration of the silylenes §iX2 (X = Cl, Br), whose
absorption spectra were recorded at various times during their decay. These absorption
spectra were used to monitor the SiX2 concentrations duri,g their reactions with

different substrates.

All the reactions investigated were found to follow second-order kinetics —
first-order in SiX3 and first-order in substrate concentration, and proceeded at moderate
to high velocity. The results provide the first and the only set of absolute rate constants
for the (gas-phase room-temperature) reactions of SiCl; and SiBrz with inorganic
molecules and 1,3-butadiene. Similar data on the reactions of dihalocarbenes CX3 (X =
Cl, Br), whose spectra have been known for many years and which are much easier to
handle than silylenes, are very limited. Absolute rate constants for the gas-phase room-
temperature reactions of CCl; with O2, NO and CO have been reported, whereas none
are available for the reactions of CBry. Therefore, from the kinetic point of view,
knowledge of chemical reactivities of SiCly and SiBrj, whose spectra have only recently

been discovered, is a step ahead of that of their carbene analogs.



On the basis of the present rate constant measurements and the other available
reports on the mechanisms of similar reactions of other Si and C divalent species, silyl
and alky! radicals, mechanisms have been proposed for the reactions of SiX3 with O,

NO, CO and N20, which involve the following primary steps:

SiX3 + 0 —= X,Si00 (X =C], Br)
/0
§iX; + NO —=X,8i{ |
N (X =Cl, Br)
SiCly + CO == Cl138i«CO
SiCl3 + N2O == Cl2Si0 + N3

No product analyses were carried out in the present study. However, for the
case of the SiCly + NO reaction, additional support for the proposed mechanism is
provided by recent molecular orbital studies. AHrxy. values for the overall reactions
have been calculatea which show that all the proposed schemes are exothermic, i.e.
energetically feasible. Using the present rate constant data and the gas-kinetic collision
frequencies upper limits for the Arrhenius parameters of all the primary reactions have
been estimated. All these reactions feature a slight activation energy barrier (3 - 5 keal

mol-1).

Based on the present kinetic measurements, a comparison of the reactivities of
SiCly and SiBrz with those of SiH3, SiF2 and carbenes was made in order to see
whether dihalosilylenes follow a trend similar to the one proposed for carbenes. From
qualitative work it has been suggested that the reactivity of carbenes towards unsaturated
hydrocarbons increases in the order CF2 < CCly < CBry < CHj, i.e. the reactivity

decreases with increasing electronegativity of the halogen substituents. However, there
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are not enough quantitative data available to support this postulate. The very limited
quantitative data thus far reported on the reactions of carbenes with inorganic substrates
show that 1CHj reacts much faster than CClz with Oy, NO and CO. CF; reacts very
slowly with 0p. Among silylenes, SiF3, like CF3, is almost inert towards O3, and,
SiH; and SiCl; are about equally reactive (k ~ 109 M-1s-1). For reactions with NO,
SiH3 and SiCl; follow the same reactivity trend as that of the corresponding carbenes,
i.e. k(SiHj) > k(SiCly). Towards CO, however, the SiHj vs SiClj reactivity shows a
trend opposite to that of !CHy vs CCly i.e. k(SiH2) < k(SiCl3). This may be attributed
to the reversibility of the postulated initial Lewis acid-base type H3SieCO adduct
formed in the SiH3 reaction. Such reversible decomposition of the initial adduct could
be a competetive route for its disappearence at the low total pressure (5 Torr) employed
in the rate measurements. On the other hand, the similar adduct formed from SiClp
reaction (Cl3SieCO) is proposed to be irreversible since at the high total pressure (100
Torr) used in the present study, the initial adduct would be collisionally stabilized and
the reverse decomposition, if any, would be suppressed. Thus, the rate constant of the
SiCly + CO reaction should be more reliable and the SiHj + CO reaction should be

reinvestigated at higher pressures.

The reactivity of SiBrj is found to be lower than that of SiCl;, which is the
opposite to that expected on the basis of the electronegativities of the substituents. Since
no comparable data for the reactions of CBr; are available, it is not known whether the
reactivity of CBrj vs CClj towards inorganic substrates follows the same trend as that
reported for their reactions with unsaturated hydrocarbons. The lower reactivity of
SiBry may be a consequence of steric hindrance, due to the increased size of the

bromine substtuents, to the approaching substrate molecules.
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The faster rates of the reactions of SiClz with O3 and NO as compared to those
of CCl; are attributed to the stronger Si—O, than C—O bonds (the reactions of SiCly
with Oz and NO are proposed to proceed vig initial adducts containing Si—O bonds).
The mechanisms of the reactions of CCl3 with O3 and NO are not yet known but they
could be expected to involve adducts containing C—O bonds, as has been proposed for
the CF3 + Oz and CF; + NO reactions. The reactions of SiH; with O3 and NO, on the
other hand, are slightly slower than those involving 1CH». This could be due to the fact
that the rate measurements for the !CHj reactions may also contain a physical quenching

component.

Towards unsaturated hydrocarbons, SiClj exhibits an electrophilic nature like
other silylenes, SiH; and SiMe3, and dihalocarbenes. For its reactions with olefins the
rate constant iricreases in the order CoHg < C3Hg < t-C4Hg < 1,3-C4Hg. The reactions
of SiCly with unsaturated hydrocarbons are slower than those of SiHj, as expected on
the basis of the high electronegativity of the halogen substituent and the consequent
resonance stabilization of SiCly. Toward olefins, SiClj is twice as selective as SiHj,
which parallels the trend in the reactivity of CCl; vs CHj3, observed in qualitative

studies.

Thus, from these comparisons, some trends in the reactivities of silylenes and
carbenes have been delineated. However, no extended meaningful correlations could be
formulated at this stage due to the lack of, or very limited data available, on other
silylene and carbene reactions. More quantitative data on the reactions of both silylenes
and carbenes with various substrates is desired in order to infer more significant trends
in their reactivities and to deduce any correlation between them. In addition, qualitative
work on all the reactions examined in the present study would facilitate the

establishment of the mechanism of these reactions.
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Appendix A.
Relationship Between Concentration and Absorption Peak Height:

Shape of a typical SiX2 absorption band is shown in Figure A.1.

0% transmittance

peak height

base line

Figure A.1. Trace of SiX3 absorption band.

where IR is the lamp intensity reaching the spectrograph through the empty cell; and

Is is the lamp intensity reaching the spectrograph in the presence of the sample.
From Figure A.1 the peak height of the absorption band is given by:
peak height=Ir - Ig
=Ir(1-9
=IR(x) (A.1)

where t is the transmittance = Is / Ir; and x is the absorption = 1 —t



Thus peak height o absorption x

o IR, i.e. the lamp intensity for that particular flash
According to Beer-Lambert's law,
absorbance = ~log1o (Is/ Ir) = acl (A.2)

where a (litre mol-! cm-!) is the molar extuiction coefficient; c(M) is the concentration;

and /(cm) is the path length.
logio (Is/IR) =logiot=logio (1 = x)=-x ifx<<1 (A3)
Combining equations A.2 and A.3 yields:
x=acl ifx <<l
Thus peak height = acl(Ir) if x << 1,

i.e. at a constant / and IR, peak height of the absorption spectrum of species SiX3 is

directly proportional to its concentration provided that the absorption x << 1.
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Appendix B.

Calculation of the Absolute Rate Constant of the Sin + S (X =Cl, Br;

S = reactive subsirates) Reaction:

A sample calculation of an absolute rate constant (e.g. of the SiCly + Oy

reaction) is shown below.

Peak heights of the absorption profile of SiCl; recorded at different times during
its decay in the absence and in the presence of a known concentration of Oy were
measured relative to the base line as shown in Figure B.1. The base line refers to the

absorption profile of the empty cell.

Ln(peak height) was then plotted against time to obtain the decay curves of SiClp

in the absence and in the presence of O, as shown in Figure B.2.

Slope of the decay curve (1) = — &y, the first-order rate constant for the decay of SiCl;

in the absence of Op; and

Slope of the decay curve (2) = — k3 = — (k1 + k[O3]), the pseudo first-order rate
constant for the decay of SiCly in the presence of
0.06 Torr O, where & is the second-order rate

constant for the reaction SiCl> + Oy — Products.

Subtraction of the slope of the decay curve (1) from that of (2) gives £{O3], the
corrected pseudo first-order rate constant for the decay of SiCls in the presence of 0.06
Torr O>. Such corrected pseudo first-order rate constants were obtained at different O2

pressures and when plotted against [O;) yielded a linear plot as shown in Figure B.3,



w »
peak height

|

MT‘M

Figure B.1. Measurement of the peak height of the absorption profile of SiCls.
(SipClg = 0.2 Torr, O3 = 0.06 Torr and Ar = 100 Torr, Time = 11ps)

Ln(peak height)

Time, microsec.

Figure B.2. Decay curves for [SiCly] in the absence (O) and presence (@) of 0.06 Torr

oxygen.



which shows that the SiCls + O3 reaction is first order in [O3]. The slope of this linear

plot is k — the second-order rate constant of the reaction SiCl; + Oz — Products.

k(SiClp + Op) = 3.4 £ 0.2) x 109 M-1s-1,

25
20 -
T,
2
e
=
»
)
S
)
'To
-5 M T v L M \f M
0.00 0.02 0.04 0.06 0.08
Oxygen, Torr

Figure B.3. Dependence of the pseudo first-order rate constants of SiCl; + O, reaction
on the oxygen concentration. Numbers in the parentheses are the number

of decay plots with 5 to 8 individual measurements.
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Appendix C.
SiCly Background Decay as a Function of Ar Pressure.

The background decay of SiCl3 can be represented by the following reactions:

SiCly + SixClg Si3Clg* (C.1)
Si3Clg* SiCly + SiaClg (C.2)
Si3Clg* + Ar - SiyClg + Ar* (C.3)

The observed rate of the background decay is a ratio of the rates of reactions C.2

and C.3:
R2 = k2[Si3Clg")

R3 = k3(Si3Clg"}[Ar]

Ry __ kalSisClgllAr]
R2+R3  (k; + k3[Ar])[SixClg)

Robs =

- k3[Ar]
ky + k3[Ar]

Since kops = Robs, wWhere kops is the observed rate constant for the

background decay of SiCly, therefore
kobs = k3[Ar] / (ky + k3[Ar]) (C.49)

In the absence of argon kghs = 0 and in the presence of large pressures of argon, kohs is

constant.

226



Thus at low Ar pressure, Eq. C.4 predicts that kobs Should increase linearily with [Ar],
but at high Ar pressure, kobs should reach a plateau, in agreement with experimental

observation.
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Appendix D.
Calculation of Heat of Reaction:

All the heat of reaction values (AHSp, ) presented in this thesis were calculated
from the standard heats of formation (AH?) of reactants and products using equation

(D.1):

AH g, = ZAH{ (products) — ZAH(reactants) (D.1)
when AHy values were not available, bond energies (D) were used to calculate AH?,
using
AH . = (Total energy required - (Total energy evolved
to break all bonds in in forming all the
reactants) bonds in products) (D.2)

The thermochemical data used in the calculations are listed in Table D.1 and the

calculated AH . values, for each reaction system, are presented in Table D.2.

Sample calculations of AH%x,. using equations D.1 (e.g. for the SiCly + O

reaction) and another using equation D.2 (e.g. for the SiCly + 1,3-C4Hg reaction) are

shown below.

(i) The SiCly + O3 Reaction:
SiClh + O SiChO, (D.3)
SiCla0y + O, SiCl,0 + Oy (DY)

2
[ oo
¢



Table D.1. Thermochemical data used in the present study.

Species AH?, keal mol-! Reference
SiCly g) -4031038 m
SiClOcg) -161.78 [2]
SiaCla (g) ~129.5+ 10 B3]
03 g 30.18 [4]
NO() 21.68 4]
N20g) 19.68 [4]
00y ~26.48 [4]
C20) 89.0%3 [5)
SiBry (g) ~11%2 [6)
SiBr;0g) —137.38 2]
Bond D, kcal mol-! Reference
c—C 82.93 (7]
=C 147.92 (7]
Si—C 85.042 (8]

a No uncertainity limits have been reported for these values.

229



The overall reaction is

SiCly +202

SiCLO + 03 (D.5)
and AH % of reaction D.S is given by
AHPy,. = AH{(SICl0) + AHP(03) - {AH{(SICly) + 2AH{(02))
Substituting the AH{ values from Table D.1 into the above equation gives
AHS,, = (-167.7 + 30.1) — (- 40.3)
=~ 97.3 kcal mol-1.
(ii) The SiCly + 1,3-bwtadiene Reaction:

SiCl, + /—/ Q

ClL (D.6)

AH?%n. for reaction D.6 can be obtained using equation D.2. In going from

reactants to products, two C=C bonds are converted into two C—C bonds and one C—

C bond is converted to a C=C bond; in other words, one C=C double bond is broken

and one C—C single bond is formed. Two C—Si bonds are also formed in the

products. Hence

AH%,, = D(C=C) -{D(C—C) + 2D(C—Si))

= 147.9 - (82.9 + 2(85))

= - 105 kcal mol-1.

230



Table D.2. Heats of reaction (AHxs,) for SiX3 + S systems (X = Cl, Br; § = 03, NO,
CO, N70 and 1,3-C4Hg).

System Overall Reaction AH%n., kcal mol-1*
SiCla/ 0, $iCly + 122 02 - Cl§i0 - 1274+ 08
SiCly + 207 = C138i0 + O3 -973208
SiCl/NO $iCly + 2NO — C138i0 + N20 ~151.0+ 0.8
SiCly + NO - ClpSi0 + 12N, ~149.01 0.8
SiCla/ CO $iCla + 2CO — C12SiO + C20 144 %38
$iCly - 1/2 ClaSi=SiCl ~243+108
SiCly / N20 $iCly + N20 - C138i0 + Na ~147.0+ 0.8
SiClp/ 1,3-C4Hg  SiClp + 1,3-C4Hg — ESiClz -105.0£08
SiBr2/ O SiBrz + 1/2 02 - BrSi0 ~1263%2
SiBrz + 202 - Br28i0 + 03 ~962+2
SiBr2/NO SiBrz + 2NO — BrzSiO + N20 ~149.9%2
SiBr + NO — Br2Si0 + 1/2 N2 ~147.9%2

* Uncenainities correspond to those in the AH data.
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Appendix E.
Estimation of Eq Values:

The activation energies (E,) of all the reactions studied in the present work were

estimated using the Arrhenius equation.
logk = 10gA ~ 77— E
where k is the absolute rate constant in M-1s~1;
R is the gas constant = 1.987 x 10-3 kcal mol-1 K-1;

T is temperature (K);

and A is the pre-exponential factor, whose value can be estimated from the gas-

A =TR(tA +18)° «/—EERI
(E.2)

where | is the reduced mass and is given by 1/u = 1/ma + 1/mp (ma and mp are

kinetic expression:

masses of reactants A and B), ra and rp are the molecular radii of colliding
molecules A and B, assumed to be solid spheres, and k is Boltzman's

constant = 1.38066 x 10-23 J.K-1.

Values of the molecular radii ro (of silylene SiX3) and rg (of the reactive
substrate) used in these calculations are listed in Table E.1 and the values of the A-
factors and E4's obtained from such calculations are listed in Table E.2. A sample

calculation of the A-factor and E, for the SiCl2 + Op — SiCl;03 reaction, is shown

below.
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Table E.1. Molecular radii used in the estimation of A-factors.

Species r,A Reference
SiCly 2.20 a
SiBrp 2.39 a

0 1.48 [4]
NO 1.50 b

6.0 1.90 [4]
N20O 2.5 b
1,3-C4Hg 3.0 [5]€

3 Estimated values using equation E.3 and following values of Si—X bond distances

r'(Si—X), and 0(XSiX):

for X = Cl: r" = 2.083A [1], 0 = 103.3° [, 2, 3]; for X = Br: r" = 2.243A (11,6 =

105.9 [1, 3]

b Assumed value from the periodic trend of atomic radii.

¢ Distance of closest approach between 1,3-butadiene and SiCly.
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k(SiCla + O3) =(3.410.2) x 109 M-15-1
T = 298K; 1/u = 0.0414; o, = 1.48A [1]
ISiCl; = 2.20A — was estimated as follows:

Since SiCly is bent (8(CISiCl) = 103.3°) and was assumed to be solid sphere,
TSiCh = 2.20A represents the effective collisional molecular radius instead of the

molecular radius and was estimated using equation E.3.

()

Si

[
g X=Cl,Br

o (360—6
1Sich = Tsici, *\ 7360 (E.3)

'siCl = molecular radius of SiClp, approximately equal to the sum of the §i—Cl bond

distances and the atomic radius of chlorine: = (2.083 + 1.0) = 3.083A.
Substitution of these values in equation E.2 gives
A =535 x 101 M-15-1

which, along with the value of k(SiCl3 + O2) obtained from the present work, yields the

following value as an upper limit of E;:

E,4 ~3.0 kcal mol-1.
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Table E.2. Arrhenius parameters for SiX3 + S reactions.

Reaction k, M-1s-1 Ax10-11, M-15-1 Ea, kcal mol-!
SiClp + 03 (3.4102)x 109 5.35 ~3.0
SiCl; + NO (1.6 £0.1) x 109 5.53 ~3.5
SiCly + CO (6.3 £0.7) x 108 6.98 ~4.2
SiClz + N2O (5.7 £0.3) x 108 7.76 ~4.3
SiCl + 1,3-C4Hg (5.4 £0.3) x 108 3.07 ~3.8
SiBrp + 02 (5.6 + 0.4) x 108 5.56 ~4.1
SiBry + NO (2.8 £0.4) x 108 577 ~4.5
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