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The temperature dependence of the reactions of halogen atoms Cl and Br with

SiH4 and (CH3)3SiH have been investigated with the flash photolysis-resonance

fluorescence technique. CCI 4 and CH2Br2 were used as precursors to produce Cl and Br

atoms, respectively. Experiments gave {k(Cl + SiH4) (295 - 472 K)} = (1.56 +0.11)

x 10-1 exp[(2.0 + 0.2) kJ mol'/RT] cm3 s4, {k(Br + SiH4)(295 - 575 K)} = (9.0 +

1.5) x 10-" exp[-(17.0 + 0.6) Id mol'/RT] cm3 s', {k(Cl + (CH3)3SiH)(295 - 468 K)}

= (1.24 0.35) x 104 exp[(1.3 + 0.8) Id mol4/RT] cm3 s', and {k(Br +

(CH3 )3 SiH)(295 - 456 K)} = (7.6 + 3.3) x 1010 exp[-(28.4 + 1.3) Id mol'/RT] cm3 s'.

The results were compared with values from earlier work.

The activation energies of reactions Br with Sill 4 and (CH3)3SiH, combined with

the literature or assumed activation energies for their reverse reactions, yielded the Si-H

bond dissociation energies in Si 4 and (CH3)3SiH, i.e., D29 (JH 35i-H) = 384 + IkJ mo

and D2 98((CH3)3Si-H) = 398 6 Id mol. Thus alkyl substitution appears to increase the

Si-H bond enthalpy. A similar effect is found for the Si-Si bond enthalpy in disilanes.



ACKNOWLEDGEMENTS

I would like to thank my major professor, Dr. Paul Marshall. Dr. Marshall taught

me from the fundamental gas kinetic theory and led me to a new research field. He

explained any questions with great patience, and encouraged me not only in doing

research but also in my course study. His guidance and support helped me finish this

thesis successfully.

I am grateful to Prof. M. G. Richmond for the synthesis of the trimethylsilane,

and to Prof R. T. Conlin for providing a sample of CH2Br2 -

Finally I thank Texas Instruments, Inc., the Robert A. Welch Foundation (Grant

B-1174), and the UNT Organized Research Fund for their support.

iii



TABLE OF CONTENTS

Page

LIST OF FIGURES..........................................

LIST OF TABLES .......................................... vi

Chapter

I. INTRODUCTION.................................I

II. BIMOLECULAR REACTION......................... 12

Arrhenius equation
Reactions with zero or negative

temperature dependence
Measurement of bond dissociation energy

III. EXPERIMENT AND DATA ANALYSIS..................23

FPRF method

Apparatus

Experimental procedure

Data analysis

IV. RESULTS AND DISCUSSION........................34

Results
Discussion

APPENDIX................................................51

REFERENCES -............ ............................ 66

iv



LIST OF FIGURES

Page

Figure 1 Variation of the potential energy along the reaction

coordinate.. .. .. ... . .6.4....1..........a...... . . .... 15

Figure 2 Schematic diagram of the apparatus,.-.--..-.. .............. 25

Figure 3 Schematic diagram of the resonance fluorescence flow lamp......27

Figure 4 Plot of emitted light intensity vs. time, showing the

fit to the form A exp(-k, 1t) + B where k 8,' is the

pseudo-first-order rate constant for the reaction

Cl + SiH4 and B is the background from scattered light.......31

Figure 5 Plot of the pseudo-first-order rate constants for removal

of C1 vs. [SiH4]--.-.-.-.-.-.-.-.-.-.-...-..... . . .0...........32

Figure 6 Arrhenius plot for the reaction Cl + SiH4 . . . . . . . . . a. . *. . . . a . . 35

Figure 7 Arrhenius plot for the reaction Br + Sill 4 . . . . . . . . . . . . . . . . . 36

Figure 8 Arrhenius plot for the reactions Cl + (CH3)3SiH

and Br + (CH3)3SiH.............-.0 . . . . . . ... . .... 38

v



LIST OF TABLES

Page

Table I Bond energies (kJ mo') and bond length (pm)...............1

Table II Heats of formation and stepwise bond energies

ofSiH(n < 4)-.................................10

Table III SiH3-H bond dissociation energy D29s .. . . . . . . . . . . . . . . . . . . . 11

Table IV Summary of rate constant measurements

for Cl + SiH4. . . . . . . . . . . . . . . . .. . . . . . . .  . . . . . . . . . . 59

Table V Summary of rate constant measurements

for Br+ SiH4.. ................................ 60

Table VI Summary of rate constant measurements

for Cl + (CH3 )3 SiH..............................62

Table VII Summary of rate constant measurements

for Br + (CH3 ) 3SiH...............................63

Table VIII Estimates of the Si-H bond dissociation energy

in trimethylsilane. ................................ 47

Table IX Frequencies at the HF/6-31G* level.....................57

Table X Ab initio energies calculated with the 6-31G*

atomic basis set..................................57

vi



CHAPTER I

INTRODUCTION

After oxygen, silicon is the most abundant element in the earth's crust and it

-occupies a special position in the hierarchy of elements. As a vital component of the

microchip, silicon plays a very important role in the development of computers. Existing

in the same group (14) of the periodic table as carbon, it is obvious that the molecular

structures of many tetracovalent silicon compounds resemble those of saturated carbon

compounds, though the properties may be different. The chemical dissimilarity between

silicon and carbon is due to the differences between the periods in which they are found.

The silicon nucleus, in the second short period, attracts its outer electrons less strongly

than that of carbon, in the first short period, because the L-shell electrons effectively

screen the nuclear charge of silicon, so that the size of silicon atom is larger than that

of carbon atom and the electronegativity of silicon is lower than that of carbon.

Moreover, the chemistry of silicon is affected by the availability of empty 3d orbitals,

the energy of which is not much higher than the silicon 3s and 3p orbitals. Table VI

shows some bond energies and bond distances. A comparison of the Si-Si and C-C

energies and lengths exemplifies the greater stability of the C-C bond. Similar differences

Table I: Bond Energies (kJ mol') and Bond Length (pm)

C-H 414 kJ mol1 Si-H 314 kJ moP Si-C 314 kJ moP C-C 154 pm

C-O 355 Id mol' Si-O 460 kJ mol' Si-C 187 pm

C-C 334 Id mo' Si-Si 196 kJ mol' Si-Si 234 pm

1
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exist between Si-H and C-H bonds. But the Si-O bond is exceptionally stable because the

linkage of the oxygen lone electron pair with the free d-orbital of silicon, i.e., (p -+ d)

backbonding, increases the strength of the bond.2 Silicon d orbitals are arranged in a way

that makes it possible to form a valence greater than four." 2 The hydrolytic cleavage of

Si-C bond, for example, may proceed through a pentacovalent transition state.' The

existance of 5- and 6-coordinated complexes can be interpreted through the same

reasoning.",2 Substitution reactions at four-coordinate silicon characteristically proceed

via an association mechanism involving five-coordinate transition states, 2' 3 and SiFI and

Na2 Si(CH3)F5 are the examples of six-coordinate complexes. 4 By comparison to carbon,

multiple bonds to silicon are very reactive. Without protection by steric hindrance, they

can only be identified at very low temperatures. They may appear at room temperature

as transient reaction intermediates. 5'6 But compounds R2Si= CR2 and R2 Si=SiR can be

isolated when the alkyl or aryl groups used are very bulky, 3 and compounds with Si=N,

Si=N, Si =P, and Si=0 bonds have been found. 7 Thus there is interest in studying

silicon chemistry, which may be said to lie between that of organic and inorganic

chemistry.

A knowledge of molecular heats of formation and chemical bond dissociation

energies has always been regarded as fundamental to the understanding of chemical

bonding and reactivity. The investigation of heats of formation and bond dissociation

energies of silicon-containing compounds has progressed for more than three decades.

Earlier reviews on bond dissociation energies8 '9 and thermochemistry"" can be found.

The data are obtained from both the traditional methods of calorimetry and the study of

equilibria (results from kinetic studies). As mentioned by Walsh,8 oxygen-bomb

calorimetry, the source of so much data on hydrocarbons, has proven particularly

difficult for organosilicon compounds because the combustion may often be incomplete
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and much of the older (pre-1970) data on heats of formation" are unreliable. The

preferred modem calorimetry method is one in which the organosilane is combusted

simultaneously with an auxiliary fluorine-containing substance to ensure complete

conversion of the silane to H2SiF6(aq.)." A very recent calorimetric study by Voronkov

and coworkers' exploits a technique developed by the group of Gadzhiev,' 5 in which the

organosilicon sample is vaporized at a high temperature by prior ignition of a small

quantity of a standard substance, such as benzoic acid. The organosilicon vapor/oxygen

mixture then ignites and bums completely. This supposedly avoids the problems of

incomplete combustion.

There are many kinetic methods used for determination of the kinetics and/or

bond dissociation energies and the heats of formation for silicon-containing compounds.

Detailed kinetic studies of the gas phase reactions of iodine with many organic molecules

have been employed by Benson and coworkers'6 to provide R-H bond dissociation

energies. The technique basically consists of a static vacuum system and quartz reaction

vessel located in an electrically heated furnace, designed to allow passage of a light beam

through the vessel. The vessel contents are continuously monitored by a single beam

spectrophotometer. 2 and R-H are evaporated into the reaction vessel at known

pressures. A continuous trace of the absorbance as a function of time is recorded during

runs. Wavelengths could be chosen so that only iodine absorbed at these wavelengths.

Then the absorbance traces represent a direct record of I consumption as a function of

time. For the iodination mechanism

12 + M r -21 + M

I + RH R + H (
2
3

R + 142 -RI + I
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when step 4 is not important, a stationary state treatment for [1] and [R] leads to

d[2] k1K '[I[RH] k312[] M[RH]

d t 1 + k2[HI]/kj12] 1 + k'[HI] / [4] (1-2)

where K is the equilibrium constant for the iodine dissociation reaction, k31 is equal to

k1KN2 , and k' is k2/k 3. Rearrangement of eqn. 1-2 gives

[JU" 2 [RH] _1 +k'[HI]

-d[1]/dt 32 k3 2 [14] (-3)

From experimental measurements of k312 , combined with the known value of Ka, k1, and

thus its activation energy El can be obtained. Because

In k' = In k2/k3 = In A2/A 3 - (E2 - E3)/RT (1-4)

the temperature dependence of k2/k3 gives E3 - E2. E3 is assumed to be zero since alkyl

radicals react with I2 with no activation energy. Hence, the enthalpy of reaction 1 and

the R-H bond dissociation energy may be derived if the activation energy for reaction 2

is assumed or measured separately. If k2[HI] < < k3[1j, the rate equation 1-2 becomes

-d[I2] / dt = kK#e2 [I2]j[RH] (1-5)

From the known value for KW, k, is extracted, and its temperature dependence yields the

activation energy. Then the enthalpy change of reaction and bond dissociation energy can

be derived from the activation energy difference between forward and reverse reactions

(see Section 1.3). Walsh and his group8 extended this iodination technique to

organosilicon compounds to determine Si-H bond dissociation energies.

Davidson and his coworkers developed a "pulsed stirred-flow" technique" instead

of conventional techniques for gas kinetic studies of pyrolysis reactions, such as the

kinetic investigation of gas phase isomerization of hexamethyldisilane with a static
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system.'" A conventional technique is that steady-state conditions prevail in which

reactants continuously flow into the heated reactor inlet while products and

undecomposed reactants continuously flow from the outlet. The steady-state conditions

in the reactor may be monitored spectroscopically or by sampling, while products may

be accumulated for analysis downstream from the reactor. Using the "pulsed" technique,

a pulse of reactant vapor is injected into a carrier gas stream, carried into a miniature

stirred-flow reactor where it is partially converted to products, and then directly into a

gas chromatograph where the amounts of products formed and reactant undecomposed

may be measured. The "pulsed" technique is economical in reactant compared to a

continuous technique, and simple compared to static methods. Davidson and coworkers

have determined the mechanisms of thermolysis of hexamethyldisilane," tetramethylsilane

and trimethylsilane2 0 and derived the Si-Si, Si-H and Si-C bond dissociation energies.

Electron impact measurements, i.e., measurements of the appearance potential of

positive ions for detection by a mass spectrometer, on numerous silicon compounds

including the series (CH3) 3Si-X (X = H, CH3 , (CH3 )3Si) have been combined with a

thermochemical bond energy scheme" to give values of D((CH3) 3 Si-H), D((CH3)3Si-CH3 )

and D((CH3 )3 Si-Si(CH3)3) in reasonable agreement with the thermochemical and kinetic

values obtained via the iodination' and pulsed stirred-flow,'2 0 techniques. Earlier electron

impact studies" gave appearance potentials in generally good agreement with those in

[21], with discrepancies in the reported values of bond dissociation energies arising not

from the basic experimental data but from erroneous ancillary data used to calculate the

bond dissociation energies from the electron impact results.

The methods most recently used for kinetic studies of silicon-containing

compounds are based on different photolysis and detection techniques. Niki2 3 investigated

the kinetics for the Cl + SiH4 and Br + SiH4 reactions via the FTIR spectroscopic
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method for product analysis after the UV-visible photolysis of C1 2-SiH4 and Br2-SiH4

mixtures in 700 Torr of N2 -02 . The presence of 02 was an essential feature of the

experimental design. The product radicals SiH3 or H were scavenged by 02 and no chain

propagation reaction C12 + SiH3 or C12 + H occurred to regenerate Cl atoms. The

mechanism showed that both Cl and Br atoms underwent an H-atom abstraction reaction

rather than a displacement reaction with SiH4.

Semiconductor diode lasers have opened a new epoch for high-resolution infrared

spectroscopy; sensitivity in this wavelength region has been considerably increased so

that even short-lived molecules can be detected in the low-pressure gas phase. UV laser

photolysis/infrared diode laser spectroscopy has been employed to study silane kinetics.

Radicals were created via photolysis with an unfocused ArF excimer laser, and the IR

probe laser beam passed through the cell and was focused through a mode selection

monochromater with a ZnSe lens and onto a HgCdTe detector operated at the liquid

nitrogen temperature. Koda et al.24 investigated the reaction of O(D) + SiH4 with

preparation of O(D) by ArF excimer laser irradiation of N20, and Loh et al.' studied

many silyl reactions, such as SiH3 + NO, SiH3 + C 3H, etc. Silyl radicals, according

to the latter report, were created either by a secondary photochemical method, i.e.,

photolyzing silane/carbon tetrachloride mixtures to create SiH 3 by the reactions

CC14 + hv - CC13 + Cl (1-6)

C + SiH4 -+SiH3 + HCl (1-7)

or by a direct photochemical method using SiH3Br as a precursor.

Photoelectron spectroscopy (PES) employs a monochromatic light source incident

upon a gaseous target, and an electron energy analyzer to measure the kinetic energy

spectrum of the ejected photoelectrons. Nimlos and Ellison26 measured the photoelectron

spectra of SiHI and SiD; with a negative ion photoelectron spectrometer. Their
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experiments consisted of preparing a mass-analyzed ion beam and crossing it with a

fixed-frequency laser. Laser photons with energy ho0 struck the negative ions and

scattered electrons. The kinetic energies (KE) of detached electrons were measured

directly

SiH + hco-+ SiH3 + e~ (1-8)

From an analysis of the resulting photoelectron spectrum, the binding energy of an

electron to the silyl radical could be extracted. According to the definition of the gas-

phase acidity of SiR 4

SiH3-H -+ SiH; + H+ (1-9)

the bond strength of silane could be obtained by using the EA(SiH3 ), i.e., the electron

affinity, and the acidity, which was measured in separate experiments.

D2 98(H3Si-H) = AHI id H3Si-H) + EA(SiH3) - IP(H) (I-10)

Photoionization mass spectrometry (PIMS) uses tunable vacuum UV radiation and

measures the production of mass-analyzed photoions as a function of wavelength.2 Bond

energies or heats of formation are based on a combination of appearance potentials from

stable species AB and adiabatic ionization potentials of free redicals, e.g., A, that is,

AB + hv -+-A+ + B + e (1-11)

A + hv -- A*+e (1-12)

from which D(A-B) = AH*(I-11) - AH0(I-12). Berkowitz et al.' studied SiH, and SiH.

(n = 1-4). They measured the appearance potentials from Silt ionization and adiabatic

potentials for SiH, (n = 1-3), then gave the heats of formation of the various neutral and

ionic species and the stepwise bond energies of SiH4.

Gutman and coworkers 28 have studied the kinetics of the SiH3 radical. Kinetic

studies were made when the gas mixture of the SiH3 source, a varying amount of second

reactant, and an inert carrier gas in large excess was flowed through a tubular reactor.
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Reactions were initiated by laser photolysis, which resulted in the rapid decomposition

of CC 4 and production of SiH3. Gas emerging from a small sampling orifice in the wall

of the reactor was formed into a molecular beam and analyzed continuously by a
photoionization mass spectrometer. The decay of SiH3 was monitored in time-resolved

experiments in the absence and presence of the second reactant to obtain the reaction rate
constants. They investigated the behavior of temperature dependence of the reaction SiH3

+ 02 and established an upper limit for the SiH3 + N20 rate constant. They2 9 also
studied the equilibrium reactions of SiH3 with HBr and HI, while the flash photolysis-

resonance fluorescence technique was used to study the reaction Br + SiH4 , over a wide

temperature range. Using the kinetic data they measured, they calculated thermochemical

data via the second law, involving the determination of the enthalpy and entropy changes

for the reaction from the activation energies and rate constants of the forward and reverse

reactions, and third law, measuring the enthalpy changes for the reaction from known

entropy values and equilibrium constants, and then derived the H3Si-H bond dissociation

energy.

Ellul et al.31 used steady-state photolysis with subsequent GC and MS analysis to

determine the Arrhenius parameters of the process

(CH3)3Si + D2 -+ (CH3)3 SiD + D (1-13)

relative to the recombination of the trimethylsilyl radicals

2 (CH3)3Si -+ (CH3 )3Si-Si(CH3)3  (1-14)

The photolyzing lamp was a low pressure mercury arc. The formation of atomic

deuterium resulted from the quenching the excited Hg atoms by D2. Then D atoms

reacted with (CH3 )3SiH to produce (CH3)3Si radicals. Reaction 1-13 was studied by

exposing varying amounts of D2 plus small amounts of (CH3 )3SiH and mercury vapor to

low intensity mercury resonance radiation. (CH3 ) 3 SiD yields relative to the undeuterated
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compound were determined mass spectrometrically using the intensity ratio of m/e = 60

to m/e = 59 after the appropriate isotope corrections for 2 Si, 30Si, and 1 C had been

made. Other products were determined using GC. The Arrhenius parameters for the

reverse of reaction 1-13 were also measured via the pulsed photolysis-resonance

absorption system. From the reaction mechanism they suggested, the relative rate

constant k(I-13) / k(I-14)112 , and then EA(I-13) - 1/2 EA(I-14), were derived. Assuming

the recombination reaction of trimethylsilyl radical had a negligible activation energy,

Ellul et al. determined the Si-D bond dissociation in deuterated trimethylsilane.

Choe and Choo" constructed a very low pressure reactor (VLPR) system for the

study of elementary reaction kinetics. The system consisted of a very low pressure

reactor, in which the pressure was in the range of 1(1 - 10, Torr, and a molecular-beam

mass spectrometric detection unit by which all the reactants and products could be

detected without the complication of the secondary reactions. They determined the rate

and equilibrium constants for the reaction of Br with trimethylsilane and estimated the

Si-H bond dissociation energy in (CH3 )3SiH.

In addition to the experimental methods, the techniques of ab initio molecular

quantum mechanics have recently achieved considerable success in the computation of

the bond energies and heats of formation. Pople et al. 2 used at initio molecular orbital

theory to compute total atomization energies for the complete series of AH hydrides (A

= Li to Cl). The studies were made at the HF/6-31G level. The total atomization

energies coupled with generally accepted experimental data on isolated atoms predicted

heats of formation at 298 K and stepwise bond energies for these molecules. Ho et al.31

derived a consistent set of heats of formation for the SiH., SiC. (n 4), and SiH.Clm

(n + m 4) species based on high-level ab initio theoretical calculations. Electronic
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structure calculations at the HF/6-31G* level of theory were used to determine

equilibrium geometries and harmonic vibrational frequencies. Electron-correlated total

energies for the H/Si/Cl compounds were computed by using the MP4/6-31G* method.

Empirical bond additivity correction (BAC) factors were developed for Si-H and Si-Cl

bonds using SiH4 and SiCl4 as reference compounds to arrive at "BAC-MP4" results. The

heats of formation at 298 K and stepwise bond energies of SiR4 derived from theoretical

analysis are listed in Table II, and are compared to the values recommended by Walsh.8

Table II: Heats of formation and stepwise bond energies of SiH 0 (n < 4)

AHi,298 / kJ moP' D298 / kJ mol-

Pople Ho Walsh Pople Ho Walsh

SiH4  26.4 (34.3)b 34.3 SiH3-H 383.7 383.7 377.8

SiH3  197.9 200.0 194.1 SiHrH 279.5 302.9 267.8

SilH2  265.3 284.9 242.7 SiH-H 313.4 316.7 351.4

SiH 369.4 383.7 376.6 Si-H 297.5 284.9 292.9

* Calculated for 0 K.

b Reference compound for the calculations.

Table III is a summary of the SiH3-H bond dissociation energy derived from

different techniques.
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Table III: SiH3-H bond dissociation energy D29 _

value (kI mol')

378 + 5

378 10

< 390

384 + 2

384

384 + lb

technique

iodination-

photoelectron spectra

photoionization mass spectrometry

laser photolysis/photoionization mass spectrometry

and laser photolysis/resonance fluorescence

ab initio theoretical analysis

flash photolysis/resonance fluorescence thi

a Not all authors quote uncertainties.

b Technique described in Chapter Ill.

ref.

8

26

27

29

32, 33

s work
5 work

-- l



CHAPTER II

BIMOLECULAR REACTION

11.1 Arrhenius equation

The Arrhenius equation, in its simple form

k(T) = A exp(-Ea/RT) (Il.i)

has provided a convenient format for displaying the temperature dependence of rate

coefficients of thermal bimolecular reactions for over a hundred years"'. On any

theoretical basis both parameters A, the pre-exponential or frequency factor, and E., the

activation energy, have at least to a certain extent some temperature dependence.

Therefore, the equation can only be an approximation, but over small temperature ranges

the deviations are usually within experimental error.

The main basis currently used for understanding and discussing the temperature

dependence of bimolecular reactions is provided by collision and transition-state theories.

A. Collision theory"

For a reaction to take place between two molecular species

A + B- C + D (11-2)

at least some of the constituent atoms of A and B must be brought into contact.

Supposing the reaction occurs in a thermally equilibrated system (i.e., where molecular

velocities and relative collision energies are distributed according to the Maxwell-

Boltzmann law), the average molecular speed is

= (8RT/irNm) 1 (11-3)

12
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where N represents Avogadro's number and m is the molecular mass. In a mixture of

two gases, assuming molecules A and B are hard spheres with difference diameters dA

and dB, a collision is said to occur if molecules contact at the surface of the spheres. The

critical collision distance o is

a = (dA + dB) /2 (11-4)

The molecules A and B collide in unit time with each other while their centers are in a

cylinder of volume XO29r, which multiplied by [A][B] gives the number of collisions

between unlike molecules:

WAB = rA,[A][B] (11-5)

where V, is the mean relative velocity of the two molecules since neither colliding

molecule is stationary. The value of ir is

i, = (8RT/7rNM)" 2  (11-6)

where g is the reduced molecular mass and Ng is the reduced molar mass.

/A = mAmB / (MA + MB) (11-7)

NIA= MAMB / (MA + MB) (11-8)

MA and MB represent the molar masses of A and B. With these substitutions, the

expression for the total number of collisions becomes

WAB (rRT) 2[A][B] = ZAB[A][B]
NA (I-9)

where ZAB is the collision frequency for unit concentration.

But, it is impossible that all collisions lead to reaction. The molecules may need

to collide in the correct place or with a particular mutual orientation. The result of 11-9

is therefore multiplied by a dimensionless steric factor P. Actual chemical reaction rates

are usually much smaller than the collision rates.
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Also, before the molecules can get close enough to react, they must surmount

an energy barrier AE4 (see Fig. 1). Only the collisions whose partners bring sufficient

kinetic energy to overcome this barrier are effective, so the total number of collisions in

eqn. 11-9 is reduced by that energy requirement. According to the Boltzmann distribution,

the fraction of molecules with kinetic energy greater than AE is exp(-AEJ /RT).

According to collision theory, the reaction rate is the product of the collision frequency

and Boltzmann factor, i.e.,

-d[A] / dt = PZ exp(-AE4 /RT)[A][B] (II-10)

Thus the second-order rate constant is given by

k = PZAB exp(-AE4 /RT) (II-11)

For a simple reaction, PZ, should approximate A in the Arrhenius relation II-i and AEJ

is roughly identified with the activation energy Ba (Fig. 1).

In Figure 1 the theoretical activation energy at 0 K, AE , is the difference

between the lowest energy levels, including the zero-point energy (ZPE), of reactants and

transition state. But at any experimental temperature T, the higher energy levels should

be taken into account. It has been shown that the Arrhenius activation energy Ea at T is

the difference of the mean energy of different vibrational levels of reactants and

transition state, i.e., <Es> - <E act> 39 . As the temperature varies in experiments

the changes in < Es> will not in general equal the change in <Eecua>, hence, E is

generally temperature dependent.

B. Transition-state theory37'4 0

Transition state or activated-complex theory, hereafter referred to as TST, was

developed originally by Eyring." It extends the Arrhenius postulate of activation prior

to reaction to the concept of equilibrium between the reactants and a transition state, the
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E 
E ,

00

Figure. 1 Variation of the potential energy along the reaction coordinate. Ea,

Arrhenius activation energy observed experimentally; E,,, Arrhenius

activation energy for the reverse reaction; AF*, theoretical activation

energy for reaction at 0 K; AHO, the energy difference between the

reactants and products at 0 K; AHT, the energy difference between the

reactants and products at T. The transition state is labeled t.
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decomposition of which to form products further determines the rate coefficient. Thus

the reaction rate for a bimolecular reaction

A + B # AB*-+>C + D (11-12)

is obtained by multiplying the concentration of the transition state by the decomposition

frequency, that is,

d[ABI / dt = k[A][B] = vt [ABI (11-13)

-where v* is the frequency of passage of the transition state over barrier (see Fig. 1). It

is equal to the frequency with which a transition state flies apart into products. Since the

transition state AB* is assumed to be in equilibrium with the reactants A + B,. the

equilibrium may be expressed by the equation

[ABI / [A][B] = K* (11-14)

where K* is the equilibrium constant for the formation of the transition state and may be

written in terms of appropriate partition functions of A, B, and AB*.

Q* -AE*
K* =(Q ) exp(E )

QAQB RT (II-15)

QLis the total partition function of the transition state and AE is the difference between

the lowest energy levels of AB* and A + B, and corresponds to the energy barrier at 0

K, i.e., AH or AU*. Hence

[AB* = [A][B](A ) exp ) (11-16)
QAQB R

Substitution of eqn. 11-16 into eqn.H-13 will give the rate constant

__*, -AE0*k = v*( exp( (11-17)
QAQB RT
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QQ is just like a partition function for a normal molecule, except that one of its

vibrational degrees of freedom corresponds to translation along the reaction coordination.

The expression for the partition function of one vibrational degree of freedom is

Qv* = [1 - exp(-hl*/kBT)]' (11-18)

where h is Planck's constant and kB is the Boltzmann constant. However, if the vibration

frequency is low, hv/kBT < < 1, the term of exponential function of eqn. 11-18 can be

expanded as

exp(-hv*/kBT) = 1 - (ht*/kBT) + (hv*/kBT) 2/2 - --- (11-19)

Without considering the terms beyond the first power in (hv*/kBT), the expression 11-18

becomes

Q,* = (hv*/kBT)' = kBT/hv* (11-20)

Thus Q, may be written as

Qa = OB Q = (kBT/hv*)QOB (11-21)

Then the rate constant will be obtained by

kT QAB -AE*
k=)exp((11-22)

The transition state derived rate constant can be reformulated in thermodynamic

terms, since it is sometimes more useful to work with the rate constant in this form than

with partition functions. Combination of eqns. 11-15 and 11-22 gives the rate constant

expression as

k = (kBT/h)K* (II-23)

If the equilibrium constant is expressed in terms of the molar Gibbs standard free energy

using the Van't Hoff relation

AG* = -RT InK* (11-24)
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then equation 11-23 can be written as

k T -AG*
h RT (11-25)

AG* may be expressed in terms of the standard enthalpy and entropy changes by

AG* = AH* - TAS* (11-26)

allowing equation 11-25 to be factorized

k )exp(AS*) exp( AH*
h R RT (11-27)

Equation 11-27 is similar to the Arrhenius equation II-1 and the thermodynamic

parameters can be related to the Arrhenius parameters. The Arrhenius activation energy

is defined by

d(Ink) / dT =Ea / RT2 (11-28)

Taking the logarithm of equation 11-23 and differentiating with respect to T gives

d(Ink) / dT = 1 / T + d(InK*) / dT (11-29)

Since K* is a concentration equilibrium constant, its variation with temperature is given

by the Gibbs-Helmholtz equation

d(lnK*)/ dT = AU# / RT (11-30)

where AU is the temperature-dependent internal energy of activation. Inserting this

equation into eqn. 11-29 and comparing to eqn. 11-28 will give

E. = RT + AU4 (11-31)

The relationship between the standard thermodynamic energy and enthalpy for a

constant-pressure process is

AHI = AU# + P(AV*) (11-32)
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since H = U + PV. The AV* is known as the standard volume of activation. With eqn.

11-32, eqn. 11-31 becomes

E, = AH* + RT - P(AV*) (11-33)

For a bimolecular reaction, if the ideal gas relation is assumed, P(AV*) = -RT,

the Arrhenius activation energy will be obtained as

E = AH* + 2RT (11-34)

and the Arrhenius pre-exponential factor is

A = e2(kBT/h) exp(AS*/R) (11-35)

It is interesting to note the eqns 11-34 and 11-35 apparently predict that A is

proportional to T and that E, varies linearly with T. However, this is true only if AS* and

AH* are temperature independent. In fact, both quantities are somewhat temperature

dependent via the heat capacity of activation (AC* ), so that more complex temperature

variations may result.

11.2 Reactions with zero or negative temperature dependence'

It is sometimes found in studies of bimolecular reactions that rate coefficients

have essentially zero or negative temperature dependence. This is frequently associated

with reactions proceeding via the formation of intermediate bound complexes. In this

case, the reaction scheme will be

A + B.. AB -* C + D (11-36)

The rate law of total reaction for product formation will be

d[C] / dt = k1 [AB] (11-37)

Applying the steady-state approximation to the complex,
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d[AB] / dt 0 = ki[A][B] - k 1[AB] - k[AB] (11-38)

This solves to

[AB] = k[A][B] I (k + ku) (11-39)

Substituting eqn. 11-39 to eqn. 11-37, the rate law becomes

d[C] kk[A]=[B]
dt (k_1 + k11) k ]1-40)

where kb, = k1k1 / (k + k.) is the second-order rate constant observed in the kinetic

measurement. If k.1 >> k1 , k, will be reduced to

k, = Kjk 1  (II-41)

where K, is the equilibrium constant for the intermediate formation. Therefore, the

activation energy, in this case, will be given by

E, = AH, + El (11-42)

Since, for the association reaction of A and B, AH, has to be negative, this type of

reaction can have a zero or negative activation energy.

11.3 Measurement of bond dissociation energy"

A bond dissociation energy D(A-B) is defined as the energy -- strictly the standard

enthalpy -- absorbed when the bond A-B is totally severed, the two fragments being

removed to an infinite distance apart.

Bond dissociation energies can be determined in various ways. Spectroscopic

measurements are one way to determine the bond dissociation energies for diatomic

molecules. But these measurement generally still depend on incompletely validated

assumptions or is are intrinsically very accurate. Kinetic methods are more widely

employed in measurements of bond dissociation energies.
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The kinetic methods are based on the fact, illustrated by Fig. 1, that the

difference between the activation energies of a reaction and its reverse reaction is equal

to the enthalpy absorbed by the reaction. Thus, for a bond fission

AB -*A- + B- (II-43)

the bond dissociation energy is given by the relation

D(A-B) = Edi,, - Ecomb (11-44)

Eccmb is usually assumed to be zero and equation 11-44 becomes

D(A-B) = E3i., (11-45)

Thus determination of the activation energy for bond fission by some techniques yields

the bond dissociation energy directly.

A second standard method, applicable to carbon-hydrogen bonds, is via studies

of hydrogen abstraction. For the reversible reaction

X + R-H# H-X + R (I1-46,-46)

the following relation applies

- E = D(R-H) - D(H-X) (11-47)

Since D(H-X) is known from thermodynamic data, determination of E and E. suffices

to obtain D(R-H). The Arrhenius parameters of reaction 11-46 can be obtained by

determining the rates of halogenation of RH over a range of temperature with e.g. X =

I. E4 6 is determined by making use the fact that reaction 11-46 is reversible under the

usual experimental conditions and the reverse reaction, which causes retardation, comes

into play as the HX builds up. By studying the reaction rate over a period of time, with

or without the addition of excess HX, it is possible to obtain the value of E4. This

usually amounts to only 4 to 8 kJ molP. Thus, E4 6 and E6 having been determined,

D(R-H) follows from equation 11-47.



22

Semiempirical heats of formation may also be used in the calculation of bond

dissociation energies. For the reaction 11-43, the bond dissociation energy can be obtained

D(A-B) = AR? (A,@) + AH (B-) - AHI (A-B) (11-48)

where AH (A-), AR? (B*), and AR? (A-B), respestively, signify the heats of formation

of A, B, and AB. These values can be derived from measured equilibrium constants and

entropies via the second or third law methods, or found in thermochemical tables. Thus,

it is easy to obtain D(A-B).



CHAPTER III

EXPERIMENT AND DATA ANALYSIS

111.1 FPRF method

The first absolute rate constants that were measured by flash photolysis-resonance

fluorescence technique were reported by Braun and Lenzi.i Since this 1967 work,

facilities have become available in several other laboratories. 0

This technique is simple in concept. Transient atom or radical species are

produced flash photolytically on a time scale which is short compared to their decay.

Generally, continuous wave radiation, which is in resonance with lower and upper

electronic states of the atom or radical, is absorbed by the transient species. If the upper

state has a sufficiently short lifetime for emission compared to that for pressure

quenching or dissociation, then a fraction of the resonance radiation is isotropically

scattered. The scattered radiation is detected by single photon counting techniques at right

angles to both photolytic and resonance radiation sources in a well-defined intersection

volume. The decay of scattered photons in generally recorded by a multichannel analyzer

operating in the multiscaling mode. Controlled experimental conditions allow for flash

repetition with a subsequent increase in the signal to noise ratio.

111.2 Apparatus

This thesis concerns the elementary reaction kinetics of the reactions of the atomic

halogens Cl and Br with silane and trimethylsilane

Cl + SiH4 ->,SiH 3 + HCl (III-1)

23
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Br + SiHl4 -+ SiH3 + HBr (III-2)

C1 + (CH3 )3 SiH-+ products (11-3)

Br + (CH3)3SiH -+ (CH3 )3 Si + HBr (I-4)

They are investigated with the flash photolysis-resonance fluorescence technique at room

temperature and higher temperatures.

Argon bath gas containing a halogenated methane, CCl4 for C and CH2Br2 for

Br, and SiH4 (or (CH3 )3SiH) flows through the reactor. Halogen atoms are produced by

pulsed photodissociation of the halogenated methane precursor by means of radiation

from a flash lamp. Resonance fluorescence is excited by radiation from a microwave

resonance lamp, and observed with a vacuum UV photomultiplier tube.

Reactor The reactor (Figure 2) consists of a six-way stainless cross. Each arm has

an i.d. of 22 mm and is 110 mm long. The intersection region of the side arms defines

the reaction zone, where transient species are generated photolytically and detected by

resonance fluorescence. Pulsed UV radiation enters the reactor through one port,

resonance radiation through another at right angles, and fluorescence exits via a third

mutually perpendicular sidearm. The other three sidearms are used as a gas inlet and

outlet, and as a port to hold a thermocouple. Full details of the reactor may be found

elsewhere." An improvement over that earlier design" is that a small fraction of the total

Ar flow, about 10%, is introduced in front of the three optical ports to sweep the gas

mixture away from the windows.

Temperature control and measurement The heating system has already been

described." For higher temperature experiments, a temperature controller (Omega CN

3910 KC/S) monitors the oven temperature with a sheathed thermocouple (Omega, type

K, chromel (+) vs alumel (-)) put outside of the reactor, and also operates a solid-state

relay (Omega SSR240DC25) to control and maintain constant temperature. An identical
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thermocouple held in a port of the reactor (see Fig. 2) can be slid into the center of the

reaction zone to observe the gas temperature at thermocouple readout (Omega DP285K).

Optical system Radiation for pulsed photolysis of the halogenated methanes is

provided by an EG&G Electro-Optics flash lamp system. It consists of a bulb (special

FX 193 with a MgF2 window) plugged into a Lite-Pac (FY-714) and connected to a

power supply (PS-302) with a 10 MF external capacitor (CSI, 4W508TN). The energy

of the flash lamp is controlled between 1.25 and 5 J by adjusting the output voltage of

the power supply between 500 and 1000 V. A MgF2 plano-convex lens (focal length =

75 mm, diameter = 25.4 mm) is fixed at the end of one arm of the reactor so that the

flash lamp beam is partially focused through it into the reaction zone. The region

between the flash lamp and the lens is purged with N2 (Linde, dry grade) to allow

transmission of actinic radiation with wavelengths down to about 120 nm into the reactor.

Resonance radiation is generated by a microwave-powered discharge lamp. The

lamp is designed as a flow lamp (Figure 3). One end of a 200 mm long and 12.7 mm

o.d. Pyrex tube with a 12.7 mm o.d. sidearm is centered inside a 65 mm long and 25.4

mm o.d. Pyrex tube. A MgF2 plano-convex lens (focal length = 100 mm, diameter =

25.4 mm) is cemented to the lamp body to focus the radiation beam. The purpose of this

kind of design is to eliminate blocking of the UV radiation by the epoxy cement and to

avoid contact between the cement and the microwave discharge. The lamp is attached

to the end of another sidearm (perpendicular to the position of the flash lamp) of the

reactor by means of an 0-ring fitting. A tuned Evenson cavity is installed around the

central tube, at the far end of the lamp to decrease the background signal from scattered

light, and connected to the microwave generator (Opthos Instruments, Inc., 2540 MHz).

For C1 resonance radiation, (4s) 2P -, (4p) 2P 12,312 , (X = 134 -140 nm),52 a dilution of

0.1 % of CCI4 in Ar flows continuously through the lamp and is removed with a Welch
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pump (model 1399). The discharge is initiated with a Tesla coil. A typical microwave

power is 20 W, and the lamp is cooled by a jet of air. The CCl4 mixture is prepared by

diluting pure CC 4 vapor with Ar and stored in a 5-liter reservoir bulb. The gas flow rate

is controlled by a needle valve, adjusted to keep the lamp pressure at 0.2 Torr as

measured by a thermocouple gauge (Edwards, 507). For Br radiation, (5s) 2P, 4P , (4(p)

2P112 312 (X = 149 - 163 nm), 2 a 0.1 % mixture of CH2Br2 is employed in the flow lamp

instead.

A vacuum UV photomultiplier tube (Thorn EMI Electron Tubes, Inc., RFI-B2F)

monitors the emitted light intensity from the reaction zone. The operating voltage of this

PMT is 3 kV, supplied by a high-voltage power supply (Bertan Association Inc., 215).

Fluorescence exits the reactor through a MgF2 window which is glued to a brass holder

attached at the end of one arm of the reactor (see Figure 2). To prevent air absorbing the

UV signal, the region between this window and PMT is purged with N2 .

A potential problem is detection of H atoms as well as the desired halogen atoms.

To avoid this during measurements of k2, a CaF2 filter was placed in front of the PMT

to block any H-atom fluorescence (see Figure 2). Preliminary tests indicated that no H

atoms were detected when SiH4 alone was photolyzed. Later it was found that no H

atoms were detected even if the CaF2 filter was removed, and this modified arrangement

was used in determinations of ki.

Electronics A four-channel digital delay/pulse generator (Stanford Research Systems,

DG 535) controls the timing of the experiments. It provides trigger pulses to the flash

lamp and to a computer-controlled multi-channel scaler (EG&G Ortec ACE), which

collects the resonance fluorescence signal from the PMT via a pre-amplifier/discriminator

(MIT Inc., F-100T). This detection system counts the number of photons emitted as a

function of-time. Signals following typically 50-500 flashes are collected and summed to
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average out random noise. All data are stored and analyzed by an IBM XT-compatible

microcomputer.

Gas-handling system The glass gas handling system is almost the same as used before. 48

The only difference is that the 4-channel readout (MKS, 247C) operates four mass-flow

controllers, the first one (MKS, 1159B-00020SK) for the reactant mixtures (SiH4/Ar or

(CH3 )3SiH/Ar), the second (MKS, 1159A-02000SV) for pure argon flowing directly from

an argon cylinder, the third (MKS, 1159B-00050SV) for the halogenated methane-argon

mixture, and the last one (MKS, 1159A-00200SV) for 10% of argon main flow to sweep

the gas mixture away from the windows. The mass-flow controllers are all calibrated

with a Hastings Mini-Flo Calibrator (HBM-1A) (see ref. 51 for details).

An extra 5-liter bulb is installed for keeping 0.1 % of halogenated methane

vapor/argon mixture for the microwave flow lamp.

111.3 Experimental procedure

The materials used are Ar (linde, 99.996%), CC 4 (J. T. Baker Inc., 99%),

CH2Br2 (Eastman Organic Chemicals), SiH4 (Matheson Gas Products, Inc.,

semiconductor grade) and (CH3) 3SiH, which is synthesized by reducing (CH3 )3SiCl

(Aldrich Chemical Company, Inc., 75-77-4, 98%) with an excess of LiAl4 (Aldrich

Chemical Company, Inc., 19,987-7, powder, 95 + %) in anhydrous butyl ether (Aldrich

Chemical Company, Inc., 142-96-1, 99+ %). IR spectroscopy showed the peak of a Si-H

bond by its absorption at v = 2110 cm and GC gave an upper limit to impurities of 2%.

Except argon which is used as supplied, all materials are purified by three "freeze-pump-

thaw" cycles before used.

For making mixtures, the gas-handling system is pumped down to 10 Torr.

According to the initially guessed reaction rate constant, a few Torr of pure gas or vapor
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of silanes or halogenated methanes is diluted with pure argon and stored in a 2- or 5-liter

bulb for 1-2 hours to allow good mixing.

Before starting kinetic measurements, the readout is set to control the flow rates

of mixtures, argon main flow and sweep gas. The reaction pressure is adjusted via a

stopcock between the gas exit of the reactor and the exhaust system. After the pressure

and temperature (for higher temperature measurements) reach equilibrium, the microwave

fluorescence resonance lamp is initiated, and the power of the generator is adjusted to

20 W with 0-1 W feedback. The digital delay/pulse generator triggers the flash lamp and

the computer-controlled multi-channel scale (MCS). The dwell time and the pass count

for the MCS are set according to the reaction speed to obtain a suitable exponential decay

curve for data analysis.

For each same condition, five measurements are performed from [reactant] = 0

to [reactant] = max. in order to derive a pseudo-first-order rate constant, k,,, 1, for the

reaction (see the next section "data analysis").

111.4 Data analysis

The rate of removal of atomic halogen in the presence of SiH4 can be expressed,

e.g. for Cl atoms, as

-d[Cl]/dt = k[SiH4][CI] + kdiMCl] (111-5)

where k, is the second-order rate constant for reaction III-1, and kn accounts for the loss

of C1 atoms by processes other than reaction III-1, primarily diffusion out of the reaction

zone. Because [Cl] < < [SiH4 ], pseudo-first-order conditions apply. Equation 111-5

becomes

-d[Cl]/dt = k,,1[Cl] (II-6)

where the pseudo-first-order rate constant is given by



31

k,, = k1[SiH4] + k (i-)

The integrated form of equation 111-6 is the general first-order reaction result

[Cl] = [Cl]O exp(-kp,,t) (III-8)

where t is the time after the photolysis pulse and [Cl]O is the concentration of Cl atoms

at t = 0 in the experiment. The intensity of fluorescence is proportional to [Cl], i.e.

I = c[Cl]O exp(-k,,t) (111-9)

where c is a constant. There is also a steady background signal B, arising from scattered

light from the resonance lamp, so that the total signal I is represented by

I = A exp(-k,,t) + B (III-10)

where A and B are constants. A computer program using the weighted non-linear least-

square method, in the BASIC language, fits A, B and k,,1 to each fluorescence decay

curve (see Figure 4). k,,1 is measured for typically five values of [SiH4], from 0 to

[SiH4]. at constant [Ar]. k, is derived as the slope of a linear plot of k,,1 versus [SiH4]

(see Figure 5), together with the standard deviation, CF.

The k,,1 measurements with [SiH4] = 0 were excluded from these fits because

often they were higher than the fitted lines, perhaps because the halogen atoms reacted

with other photolytic fragments of the precursor. When [SiH4] :> 0 these fragments were

rapidly scavenged by SiH4 and then did not interfere kinetically.
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CHAPTER IV

RESULTS AND DISCUSSION

IV. 1 Results

The reaction C + SiH4  Nine measurements of k were made from 295 to 472 K and

are summarized in Table IV. At room temperature, k did not change significantly when

the flash lamp energy, F, was altered, which meant that secondary reactions of C with

photolytic or reaction products were negligible and pseudo-first-order conditions, [Cl]

< < [SiH4 ], held. Therefore a single F was chosen for the rest of the measurements. At

the highest temperature k, was independent of the average residence time of the gas

before photolysis, r., which showed that thermal decomposition of SiHl4 was

insignificant. There was also no dependence of k on [M] (effectively [Ar]). Figure 6

shows the Arrhenius plot of k 1. A weighted linear least-squares analysis" yields an

Arrhenius expression for k:

k, = (1.56 + 0.11) x 10 0 exp[(2.0 + 0.2) kJ moL'/RT] cm 3 s1 (IV-1)

Errors in A and E, are + la. Because the errors of the Arrhenius parameters are

correlated, the covariance (see Appendix A) of A and E is taken into account when we

estimate the uncertainties of the fitted k. The statistical proportional error of k is a =

2-3%. Allowing for possible systematic errors of + 5%, the 95% confidence interval of

k, is about + 10%.

The reaction Br + SiH4  Twenty-seven measurements of k2 were made from 295 to

575 K and are summarized in Table V. k2 was independent of F, and there was no

consistent variation of k2 with r. or [M]. The Arrhenius plot (Figure 7) gives the

34
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Arrhenius parameters for k2,

k2 = (9.0 1.5) x 10" exp[-(17.0 + 0.6) kJ moP'/RT] cm3 s (IV-2)

Consideration of the la errors in A and E, together with the covariance, leads to an

estimated statistical proportional error in k2 of a = 5-9%. Combination with an

allowance of + 5% for possible systematic errors yields the 95% confidence interval of

k2 as about 20%.

The reaction C + (CH3)3SiH Nine measurements of k3 were made from 295 to 468

K and summarized in Table VI. k3 was independent of F and ,r or [M]. The Arrhenius

plot is shown in Figure 8. The expression for k3 is

k = (1.24 + 0.35) x 100 exp[(1.3 + 0.8) Id molt/PT] cm3 s (IV-3)

An estimated statistical proportional error c, combining the lay errors in A and E, with

the covariance, is 5-9% and the 95% confidence interval of k3 , including an allowance

for possible systematic errors of +5%, is about 20%.

The reaction Br + (CH)SiH Twenty-eight measurements of k4 were made from

296 to 456 K and are summarized in Table VII. k4 was found to be slightly dependent

on F, which meant that secondary chemistry arising from the reactions of Br with

photolytic or reaction products such as (CH3 )3Si. Three different flash lamp energies

were chosen for each temperature. Then k4 at each temperature was determined by linear

extrapolation of k4 vs. F to zero flash energy. Arrhenius plot (Figure 8) gives the

parameters of k4

k4 = (7.6 + 3.3) x 1010 exp[-(28.4 + 1.3) Id mol'/RT] cm3 s (IV-4)

The uncertainties of fitted gives the statistical proportional of k4 is o = 7-11 %.

Considering an allowance of + 5% for possible systematic errors, the 95% confidence

interval of k4 is about + 23%.
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IV.2 Discussion

IV.2. 1 Equilibration of halogen atoms

For Cl and Br atoms, the electronic ground state is 2P3 12 and the low energy

excited state is 2P1 . For Cl, the 2P1 state lies 10.5 IJ mo' above the ground state and

for Br, the excitation energy is 44.0 kJ moP. Therefore, e.g. for Br reactant, the

following kinetic process must be considered:

Br( 2 p 3 / 2 ) kA Br( 2 p 1 2 )(JV-5)

kcJ
k C k D

Products Products

kB represents the pseudo-first-order quenching rate constant of Br QP 2In), related to the

excitation rate constant kA by

kA / kB =K, = 2 eE&T / 4 = e*"T /2 (IV-6)

where E is the excitation energy of the 2PI 2 state. k and kD represent the state-specific

pseudo-first-order rate constants for removal of Br CP310) and Br QP1 ) by chemical

reactions.

Under conditions where kA and kB> > kc and kD, i.e., where rapid equilibration

of the two states is maintained, so

k[Br (2P/2)] = (kA)[Br(P 3/2)] = KJ[BrP 3 ] (IV-7)kB

is true at all time. The rate law for total [Br] = [Br(P312)] + [Br(2P112)] is

d [Br],- k[BrQP31)] - kD[Br(P1 )] = -(ks + kDKQ[BrCP 3 )] (IV-8)
dt
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Now

[BrCP3 )] / [Br], = 1 / (1 + K,) (IV-9)

and

d[Br], kc + kDK
dt = -( [Brt] = -k 8 [BrI](V-Odt 1 + K " (IV- 10)

where kP81 = (k + kDK) / (1 + Kq) is the pseudo-first-order rate constant of the

reaction. Hence

[Br]t, oc exp(-kji) (IV- 11)

But

[Br(P3 2)] O [Brlt (IV-12)

therefore

[Br(2P3/2)] OC exp(-k,,lt) (IV-13)

The same reasoning is applied to [Br(PI)]. This means that Br C 2P3/) and Br (PI 2 ) form

a coupled system and both exhibit the same pseudo-first-order decay coefficients of k,, 1.

For our C1 experiments, [CC14] : 6.4 x 1014 molecule cm3 , and kQ, for CCI 4 ,

is 5 x 10-" cm3 molecule' s.M So kB ~ kQ,cc,4 [CC14 ] = 3.2 x 104 s, which is much

greater than k 1,, 500 s4.

For the Br experiments, kQ for CH2Br2 has not been measured. It presumably is

at least as large as kQ for CH4 and HBr,M i.e., kQ > 4 x 1012 cm3 molecules s. The

[CH2Br2] employed ranged from (2 - 34) x 10" molecule cm3 , so kB is 800 - 13000 s.

There is also quenching by SiH4.

Thus all our kinetic measurements yielded overall rate constants for Boltzmann -

averaged distribution of 2P, atoms at each temperature.
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IV.2.2 Cl + SiH4

Comparison with earlier results The rate constant obtained by Nikb et al. 23 for the

reaction III-1 is in very good agreement with the one we determined, but the

measurement by Shlyer et al." is smaller than ours (see Figure 6). This may be because

Shlyer et al. used excess Cl2 for photolysis of C1 atoms, and the possible product radicals

SiH3 and/or H might have reacted to a significant extent with the C12 to regenerate C1

atoms, i.e.,

C12 +.SiH3 -+ SiH3C1 + C1 (IV- 14)

C12 + H -+ HCl + Cl (IV-15)

Thus the rate of consumption of Cl by the primary reaction would be underestimated.

Activation energy It is found that k, has a negative temperature dependence, that is,

the activation energy is negative. Negative activation energy is the characteristic of a

mechanism via the formation of intermediate bound complex (see Section 11.2). A similar

mechanistic interpretation has been reported 2 9 for the reverse of reaction 111-2 and its

iodine analogue, whose activation energies were measured to be -(0.7 1.2) kJ mo'

and -(2.0 + 1.4) kJ moP', respectively.

Calculation of Arrhenius expression for SiH3 + HCI From the equations

AH (T) = AH (298) + [H(T) - H*(298)]os, - E[H(T) - H(298)]eim (IV-16)

AGi (T) = All (T) - T[S(T)O,, - E S(T),.] (IV-17)

and using the known molar heats of formation and entropies of 2 and Si and the values

of these same properties of SiH3 ,2 the Gibbs energies of formation of SiH3, from 298.15

K to 450 K, were obtained. Then values of AG of the reaction

SiH3 + HCl -+ SiH4 + Cl (IV-18)

at different temperatures were obtained by using the known Gibbs energies of HCl, SiH4,

and Cl5" and the values of AGKSiH 3) were calculated. According to the equation
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AGO = -RT InK (IV-19)

where K is the equilibrium constant for the reactions Ill-1 and IV-18, and the relation

K = k, / k, (IV-20)

we derived k, the rate constant for the reverse of reaction III-1. The Arrhenius

expression for k, over the range 298.15 - 450 K is

k.. = 2.4 x 1012 exp(-45.0 kJ mol'/RT) cm 3 s (IV-21)

The uncertainty2 9 in AH"n,298(SiH3) of + 3.4 kJ mo' leads to error limits for the

expression of approximately a factor of 3.

IV.2.3 Br + SiH4

Comparison with earlier results The rate constant obtained by Niki et al.?3is identical

with the one determined in this work. But they only investigated the reaction at room

temperature. The Arrhenius plots obtained both by Seetula et al.29 , k = (1.6 0.6) x

101 exp[(-18.0 1.3) kJ mol'/RT] cm3 s, and in this work are in good agreement,

especially at room temperature. Th individual Arrhenius parameters agree within their

quoted uncertainty limits, and the maximum deviation between two k2 expressions of a

factor 1.4 at 480 K is at the limit of the combined uncertainties. Serdyuk et al."

determined the rate constants for Br C2 312 + SiH4 and Br CPp2) + SiH4 separately. The

rate constants k(Br (2m/) + SiH4) and k(Br (P, 2 ) + SiH4 ) were combined by using eq.

IV-6 to derive k2 and plotted on Fig. 7. It is clear that their results are significantly lower

than those obtained in this work. Maybe it is because the two states of Br form a

kinetically coupled system in their experiment, and that the interpretation of their

measurements to yield rate constants for the individual J levels is therefore in error.

Si-H bond dissociation energy in SiH4  Using the activation energy, 2 9 -(0.7 + 1.2)

kJ moP', for the reverse reaction of reaction 111-2, the enthalpy change is given by the
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difference of activation energies, i.e.,

AH*(298 K) = Ea - E, = 17.7 + 1.3 kJ molP (IV-22)

Also, for reaction 111-2,

AH*(298 K) = D298(SiH3-H) - D298(H-Br) (IV-23)

where D298 represents the bond dissociation enthalpy at 298 K. D298(H-Br) can be

obtained via calculation of the enthalpy change for the dissociation reaction

H-Br -+ H - + Br - (IV-24)

From the known enthalpies of H, Br, and HBr, D298(H-Br) can be derived:

D298(H-Br) = AHfH + AHBB - AH*HBr = 366.3 kJ mo' (IV-25)

Hence, the bond dissociation energy D298(SiH3-H) can be derived from eqn. IV-23:

D2 9 8 (SiH3-H) = AH0(298 K) + D298(H-Br) = 384.0 :1.3 Id mol 1  (IV-26)

This D value is expected to be the same as that measured by Seetula et al.29 because the

activation energies for reaction 111-2 in both experiments are so similar.

IV.2.4 Cl + (CH3 )3SiH

No previous measurement is available for comparison with k3. Because E, for k3

is only a slightly negative value with an uncertainty of 62%, it could also be regarded

as a zero activation energy at the 95% level. Thus an alternative expression of k3 is the

mean of the measurements

k3 = A = (1.88 0.11) x 1040 cm3 S- (IV-27)

The slightly negative or zero activation energy is consistent with the reaction 111-3

proceeding via the formation of a bound intermediate complex.4 ' Reaction 111-3 may

proceed via two exothermic paths

Cl + (CH3)3SiH -+ (CH3 )3Si + HCI (III-3,i)

C1 + (CH3)3SiH -+ (CH3 )2SiH(CH2) + HCI (III-3,ii)
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that is, hydrogen atom is abstracted by C1 either from the SiH or from CH3 groups in

trimethylsilane. If the reaction goes through the first path, the enthalpy of the reaction

(i) will be determined from

AH298(i) = D2 98((CH3) 3Si-H) - D298(H-Cl) (IV-28)

The known enthalpies' of H, Cl, and HCI combined with D 98((CH 3 ) 3 Si-H)9 = 378

5 kJ mot' yield AH, 2 98 (i) = -54 kJ mo'. If the reaction is via the second path, the same

reasoning is applied to the reaction (ii), and AH298 (ii) = -17 kJ mol-1, assuming

D2 98((CH3) 2SiH(CH2-H)) = 415 + kJI molP.' Both reactions are exothermic, which

means that unique product assignment for the reaction 111-3 based solely on the measured

Ea is ambiguous.

IV.2.5 Br + (CH3 )3 SiH

Calculation of Si-H bond dissociation energy in (CH)3 SiH The measurement of the

activation energy for the reaction 111-4 is E, = (28.4 + 1.3) Id mo'. For its back

reaction

(CH3 ) 3 Si + HBr -+ Br + (CH3 ) 3SiH (IV-29)

in this work the activation energy E. = -(3 5) Id mo' is assumed, based on the mean

of recently determined activation energies -(0.7 + 1.2) Id moP for the reaction SiH3 +

HBr99 and -(5.8 + 0.9) Id molP for the reaction (CH 3)3C + HBr. 8 Then the enthalpy

change for the reaction 111-4 at the approximate mid-point of the range of 1/T studied,

i.e., at 350 K, will be given by

AH* (350 K) = Ea - Ea, = 31.4 + 6.3 kJ moP (IV-30)

AH is temperature dependent, according to

AC> = d(AH0 ) / dT (IV-3i)

where AC,, = 2EG,, and j, the stoichiometric coefficients, are positive for products and
.1
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negative for reactants. Integration of eqn. IV-31 between the limits T = 350 K and T2

= 298 K gives

29[(Aoj dT = AH*(298 K) - AH0(350 K) =29C, dT (IV-32)

or

298

AH0(298 K) = AH0(350 K) + jACPdt (IV-33)

Since the range of temperature is small, C, can be considered to have a linear

temperature dependence, and eqn. IV-33 becomes

298

AH(298 K) = AH*(350 K) + AC,0dt = AH0 (350 K) + AC, (298 - 350)

(IV-34)

where AC, is the mean of C, in the temperature range. The C, values of Br and HBr are

known. The C, differences of (CH3 ) 3SiH and (CH3 ) 3Si- at 298 K and 350 K are

determined from ab initio theoretical vibrational frequencies" (see Appendix B). Then

AC, is 1.9 J molP K' and AH*(298 K) = (31.3 + 6.3) kJ moP. For reaction 111-4,

AH*(298 K) = D2 98((CH3 )3Si-H) - D29 (H-Br) (IV-35)

Hence, combining with the value of D298(H-Br), the bond dissociation energy of

(CH3)3Si-H is

D2 98((CH3)3Si-H) = AH0(298 K) + D29 (H-Br) = (397.6 + 6.3) U mo'

(IV-36)

Comparison with earlier results 1. rate constant The only kinetic study for

reaction II-4 which can be found in earlier research was made by Choe and Choo.3
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They measured k4 at four different temperatures in the range 299 - 328 K via the very

low pressure reactor (VLPR) technique, and assumed a preexponential A factor of 6.6

x 10-" cm 3 s- to obtain E. = 18.4 + 1.7 kJ mol'. But fitting an Arrhenius plot directly

from their data yields A = 6.1 x 106 cm 3 s' and E = 28.7 kJ moP. The rate constants

measured by VLPR technique are much higher than those obtained in this work, e.g. at

room temperature, either by a factor of 7 times as directly compared to their

measurement or by a factor of 5 times as compared to their rate expression. For the

purpose of comparison, Choe and Choo also studied the Br atom reaction with isobutane,

a carbon analog of trimethylsilane

Br + (CH3)3CH (CH3)3C + HBr (IV-37,-37)

At 298 K they estimated the forward rate constant and equilibrium constant for the

reaction above to be 4.4 x 10-15 cm3 s and 160, respectively. Russell et al." did the

same studies for the equilibrium reaction IV-37 over a wide temperature range, and

obtained the rate constants k3 7 (298 - 478 K) = (1.83 + 0.18) x 100 exp{-(28.7 + 0.8)

kJ mol/RT} cm3 s' and k-37 (296 - 532 K) = (9.86 + 1.3) x 10-" exp{(5.8 0.9) IJ

moV'/RT} cm3 s', which gave k37 = 1.7 x 1015 cm3 s' and Kq = 1.7 x 104 at 298 K.

Obviously, there are a large differences between the results obtained by Choe et al and

Russell et al. The error of the VLPR method may mainly arise from creation of a large

fraction of excited Br* atoms, which were generated via a microwave dissociation of Br2 ,

and which will be quenched slowly under VLPR conditions (total pressures of 104 to 10-2

Torr) and be more reactive than a coupled system of Br and Br* in equilibrium.

2. (CH93,Si-H bond dissociation energy There have been several reported

measurements for the bond dissociation energy of Si-H in trimethylsilane (Table VIII).

Earlier reports 9 ,21 ,22 ," give the Si-H bond dissociation energy as lower than 375 kJ moP'.

Walsh8'9 recommended the value of D((CH3)3Si-H) = 378 6 LI moP. But the value
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Table VIII: Estimates of the Si-H Bond Dissociation energy in Trimethylsilane

D298((CH3)3Si-H),*

kJ molP

368 + 42

356

372 + 17

364

378 +6

392 + 7 b

377 + 5

398 + 6

technique

electron impact

HT yield from reaction with hot T-atoms

electron impact

pulsed stirred-flow reactor

iodination

pulsed photolysis-resonance absorption

very low pressure reactor

flash photolysis-resonance fluorescence

a Not all authors quote uncertainties.

b Obtained here from the measured D((CH3)3Si-D) by addition of the ZPE

difference of 4 LI molt between the Si-D and Si-H stretching modes.

calculated in this work, D((CH3)3Si-H) = 398 + 6 kJ moP', is larger than the one

recommended. Walsh believed the activation energy Ea of reaction IV-29 is

approximately equal to 9.5 + 1.7 LI mol', 5 a positive value rather than the negative

activation energies for similar reactions such as (CH3)3 C + HI later determined by

Gutman et al. 6 Different assumed E..s result in different (CH3 ) 3Si-H bond dissociation

energies.

3. Effects of methyl substitution on D(Si-H) In this work, D((CH3)3Si-H)

is higher than D(H3Si-H), 384.0 1.3 LI mol', by about 13.6 6.3 LI molP. It

suggests that the more methyl groups are substituted into SiH4, the stronger the Si-H

ref

22

64

21

19

8

30

31

this work
JL of
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bonds become. This conclusion is contrary to Walsh's recommendation that the Si-H

bond strength is independent of the degree of methylation.

Ab initio theoretical analysis for the homodesmic reaction

SiH3 + (CH3 )3 SiH -+ SiH4 + (CH3 )3Si (IV-38)

was carried out at the MP3/6-31G*//HF/6-31G* level. 59 The harmonic vibrational

frequencies and electronic energy are summarized in Table IX and Table X (see

Appendix B). The enthalpy difference between SiH4 and SiH3 extrapolated to 298 K can

be obtained by means of the relation

AH298 = AHO + E[P(H298 - HO)(S)] (IV-39)

where vi is the stoichiometric number of the species Si involved in reaction IV-35. The

value of H298 - H0 is calculated according to statistical mechanics (see Appendix B), and

H0 is the sum of the electronic energy and vibrational zero-point energy (E 1/2 hi) at 0

K. Thus AH298 for reaction IV-38 is estimated as 13.7 kJ mol at the MP3/6-31G* level.

This enthalpy change is also equal to D298((CH3)3Si-H) - D29 (SiH 3 -H) according to

reaction IV-36, and is consistent with the experimental value in this work.

Implications of the Derived D29 ((CH)3Si-H) The (CH3 )3Si-H bond dissociation

energy can also be derived from the enthalpy change of the dissociation reaction

(CH3 )3Si-H -+ (CH3 ) 3Si + H (IV-40)

D298((CH3)3Si-H) = AH' 298((CH3)3Si) + AH 298(H) - AH 298((CH 3)3Si-H) (IV-38)

Hence, the sum of the estimated D298((CH3)3Si-H) = 398 +6 kJ mol 1 and the known

values of AH 298(H) 56 = 218 Id mol' and AH0 298 ((CH3)3Si-H) 67 = -163 + 4 kJ mo'

yields the heat of formation of AH, 298((CH3)3Si) = 17 + 7 kJ moP. Then, this value,

combined with the recently redetermined AH1 29s(Si 2(CH3)6 , g)" = -304 + 6 kJ mo',

is used for calculation of the Si-Si bond dissociation energy in hexamethyldisilane

D2 98((CH3)3Si-Si(CH3)3) = 2AHf 298((CH3)Si) - AHf 298 (Si2(CH3)6 ) (IV-4 1)
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i.e., D298((CH 3)3Si-Si(CH3)3) = 338 +9 kJ moP'. Recently Pilcher et al.68 discussed a

similar value of D294((CH3)3Si-Si(CH 3)3) = 344 + 10 IJ molt, which agrees with the

present value but depends on a different AH, 2 98 ((CH3) 3Si) = -3 + 7 kJ mo', estimated

via a kinetic method. AH, 298(Si 2(CH3)6) derived from this earlier heat of formation of the

trimethylsilyl radical is equal to -349 + 15 kJ mo', which is significantly different from

the value Pilcher et al. measured via the reaction-solution calorimetry technique. If the

AH, 2 98((CH3 )3 Si) estimated in this work is employed instead, AHf, 2 9 (Si2 (CH3 )6 ) will equal

310 + 12 Id mol', which is almost the same value as Pilcher et al. obtained. Thus the

present results resolve an earlier discrepancy in AHt,298 (Si2 (CH3 )6).

The Si-Si bond dissociation energy in Si2H6 has been derived in this work, too.

The AH, 298(Si 2H,6)6 of 80.3 + 1.5 Id mo' and the more recently measured

AHo,2 98 (SiH3) 2 9 of 200.8 + 3.4 Id moP' yield D298(H3Si-SiH3 ) = 321 + 5 Id moP by

means of the relation

D298(H3Si-SiH 3) = 2 AHf,2 98 (SiH3) - AHf,298 (Si2H6 ) (IV-42)

D2 98(H3Si-SiH3) is smaller than D2 98((CH3)3Si-Si(CH3 )3 ). This means methyl substitution

results in an increased Si-Si bond strength. Therefore the tendencies of the effect of

methyl substitution on the Si-H and Si-Si bond strengths are in good agreement.

IV. 2.6 Conclusions

The temperature dependence of the reactions of the halogen atoms C1 and Br with

SiH4 and (CH3 )3 SiH have been studied by the flash photolysis-resonance fluorescence

technique. Results for SiH4 are in good agreement with the earlier reported results. The

Arrhenius plots of reactions involving Cl give negative temperature dependences which

suggest that the mechanisms of the reactions involve the formation of bound

intermediates.
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The Si-H bond dissociation energy in trimethylsilane is obtained by using the

values of an assumed activation energy of the reaction HBr + (CH3)3Si and heat capacity

data from ab initio calculations. The experimental determination of the difference

between D((CH3)3Si-H) and D(H3Si-H) is identical with the result derived from ab initio

calculation. The new bond enthalpy suggests that alkylation in silane may increase the

Si-H bond strength, contrary to previous belief. This hypothesis rationalizes earlier

conflicting data concerning the heat of formation of hexamethyldisilane.

In future work, it is necessary to set up an apparatus which can be used to

investigate the kinetics of different states (i.e., ground and low energy excited states) of

halogen atoms separately. Thus, the idea of equilibrium of different state atoms forming

a coupled system will be identified. Studies in the reaction of (CH3 ) 3Si with HBr is

important to confirm the bond strength difference between H3Si-H and (CH3)3Si-H. The

effect of methyl substitution on the Si-H and Si-Si bond dissociation energies should be

further tested via kinetic experiments and/or thermochemical studies of monomethylsilane

and dimethylsilane.
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APPENDIX A

COVARIANCE OF A AND E IN ARRHENIUS PLOTS

In this work the linear least-square method is used to evaluate the rate constants

of reactions. Hence, the Arrhenius relation is expressed in its logarithmic form

Ink = In A- Ea/RT (A-1)

or simplified as

y = a + bx (A-2)

where y represents In k and x, I/T. a equals In A and b, -E,/R, It is commonly assumed

that the y value contains all the error in each data pair, i.e., each pair of x and y.

For an Arrhenius plot y vs. x, a can be obtained from the intercept and b is

derived from the slope. There might be many different straight-line fittings within the

scatter of the data. So each possible fitting gives a pair of a and b values, and the larger

a (greater A) corresponds to more negative b (more positive Ej, or smaller a (smaller

A) corresponds to less negative b (more negative Ej. Thus, errors in a and b are

correlated. Therefore, the covariance of a and b must be taken into account when

uncertainty of y is estimated. The best estimate of the variance of y is obtained from the

following formula70 using the error propagation law:

Varyy= (a)2Cov(a,a) + 2(-J)(L2)jCov(a,b) + (L). Cov(bb)
-a' 8a ab ab (A-3)

Cov(a,a) and Cov(b,b) are simply equal to o and o, respectively. Cov(a,b) can be

solved from the covariance matrix Cov(a)

52
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CovMab = 82 x (A-4)

where S2 x2 / (N - 2) and the elements of the 2 x 2 Q matrix are given by

2

N w a N w ya i

G = i a (A-5)
r 2

Ew Y I Ew
1 * i 

a ab i 11 ab i

Here

N

X2 E= wi [y - (a + bx)]2(A-6)
i=1

i.e. the weighted sum of the squares of the deviations between the measured and fit rate

coefficient values. wi is the statistical weight of the ith measurement, 1/ i , which is

determined from the error analysis of the decay data, and N is the number of

measurements. From the weighted linear least-square analysis program," o., a2, and

Cov(a,b) are obtained. Thus the variance of y can be derived from

Var(y) = o + (2/T)Cov(a,b) + (l1T2)cr2 (A-7)

As Cov(a,b) is always negative, the uncertainty of the calculated rate constant

interpolated or extrapolated on the basis of the fit to the measured values will always be

overestimated if the complete covariance matrix is omitted.

From the treatments of the experimental data, it is found that the width of the

confidence interval changes with the temperature in a characteristic manner, i.e., the

statistical proportional error, o/k, of k at the both ends of the range of l/T studied is

larger than close to the mid-point of the l/T range. Also extrapolation results have larger

errors as compared to interpolation.
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APPENDIX B

All INJTIO THEORETICAL CALCULATION OF (HT - HO) AND C>

Structures of (CH3 )3SiH and (CH3 )3 Si were optimized 59 at the HF/6-31G* level

via the theoretical methods' implemented in the Gaussian 90 program.72 Harmonic

vibrational frequencies were derived at these minimum energy geometries, and scaled by

a standard factor of 0.89.71 The resulting frequencies of (CH3 )3Si and (CH3 )3 SiH are

listed in Table IX.

According to statistical mechanics, the calculation of thermodynamic properties

of molecules includes the contributions of different molecular degrees of freedom,

including translational, rotational, vibrational, and electronic. The contributions to

enthalpy and heat capacity can be obtained from the following formulae73

a. translational contributions:

(HT - HO) = 5/2 RT (B-1)

C,, =5/2 R (B-2)

b. rotational contributions

(HT - HO) = 3/2 RT (B-3)

CP, =5/2 R (B-4)

c. vibrational contributions

3N-6

(HT -H) =ERTUU1 e" B5

3N-6 2u
C = R(e"2 1)2 +R (B-6)
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d. electronic contributions

(Er - EO) =RT2 dlnQ / dT (B-7)

C = R(T2d2nQ + 2T dlnQ) + Rp dT2 + dT (B-8)

where u = h / kBT, v are the molecular vibrational frequencies, and Q =

E gi exp(-Ei/kT), which is the electronic partition function when Ei is the energy of the ith

electronic state. The electronic contributions are zero since the electronic partition

function Q = go = 1 for (CH3)3SiH, Q = go = 2 for (CH3 ) 3 Si, and dln Q / dt = 0 for

both species. If the enthalpy or C, difference between (CH3) 3Si and (CH3 )3 SiH is

considered, then the translational and rotational contributions cancel. Hence

3N-6 3N-6

A(HT - H) = IVRTeu - K1RTeu
L 1 e"l - 1 (CH)s' L e ~ j (CH),siH

3N-6 u2eu 3N-6 2 eu
AC, = r R4- Ru

L I eu 1 (CH)3Si L I_ u (CH3SiH

(B-9)

(B-10)

From the frequencies derived from ab initio theoretical calculations, A(HT - HO) and AC,

at 298 K and 350 K are obtained.
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Table IX: Frequencies at the HF/6-31G* Level

Species

(CH3)3SiH

(CH3)3Si

v / cm'

132, 147 (2), 190 (2), 228, 571, 602 (2), 660 (2), 671, 830 (2),

857, 895 (2), 1291 (2), 1299, 1424, 1426 (2), 1434 (2), 1440,

2070, 2836 (2), 2838, 2895 (2), 2897, 2898, 2899 (2)

129, 139 (2), 186 (2), 216, 559, 650 (2), 676, 700 (2), 842 (2),

856, 1283 (2), 1293, 1422, 1426 (2), 1431 (2), 1439, 1830 (2),

2832, 2889 (2), 2891, 2905, 2907 (2)

Table X: A, Initio Energies Calculated with the 6-31G* Atomic Basis Sete

Species < S 2 > HF MP2=fc MP3=fc

SiHl3  0.754 -290.60612 -290.67445 -290.69052

SiH4  0 -291.22513 -291.30703 -291.32541

(CH3 ) 3Si 0.753 -407.74328 -408.20641 -408.25199

(CH3)3SiH 0_-408.36667 -408.84288 -408.89107

' At the HF/6-31G* optimized geometries. Electronic energies are quoted in

atomic units: 1 Hartree = 2625 kJ moPl
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