GAS PHASE INVESTIGATIONS OF THE LEWIS ACID
PROPERTIES OF ELECTRON DEFICIENT
COMPOUNDS OF BORON, CARBON AND SILICON

Thesis by
Milton Keith Murphy

In Partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy

California Institute of Technology
Pasadena, California
1977
(Submitted August 27, 1976)



ii

This thesis is respectfully dedicated to the fond
memory of the late Brother Louis Wayne Morton. ..
in his untimely passing, I learned to cherish every

moment of life.



1ii

"Dear landlord,

Please don't put a price on my soul.
My burden is heavy;

My dreams are beyond control.
When that steamboat whistle blows,
I'm gonna give you all I got to give,
And I do hope you receive it well
Depending on the way you feel that you live.

"Dear landlord,

Please heed these words that I speak.

I know you've suffered much,

But in this you are not so unique.

All of us at times we might work too hard,
Too heavy, too fast and too much,

And anyone can fill his life up with things
He can see but he just can not touch.

"Dear landlord

Please don't dismiss my case.
I'm not about to argue;

I'm not about to move to no other place.
Now each of us has his own special gift,
And you know this was meant to be true,
And if you don't underestimate me,
I won't underestimate you."

... B. Dylan (1968)
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ABSTRACT

Following a brief overview (Chapter I) which is intended to define
in very general terms the main direction of this thesis, the results of
four distinct but closely interrelated investigations into the gas phase
chemistry of a variety of Lewis acids of carbon, boron and silicon are
presented.

Chapter II describes photoionization mass spectrometry studies
of positive ions generated from the fluoromethylsilanes (CH,),F,.,Si
(n=1-4). Results provide accurate adiabatic ionizations of the neutrals
and appearance potentials of the parent-minus-methyl fragments
generated by photon impact. These data permit the derivation of a
variety of thermochemical data describing silicon containing species,
including estimates of heats of formation of the ionic species, fluoride
affinities (heterolytic bond dissociation energies, D[R*—F"]) of the
various siliconium ions (CH,),Fs-pSi" and ionization potentials of the
silyl radicals (CHz),F;.Si (n = 0-3).

Chapter III describes ion cyclotron resonance spectroscopy (ICR)
studies of fluoride transfer reactions observed to occur between var-
ious fluorine and methyl substituted siliconium ions and carbonium ions
(CHy)pF,opM'™ (M = C, Si; n=0-3). These studies provide the first
experimental comparisons of the relative stabilities of analogous car-
bonium and siliconium ions free from the influence of solvation and
establish the gas phase ion stability order F,Sit < CH,SiF," < CH," <
CF," < (CH,),SiF' < CH,CF," < CH,CH," < (CH,),Si* < (CH,),CF" <

(CH,),C™ for F~ as reference base. In conjunction with quantitative



thermochemical data obtained in the photoionization studies (Chapter II),
these studies yield insights into the effects of @ methyl and fluorine
substitution on carbon and silicon positive ion centers. Comparisons
of the present results with available hydride affinity data yield in-
sights into the influence of the nature of the reference species on the
strengths of acid-base interactions.

Chapters IV and V describe trapped-anion ICR investigations of
the gas phase Lewis acidities of a variety of neutral boranes R,B and
R,FB (where R = CH,, C,H,, i-C,H,, and F) and silanes (CH,)F,-Si
(n = 0-3), respectively, using F~ as the reference Lewis base. Alkyl
substituents are observed to decrease the Lewis acidity of both boron
and silicon acceptor centers relative to fluorine substituents, but the
magnitude of this effect is found to be more pronounced in the case of
the silane Lewis acids. For the borane Lewis acids,increasing the
size of alkyl groups «a to the acceptor center results in increased
stability (measured as fluoride affinities, D[R,B—F" ]) of the borane-
fluoride Lewis adducts. The combined results of these two investiga-
tions permit quantification of the observed gas phase ordering of Lewis
acidities BF, > SiF, > (i-C,H,),FB > (i-C,H,),B > (C,H),FB > (C,H;),B
> CH,SiF, > (CH,),FB > (CH,),B > (CH,),SiF, > SF, > (CH,),SiF for
fluoride ion as the reference base. Interesting insights into the vari-
ations in stabilities of the pentacoordinate silicon anions (CHS)nFS_nSi'
(n = 0-3) are provided by comparisons with available information on
the isoelectronic neutral fluoromethylphosphoranes (CH3)nF5_nP

(n = 0-4).
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CHAPTER 1
INTRODUCTION

That portion of chemistry dealing with acid-base properties of mole-
cules encompasses perhaps the most fundamental of phenomena com-
monly encountered on the macroscopic level and continues to be subject
of extensive investigation. Within this field, the Lewis formalism, L
which defines an acid A as any entity having an accessible low-lying
vacant orbital into which it can accept an electron pair from a base B
possessing a readily donable electron pair to form a dative covalent
bond in adduct AB, is likely the most generally adaptable and certainly
among the most enduring of all acid-base theories. |
The chemistry of one such acid, the proton H' would, at first
thought, seem to be the simplest of all chemical phenomena. And yet,
in its many and varied roles, ranging from importance in the outer
reaches of planetary atmospheres to the currency of energy systems in
the biological realm, the proton is inescapably the most important of all
acids and as such the most thoroughly investigated. 2-4
Among the more exotic of Lewis acids are electron deficient com=-

%5 The tricoordinate neutral boranes are typified by

pounds of boron.
molecules such as the parent monomer BH,, boron trihalides BX;, and
organoboranes BR, (R = alkyl, aryl, etc.). With the notable exception

of BH,, which exists normally as the H-bridged dimer B,H,, the borane
Lewis acids are trigonal-planar monomers utilizing (formally) sp

hybridization about the central atom and possessing an empty (or nearly

S0) 2pZ orbital pendicular to the molecular plane defined by the boron



and its three substituents. The driving force behind a boranes'
Lewis acid character is then, in the view of simple-minded valence
bond theory, its propensity to complete an octet of electrons around
the central atom. Upon formation of a Lewis acid-base adduct, co-
ordination about boron expands to four accompanied by a change to
approximately tetrahedral sp3 hybridization. Thus the adduct is iso-
electronic with neutral tetrahedral carbon compounds.

In as much as the Lewis definition of an acid is charge inde-
pendent, we may easily by analogy recognize any trigonal planar
chemical entity possessing a vacant p orbital perpendicular to the
plane defined by the central atom and its substituent groups as a Lewis
acid. Examples of note in the present context include tricoordinate
cations of carbon7 and silicon centers, i.e., carbonium and siliconium
ions, R,C" and R,Si" (R = H, halogen, alkyl, etc.).

Further, we need not restrict consideration merely to trigonal
planar species, so long as there is available a relatively low lying
vacant orbital capable of accepting an electron pair from some donor
Lewis base for acid-base adduct formation. In this context, numerous
examples of tetracoordinate acids exist (to the notable exclusion, with
minor exception,of carbon centered compounds) which form penta-
coordinate Lewis adducts with suitable donors. Certain tetrahedral
silicon compounds, ¢ which make use of vacant 3d orbitals in the role
of acceptor sights, are known to be capable of undergoing coordinative
expansion to trigonal bipyramidal structures. Usual theories of

chemical bonding make no special note of stability associated with an



electron dectet shell; however, effects of highly electron withdrawing
substituents can result in very considerable acceptor strengths of
certain silane Lewis acids.

The common thread or focus underlying the various studies which
comprise this dissertation is to be the inquiry into Lewis acid prop-
erties of electron deficient molecular centers. In particular, the
investigations presented herein encompass experimental determinations
of acceptor strengths (Lewis acidities) of:

(1) neutral trialkyl- and fluoroalkyl-boranes R,B and R,FB (R = CH,,
C,H;, and i-C;H,), and BF,;
(2) substituted carbonium ions and siliconium ions (CHg),Fy_ M "
(M = C, Si; n=0-3); and
(3) neutral fluoromethylsilanes, (CHg)pF,-nSi (n = 0-3).
As will be seen, the nature of the substitutional environment at the
acceptor center can exercise a profound degree of control over the
acceptor strength of the Lewis acid, and numerous comparisons within
and among the various types of acceptor species listed above will be
made. In order to facilitate concentration on comparative analyses of
the three different central atoms (B, C, Si) and further to bring to light
similarities and differences in substituent effects at the different
centers, a single common reference Lewis base, fluoride ion, is
utilized throughout these investigations. The experimental approach
utilized is primarily the examination of the preferred direction of
fluoride transfer reactions occurring between isolated acid moieties in
the gas phase under low pressure conditions, where bimolecular

encounters dominate the kinetics of reaction, in the absence of



complicating solvation effects. The instrumentation and techniques of
ion cyclotron resonance spectroscopy are the principal tools utilized
in these investigations. Photoionization mass spectroscopy is used to
augment the investigation of the tricoordinate silicon cations.

The first example of a borane Lewis acid-base adduct came as
early as 1809 when Ga.y-Lussac5 prepared the ammonia-borontri-
fluoride adduct, H,NBF,, and its study shortly thereafter by Davy in
1812. Numerous reviews have dealt primarily with a specific type of
borane acceptor and complexes formed by it with various donors.
Relatively few studies have been undertaken to study complexes of var-
ious acceptors with a specific donor. Two recent reviews5 provide
summaries of quantitative data on adduct strengths of borane Lewis
acids, primarily with neutral n-donor bases (e.g., amines, phosphines,
oxygen compounds, etc.). Most of the literature data are in the form of
equilibrium constants for dissociation of the gaseous adducts, and
thus reflect free energies of dissociation rather than enthalpies, which
more directly reflect bond strengths between donor and acceptor.

The present work is therefore primarily directed at the quanti-
tative determination of acid-base adduct bond dissociation energies
D[A-B]. Variations in the magnitudes of these quantities effected by
changes in nature of the central atom and by different substituent
groups at the acceptor center provide insights into factors governing

Lewis acid strength.
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CHAPTER II

PHOTOIONIZATION MASS SPECTROMETRY OF THE
FLUOROMETHYLSILANES (CH,),F,_Si (n = 1-4)12

M. K. Murphy and J. L. Beauchamp1b

Abstract

Photoionization efficiency curves for molecular ions p*
and lowest energy fragments (P—CH3)+ for the series of
methyl and fluoro substituted silanes (CH,;),F,_,,Si (n=1-4)
are reported for photon energy ranges extending from 1 to 2
eV above the respective parent thresholds. Adiabatic ioni-
zation potentials of 9.80 + 0.03, 10.31 + 0.04, 11.03 + 0.03
and 12.48 + 0.04 eV are determined for (CH,),Si, (CH,),SiF,
(CH,),SiF, and CHSSiF,, respectively, with appearance
thresholds of 10.03 + 0.04, 10.70+ 0.04, 11.70 + 0.03 and
13.33 + 0.04 eV for siliconium ion fragments (CH,),Si",
(CH,),FSi", (CH,)F,Si* and F,Si" arising from CH, loss.
These data are interpreted in terms of the thermochemistry
of the various ionic and neutral silicon species. Derived
heats of formation afford accurate calculation of fluoride
affinities (heterolytic bond dissociation energies,
D[R,Si"—F" |) of 219.5, 237.3, 258.4 and 302.0 kcal/mole
for the siliconium ions (CH,),Si*, (CH,),FSi*, (CH,)F,Si"
and F,Si', respectively. These values are 30-50 kcal/mole

higher than the analogous carbonium ions.



Introduction

The involvement of tricoordinate siliconium ions, as inter-

mediates in organosilicon chemical reactions has been proposed by

2,3

numerous investigators. However, many exhaustive experimental

attempts to evidence even the existence of RSSi+ species in solution

have been completely unsuccessful, even under conditions where

4,5

analogous carbonium ions, R3C+, are long-lived. By contrast,

RsSiJr Species are abundant in the mass spectra of a wide variety of

organosilicon compounds. 6,7

Thus, gas phase studies provide a
unique opportunity for determinations of chemical properties of these
elusive species.

Recent gas phase studies from this laboratory of the positive
ion chemistry of fluoromethylsilanes, utilizing ion cyclotron reso-
nance techniques, have provided information regarding the relative
stabilities of substituted siliconium ions, (CH3)nF3_nSi+ (n = 0-3), in
the absence of complicating solvation phenomena. It was shown that
methyl- and fluoro-substituents effect variations in siliconium ion
stabilities, F,Sit < (CH)F,Si* < (CH,),FSi" < (CH,),Si*, for fluoride
ion as reference base, paralleling trends previously observed in the
analogous series of carbonium ions. - Further, investigations of
fluoride transfer reactions between substituted carbonium and silicon-
ium ions9 have shown that siliconium ions are substantially less stable
than their carbon analogs. The more complete ion stability order (with
F~ as the reference base) F,8i* < (CH,)F,Sit < CF," < (CH,),FSi" <
CH,CF,' < (CH,),Si" < (CH,),FC" < (CH,),C", was established.



Accurate carbonium ion heats of formation, obtained principally
from high resolution electron and photon impact mass spectrom-

etry, 10-13

have been used to calculate quantitative fluoride affinities
of carbonium ions. These values serve to bracket the siliconium

ion stabilities within known bounds. A major factor hindering detailed
interpretation of these results is the lack of thermochemical data |
describing ions and neutrals containing silicon. Experimental dif-
ficulties involved in calorimetric determinations for silicon containing
compounds result in large uncertainties even in neutral heats of for-
mation. Although some thermochemical data describing silicocations
are available from electron impact mass spectral studies, 14,15
associated experimental uncertainties again make comparison with
carbonium ions somewhat unreliable. Photoionization mass spec-
trometry (PIMS) has been shown to afford accurate determinations
of appearance potentials for fragmentation processes, much superior
to conventional electron impact techniques.lo"13 We have under-
taken PIMS studies directed at providing more precise thermo-
chemical information describing ions containing silicon.

16 we summarized results of

In a recent preliminary report,
photoionization studies of molecular ions and siliconium ion frag-
ments derived from (CH,),Si, (CH,),SiF, (CH,),SiF, and CH,SiF,.
Tetramethylsilane is the only organosilane previously studied by
photoionization.15c In the present report, we wish to provide

details necessarily omitted from the preliminary account. Photo-

ionization efficiency curves are presented for molecular ions and



lowest energy siliconium ion fragments. Factors affecting the
interpretation of observed ionization thresholds are discussed.
Heats of formation and fluoride affinities of siliconium ions derived
from these data allow a detailed evaluation of the effects of
methyl- and fluoro-substitution @ to carbon and silicon charge

centers. 9

Eerrimental

The photoionization mass spectrometer utilized in the present

17 For these studies

studies has been previously described in detail.
the hydrogen molecular spectrum at 1.0-1.5 A FWHM resolution
was used as the photon source. Sample pressures were typically
~1x 10" torr as measured by an MKS Baratron Model 90H1-E
capacitance monometer. Initially, repeller voltages of ~0.1 V
were used, yielding ion residence times of approximately 50 usec.
In order to minimize ion-molecule reactions in the ion source,
measurements were also run at relatively high repeller voltages
(~10.0 V) resulting in shorter ion residence times of ~5.0 usec.
Although higher source repeller fields resulted in considerably
poorer ion detection efficiency, both sets of conditions yielded
essentially the same threshold energies for ion formation. No
attempts were made to correct ion intensities for ¥c or **%si

isotope contributions. All experiments were performed at ambient

temperature (22°C).
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Samples of (CH,),SiF, (CH,),SiF, and CH,SiF, (PCR, Inc.)
were graciously provided by Professor J. G. Dillard. (CH,),Si
was obtained from MCB Chemicals, Inc. All samples were sub-
jected to multiple freeze-pump-thaw cycles to remove non-condensable
impurities.

Quoted ionization and appearance potential values are obtained
by extrapolation of the linearly rising portion of the appropriate
efficiency curves to zero photoionization efficiency. Various con-
siderations relevant to interpretation of observed thresholds are

discussed in later sections of this report.

Results

(CH,),Si. Photoionization efficiency curves for the molecular
ion and lowest energy fragment (CH3)3Si+ generated in (CH,),Si for
photon energies between 9.4 and 10.8 eV are shown in Figure 1.
These are the only ions observed in this energy range. The onset
of molecular ion formation occurs at 1265 i\, giving a value of
9.80 + 0.03 eV for the adiabatic ionization potential of the parent
neutral. The ionization efficiency rises with photon energy as
higher vibrational levels of the parent ion ground state are popu-
lated, peaks at an energy slightly above the onset of the first
fragmentation, and declines slightly for higher photon energies.
Fragmentation producing (CH3)SSi+ by loss of methyl radical from
the molecular ion, process 1, exhibits an onset at 1236 A, cor-

responding to an appearance potential of 10.03 + 0.04 eV.
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(CH,),Si + hy — (CH,),Si" + CH, (1)

Observed photoionization thresholds and various ion heats of
formation derived therefrom are summarized in Table I. Also
included in the table are the heats of formation of neutrals utilized

in these calculations.

(CH,),SiF. Photoionization efficiency curves for (CH,),SiF" and
(CH3)2S1F+ generated in trimethylfluorosilane between 10.0 and 11.4
eV photon energies are shown in Figure 2. The onset of molecular
ion formation occurs at 1202 + 3 A corresponding to an adiabatic ioni-
zation potential of 10.31 + 0.4 eV. The efficiency curve for the
molecular ion exhibits a gradual onset compared with those for all
other molecular ions observed in this study. For long ion residence

=10

times a rapid ion-molecule reaction (k = 6.5 x 10™*° ¢cm®mol 'sec™)

of (CH3)3S:1F+ with the parent neutral (reaction 2) yields small amounts
(CH,),SiF" + (CH,),SiF — (CH,),Si' + (CH,),SiF, + CH, (2)

of siliconium ion (CH3)381+. Reaction 2 is calculated to be ~43
kcal/mole exothermic and has been previously reported in the ion

chemistry of (CH,),SiF. .

Not shown in Figure 2, the degree of
(CH3)3Si+ formation for low repeller voltages closely coincides with
the shape of the molecular ion curve (though at only ~20% of the
intensity) up to the appearance threshold of (CH3)ZSiF+, at which point
(CH,),Si" intensity increases in coincidence with the efficiency curve

for (CH,),SiF" due to the occurrence of fluoride transfer
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Figure 1
Photoionization efficiency curves for (CH,),Si" and (CH,),Si*
generated from (CH,),Si in the photon energy range 9.4 -

10.6 eV.
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Figure 2
Photoionization efficiency curves for (CH,),SiF" and
(CH3)ZSiF+ generated from (CH,),SiF in the photon energy
range 10.0-11.2 eV.
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TABLE I: Photoionization Data for the Fluoromethysilanes

0

Molecule Ion IP or AP

fo08°
(eV) (kcal/mole)
(CH,),Si - 42,4
(CH,),si* 9.80 + 0.03% ¢, d 183. 5
(CH,),Si* 10.03 + 0.04% ¢, d 154. 8K
(CH,),SiF -126. 08
(CH,) SiF" 10.31 + 0.04% € 111.6J
(CH,),SiF" 10.70 + 0.042 © 86. 6K
(CH,),Sit 9.52,1 12, 99m S
(CH,),SiF, -212.08
(CH,),SiF," 11.03 + 0.032 42. 21
CH,SiF," 11.70 + 0.032 23. 7K
(CH,),SiF" 10.30,1 13.77m - -
CH,SiF, -296.08 b
CH,SiF," 12.48 + 0.04% - 6.3
SiF," 13.33 = 0.042 - 22,78
CH,SiF," 11.21,1 14 68™ = -
SiF, -386. 0
SiF,* 15.19P - 35.9]
SiF," 13.10,1 16.57™ = =

Y onization thresholds determined from this work by extrapolation
of the linearly rising portion of the photoionization efficiency curve for
the indicated neutral molecule.

bAdiabattic IP SiF, obtained from photoelectron spectroscopy,
vertical IP SiF, = 16.46 eV, Ref. 26.

CPprevious literature values: IP (CH,),Si = 9.98 + 0.03 eV and
AP (CH,),Si" = 10.63 + 0.13 eV, determined by RPD electron impact
technique, Ref. 14a.
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TABLE I: (Continued)

dprevious values: IP(CH,),Si = 9.86 « 0.02 eV and AP (CH,),Si*
= 10.09 + 0.02 eV, determined by PIMS, Ref. 15c.
®Previous values: IP(CH,),SiF = 10.55 + 0.06 eV and
AP (CH:,)ZSiF+ =11.11 + 0.05 eV, determined by RPD electron impact
techniaue, Ref. 14a.
fReference 14c.
gAHf values determined as specified in the text.
Pprevious estimate AH; CH,SiF, = -294. 6 keal /mole, Ref. 22.
iReference 22.
jCalculated from AH, (ion) = AH, (neutral) + IP (neutral).
kCalculated from AH, (ion) = AH, (neutral) - AP (ion) + AHf(CH3),
using AH(CH,) = 34.0 kcal/mole, Ref. 27.
lcalculated for the pair processes R,SiF — R,Si* + F~ using
fluoride affinities D [R,Si'—F~ | from Table II.
MCalculated threshold for formation of R Si" by loss of F atom,

from data in this table using eq 15, assuming no kinetic shift.
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reaction 3 (k=3.4 x107*° cm®mol 'sec™). . (CH,)Si" production is
(CH,),SiF" + (CH,)SiF — (CH,),Si" + (CH,),SiF, (3)

eliminated at high source repeller fields, where ion residence times
are much reduced.
Fragmentation yielding (CH3)ZSiF+ by loss of methyl radical

(reaction 4) exhibits a much sharper onset than is observed for
(CH,),SiF + hy — (CH,),SiF' + CH, (4)

molecular ion formation. The threshold for process 4 occurs at
1158 + 3 A, yielding an appearance potential of 10.70 + 0.04 eV.
Table I summarizes observed ionization thresholds and derived ion

heats of formation.

(CH,),SiF,. Photoionization efficiency curves for the molecular
ion and lowest energy fragment CH.O.Sin+ generated from dimethyl-
difluorosilane in the photon energy range of 10.6-12.2 eV are shown
in Figure 3. The molecular ion curve exhibits a well-behaved
increase with photon energy, reaches a maximum near the onset of
the lowest energy fragmentation and remains roughly constant for
higher photon energies. The onset of molecular ion formation occurs
at 1124 + 3 A, cbrresponding to the adiabatic ionization potential of

11.03 + 0.03 eV. Process 5, production of CH,SiF, by loss of CH,
(CH,),SiF, + hy — CH,SiF, + CH, (5)

from the parent ion, exhibits a sharp onset at 1053 + 2 A, yielding an

appearance potential of 11.70 + 0.03 eV. As was found for the
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Figure 3
Photoionization efficiency curves for (CH,),SiF,  and
CH,SiF,  generated from (CH,),SiF, in the photon energy
range 10.6-12.2 eV.
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(CH,),8i" in (CH,),SiF, at low repeller voltages the more stable sili-
conium fragment (CHs)ZSiF+ derived from dimethyldifluorosilane is
observed in low abundance. Its production, not shown in Figure 3,
closely matches the variations in efficiency curves for the molecular
ion and the low energy fragment, CH3SiF2+, in accord with previously
reported8 reactions 6 and 7 (k= 2.5 and 3.1 X 107%° cm®mol 'sec ™,

respectively). (CH3)ZSiF+ production is eliminated by high repeller

(CH,),SiF," + (CH,),SiF, — (CH,),SiF" + CH,SiF, + CH, (6)

CH,SiF," + (CH,),8iF, — (CH,),SiF" + CH,SiF, (7)

voltages. Observed thresholds and derived ion heats of formation are

shown in Table 1.

. CHSSiF;. Between 12.0 and 14.0 eV photon energies, the only
ions formed from direct photon impact on CH,SiF; are the molecular
ion and the trifluorosiliconium ion. Photoionization efficiency curves
for these ions are shown in Figure 4. The threshold for formation of
the molecular ion occurs at 993 + 3 A, corresponding to an adiabatic

ionization potential of 12.48 + 0.04 eV. Fragmentation process 8, loss
CH,SiF, + hy — SiF, + CH, (8)

of CH, from the parent ion, exhibits an onset at 930 + 3 A, yielding
13.33 + 0.05 eV for the appearance potential of S‘1F3+ from methyl-
trifluorosilane. The siliconium ion CHSSiF;r is observed in low
abundance. Its production under low repeller fields essentially

parallels the efficiency curves of CHSSiF3+ and SiF3+ and is eliminated
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Figure 4
Photoionization efficiency curves for CHSSiFa+ and SiF3+
generated from CH,SiF, in the photon energy range 12.0 -
14.0 eV.
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with high repeller voltages, consistent with the occurrence of pre-
viously repor'ced8 ion-neutral reactions 9 and 10 (k= 0.67and 1.9

x 107° cmamol'lsec"l, respectively) observed thresholds and

CH,SiF, + CH,SiF, — CH,SiF," + SiF, + CH, (9)

SiF," + CH,SiF, — CH,SiF," + SiF, (10)
derived ion heats of formation are summarized in Table 1.

Discussion

Theoretical considerations suggest that for molecules, the more
favorable threshold law for photoionization results in greater sen-
sitivity at threshold than is observed for electron impact and pro-
vides for the precise determination of ionization thresholds. Even
so, the interpretation of observed photoionization thresholds requires
consideration of the contribution of thermal internal energy of the
neutral to dissociation processes as well as the possibility of signifi-
cant kinetic shifts. These phenomena have been discussed in detail
elsewhere. 18721

Since these photoionization measurements are conducted at
ambient temperatures, the initial thermal energy of the parent neutral
contributes to the total internal energy of the molecular ion and con-
volutes a Maxwellian energy distribution into the observed threshold
curve. This results in a low energy tail on the fragment ionization

efficiency curve, and causes a shift to lower energy of the apparent

threshold by an amount equal to the mean thermal energy content of
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the parent neutral. Studies of fragmentation processes for the lower
alkanes have demonstrated the importance of such effects. 1
The kinetic shift is a displacement of an apparent fragmentation
threshold to higher energy, an effect arising from instrumental
limitations of the minimum detectable fragment ion signal. The mag-
nitude of the kinetic shift is equal to the amount of energy, in excess
of the true fragmentation threshold, required to raise the dissociation
rate to a level sufficient for the production of detectable concentra-
tions of fragment ions. L
The effects of thermal energy and of kinetic shift are opposite in
direction and often comparable in magnitude, and can lead to a for-
tuitous cancellation of errors. In light of these arguments, we can
place reasonable confidence in the observed thresholds, since the
fragmentation processes of lowest energy correspond to simple Si—C
bond breaking and will not be complicated by significant kinetic shifts.
Consistency of the present results with implications of fluoride trans-
fer reactions of the siliconium ionsg’ 16 suggest that the measured
thresholds are reasonably accurate. Higher energy thresholds (those
resulting from loss of F from the molecular ion), where kinetic shifts

result from competition with lower energy fragmentation processes,

are not utilized in the present study to derive thermochemical data.

Thermochemical Considerations. The observed ionization

thresholds (Table I) allow calculation of a variety of ion thermo-
chemical properties, provided that accurate data describing the parent

neutral molecules are available. Experimental difficulties associated
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with calorimetric determinations of heats of formation for compounds

of silicon and of fluorine have lead to considerable uncertainties in

15

reported values. Indirect estimations of neutral heats of formation

of organosilicon compounds, using the bond interaction term scheme
of Allen in conjunction with electron impact appearance potential cor-
relationsl4- have met with reasonable success for the methylsilanes.

In the present study we take AHf0 values of the fluoromethylsilanes

14c 22

from an interpolation between those of (CH,),Si at -42.4 and SiF,

at -386 kcal /mole, along with the only available estimate for AH
22

f
CH,SiF,”" of -294.6 kcal/mole. The values used (Table I) are fully
consistent with limits on siliconium ion fluoride affinities established
by direct ICR observations of thermal energy fluoride transfer

9,16

reactions involving siliconium ions and carbonium ions. Reference

thermochemical data on the carbonium ion species involved are known
with considerable accuracy from previous investigations. 10-13 The
heats of formation of neutral silanes in Table I fit an approximately
linear decrease of -85.9 kcal /mole for successive substitution of F
for CH, throughout the series. Minor positive deviations from this
decrease occur for values of AH, of (CH,)sSiF, (CH,),SiF, and CH,SiF,
(respectively, 1.7, 1.8 and 3.9 kcal). Similar thermochemical cor-

relations are well known and form the basis of Benson's group

23 24

additivity method“” and the bond interaction term schemes of Allen.
Overall accuracy is conservatively estimated at + 5 keal/mole in AHf
values, of which only + 1 kcal/mole is attributable to uncertainties in

measured ionization thresholds.
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Siliconium Ion Fluoride Affinities. Using the heat of formation

data for the siliconium ions fragments R3Si+ arising by loss of CH,
radical from the series of neutrals (CH,),F,.,,SiCH, (where n = 0-3),

the relationship 11 is used to calculate the fluoride affinities for all

D [ReSi"—F | = AH{[RSi" |+ AH[F™ | - AH,[R,SiF ] (11)

f f[

four siliconium ions. The calculated values are summarized in Table
II and exhibit a very marked increase with increasing fluorine sub-

stitution in place of methyl.

Related Thermochemical Properties. Included in Table II are

calculated values for ionization potentials and heats of formation of
the various methyl and fluoro substituted silyl radicals and estimates
of the excess energies required to fragment the various parent molec-
ular ions, denoted as D[R,Si*—X | (where X = CH,, F).

Calculation of silyl radical IPs, using appearance potential data

for siliconium fragments arising from CH, loss (Table I), with eq 12
IP [R,Si- | = AP[R,Si" ] - D[R,Si—CH, ] (12)

requires knowledge of the Si—CH, bond dissociation energies in the
neutral silanes. The only direct measurement in the literature is that
of D [(CH,),Si~CH, ] = 78.8 + 3 keal/mole®> obtained from the kinetics
of thermal decomposition of (CH,),Si. In light of the electron with-
drawing effects of fluorine substituents and the relatively high
polarizability of the methyl group, silicon-methyl homolytic bond dis-

sociation energies might be expected to vary by an as yet unknown
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degree with increasing fluoro-substitution on silicon. In Table II,

IPs for (CH,),FSi, (CH,)F,Si and F,Si are estimated using

D [R,Si—CH, | = 80 kcal/mole in each case. This estimate may be
questioned, at least for F,SiCH,. The calculated IP [F,Si- | at 9.86 eV
is appro:»q’mately equal to the accurately known value of IP [CH,: | =
9.84 eV. 10b From such silimar ionization potentials, one might
expect to observe appreciable abundance of CH3+ in the mass spectra
of CH,SiF,. In fact, for electron energies up to 70 eV, essentially no
CH," (<0.1% of total ionization) is formed, while SiF," is the base

8 This

peak from CH,SiF, from the onset of fragmentation to 70 eV.
suggests that IP [F,Si- | is actually considerably less than 9.84 eV
and, assuming the measured AP [F,Si* | from CH,SiF, to be correct,
requires D [FgSi—CH, | to be somewhat greater than 80 kcal/mole.
Similar uncertainties likely affect the IP values for (CH,),FSi and
(CH,)F,Si radicals. Even so, the calculated radical IPs show con-

siderable increases with fluoro substitution. Radical heats of forma-

tion are calculated from eq 13 and subject to the above considerations
AH, [R,Si] = D [R,Si—CH, | - AH, [CH, | + AH, [R,SiCH, | (13)

regarding estimates for Si—C bond dissociation energies.
Calculations of excess energies necessary to induce Si—CH,

bond breaking in the silane molecular ions (Table II) using eq 14
D [R,Si"—CH,] = AP[R,Si" | - IP [R,SiCH, ] (14)

require only a knowledge of relative ionization thresholds and do not

depend on AHf values of the neutral silanes. The calculated values
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are small but exhibit substantial increases with fluoro substitution,

ranging from 5.3 kcal/mole for (CH,),Si* to 19.6 kcal/mole for F,Si'.
The analogous calculation of D [R.Si"—F ] values is inhibited by

a lack of direct measurements of appearance thresholds for siliconium

ion fragments arising from F loss. However, approximate APs may

be calculated using heat of formation data from Table I in eq 15. These
AP RS | = AH[RSi" ] - AH;[R,SiF |+ AH[F- ] (15)

calculated APs are included in Table I and allow calculation of Si—F

bond energies in the parent molecular ions from eq 16. It is interesting
D[R Si'—F] = AP[R,Si" | - IP [R,SiF | (16)

to note that these calculated values of D [R,Si'—F) (Table II) are con-
siderably larger than those for D [RssiJr—CH3 ] but exhibit an overall
decrease with increasing fluoro substitution beyond (CH3)2FSi+, in
contrast to the consistent increases observed throughout the
D[R,Si'—CH, ] series.

Included in Table I are estimates of the appearance thresholds
for the pair processes R SiF — R3Si+ + F~, which in the absence of
appreciable Kkinetic shifts are equal to the fluoride affinities of the
siliconium ions RSSi+. In contrast to the energy dependence of frag-
mentation processes involving the loss of neutral species, that for a
pair process is typically a resonance phenomena occurring with
appreciable cross section only over a relatively narrow energy range.

A pair process would appear as a peak in the photoionization efficiency
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curve. The estimated AP values for ions arising from loss of F and
F~ (Table I) lie considerably outside of the photon energy ranges
examined for the appropriate silane neutrals in the present study. No
systematic attempts were made to detect the pair processes.

Comparisons of thermochemical data for trisubstituted silicon
radicals and ions derived in the present study with literature data
for the analogous carbon species are shown in Table III. These data
represent the first quantitative comparisons available and contribute
much to the interpretation of the relative effects of methyi and fluoro
substitution at carbon and silicon centers.

Particularly striking from the comparisons in Table II are
large but consistent differences in heterolytic bond dissociation
energies, D[R,M'—F" ] (where M = C, Si). A given siliconium ion is
found to bind F~ more strongly by 40 + 9 kcal/mole than the carbonium
ion analog. This result bears significantly on repeated failures to
detect siliconium ions in solution, under conditions where analogous

4,5 While ion solvation can strongly

carbonium ions are long-lived.
influence ion stabilities in solution, the magnitude of the observed
differences in siliconium and carbonium ion fluoride affinities in the
gas phase suggests, in addition to effects due to C—Si electro-
| negativity differences, a lack of 7 backbonding from filled substi-
tuent orbitals into the Si 3P orbital as compared with carbonium ions,

due to poorer spatial overlap. Detailed discussion of these effects is

the subject of a forthcoming report. 9
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CHAPTER III
A QUANTITATIVE COMPARISON OF SILICONIUM AND
CARBONIUM ION STABILITIES IN THE GAS PHASE BY
ION CYCLOTRON RESONANCE SPECTROSCOPYla

M. K. Murphy and J. L. Beauchamp1b

Abstract
The gas phase positive ion chemistry of mixtures of methyl
and fluorine substituted methanes and silanes have been investi-
gated using the techniques of ion cyclotron resonance spectroscopy.

Fluoride transfer reactions (n, m = 0-3)

(CHJFom®l® 4 (CH ) Forn OF =
' (CHy)m FasenC™ + (CHy)FaupSiF

are found to proceed to the right whenever n < m + 1. These
results serve to establish the ordering of gas phase carbonium
and siliconium ion stabilities (expressed as fluoride ion affinities,
D[R*—F"]) SiF," < CH,SiF," < CH," < CF,* < (CH,),SiF" <
CH,CF," < CH,CH," < (CH,),Si* < (CH,),CF' < (CH,),C". Com-
parisons with available data for the hydride affinities D[R™—H" ]
of the methylsiliconium ions (R = (CH,) Hs-pSi', n = 0-3) and
analogous carbonium ions provide insights into the effects of
methyl and fluorine substituents a to carbon and silicon cation
centers. These observations provide the first direct experimental

comparison using F~ as reference base of relative stabilities of
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analogous carbonium and siliconium ions free from the influence
of solvation. The present results provide insights into solution
studies where attempts at observing the elusive siliconium ion

species have proven futile.

Introduction

Significant contributions to understanding relationships between
chemical structure and reactivity in organic systems have come from
investigations of substituent effects on the stabilities of carbonium ions
R30+ both in solution and in the gas phase. -4 A range of spectroscopic
techniques have yielded valuable structural information on long-lived

tricoordinate carbocations in solution. 2, 5-8

Various studies indicate
that solvent-solute interactions, particularly important for ionic species
in solution, can greatly modify "intrinsic' structure-stability-
reactivity relationships and result in seemingly anomolous effects. d
Therefore, it is desirable to obtain information on ionic species in the
gas phase. Ion cyclotron resonance (ICR) spectroscopy provides a tool
uniquely suited to the detailed examination of ion-molecule processes,
which can be used to quantify ion and neutral thermochemical properties,
in the gas phase in the absence of complicating solvation phenomena.
Recent ICR studies from this laboratory have exploited rapid anion

transfer reactions 1 (X~ = H™, F~, Br', etc.) for quantitative deter-
R,"+RX = RX+R,” AH=D[R,-X"]-D[R,-X"] (1)

minations of carbonium ion stabilities (measured as anion affinities,

heterolytic bond dissociation energies, D[R*—X"]), with accuracies
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4,9-13

approaching + 0.1 kcal/mole in favorable cases. Precise

thermochemical data on carbonium ions is also available from high

resolution photoionization and electron impact mass spectrometry.]“l'16

Relatively little detailed information has been available de-
scribing analogous tricoordinate cations where the charge center is

another Group IVb atom, silicon. Siliconium ions, Rssi+, are pro-

posed as intermediates in many organosilicon chemical re_acta'lons17

and are abundant in mass spectra of a variety of organosilicon com-

18,19

pounds. Exhaustive experimental attempts to generate even

detectable concentrations of siliconium ions in solution, under con-

ditions where analogous carbonium ions are long-lived, have been com-

20, 21

pletely unsuccessful. The factors responsible for the apparently

exceedingly low stability of siliconium ions in solution as compared

with their carbon analogs have been debated as the '"'siliconium ion

21

question. " Although some thermochemical data describing siliconium

ions in the gas phase are available from electron impact mass spec-

trometry, large experimental uncertainties make stability comparisons

with carbonium ions somewhat unreliable. 22,23

24

Recently reported
from this laboratory, ICR studies“” of fluoride transfer processes 1,
where X = F, yield a qualitative siliconium ion stability order SiF," <
CH,SiF," < (CH,),SiF" < (CH,),Si", paralleling trends in substituent
effects observed for the analogous carbonium ions.

In the present report, we present a direct comparison of the gas

phase stabilities (expressed as heterolytic bond dissociation energies,

D[R"—F"]) of siliconium ions and carbonium ions as determined from
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ICR studies of fluoride transfer reactions 1 (where X = F7) occurring
in mixtures of appropriately substituted methanes and silanes. In
conjunction with recent photoionization studies of siliconium ion frag-

ments generated in the fluoromethylsilanes, 23526

the present results
serve to establish an absolute scale of gas phase ion stabilities with
fluoride ion as the reference base and afford a quantitative comparison
of factors responsible for the complex and competing effects of methyl

and fluorine substituents a to silicon and carbon positive ion centers.

Ex&rimental

All studies reported herein utilize a high~field ICR spectrometer
(employing a 15" magnet system) constructed in the Caltech instrument
shops. Details of the instrumentation and experimental techniques

21 Gas

associated with ICR spectroséopy are described elsewhere.
mixtures utilized are prepared directly in the ICR cell by admission of
sample components through separate variable leak valves in a parallel
inlet manifold. Absolute gas pressures are determined using a Schulz-
Phelps ionization gauge, adjacent to the ICR cell, calibrated separately
for each component against an MKS Baratron Model 90H1-E capaci-
tance manometer. 10 A linear calibration of Baratron pressure versus
ionization gauge current affords pressure determinations over a range
of 10”7 to 10™* torr. Overall accuracy in pressure measurement for
these studies is estimated to be + 20% and represents the major

source of error in reported reaction rate constants. All measurements

are performed at ambient temperatures (~22°C). Bimolecular rate

constants are determined from the limiting slopes of semi-log plots of
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trapped-ion abundance versus time, partitioned in accordance with
product distributions.

The ionizing voltage utilized throughout this work is nominally
20 eV, with typical electron beam currents of ~3 x 10" A. Under
these conditions, tricoordinate cations (siliconium and carbonium ions)
comprise major portions (= 80%) of the total ionization, facilitating
examination of fluoride transfer processes in detail.

Samples of (CH,),SiF, (CH,),SiF,, and CH,SiF, (PCR) were pro-
vided through the courtesy of Professor J. G. Dillard. (CH,),CF, was
obtained from Cationics, CH,CF, from PCR, and CH,, (CH,),CH, CF,,
and SiF, from Matheson. Non-condensable impurities were removed
using multiple freeze-pump-thaw cycles at liquid nitrogen temperatures.
Mass spectral analysis of all samples utilized showed no detectable
impurities, with the exception of trace amounts of disilylether contami-
nants in (CH),SiF, (~0.2%) and CH,SiF, (~2%). 24 1 view of previously
reported difficulties encountered in mass spectral studies of organo-
halosilanes, it is possible that ether impurities arise from reaction
with traces of water on inlet manifold surfaces.

Data reported in tables and figures are normalized to mono-
isotopic abundances (IZC, 98.89%; 28Si, 92.21%). Typically, ionic
species compri'sing less than 1% of the total ionization are omitted from

the reported data.

Results
The gas phase positive ion chemistries of the fluoromethylsilanes

and fluorocarbon compounds individually have been the subject of
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previous investigations. 4-12, 24,25, 28,20

In the present study, positive
ion reactions occurring in binary mixtures of methyl- and fluoro-
substituted silanes and methanes are examined with the goal of deter-
mining relative fluoride affinities of analogous tricoordinate cations
(CH)nFsapM™, (n = 0-3; M = C, Si). Under the experimental conditions
employed, fluoride transfer reactions involving carbonium ions and
siliconium ions by far dominate the observed chemistry and attention
will be focussed on these processes. Reaction rate constants deter-
mined in the present study are summarized in Table I. A number of
additional ion-molecule reactions are detected in the mixtures examined
and are for the most part characteristic of the ion chemistry of the
individual components. Detailing of thesé reactions is omitted except

where necessary for clarity of data interpretation regarding the

fluoride transfer processes.

CF,/CH,SiF,. Figure 1 illustrates the temporal variation of
trapped cation concentrations following a 10 msec electron beam pulse
in a 6.9:1 mixture of CH,SiF,; and CF, at a constant total pressure of
7.9 x 107° torr. Previous investigations indicate CF3+ to be unreactive

with CF,2% and that CH,SIiF, is the more stable siliconium ion arising

24-26

from CHgSiF,. Double resonance experiments indicate that

fluoride transfer reaction 2 is primarily responsible for the increase
CH,SiF," + CF, —» CF," + CH,SiF, (2)

of CF3+ abundance with time in Figure 1.
Minor complexity of the ion chemistry of this mixture arises from

the presence of a low concentration disilylether impurity, suspected to
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Figure 1
Temporal variation of ion abundances following a 10 msec
20 eV electron beam pulse in a 6.9:1 mixture of CH,SiF,

and CF, at 7.9 X 10™° torr total pressure.
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be [(CH,)F,Si],0. Comprising ~30% total ionization at long times in
Figure 1, m/e 159, formulated as (CH,),F.Si,0", has been previously

observed in the ion chemistry of CH,SiF, alone, 24

Double resonance
indicates that m/e 159 is produced to some small extent by CF3+, pre-

sumably via fluoride transfer from the neutral ether.

CH,CF,/CH,SiF,. The temporal variation of ion abundances
initiated by a 10 msec electron beam pulse in a 1.5:1 mixture of CH,SiF,
and CH,CF, at a constant total pressure of 7.9 X 107° torr is displayed
in Figure 2. As previously reported, 28b, 30 CF3+ reacts by fluoride
transfer with CH,CF, to generate the more stable carbonium ion
CH,CF, . As shown in Figure 2, CH,CF," comprises essentially 100%
of the total ionization at long times and does not appear to undergo
further reaction in this system. From the relative abundances of ions
present immediately following the ionization pulse (Figure 2), it is
evident that only ~40% of the CH,CF," can be accounted for by fluoride
transfer from CH,CF, to CF3+. Double resonance indicates that

reaction 3 is responsible for the majority of the observed buildup of

CH,CF, .
CH,SiF," + CH,CF, —» CH,CF," + CHSiF, (3)

It is interesting to note that, in contrast with observations in
CH,SiF, alone>? and in the CF,/CH,SiF, mixture described above,
m/e 159 is not observed in abundance greater than 1% of total ioniza-
tion in this mixture. Such behavior would be expected under the
present conditions if the fluoride affinity of (CH3)2F3Si20+ is inter-

mediate between those of CH,CF," and CF,".
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Figure 2
Temporal variation of ion abundances following a 10 msec
20 eV electron beam pulse in a 1.5:1 mixture of CH,SiF,
and CH,CF, at 7.9 X 10”° torr total pressure.
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