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ABSTRACT

A dynamic nuclear magnetic resonance lineshape

~analysis has béen employed in a mechanisfic'study of the
intermoleculaf‘fluorinévexchange fouﬁd in the methylﬁetfa—
‘fluorosiliéate moietyf 'Thé éxchange is found to'be seqohd
order in methanol and —O;ZJto -0.5 order in the pareﬁt

 fluorosi1icate salt. 'Thesé results afe shown to be in-

consisteht with thevéreviousiy describéd mechanisms,'and.-'
Valternate‘mechanisms bésed on expansioﬁ of thé~coordination ”
~around silicénlfrom‘five to six arehpresentéd. ‘The exchange
lis found“td be inhibited by Lewis-bases suéh as pyridine. |
The apparent exchange rate is sensitive fb the fluorihe“_

spin-lattice relaxation time, tunder dertain circumstances,
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V>CHAPTER 1 NATURE OF THE PROBLEM

This study represents part of the continuing
interest in this laboratory in the exchange mechanlsms

(2-6) In partlcular, the work

of the_maln group fluorldes.
‘described,in this thesis is a dynaﬁic nuclear magnetic
resonance (dnmr) study of the intermolecular.fluorine
exchange process in the flve coordlnate silicate salt
tetrapropylammonlum methyltetrafluoros111cate, EE{81F4 ]
EJKZ 7);].Jr. Thls salt was first prepared‘by,Klanberg
and Muetterties *) in 1968; who found that the'CH3SiF4f
ion underwent  two distinct types of.exohange prooesses;
-an intramolecular‘rearrangemeht of the fluorines which
~results in the four fluorines being magnetically and
bchemiceliy equivalent," and an intermolecoiar exohahge
‘Which prooeeds at a rate fast enough to cause the.loss
rof huclear spin—spin cou?ling between the fluorines and.
. the protons in the methyl group. The structure of the ion
‘was assumed to be trlgonal blpyremldal w1th the methyl
1group occupying one of the equatorlal sites, analagous :
to the structure of (C6H5)2SiF3-.(l), The intramoiecuiar'
yrearrangement of‘a trigonal bipyramid has been recently.

(7)

reviewed, and will not be of great concern tofthis>study;

-+ For brevity, tetrapropylammonium methyltetrafluoro-
~silicate will often be referred to by the formula of the:

anion, viz CH381F




The intermolecular exchange, howevery, has been the

" subject of much speculation, but no kinetic studies have
been carried out. The mechanisms proposed by the original

authors were:

1. ‘A bimolecular exchange involving fluorine

pridged dimers: .

F - , F F =
- I ' ‘ﬁ " ) _ ‘ o
2 ,CH_o,—-Tis':‘i? = CH‘?Tiéi?Ti’s"?s

2- A dissociative or'ionization prosess.
| CH,SiF,” S -CHésiFB + F

The basis that they - used for postulatlng these
mechanisms was simple analoay to processes known or -
.assumed to occur among the other main group 1norganlc
fluorldes (see gsection 2.1 and references thereln for
‘examples of»these other nechanlsms) ~For the Cd381F4
ion’ they favoured the dissociative mechanism, while for
some'of the other members of this series, notably SlFS ,
the first mechanlsm was favoured. ' | |

workers in this laboratory have found that other

mechanisms»mlght be the predomlnant mechanlsm of inter-




(2,3) in a study

molecular fluorine exchange.‘ Gibson,
of the acceptor propertiesAof the SiFS_ ion, found that
the exchange was caused by the presence of trace quan-

tities of moisture. The addition of a drying agent

(hexamethyldlsllazane) reduceo the rate of lluorlne
exchange, on a nuclear magnetlc resonance time scale, to
almost zero. Slmllar effects were noted for CH381F4_,

»suggestlng that 'a common mechanlsm was the cause of ex~

,change in both ions. Many 51m11ar cases of cataly51s by
1mpur1t1es exist among the other main group 1norgan1c |
fluorides (section 2. 2 and references thereln)

In orxrder to help clarlfy the mechanlsm of fluorlne
exchande in ‘these salts, it was de01ded to undertake
a thorough klnetlc study of the exchange orocess in the

CH,SiF 1on, this ion being partlcularly sultable for

3 4
dnmr studies because of the nuclear sp1n~sp1n coupllng
between the fluorlnes and the methyl group

- To acconpllsh thlS it was. necessary to generate

'oroton magnetlc resonance line shapes for a grouo of

three equlvalent protons coupled to a group of four
'equlvalent fluorlnes underg01ng intermolecular exchange.

Slnce no examples of a 31m11ar system were avallable in

~ the llterature, and none of the_generally available line-
shape programs appeared capable of solving this problem,

it was necessary to derive suitable expressions for the




)
formulation

(14)

‘simulation of the spectra. The McConnell
R on the Bloch (lo)'equatibns was chosen as being the most

suitable for this study. The procedure employed was sim-

ilar to that of Reeves and Shaw,(;s) except that matrix

manipulatibn yielded an énaiytical expreSsioh that could
be.used with the quantumvmechanical 1inésha§é_programs‘

available to the auth6r. ‘This method of describing the
lineshape phenbméhon’has the advanta§e of beingAintui—__

tively understood by someone not versed in the fine points

of quantumVStatistics (such is the case with the author).
.Mefhanol was éhoéén'as the exéhange catalyst because

it.isvdompleteiy soiuble invmethylene chloride and the

-~ guantities requiredvfor exchange were easily measured

by standard techniques;




- CHAPTER 2 INTRODUCTION .

2.1 The dynamic nuclear magnetic resonance technique

Nueiear magnetic resonance spectroscopy provides a
- .convenient method for the study of rate vrocesses that have
"rates of 10‘l to'lO5 sfl.' Con31der a situation in Wthh |
:the membere of an‘ensembie of nuclei can exist with equal
vprobabiiity'inbone of fwo magneﬁic env1ronments, A or B,
lbwith e difﬁerence in Larmer (resonance) frequeney ofdaAB.
If the lifetime in each site is long compared_tode, the
transverse relaxation time, the'epectrumvwill’consist of
two lineé at the resonance freqnencies'of A and B Qith line
widtns (Av%)'cheracteristic of the relaxation:time.of the.

nuclei in that situation.

Now, if'some mechanism‘can transfer eome of thefA type
nuclei.into site B atlthe same time that the B's are being |
transfered into A, a change in the llneshare will occur,
Ithe magnitude of whlch depends on the rate at whlch thls .

exchange of sites can take place. As the exchange rate
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"approaches Tz—l +he lines will broaden due to a shortening
of the lifetime in each site. This effect is a oonsequencev

of the uncertainty principle,’and is known as "lifetime
broadening®. Since the lifetime in each site is still
longer than the inverse‘of the fregquency difference between

the sites, 5—1 all of the‘phase coherence aquired by the

ABI
A nuclel w1ll be lost by the time that the nuclel return to

A. At thlS p01nt the exchange may be thought of as another

Tzkprocess.v This results in a line w1dth of:

_ 1 ' 1

where T is the ﬁean lifetime between exchanges. If the

- exchange rate approaches the.frecuency difference between
.the sites, some of the phase coherence w111 be malntalned
between exchanges. The nuclei at site A will start to take
on some of the chafacterlstlcs of B_and vice versa. At
‘this point the lines become very‘broad, and a aeohease in
1-the peak sebaration is notioed. The‘following diagram.pro—

- vides an illustration of thisAconcept.




At very high exchange rates all phase coherence will

be maintained between exchanges, and furthermore, since the
j _ :

‘nuclei spend as much time in site A as in site B, a single

‘peak at a frequency that is the average of the two site

frequencies is observed. Several approaches have evolved
in the attempt to provide a more quantitative description.

of this effect; a brief outline of these is given below:

a - The Bloch-McConnell method

The equations of motion describing the nmr phenomenon

(10)

 were first derived by Bloch. The effects of chemical

exchange were first introduced by Gutowsky's group, who
employed their modified Bloch equations to study the hind-
ered rotation about the carbonyl-nitrogen bond in dimethyl-

formamide and the related acetamide;(lo—lB) Piette and -

(34) generalized the method to account for multiple

Anderson
sites, with the restriction that the probability of a trans-

fer from site A to site B was proportional to the fractional

.population of site B. This was applied to a study of bond

rotation barriers in alkyl nitrates, and a similar technique

was employed by Arnold in a study of proton exchange in

'ethanol.(35)

A direct .introduction of exchange terms into the Bloch
' (14)

equations was proposed by McConnell in 1958. When
written in matrix form and solved for the usual steady-state

conditions, this method may be generalized to account for




any number of sites with exchange occurring between any

(15,16,21)

or all of the sites. Many cases of both inter-

and intramolecular exchange have been studied by this meth-

(17-20)

od, and the list of references is by no means

exhaustive. Several reviews on the use of the Bloch egqua-
tions for the study of chemical exchange reactions have

(21-23,55,56)

also appeared. It must be noted, however,

that the Bloch eqnationstare subject to restrictions. At
this point, a quotation-from a.paper by Reeves andfshaw(ls)v'
dis appropriate: "the use of the modified Bloch equations
is restricted to first-order spectra so that the nuclear :
spin isochromats associated with distinct 51tes of differing

Larmor frequency may be considered to be 1ndependent except

to chemical exchange effects."”

b The density matrix (quantum mechanical) approach -

An alternate method for'the calculation of exchange
broadened nmr spectra has been developed by several groups;
(27-34,37) Thisitechniqueiemploys a‘branch of quantum
‘statistics known‘as."density matrix theory“;-wnicn is af
stochastic matrix representation of Markov probability

(57) This theory allows for spin-spin coupling of

chain.
any magnitude between the sites, and provides for a sim-
- plification of the exchange process in terms familiar to

chemists, that is: chemical shifts, coupl1ng constants and

permutations between nuclei. A aetailed description of the




.‘9
'dehsity matrix theory and its applications to nmr spectro-
scopy, including intramolecular exchange in an "ABX" spin
system, has been giveh by‘Goodwin°(44)

Many refinements of this theory ha?e been introduced
in recent'years. Two of these are: the extension of

(37)

Alexander's work by Whitesides, and the

method deveioped by Jesson and Meakin for separating nmr‘
distinguishable mechanisms by the applicétion»of group
theory¢(38)
The mdst notable development, however, has been the
reformulation'df the problem in Liouviile space by'Binsch

and Kleier.(39)

_With appropriate symmetry and equivalence
factoring this technique has enabled computer programs to
'be written that will handle systems of up to six tightly

‘coupled spins With hundreds of 1ines.(42’43)'

These pro-
grams are quite simple to use, requiring only chemical
shifts, couplingvconstants,'T2 and a nuclear permuta£ion
vector which describes'which nuclei become what after the -
" exchange. They can also simu1ate the spectra in cases
Whére the exchange is non—mutualel In this caée‘the nuclei
can exist iﬁ;more than two configuratibns and the lifetimes
in each situation are not ﬁecessarily equal (note that the
concept of nuclear situétion~or configﬁration‘is diétinct

from the concept of "site" used in the Bloch equations) . .

Unfortunately, these programs .are of little use for prob-.
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lems involving intermolecular exchange.

c Pulse methods

All of the methods described thus far have been a
description of the spectrum in the frequency domaiﬁ where
the magnetization is plotted as a function of frequency.

'It is possible though, to study the‘process in the time
domain, ‘since the time interval between repetitive events
and thé frequency of thé events are inversely related. ‘

This approach was developed by ‘Gutowsky's group,(45_52)
who have applied the pulse seqﬁence of Carr and Purcell (53)

vto the loss of transverse magnetization resulting from an
exchange process. In the absence of exchange, the ampli-
tude of the spin echbes following each pulse‘in the Carr-
Purcell seﬁuence decay in a purely exponential manner, characterized

by a time constant T If an exchange process can transfer

2

magnetization among the various sites, an additional loss of

magnetization can occur. The decay resulting from this

h (10,45)

process is not exponential. Both the Bloc and the

density matrix(47’50)

methods have been employed in the
mathematical analysis of this effect. The analfsis gives
values for the:site frequéncies,‘Tz, the site populations
"and the pre-exchange lifetime. | ’

Advantages of the pulse methods include:‘ separability
of the various Spedtrai parameters, méking iterative fits

to all parameters possible; and a greater dynamic range of
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rates.

The reasons that the technique has not become more
pdpular are: the high computationai requirements, some
unresolved conflicts concerning the validity of the results
f bbtained,and a genefal unfamiliarity.With the methods of
pﬁlsed nmr spectroscopy. The increasing popuiérity of
pulse spectrometers may change this situation, though,v‘
'aue to the availability of suitable apparatus and. a
- 1arger_number of people trained in the use of pulse hmr
techniques. . | | '

| An.excellent'bodk reviewing all aspects of dynamic
nuclear magnetic resoﬁance spectroscbpy has recently (1975)

appeared.(ss)

This work is edited by L. M. Jackman and
F. A. Cotton, and contains articles by many of the leading

people in the field of magnetic resonance.
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2.2 Exchange processes in main group inorganic

fluorides

It is instructive at this point to review some of -

the exchange reactions found to occur within the nmr.
time scale among the group III to group VII and Noble

gas. fluorides. -TheAexamples given are a representative

sampling intended to.show>a few of the sundry mechaniéms

that have been postulated,'and some of thé-difficulties -
encountered. Partlcular emphaSLS has been placed on |
" the p0551b111ty of catalysis by lmpurltles as one of the
mechanlsms for exchange. |
Boron trifluoride has been found to undergo:a
bimolecular exchangé in the presence oleu4NPF6 (Bu= 
q ).(58)
~in BF énd 1/2 drdeflin. Bu,NPF_. This behaviour was

3 4 6

ratlonaTLZed with the follow1ng mechanlsm,

The reaction was found to be first order

'@ dissociation of the ion pair Bu,NPF. to the‘free_

ions.
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.
O

F

——3 (bridged intermediate ?)

_.-'F

a bimolecular exchange between the PFG_ion and BF3.

If the équilibrium of equation l was far to tﬁe left,

the concentration of free PFG_ would be proporiional

tb the concentration of the addéd Bu4NPF6 to the 1/2 power.
‘ The.secqnd step_Would_be a bimolecular exchange between |

PF, and BF,, and would be first order in both species.

6 37 , .
This results in an overall rate process which is 1/2

order in Bu,NPF_ and first order in BF,. Another

possibility for the exchange would be:

- | | I
PF, + BF, ¥3 PF. +  BF,

which, if the equilibrium was far to the left, would.
result in exactly the same nmr lineshape and kinetics

.as the previous mechanism.
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Another group III fluoride exchange that has been
studied by an nmr technique is the exchange of aluminum

fluorides in aqueous solution.(sg)

These exchange
via an intermolecular process, and the following

exchange reactions were suggested:

1] . 2awrFt2 3 a3 A1F2+

o . L + < +2

g] o ‘2vA1F2 -~ AlF, +vAAlF

" , . “« - +

}] B 2 A1F3‘ > AlF4 +‘ Ale

All species could be observed‘in the 19F nmr spectrum

i

and several were observed in the 27Al spectrum. One

unfortunate feature of this system, rendering it useless
for accufafe kinetic studies, is the fairly iarge
quadrupole momeht possessed by the .27Al nucleﬁs.

In group IV, no ekchange is observed with carbon,
but with silicon,exchange-is noted in all of the stable
cdordination numbers; A kinetic study»of rapid hydrolysis
'in‘(CH3$3SiF has been perférmed by J. A. Gibson in this

(2,6)

1aboratory. The exchange is a rapid hydrolysis,

followed by a slow condensation to the siloxane.

_ , (CH3)331F + HZO > (CH3)3810H + HF

2] . ;2-(CH3)3$10H, > (CH3)381081(CH3)3 + H,0




A15'
' The reaction was found to.be.catalyzed by diethylamine,
and the first step was followed by a dnmr technlque in
whlch the collapse of the proton magnetlc resonance
‘doublet. (due to coupllng of the fluorine nucleus to the

(10) approach was

methyl groups) was observed. The Bloch
enployed to obtain the rate constants from the spectra.
AThe exchange was found to be flrst order 1n both . (CH3)381F-
and dlethylamlne,.and the order with respect to water

' was 2‘at low dlethylamine concentrations but dropped to’
fl'at high concentrations; Furthermore, at high'temperf
atures a negative temperature effect was noted ‘the
exchange rate would actually decrease w1th an 1ncrease in
. temperature. These results are reminiscent of the .-
.the variable solvolysis orders and negative teﬁperature
‘effects found in the;'hydrolysisvand alcoholysis of’

(60)

silicon-chlorides, suggesting that perhaps alsimilare |
;itY‘ mlght exist in ‘the mechanlsms. Indeed, alcoholysls
of 51llcon chlorides has been reported to occur w1th
orders w1th respect to alcohol of up to 7. Several
mechanistic possibilities were considered, all.of uhich'

~ involve the formation of five or six coordinate inter-

mediates, such as:
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"H HN(CZHS)2

in which oﬁe water molecule was envisioned as complexing
with the silcon and the other assisted in removing

the fluorine. At high diethylamine concentrations the
éoordinate water could be displaced by another amine,

and thereby lowef’the order in'water to 1. Of course,
many mechanismsbare‘ébSSible,;nd the dnmr technique does
not distinguish one from the rest. It does, however,

show thelsimilarity‘ between thé reaction of chlorosilanes
and fluorosilanes, and muéh useful kinetic information

can be obtained by this technique.

Five coordinate silicon was discussed in chapter 1,

-and all that can be’addéd'here is that both the author

and other workers in this laboratory have obtained déta
that is inconsistent with the previously proposed theories.
Addition of a combination drying agent and hydrogen

fluoride scavenger (hexamethyldisilazane) was found to

inhibit the intermolecular exchange in both SiF5 and
. b (2,3)
CH351F4 -
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The only six coordinate silicon fluoride that
has been studied by a dnmr téchnique is the SiF ion.

This ion undergoes exchange only under quite acidic

_conditions, and the mechanism that was postulated

(no rate studies were conducted) was:(62)
H S : |
- IF - Bng Al - r =
' IF‘-. ',o'F —HF -'Fn.:j’.,—‘F ) "H O E--. .‘..,F
e Il““F > .F"Tl‘hF i Ff'fl\nF
- F \&T , __.F‘N\(_ . . - F H

Since ali F'e are equivalent‘(octahedral symmetry)
novintramoleeulaf exchenge process is observable fof this -
species. | |

In groﬁp V,‘pﬁoephorus provides'a profusion of
examples of both inter—dhd intramolecuiar'eXChange
processes; The intramoleeular exchange of a ﬁrigohal
bipyraﬁid geometfy (such as found in phosphorus V o
. compounds) hésibeen recently and thoroughly reviewed.(7) :
Some very elegant work by Whitesides: et al, f§3’64)
.hes ehown by'a:dnﬁr technique thet the polYtepal
rearrangement of fluorinee on five coordinate phosphorus

proceeds in a manner consistent with the mechanism
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driginally proposed by Berry (65)
 F¥ ‘ F
o—F é— o’F*
R—PQL R .R——ipsF*

E* F

in which both axial and equatorial fluorines exchange in
a coﬁcerted manner;. Intermolecular exchange has also
- been noted in phosphorus fluorides, generally of the
RPF, and R,PF types, in which no intramolecular exchange

372 4 _
can occur. (/767)

One interésting caée is (CH3)2PF3,which
vwhen‘first reported was found{to exchange in an inter-
molecular faShion and, when later re-examined by a dif-
ferent group of workers (under conditions of fewer
impurities?) waé found to undergo only the intramolecular

(axial-equatorial) exchange. This example serves to

: emphasize  the role of impurities_in’these exchanges.

Among the dthef’grgup‘V fluorides,(¢CH2)3AsEé has been
found to exchange intermolecularly.(70) AsFS,‘§A3F4
. 19

.and ¢3BiF2 all possess very broad F nmr resonances
and are assumed to undergo an intermolecular exchange

of fluorines.(66) Caution must be expressed, however,

because 7SAs,_IZJ‘Sb, 123Sb and_zogBi all possess sizable

.quadrupole moments. SbF5 has been found to.be a fluorine

bridged polymer in the liquid state, (71773)
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Sulfur tetrafluoride has been shown to exhibit aﬁ

"A.B 19F nmr spectrum characteristic of a molecule with

272 ,
Czv symmetry, that is, a pseudo-trigonal bipyramid with

a lone pair of electrons occupying an eguatorial site.(74)

L l C-F
—— S<aZgl

F

. This structure has been confirmed by microwave (pure

(75)

rotation) spectroscopy and by electron diffraction

(76)

studies. Cottdn et al. proposed a bimolecular

intermolecularAexchange, inferred from a chcentration
effect on the rate of exchange.'(An impurity catalyzed
exchange could also show a similar concentration effect.}y

In later work,(78) however, they~admitted that traces of

HF might be responsible for the exchange. :Bacoﬁ,kGillespie

ﬁand Quail,(79) as well as the workers in this labqratory,

have noted the effect of impurities on the spectrum;(3'84),

(74,77,78)

‘The early dnmr work on SF, impliéd an activation

energy of about 4 kcal/mol, while the later work on puri-

fied samples indicated an activation energy of between

11 and 15 kcal/mol.




20

This variable activation energy is a suggestion that
there might be two mechanisms by which the exchange might
occur. These would be: an'impurity catalyzed exchange

withyan activation energy of about 4 kcal/mol, and in the

absence of impurities, some other process {(intra- or inter-

molecular) .with an activation energy of somewhere between

llvandvlslkcal/mol. Recently, a very thoroughv(and quite

elegant ) dnmr study has been made on SF4 (82f83) The hlgh

-energy process was found to be intramolecular, and the
mechanism was found to be con51stent with Berry pseudo—

(65)

rotation." - 'As in the.RP..FZI case,vthe fluorines were

- found to exchange in a concerted fashion, thus:

F* , : F
N . I - 1" 4___.._ L ] l ’.-F*
F* : F

"The impurity catalyzed exchange was foundito be.inter—
molecular; but no details of the mechanismdcould’be

" deduced from the dnmr‘experiment. It should be noted
that these'experiments required obtaining the 19F nmr
.soectrum at very low frequen01es (6 MHz) ‘in order to
make the spectrum as second order as poss1ble. In

the RSF, series, only the impurity catalyzed inter-

3
L ..(84,85) .
molecular exchange has been observed; o the intra-~
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molecular process presumably is much higher in energy.

(86) (77)

Continuing in group VI, RéSer, SeF, and

TeF4(77) have been found to exchange, but the mechanisms

are-far from clear..

Hyarogen fluoride (iﬁcluded with the halogen fluorides
for-thisvdisdussion) has been'found‘to exchange fluorines
at a rate fastvenough' to .. cause. conéiderable scaler

relaxation of the fluorine nucleus. This exchangé is

- _ | ;
accelerated by trace quantities-<of water.(87) : o

Chlorine trifluoride shows an’AB2 ;9F nmr spectrum .

_which dollapses to a single line at higher temperatures.(gg)

It is not known whether this is an intramolecular or inter-
- molecular proéess. The mechanism’suggested by Muetterties

and‘Phillips is:

in which the fluorines are transfered via an intermediate
: i / s "

‘fluorine bridged dimer. The exchange has been noted to

(78)_ Bromine trifluoride was found

be impurity catalyzed.
o (77)

to exchange in a manner similar to C1F3. Iodine penta-

fluoride is the only halogen V fluoride found to exchange,

and this occurs only at fairly high temperatures.(zl'gg)
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Of the xenon fluorides, only xenon difluoride and

(90)

xenon hexafluoride have been found to exchange. This

is an intermolecular process monitored by the loss of
coupling to the 129Xe’nucleus, and 6ccﬁrs ohly with the
addition of hydrogen fluoride as a cafalyst. Krf‘+ ex—
changes via an ionizatign mechanism process‘in BrF5

‘ solution.(gi)

It can be seen,‘theiéfore, that the rapid exchange
-of‘fiuorineévié the rﬁle rather than the exception among
the main groué inorganic-fiﬁoxideé. 'Considering'the'lack
of reliable information concerning the mechanism of thesefA

exchanges, it is apparent that more work is necessary.
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CHAPTER 3 APPLICATION OF THE BLOCHVEQUATIONS TO THE

PROBLEM OF FLUORINE EXCHANGE ‘IN TETRAPROPYIL-

AMMONTIUM METHYLTETRAFLUOROFILICATE

3.1 The matrix formulation of the Bloch equations

The Bloch. approach to the.nmr phenomenon is a
set of differential equations describing the motion
of a macroscopic magnetization g,in the presence of a
stationary magnetic field Bo and an oscillatory field

B

1°

| Xy
Relationship between the fixed and rotating coordinate
frames, ) N

The equation of motion for M will be:

g—: =y ’[MX(B1+BO)] | | ' | (3.1)

2

ot

‘where Yy .is the magnetogyric ratio for the nucleus
involved. Transforming.to a coordinate frame rotating

at the frequency of the Bl field, w, and defining the
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. component of M along the x' axis to be u, and the component
along the y' axis to be v, results in the following set

of equations:

j - , (‘*‘j"“’)"j - 3 , (3.2)
d t sz
a v. V. : ‘ ‘
—1 = "(wj—m)uj - 3 - yBl(MZ)j. (3.3)
dat Tys _
a (). | My -m Yy

dt 4] I L
. 13

vﬁhere 'T2 is the tiﬁe c§nstant for the‘first'order decay
 Qf the'transvérse components Qf M and T4 is the time |
conétant for the deqay‘of M%. :The subscripts are used
to_indicéte that the nuclei ﬁay have several possible
,Larmor frequenéies. .(wj;w) is the difference in.

frequency between the jthsité and the angular velocity

.0f the rotating frame. The term "site” simply referé‘to,'
a colleétion of nuclei with a particular resonanééi(Larmbfi

(15)

frequency. Reeves and Shaw - use the term ¥“nuclear spin -

isochromat”. Equations 3.2 to 3.4 are referred to asthe
"Bloch equations in the rotatihg frame“.(le)

Since u and v differ ohly by a 90° phase relationship,

it is usual to combine equations 3.2 and'3.3 into one
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- complex magnetization Gj: (Analogous to the phasor-

locus diagrams in A. C. circuit theory.)((Zl)
Gj = u.i+ iv,
J =Yy Ay
d G. o |
J = .7t + iAw.)G. - iyB (M), - (3.5
at 25 thuy) Gy Yl(z)l | (3:5)

- where Awi is equal to (wj"w).
If the nuclei with site frequency wj can exchange
‘environments (magnetic, not necessarily chemical) with

a perturbation of the lineshape

(14)

those of frequency Wy s

will occur. McConnell ‘has included this effect into
the Bloch equations, and the transverse magnetization in -

the presence of exchangevmay be described by:

d Gy : -1 L v.-11
— = [Tz.“ + idw, + Zi:.k] .
d £ o J J » k?éjj C‘j'
_ ' ' (3.6)
| S vy o
+ ZTkj Gj iyBy (L_Z -

k#3

Under steady state conditions all aG./dt = 0,
J .
and if Bl‘is made very small so that saturation does not.

occur:

(M.Z)j = PjMO
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‘where Pj is the population of the‘jth site and Mo is the

equilibrium value of |[M|. 7 is the mean lifetime before

jk ,
an exchange between site j and k. Therefore:
n v '

iyB Y rfi] G

kA3 H

I T A
1MoPy —-[12 C+ iAw +

“(3.7)
- _
n -1 }
+.) t.. G
xrj J& K

There are n of these equatibnsf ‘(one for each site)

and each equation contains n unknowns; GyrGy =0 G-

One'solution ig by the use of a matrix technique.

Equation 3.7, written in matrix form, becomes:

Pl Rl' o0 — = -0
Py 0 R ,
iyB. M | =) ¢ 2\’ I
, 17 _| B .d l B 0
| N\ 0
‘1 N AN
Enl 0 — — — 90 R
\ J \ : n
. .
: (3.8)
. 3
Awé O‘ -— =
0 Aw - ‘ (cont.
2 , _
) | N ' ,| , C : on next
F(R-= .71 N 0 |
3= 23 ‘ |
0 — =~ ~"0 Aw
\ ) n. )

-
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(-1 -1 -1 ) ( )
“T11 Ti—m T ;ln G,
-1 -1
T217"22 I G,
| ]
+ , N | > P (3.8, contf)
| \ | R
: N\
l—l Nl 1
Tnl - ""“-—Tnn J Gn J
\ J \
. 5 | . . (56)
Taking transposes of both sides yields:
i.YBlMo ‘(Pl' Py 'Pn) = (Gl' Gz' "Gn),
f' r 3 ( } A
R, 0— — — o0 bw, 0= = =0
| I . [
. (I) R2 , l (l) sz l
| \ o N
0 . 0
R \ | N7
\ 0 = =— —0 R_ Q= = — 0 Aw
Lt n j _ , )
r 9
-1 -1 -1
T11 T —inl
, -1__-1 :
_ T127 %27 N
+ N\ O |
[ N
J . ‘\‘I i
Tt — — 7t
L 1n nn{ )
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or, in matrix notation:

iyBM_ P = G (-R - iAu + K) - (3.9)

where P is a row vector of site populations, G is a row
vector with elements G,, R is a diagonal matrix with

i

elements val and Agfis a diagonal matrix with elements

2] ,
(wi—w). K is a rate matrix with diagonal elements —r}%,
belng the mean lifetime of a nucleus’ 1n site’ j with
resonance frequency mj. The off dlaconal elements, T;i

are the pseudo-first order rate constants for the transfer
of macnetlzatlon between sites j and k.
Both sides of equatlon 3. 9 may be multlplled by

-1
(~-R - 1é£ + 5) - to give:

G = iyBM_ P (-R - dfw +K) 7T (310

The total sample magnetization, which determines

the lineshape, is given by}

where 1 is a unit column vector. Right multlpllcatlon
~of equatlon 3.10 by 1 w1ll therefore glve an expression

for the total transverse nadnetllatlon. Thus:

C = iyBM_ B (-R - ifw + g)“%-'; (3.11)
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The absorption mode signal will be the imaginary part
of G, since G = u + iv. Multiplying both sides of

eqnation 3.11 by i gives:

-V = —-‘YBlMo Re[?_ (B + lé_al - K_)—l‘ -];]

where Re means the "real part of". Since spectra are
always scaled to a convenient intensity, the constants

YBlMo are omitted in the calculation, léaving:

v vmv'Re[_li‘ (R + ifw - _19"_1.‘ _1_] o . (3.12)

It is interesting to note that a very similar

expression has been‘derived by Sack,‘BO)_based on the work

of Kubo and Anderson,(3l_34) by ‘treating the exchange’

problem as a stochasticvmatrix representation of a Markov

probability chain. For this reason the matrix (R + idw - K)
> |

is sometimes referred to as the "Kubo-Sack" matrix, _ g
although the method of Kubo and:Sack is quantum mechanical
and the Bloch approach is classical. The work of Kaplan‘ L

(24,25) and Alexander (26—29)

must also be acknowledged
as being a significant contribution to the denSity matrix
theory.

Equation 3.12 could be evaluated as it stands, but- 

this would necessitate the inversion of an n by n matrix
for each of several hundred points in the spectrum.

However, a method is available that is more efficient.
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in its use of computer time. The folldwing definition

" will be made:
(R+ idw -~K) = (R+2-u-K = 2

where'g is a diagonal'matriwiith all elements iwj and
w is a diagonal'matrix with all elements iw. A may then

be divided into a frequency dependent and a frequency

independent part, thus:

A = B-u

‘where B = (R+ 2 - K).
'The inverse of A may be obtained by diagonalization

(39,92,93)

of the frequency independént matrix B. If the

- complex matrix B can be reduced to diagonal form, Bd, by

some transformation U, then the same transformation will ~ R o

diagonalize A.

U"lg_g = Bd

vlau = v @-wU = Bd-w

The inverse of A may be found from

At = u(ed-w Ut B R £ I

The inverse of the diagonal matrix (Bd -w) may be found

by simply taking the reciprocal of the individual elements.
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Since U was obtainéd from the frequency independentb

métrix B it will also be frequency independent and hence

U and g_l need only be calculated once per spectrum.
Substitution of equationA3.l3 into 3.12 yields-thé.'

folloWing expressionvfor the v mode magnetization:

vV « Re {P U (Bd - 9)_)’1 vt 1} | | (3.14)

(39)

Following Binsch, the following definitions

‘are made:

o ' n o . " n -1
L. = )P, U.. o R. = U. ;
E E SRS J }E ik
Sj .= LjRj is the so-called "Shape vector", and
Qj = '(ijj - w)fl is the so—called "spectral

‘vVector". The spectrum is then computedfwith_the fdllowing

expression:
Vv « - Re Is o, | SR (3.15)
in which a summation is made oVer each site, j, for a
: giveﬁ frequency w.
"It is also convenient to divide the matrix K in

the following manner:(56)

K = p?t

where p is an n by n probability matrix with diagonal
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33
chacterized by a mean lifetime, t, will result in the

elements =-p.. being the probability that an exchaﬁge,

change of the jth site to some other. The off diagonals,’
pjk' are the probabilities that site j will become site

k after the exchange. - It should also be noted that:

Pyj = Py = 0. EE (3.16)

JJ kA5
In other~w§rds, thé sum across aﬁy row ﬁust be'zerd,
and: .

Pipi - IRpp = 0, | | L Gan
'the sum of the elements in‘any column, Whén multiplied by
the corresponding population, must be zero. Equatiéns
_3.16 and 3.17 imply consistency underAéteady state con-
ditions by making sure that trénsfers.into and out of fhé
jth site are»equal.(56)

When descfibed in this manner, thé exchange may
 be desqribed‘by a single lifetime T, the'inversekof which
is a pseudo—first ordef-fate constant. »Thé_probability
matfik reléﬁes the chemical event (exchange Qf ah atom br

group of'atoms) to the magnétic events (the transfer of

magnetization from line to line).
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3.2 Matrices and vectors reguired for the calculation

of the exchange broadend proton magnetic resonance

spectrum of tetrapropylammonium methyltetrafluoro-

silicate

Having arrived‘at a Suitable expression for the
computafion of an.nmr SPectrum‘under the influence of
" an éxchange procesé, it is»neceSséry tézprovidé the
- various pérameters required by‘the theory. These aref B
the frequehcy'matrix @, the pépulation vector P, the ex-
 change probability matrix p and the relaxation matrix

. . , .

The first'step.ié a careful consideration of the
nafure of the‘spectrum‘itselfg " All fludrines:may be
considered to be magnetically and chémically‘eqﬁivalent,
Idue to some type of in%ramolectlar exchange. This will
V'resuit in (n+l)v=v5 lineé due’to‘thejcoupling of the
4 equivélent fluorines to the methyl group, and‘these'linéé
Awill'have.the normal‘binomiél'intensity distribution:éf: 
’(0.0625, 0.250, 0;375, 0.250, 0.0625). Siiiéon‘is also
known to contain 4;702‘6f the isotopév298i; which has a

spin'angular momentumvquantum:nﬁmbeerf 1/2; This
 results in a set of iow intensity "sateliite" peéks sep— |

arated from the main peaks by * (J )/2. The rel-

29g3-1y

ative intensity of the_satellite and main peaks will be:
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(0.0235, 0.953, 0.0235). The spectrum will have, there-
fore, 15 lines, the intensities of which can be determined
by combination of the binomial intensities of thevquintet
lbstructure and the relative intensities of the.zgsi satel-

lite peaks. The p vector will then be:

{(0.00140, 0.00561, 0.00842, 0.00561, 0.00140);
~ (0.0597, 0.2388, 0.3582, 0.2388, 0.0597);

(0.00140, 0.00561, 0.00842, 0.00561, 0.001401};

The vector has been lelded into blocks of 31m11ar silicon

spln state, that is:

*%i-a ; 2855 ; 295i-g).

This is done in order to provide a bloekmdiagonal form
for the probability matrix. '(ThiS'resultea in a con-
siderable saving in’computer time.)

Since the.shape of the spectrum depends only on the_
relative frequencies of the lines, and not on theif.fre—
quency with respect to'some standérd; the frequency‘of the_
lowest frequency line in the 288i sub~spectrum is assumed
vto be 30. 0 Hz.' The frequenc1es of all other peaks may be -

determlned with the knowledge that J29 1 = 9.30 Hz
Si-"H :

~and JF_H = 4.73 Hz (see chapter 5). - The diagonal g’

matrix, written as a row vector, is therefore:
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{(25.351, 30.08i, 34.81i, 39.54i, 44.27i);

(30.00i, 34.73i, 39.46i, 44.19i, 48.92i);
(34.65i, 39.38i, 44.11i, 48.84i, 53.57i)}

where i = (—l)%'(recell from'section 3.1 that Qj = iwj)f

All elements of the diagonalyrelaxatiom matrix, R,
are assumed to be equal,isince they are probably detere
mined by inhomogeneity in the magnetic field rathet thani
any "real" relaXation process.‘ The value can be obtained‘
from the width at half height of a non-exchanging line,
and the relationship Rj = (wAv%); | |

In order to determine the elements of the transfer
_probability matrix, it is necessary to study the effect
of an intermolecular exchange on the fluorine spin state.
Appiying the same»"cdmmuting.Hamiltonian“ argument as

4
'Shepperd,(g‘)

the effect of spin-spin‘coupling may be
thought of as being eqnivalent toba magnetio field in the
Z direction, the methyl protons preceesing ~in one of the
15 possible fields resulting from the combination of |
silicon and fluorine spin»states; ‘The Way inAwnich these
15 states result from the 48 possible combinations of
statee is illustrated in figure (3.1). It is this treat-
‘ment of spin-spin'ooupling as a magnetic field (and

'thus equivalent}to a chemical shift) that allows the use
of the Bloch equations in a situation in which»the sites
are determined by coupling. The degenerate states are treat-

ed as a single state with an appropriate factor included

in the population vector.
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5/2  (acaa)
3/2 (Baaa),(aBaa),(aaBd),(aaaB)
,'1/2 (88ac) , (Baaf), (8aa) , (a8aB) , (aBBa) , (caBB) b 295i-q
-1/2  (aBBB), (BuBB), (BBaB), (BRRA)
-3/2  (BBBB)
2 (coda)
1 (Baoa), (aBaa), (aaBa), (aoaB) A
0 (BBua), (BaaB), (BaBa), (aBaB), (uBBa), (aaBB) § ~0Si
-1 (aBBE), (BuBB), (BBaB), (BBBa)
-2 (BBBB) | |
372 (oooa) N
1/2 (Baaa), (aBaa), (acBa), (aaaB)
172 (8Bao), (BuaB), (Buba), (aBuB), (aBBa), (aaBB) » 205i-8
~3/2 (asss),(sass),(ssab),(sssa) |
-5/2  (BBBR) J
VMI. 19F spin states : Si isotope

. and state

Figure 3.1 The possible states and spin angular.

momentum gquantum numbers resulting from coupling to

4 equivalent fluorine nuclei and a silicon.
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Symmeterizatioh of the spin functions has been
neglected, and simpie product functions are employed
td describe the states. These.are clearly adequate
for the purpose of this work, aithough they violate the
rule of "indistinguishibility of eqguivalent particles®.
If.shouldibe noﬁed that these fuhctions are all in-
dependent, except for thé,effecﬁs of chemical exchange.
In othér words, the 48'épin stétes shown in figure 3.1
:  repré$eﬁt lSldisfinct species; |

 The_diagona1 elements 6f the probability matrix
aré thé‘probabilities that a chanée.of spin state wiil'
-oécur‘concurrenﬁ with an exchange-of>fluofine nuclei,
isay (acao) + (Bood). Tﬁe probability that the "new" |
‘fluorine will have a different spin State £han'the‘@oldf
one will be 1/2, Since i/2 of all the fiuorinesvin the -
.sample willvhave the a\state’and-the 6ther'l/2 ﬁill have
the B state. All diagonal elemenﬁsvwill therefore be
-1/2, the negative sign indicating transfér out of thétbl
state. p may then.be factored}into”B,block—diagohal -
sub-matrices, corresponding to the 28Si compound and each
state of the 295i coméound. This is possible since ex- -
change of a‘fluorine cannot change the 298i'spin state
or change the 285i into 2981; The 6nly possible way in
which this could océuf would béAby cleavage of the carbon— 

silicon bond_(exchangé of a methyl.group)~dr’by a 29Si.




Figure 3.2 - Diagram of the composite p matrix.

Note that there are 3 block-diagonal submatrices
. , _ oo 09

” corresponding to'éach'spin state of the Si isotope

and the 2%si isotope. The lines belonging to each

row of the matrix are shown to the right of the
matrix. The three sets of lines are shown to be

separate, while. in fact, ‘they overlap.
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Figure 3.3 One of the blocks of the p matrix. The
elements are determined by methods described in the

text. Note that the only non-zero elements are on

the diagonal and the first_supra- and superdiagonais.
',Each rowbofvthe matrix‘représehté one iine‘bf )
the élow exchange spectrum, while each columh
represents the line(s) té"which mégnetization'may be |
transfered during exchange5 The matrix element. |
corréspohding to this fow and column'ié the prob; e
'ability that maqnetization will be transferred bétweén_

those two lines during a chemical exchange.
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Tl relaxation process. Methyl transfer can be ruled out

29

since the Si-CH 'coupling'is maintained even at the

3

highest fluorine exchange.rates observed in this work.

29 ., . .
- Furthermore, “7Si relaxation. times are known to be

o} ' .
(95) When the P vector, the @ matrix and the R

matrix are similarly. blocked the problem is reduced to

the summation of three separate 5-~line spectra and the

the diagonalization of three 5 by 5 métrices réther than

a 15 by 15 matrix. This résulté in a considerable

reduction‘of computer time and iﬁprbves the accurécy

'bf the results. A schematic‘diagram of the composite

p matrix is‘shown.in'figure 3.2. | | _ |
Each 5 by 5 block of the probability matrix will

be identicai,'the fluorine exchénge’probabilitieé‘beiné

independent of the silicon isotopé or state. A~detai1ed
28

calculation will be carried out only for the Si sub-

- matrix.

' As previously stated, all diagonal elements are

-1/2. It should be noted”that‘the exchange oan fluorine

will result in a change ~in the total spin angular

Il

whether the new fluorine has the same or opposite spin

momentum quantum number, M of 0 or *1 depending on

state as thevold one. For chemical reasons, the prob-

ability of a simultaneous exchange of two fluorines is

considered slight. Therefore,'all off—diagonals are
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zero except for those on the first sUpra— and superdiag-
onals. The matrix element corresponding to line i

becoming line j is represented by pij' The lines of the
28 | . |

Si sub-spectrum are represented by the indices 6 to 10
inclusive, corresponding to the'MI values of ~2 to +2.
Each row‘in'the p matrix may be thought of as representing

one line in the non-exchanging spectrum. The columns cor-

respond to the lines to which magnetization may be_tfans~

ferred after the éxchange; .p6,7}therefore; is the proba—_‘
bility that the nuclei‘corresponding to line 6 will have
the resonance frequency of line 7 after the exchange.» This
‘is the only off—diagonél in the sixth row, and from the 

condition that the sum across a row must be zero, Pe 7 =
. _ , _

1/2. The seventh row of the matrix (second row of the = | ;

sub-matrix) will have two off-diagonal elements, p7 6 and
C 14 . .o

P . From equation 3.16
7,8 .
" Pgy et Py g = 1/2,

and from”equation 3.17

1 1 o
6 Pe,6 77 P76~ 0 |
SlnceIpG’6 = -1/2, p7,6 = 1/8 and p7’8 = 3/8. »The eighth

,fow_of the matrix also has two offAdiagonals, Pg 7 and
_ , = , ~g, .

From the symmétry of the spectrum and equation 3.16 .

By o
g r
p8'7 ='p8 9 = 1/4. Similarly'p9'8‘= 3/8,-p9 10 = 1/8 and
14 1
Pig.g9 = 1/2. The complete sub-matrix is shown in figure 3.3.
r ) . } . N -

Figure 3.4 shows the effect of T on the spectrum.




Figure 3.5, on the other hand, shows the effect of the

_transverse relaxation time, T Note that the effects on

2°

the lineshape are'slightly different, and under favour-

able circumstances the effects may be separated.




Figure 3.4 ‘The. effect of the pre-exchange life-
time on the spectrum. The transverse relaxation

time, T,, was set at 1.0 sec. ~ The arrows:poiht

2[

‘out the‘positionfofbthefsilicon 29 satellite peaks.




'7"=VO.ZSEC' T =01sec

T = 0.1sec T =00Isec

20 Hz.

43




Figure 3.5 The effect of the transverse relaxation time

on the spectrum. ' The peak becomes broader as the relaxation

time becomes shorter.
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3.3 Relationshipibetween the dnmr technique and chemical

kinetics

The dynamic nuclear magnetic resonance technique

essentially measures the mean lifetime 1, of a species,

A, observed at equilibrium. This lifetime can be related

to the macroscopic reaction rate,‘d[ﬂ /at, by:(58’95’96),
_ m - S |

where fA is a statistical factor relating the lifetime of

the species being observed to the lifetime of the nucleus

(58,96,97) -

being exchanged. This is necessary because the ' |

mathematical technique employed to generate the spectra

1

nixes all of the lines at a rate of 1 ,>but the exchange

of a single nucleus can only mix any pair of the lines

(since A MI = %1). In the case of the CH3SiE4— idn, this

‘fadtor will be 1/4 because there are four,fiuorines which

can undergo exchange, and ekdhange of any one of them will

‘result in the mixiﬁg of any one of the A MI = ¢l pairs.-

- In an’interﬁolecular exchange of a spin 1/2 nucleus where
the exchange is followed by the loss of coupling to the

nucleus being exchanged; there is an additional factor of .

1/2 due to the fact that there is an even chance that the
inéoming nucleus will have the same spin state as the one

that left (a 50% probability that A M. = 0). ‘This is an




ineffectual exchange as far.as the dnmr experiment is
.conéerned, even though a chemical event has océurred. One
or both of these factors may be combined into the exchange

probablllty matrix, described in sections 3.1 and 3. 2.*‘

The usual general form of a chemlcal rate expression
is: ' ’
dlbl - x @w* Ey - - (3.19)

where k is the spe01flc reactlon rate constant.' Com=

blnlng equatlons 3.18 and 3 19 glves.
(f)"t = x [@a1¥? _[BIY>, e | ' (3.20)

which, for the methanol catalyzed fluorine exchange in’

: CH381F4, becomes:
e R (CH3siF4"]X"1_ [CH30H]Y a S (3.21)°

4

A convenient method for the determination of the

kinetic orders, x and y, is to make a plot of ln(t;l) as

-a function of ln(concéntration). For example, if the
order with respect to CHBSiFén is required, the methanol

concentration would be held constant and equation 3.21

+  In this work, the factor of 1/2 was explicitly
combined into the exchange probability matrix, while

the factor of 1/4 was not.




~ could be writteﬁ:'\
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1n ,('r"l) = (x-1) 1n [CH3siF4”]
. [1 y (3-22)°
+ 1n]3 k ‘[CH3OH] ]

4

which is a linear function with a slope of (x-1) from

" which the order may be obtained. If the CH3SiF4—'con—'

- centration is held constant and the methanol concentration

is vafied/ the logarithmic form of equation 3.21 will be:

1

In (rTT) = v 1n [cH._oH] |
| T o (x-1) (3.23)
+ ln[zk [CH3SJ.F4] ] P
which will have a slope of y. 
.‘Equation 3.21 may also be solved for k:
ko= - 4 o  (3.24)

- [cr,siF,7] x-1 [cr ;0] Y 4

' The standard treatments can be used to gain infor-

‘mation about the activation thermochemistry of the

process. Sinée (95)
k_'- | = A(')»exp (—Ea/RT)
= - (3.25)
in kv = 1n Ao RT ‘

and a plot of 1n k as a function of 1/T will have a slope:'

of -Ea/R, yielding the activation enérgy. It is possible

'knowing k and Ea,to obtain other thermodynamic values,

since:




a8

5 exp (AS /R) -exp (—Ea/RT) : ' (3.26)

it is possible to obtain a value for the activation

_entrOPY (ASf), and sinée;(95)
sc’ = :AH+— T Ava
‘and
Aﬁ+v = E- RT
: a

- it is possible to obtain values for the activation

enthalpy (AH') and the free energy of activation e’y
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CHAPTER 4 EXPERIMENTAL

4.1 Materialé

Methyltrifluorosilane and 2,6-di-(2-methylpropyl) -
pyridine were obtained from PCR, inc. and were used with-
but_further purification. 'Teﬁrapropylammonium hydroxide_

was obtained from the Easfman Kodak Co. as a 10% solution

| in water.; Antimony ttifluoride, methyltrichiorosilane and
 hydrof1uoric acid were obtained»from the Fischer Sciéntific

. CQ; Ltd. and*ﬁefe used without further purification.
Methanol was treated with sodium and distiiled under vacu-
um Whiie pyridine was treated with "Linde" (Unibn Carbide

. Co. Ltd.) 3A molecular sieve. 'Methylene chloride was dis-—

tilled.under vacuum from phosphorus pentoxide and stored’
over 3A molecular sieve prior to use iﬂ NMR samples.
>l,2~Dimethoxyethane-was found to contain large quantities

of water and was poured through a column of 3A molecular

sieve;’followed by»distillation‘from lithium aluminum hy-
dride} ‘Direct treatment of 1,2-dimethoxyethane with lith-

ium aluminum hydride resulted in several fires.

4.2 Instrumental

All proton magnetic ‘resonance spectra were recorded on
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a Varian HA—lOO—D‘spectrometer‘at 100 MHz. The solvenf
resonance (CH2C12) was employed for field/fréquency-stabi_
lization in the frequency-sweep mode. Frequéncies were
| neasured with a Hewlett-Packard 53232 frequency counter
and are reported inAHz to.high field of the solvent feso-‘
nance. These frequehcies are 'Consideredvacéurate fo |
+0.02 Hz. The proton resqnahce from natural abundance‘.
13CH2C12 provided‘a convenient signal for monitoring the'
"natural" linewidth Qf the_spectrometer,Vthﬁs‘giving é”,“
valuevfdr T2.‘ The sfrengﬁh of the‘R.F. field Bl was 0.025 -
'mG as determined by the method of Harris.and'Worvill.(gg)'
Spectra run with a fieid strength Qf7three times thié
value showed negligible distortion dﬁe‘ﬁd-satu:atiqn ef~
fects. Spectra weré'recorded ét a sweep-width of 2 Hz/cm
at é sweep réte of 0.1 Hz/s. vFiltering of thebsignal was
restricted to the minimum amount requiréd for a reasonable‘
signal tp noisé rétio. |

~ Sample températureé Were‘détermined wiﬁh an iron%‘
.. constantan thermocouple.placed at samplefdepth_in a "dummy®
sampie of methylene chloride. Temperatures :are considéred
"accurate to iio C. | |

~ Wilmad 503-PS precisidn ground_sample tubes were em-
pioyed for all studieé reporfed in this thesis. These
tubes were chosen fbr their reproducible spinning charac-

teristics. Sample spinning rates were fast enough to en-
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sufe thatvspinning sidebands would not overlap any part of
the spectrum.-

Fluorine nuélear magnetic resonance.spectra were re-
corded on a modifiedAVariaﬁ'DA—GO—IL spectrometef at 56.443
MMz, again invthe frequency-~sweep mode. l,l(l—Triflﬁorb— :
2,2,25trichldroethane was used as fhé "lock™ signal, aﬁd |
all reported frequehcies are to high field ofithié reso-
nance. Freqﬁency ané temperature Calibrations were per-.
formed in the same manner/as-on the HA—lOO—D. |

Infrarédvspectra were recorded on a Perkin"El@er 337
) grating spectfophotometer.
| C A Finnigan 1015 quadrupole mass spéétrometer provided
the méss\spedtra for this wdrk. The energy of-the electron

- impact beam wasv70_eV.

4.3;‘Preparation of Tetraproleammonium'Flubridé

:,Tétrapropylammonium hydrinde'(ZS mlvdf a 10% éolution)
‘was diluted tb 3%'and‘neutralized to-a ijdf 7 with dilute
_hydrofluoric'acid. The neutralization was mdnitored with
a glass electrodé pPH meter éf standard design; The resuiff
ing solution‘waé reduced to a thick oil on a rotary evépo—
rator. Methanol (100 ml) was added and‘the 301ﬁtidnfﬁas
agaiﬁ é&aporated to the point of being a thick-Oil. This

procedure of adding methanol followed by evaporation was
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repeated three times in an effort to remove as much .of ‘

the . water as possible. The solution was then evaporated

to dryness under a vacuum of 10_3 torr at 100° .C. The re-

"sulting 2.7 g of white powder was found to be very hygro-

scopic and was handled in a drYebox at all times.

4.4 Preparation of Methyltrifluorosilane

Antimony trifluoride (30 g, .17 mole) and 25 g of

' benzene were placed in a 75 ml stalnTess steel reaction
 'cy11nder and cooled to -78° c. 15 g (0.10 mole) of methyl
trichlorosilane was added. The cylinder was‘then sealed
with a staihlessisteel valve and gvaéuated. After allowiﬁg'
the reaction to proceed at fqoﬁ'temperature for 24 h, thez.
volatile materials were separated‘by ﬁtrap—to«trap" éis—
tillation on a conVentional "pyrex" vacuumn system. . The
trapé were maintained at —780>C, -120° ¢ and ~1960>C;. the

desired product was collected at -120° C.. The 6.7 g (79%

yield) of the product was then condensed into another .

stainless steel cylinder.

Mass spectrometric investigation indicated that the

-~ correct prdduct hadlbeen formed, with a ‘few .low intensity

peaks at highervmass. - These peaks could not, however, be
feadily identified.  The proton magnetic resonance spectrum

had the expected quartet with a few low.ihtensity>(<l%,
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total proton count) impurity peaks.

4.5 Preparation of Tetrapropylammonium Methyltetrafluoro-

silicate

Tetrapropylammonium methyltetrafluorosilicate was pre-

pared by a method similar to that of Klanberg and

Muetterties.(l) Tetrapropylammonium fluoride (1 g, 4.88

‘mmole) was placed in a glass reaction‘tube:along with>

"5 ml of_methénol{ The tube was attached to é vacuum liﬁe
via a ground glass joint, evacuated, and cooled to —1960C. '
Commercial (PCR) methylﬁrifluorosilane (0.67 g, 6.7 ﬁmoie)
was coﬁdensea into the tube from fhe vacuum line ahd‘,, a
the tube was flame sealed at -196°C. The reagtion mixtufe
was allowed td-warm to room'temperaturé and gaseous |
materials, mainly excess Cﬁ3SiF3, were vented»into the -
vécuumtsystem. The resulting methanol solution of tetra-

propylammonium methyltetraflﬁorosilicate was filtered

through a fine sintered glass disc into a 100 ml round-
bottom flask. The addition of 20 ml of anhydrous ether
resulted in the formation of a white precipitate which,

after cooling to ~ ~3OOC, was collected by vacuﬁm filtra-

 tion under a blanket of dry nitrogen. This precipitate
was recrystallized from ~15 ml of 1,2-dimethoxyethane and

washed with diethyl ether. The yield was 0.7 g (47%) of
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white needle—like cryétals, melting. point 157 - 159°%¢
(literature, 161 - 164°¢C (l)), | |

Repeating the reaction with the methyltrifluorosilane
preparea in this laboratory resulted in a total failure to
produce tetrapropylammoniﬁm methyltetrafluorosilicaﬁe ﬁith
the required purity.'_Thé product from the reaction of the
fluorosilane produced in this laboratory Wés é grandlar'
hygroscopicﬁmaterial; rather than fhe crystalsAcharacter—
istic of the desired produét. The proton magnetic resonance
spectrum (CH |

2

Cl,) showed a set of peaks characteristic

of the tetrapropylammonium ion, and a single peak ét thé

- expected resonance ffequency of the methyl‘grbup in the
‘CH3SiF4— ion. The fact that this was a'singlé peak rather
than-a five line multiplet, indicated that a rapid ex-
change proéess was,occurting, suggestive of a high impu-

rity level. Integration of the spectrum showed that this

peak had only 24% of the required intensity, based on the
'intensity"of_the'teﬁrapropylammonium peéks.- The materiél
- was thué assumed to only 24%.product and 7¢% of sbme |
other tetrapropylamﬁonium salt} probably tétraproéyl—
ammonium fluoride. >Infrared spectroscopy- indicated
the_presencevof water in the méterial._ Numerous attempts

to purify the methyltrifluorbsilane by "trap—to—trap"

distillation again resulted in material unsuitable for the =

preparation of tetrapropylammonium methyltetrafluoro—
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silicate.

The source of this problem was nevef\détermined.
However, several impurity peaks with isotbpe distribution
characteristic of double chlorine substitution always
occurred in the maSSrépééﬁiumrofiEheTCHgsiEgaﬁréparéd by the
133 and m/e = 148) These peaks were

author. (m/e

absent in the commercial product.: This fact is interest-

ing when one considers that Klanberg and Muetterties (1)

- have noted that commercial tétraalkylammonium fluorides
contaminated with chloride ion were unsuitable for the .

preparation of tetraalkylammonium fluorosilicate salts.

!

4.6 Vapour pressure molecular weight determination

The vapour pressure of pure methylene chloride
and-a 0.6 mol 1™% solution of tetrapropylammonium
methyltetrafluorosilicate in methylene chloride were

determined at 25°C‘with the aid of a mercury manometer

attached to a pyrex vacuum manifold. A direct application

of Raoult's law yielded an effective molecular weight

of 330 + 20 g mo1~ L. (32)

~

4.7 Preparation of the nmr samples

The precision bore 5 mm sample tubes were calibrated
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to contain exactly Q.3 or 0.5 ml of liquid by the use of
a small volume syringe. These calibration'poiuts were
then scratohed into the surface of the glass. The tubes
were then cleaned with methylene chloride; treated with
hexamethyldisilazane to remove any traces of moisture,
‘and dried at 220°C for at least 24 h.

The requ1red ammount of - tetrapropylammonlum methjl-
tetrafluor051llcate~was then welghed into the sample tube;
methanol (and, for'somezexoeriments, Dyfidinevor 2,6-di- .
(2-methy1propv1)—pyrldlne) was added by a gas chromatn

ographic type of "micro syringe", and the total volume

was made up to the required calibratlon mark with methylene'

chloride. The tube was then capped, sealed with "teflon"

tape, and inverted several times to ensure thorough m1x1ng

In order to reduce the numberyof”sampleS‘requlred, the

same sample was sometimes used for several runs at differ-

ent'concentrations. This was accompllshed by remov1ng

" the sample from the spectrometer probe, warmlng the samoleu

to room temperature (if the sample had been_cooled),
’opening'the eample and injectiné in a meaeured volume of
methanol (or pyrldlne or 2,6-di- (2—methyloropyl)pyrldlne)
"After thorough mixing the spectrum was again recorded.
The volume added (5 - 10 pl) was always'very small com- ,
pared. to the total sampie'volume (0}3 or 0.5 ml) so that

the error -due to volume change on mixing was always
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less than 3%. Since the estimated error in the lineshape
analysis is in the order of 10%, this was ignored.

'~ Samples were equilibrated for at least 20 min at probe

temperature, and concentration chénges'due to volume
variations with temperature were also ignored.

Samples for thé determination of activation energies
and entropies were - flame sealed.under dynamic vaéuum

and stored in liquid nitrogen when not in use. This was

found to be nedessary.in_order to avoid the deleterious

effects of éample aging.

4.8 Comparison of calculated and experimental spectra

All calculated spectra were produCed with a modified
version of the computer program "EXCHSYS® obtained by Dr.
L. J. Kruczynski from Dr. G. M. Whitesides'groué at MIT.
Sinéé'this_pfogram Was set up in the density matrix

formalism some modification was necessary to use the pro-

- gram for the Bloch method. Most of these modifications
involved the removal of unnecessary parts of the program.
Matrix diagonalizatioh and inversion routines were iden-

tical to those employed by G. Binsch in the program
(43) ) o | ,

"DNMR3".
' The computations were performed with an IBM 370-

158-KJ computer and the "fortran" H level compiler. Theg‘
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digital output from the computer was plotted on a Calcomp

750/563 or Versétec D1200-A plotter.

Due to the large number‘of spectra that had to be
compared énd the high stmetry of the spectfa, a numerical
procedure was employed for comparison of the.specfra. For
spectra.paSt the point 6f’coalescence; the half-height
width of the experimental spectrum was compared ﬁo'a graph
‘ éf half—height.width és a.funCtion of T—l. |
Graphs of this type were made for é‘numberIOf differeht'.

T2 values. The T2 Values for the experimental spectra

were obtained fromlthe half-height width of the 13CH2C12
peak. For spectraAat slower exchange rates, graphs Were

. prepared of "valley to peak” ratio as a funétion.of;t—l x

for a'range of T2 values. Spectra at intermediate ékchange
rates were analyzed by direct visual comparison with the
calculated ones. Figures 4.1 to 4.3 illustrate these
measurements. |

Values determined by this method were‘considered

accurate to *10%.




Figure 4.1 == The measurements used to produce the

calibration graphs shown in figures 4.2 and 4.3.

A  The valleY—to—peak ratio is the value V/P, .
and is independent'of absolute height of the

spectrum,l

B The half-height width of an exchange averaged

Lorentzian peak. .




Tl




Figure.4.2 . A calibration graph for speétra that

"still show fine structure (multiplet splitting).. The

valley-to-peak ratio is'plotted as a function of

exchange rate.
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Figure 4.3 A-calibration‘graph for spectra past

the point of coalescence. The half-height width of
the single peak'is plotted as a function of exchange

rate.
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CHAPTER 5 RESULTS

5.1 Determination of the fluorine-hydrogen couplihg

constant, J(19F—1H)'

The fluorine—hydrdgen coupling constant was deter;
;mined with a'sample,containing iOO mg of tétrapropyl—~
_ amm&nium’methyltetfafluordsilicate in 0.5 ml oflmethyl—- 
" ene chloride (0.66 mol l_;) at 31.5°% (ambient probe‘
temperafure). The'valﬁe bbﬁained was 4’73.i,0°05 Hz,
the reported'unCertainty being the standard deviétioﬁ
in 12 measurements (three spectra, four splittings per -
spectrum). The coupling constant wasvalso measufed
at -60°C with a'sample containing 60 mg of tetrapropyl- :
ammonium,methylteﬁrafluorosilicate in 0.3 mi offmethyl— 
"ene chloride (0.66 mol 1Y), and 25 ul (1.98 mol 17
of methanol. The Valﬁe obtainéd}ﬁnder these conditions
was 4.81 iuojlo Hz, thé'uncértainty being thetstandardﬁ
deviation in 12 measurementsf The somewhat larger . |
standard deviation probably is the result of thé~slightly
broédish nature of the peaks under these conditions.
(AV% = 0.5 Hz). This chgnge in the coupling constant
‘ amounts to oﬁly 1.7% in a 90° temperature change, and.
was ignored. Sincé most spectra were recorded at or near

the ambient témperature, the value of 4.73 Hz was used in




et P et i . e T

63

all calculations.

5.2 Determination of the silicon-hydrogen coupling

'COnstant,;J(zgsi—lH)"

The silioon~hydrogenlcouolihé COnstant‘wesvdeterm
mlned w1th a sample contalnlng 100 mg of tetraorooyl~
ammonlum methyltetraFluor05111cate in 0. 3 ml of “ethyl—
’ene,chlorlde~(l;l mol‘l ):at -20%c. Duevto overlapplng N
of»the'mainbandvsatellite peaks it wae pOssible-to deter-
k,mlne the coupllna constant from the outermost (lowest |
1nten51ty) llnes only. -This nece351tated the use of hlgh‘
Bl levels, hlgh galniand extreme damplng'of ‘the resultant
sighal.A Thelresult obtained under thesehcohditlohs,was

9.3 %0.2 Hz. No iSotope‘shiftIWae hoted.

5.3 The effect of methanol conoentration-on-thefexchange

' rate

.Samples,Werelprepared with verying methahol'con—r
centrations,.es-desoribed in Section'4'7.‘ A natural log
‘plotbof r_l as a functlon of methanol concentratlon is-
Hshowh in,figure 5.5; the aata used to produce thlS graph
are shoWn ih‘table 5.1. The concehtratioh offtetrapropyle

’ammonium methyltetrafluorosilicate was 0.66 mol l—l,_ A
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least mean squares analysis of the data yielded a slope,
and hence the order with respect to methanol, of 1.95 #
0.09. Within experimental error, the kinetic order with

respect to methanol is 2 (see equation 3.23).

5.4 The effect of tetrapropylammonium methyltetrafluoro-

silicate concentration on the exchange rate

The exchange rate of this cempound shows a most remark-
abie negative concentration dependence. It can be seen
from the data in table 5.2 that the exchange rate actually
increases with a decrease in concentration. Natural log |
plots of T-l as a function of tetrapropylammonium methyl-
tetrafluorosilicate concentration are ahown in figure 5.2.
The slopes of the iines (least squares) are: -17OC, =1.54%
0.2; -25°C, -1.2 # 0.2, -1.2 + 0.1. The difference in the
position of the two lines at -25°c may be attributed to
an error in methanol concentration, or a drift in the
temperature calibration of the HA-100 spectrometer. The
latter condition was noted on several occasions, particularly
in the temperature range from 0°c to -30°¢ whenever liquid
nitrogen was employed as a eoolant. In later studies it
was found that a "dry ice"/acetone mixture pro&ided much
beéfer stability under these circumstances.

Since the observed order is one less than the true
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kinetic order (equation 3.22), the order with respect to

tetrapropylammonium methyltetrafluorosilicate is between

~0.2 and -0.5 in this temperature range.

5.5 The effect of pyridine on the exchange rate

The effect of the typical Lewis base, pyridine, is

'shown in figure 5.3 and table 5.3. The line is réasonably

linear with a slope of -0.5 % .0.1 (least squares)'until a

concentration of about 1 mol 1_1, at which point the slope
" becomes steeper, approaching a value of -1. Thé.sample

temperature wasv31.SOC; the methanol concentration was 1.0

mol lnl, and the tetraprdpylammonium methyltetrafluoro-

. ‘silicate concentration was 0.66 mol 1 1.

5.6 The effect of 2,6-di-(2-methylpropyl)~pyridine on

the exchange rate

'_4A sample éontaining 0.66 moi i_l tetrapropylammonium .
metﬁyltetrafluorosilicate and 1.0 mol l‘_'l in methanol showed
no'discernible éhange in the exchange rate upon the additién
of 2,6-di?(2—methylpropyl)wpyridine over a'concentrétioh

- range of 0 to 0.52 mol 17t
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5.7 The effect of pyridine on the order with respect to

- methanol

Figure 5.7 and table‘5_5 show the effect of pyridine'

on the order with respect to methanol. The pyridine

concentration was 1.0 mol_l“l and the tetrapropylammonium

'methyltetrafluorosilicate concentration was 0.66 mol lfl.
The spectra were recorded at the ambient probe temperature

of 31.5°C. Within the error limits of the experiment, the

order in methanol remains at 2.

5.8 The effect of temperature on the exchange rate 2

The effect of témpeiatﬁre onvtheipre—exéhange lifetime
is given in table 5,4.- These vaiues are for a solution
cdﬁtaining>l.0 mol 1_l tetrapropylammonium'methyltetra—
fluorosilicate and . 1.0 mol l_l in methanol._'These con-

_ ditioné were chosén-to avbid errors dué to uncertainty in

the orders with respect to both methanol'and‘the fluoro-

silicate salt (if both [CH351F4"] and EZHBOH]'both are

equal to 1, T_l = % k, independent'of the orders). - These:

~concentrations also provided a convenient temperature range

over which the exchange rate could be measured. A fit of
the data to the conventional Arrhenius eguation (equation

3.25) is shown in figure 5.4. The'plot is quite linear to
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‘aboﬁt -30°C. Below this-temperature,_however; a marked
curvature takes placé, becoming almost a horizontal line
at -50°C. A least mean quares-fit developed by Deming
(loo).was applied té the linear portion of the plot;.vThis
reéulted in'a value for Ea? the activation energfr of 10.2‘i
0.3 kcal moi_lc‘ The frequency factor, Ao’ was (2.1 & 6.7) X

'1010 sfl. Figure 5.6 shows a fit to the Eyring eguation

(equation 3.26) for the temperature range for which the

Arrhenius plét was linear. This yielded a_value,for the
activafion enthalpy, AHT, of 9.6 + 0.3 kcalvmol—l, and
anvactivation entropy; AST, of =13 + 1 cal>mol_l K-l;
The»free energy ofbactivation, AG+, was found to be 13.5 *
0.5 keal mol™! at 208 x. | |

The uncertainty in the temperature was estimated to

pe +1°C (section 4.2), while the uhcertainty in relative
rate constants was estimated from the deviation between
like spectra and the probable error in fitting the experi-

‘:mental'spectra to the calculated ones. The‘errbr was

generally about 10% at higher temperatﬁres,'but is higher
at lower temperatures. This is due to instabilities in
the spectrometer and the sensitivity of the spectrum to_T2

in this temperature region (almost the slow exchange limit).

At least three spectra were recorded at each temperature,
and as many as six were recorded at the lower temperatures.

Figure 5.6 shows a comparison of experimental and calculated
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spectra for several temperatures and Tt values.
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Table 5.1 The effect of methanol concentration on the
pre-exchange lifetime. The sample temperature was 31.50C,

. . . ' -1
thg (Cﬂ381F4)(N(C3H7)4) concentration was 0.66 mol ; -

o [CH3OH] mo1 17T | _— (s"l)+
0.233 i,' . 60.3
©0.317 R 85.6
0.449 ‘ 164
0.472 . . 191
0.497 .' 211
0.638 403
0.670 | 469
0.741 e . s18

0 0.905 S 944
0.951 - 854
1.1 1212

1.22 1043

T The error in the concentrations and pre-exchange life~
times was estimated to be of the order of 19%. This value
represents the average deviation from the mean of several .
similar samples. The average deviation of any point from
the "log-log” plot was also of this magnitude.
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The effect of the tetrapropylammonium methyl-

tetrafluorosilicate concentration on the pre-exchange life-

time. The methanol concentration was 1.0 mol 1 .-

1

[CH3SiF4 N(C,H.) 1 os™h

5 0.172 208
s 0.172 265

s o0.172 299
5 0.236 191

5 0.320 125

5 0.410 129

5 - 0.459 74.4

§  0.553 59.7

5 0.571 64.7

5 0.649 33.1

5 0.909 18.9

§  0.920 24.1

5 0.950 20.5

* . 0.165 70.1
% 0.233 49.4

*  0.427 23.3

*  0.638 14.2

*  0.819 - 10.0
0 0.273 60.3

t  0.333 40.5 (cont.)




(continued from previous page)

+ . 0.449

71

31.5
+ 0.549 27.1
+ 0.705 16.4
s  -17%
* -25% sample 1

T -25%% sample 2
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Table 5.3 The effect of pyridine on the pre-exchange
lifetime. The sample temperéture was 31.50C, the methanol
concentration was 1.0 mol l_l, and the tetrapropylammonium

methyltetrafluorosilicate concentration was 0.66 mol l_l.

| [CSHSN] (mol 17%) T (7l

0.206 403
0.407 270
0.631 250
0.845 - 200
1.03 _[' | . _190”

S 1.22 , ‘: 167
1.72 | . 128
2.11 - o 110

2.51 81.5
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Table 5.4 Pre-exchange lifetimes and rate constants as .
a function of teméerature for a solution containing 1 mol lfl
tetrapropylammonium methyltetrafluorosilicate and 1 mol l_l
methanol, in methylene chloride solution. |
T (°c) T L sTh k (st 1% mo1¥) T
-51 L0222 5 i.2 20 + 8
-47 . 226 6 1 24 x4
~42 - 231 611 24 & 4
~37 23 61 24 x4
-27 246 8% 1 32 t 4
_13 260 16 t 2 61+ 8
~4 - 269 . 30 + 3 120 £ 12
+17 290 115 £ 10 . 460 % 40
+17 290 105 £ 10 420 £ 40
21 294 140 * 15 560 + 60
+26 - 299 205+ 20 820 * 20
+32 ’ ‘305 | 285 * 36 1140 * 1201
+40 - 313 440 £ 50 1760 + 200 O
- *® AUncertainty estimated to be * 1°C.
+ ’..The exponent»x.is deéeﬁdent'on the order.of the

reaction with respect to the fluorosilicate. If the -
order is -%, then x is 1.5.
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Table 5.5 The effect of methanol on the exchange rate
in the presencerf 1.0 mol l_l_pyridine.' The samplé
temperature Was 31.5°C and the tetrapropylammonium'methylé

tetrafluorosilicate concentration was 0.66 mol l—l.

1 N —l)

- l?H3OH]'(mol 1 7) 3 (s
0.84 - 83.1
' 1.65 | | 330

2.51 | 639

!
i
i
|
i

i
i
i
i




Figure 5.1_‘ A‘plot.showing the effect of methanol
" concentration on the e#change'rate.' From the slope
of the graph the-kinetic order with-reSpect to
‘methanol may be determined. The eétiméted_error -

limits are shown for one point.
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o k Ln [CHgOH]




Figure 5.2 A graph showing the effect of tetra-

propylammonium methvltetrafluorosilicate concentration

on the exchange rate. Note that the effect is

a _redﬁction.éf exchénge rate as the concentration

is increaéed. Thevkinetic order may me determiﬁéd
from the slobe'of the lines as described in thé text.

Typical error limits are shown for'one'point.




Ln [CH,SiF]




- Figure 5.3 The effect of pyridine on the exchange

.~ rate. Typical error limits are shown for one point.
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Figure 5.4  An "Arrhenius" plot for the methanol

.~ catalyzed fluorine exchange in tetrapropylammonium

'methyltetraf1uorosilicate. Possible reasons for the

“curvature are discussed in chapter 6 and in Appendix.

C. The activation parameters are given in the text.
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Figure 5.5 An "Eyring" plot for the methanol

catalyzed fluorine exchange in tetrapropylammonium
methyltetrafluorosilicate. Only the’region over

which the "Arrhenius" plot is linear is shown.
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Figure 5.6 A comparison of experimental and

~calculated spectra for three different temperatures.

- The experimental'spectra are on the left, and the

‘calculated spectra are on the right.




.64 seC

.059sec 1.1sec
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Figure 5.7 The effec£ of methanol on the exchange

‘rate in the presence of 1.0 mol’l_1 pyridine. The
~ tetrapropylammonium methyltetrafiuorosilidate
concentration was 0.66 mol 17,

The slope of the line is 2.0 * 0.2.
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CHAPTER 6 DISCUSSION

With the kinetic daté available, it is now possible to
propose mechanisms that are consistent with the experimen-
tal observations.

The first step in any possible mechanism is pfobably

the dissociation of the ion-pair into the separate ioms.

E3H381F4 N(C3H7) 4] -— CH3SlF4 + N(?3H7)4 o
A B c

(step 1)

It is réasonable to assume that it is only fhe free
CH3SiF4u ion that is involved in the exchangé prdcess,

It is also reasonable to assume that thevequilibrium
éescribed byjstep 1 isfwéll to the left in a noh—pblar
~solvent such aS'methylene chloride. These‘assumptions
‘are'supportéd by analogy‘to the dnmr studies on (C4HQX4N
_PFG,(58) -and by molecular weight meésurements., The
molecular weight expected for the ion—pair is 305 g mol*l,
~ while for the individual ions the apparent moleculaf Weight
would be one half of this value. The expetimental value
was found to be 330 * 20 g mol_l. The slight difference

between the experimental and formula weights may be due

"to a tendency to higher aggregatioh or, more probably,; a




83
- deviation from Raoult's law. Extensive ion-pairing has
been observed for a number of related compounds in non-

(58,101)

polar solvents. If extensive ion-pair formation

occurs, then:

(6.1)

[ [
G

Klf [A]'!E- .» = a . . (6;2),

[2]

Before proposing any new mechanisms, an examination
of Klanberg's and Muetterties' mechanisms is in order.
Their first mechanism was a bimolecular exchange involving

the formation of fluorine bridged dimefs; thus:

iF
2 CHy—Si<gp —> i’;’sll pI S 1y gy
| _

This step would have thebfollowing rate law:

(rate) = x [8] 2 - _ _. (6‘.3) 

(rate) refers to the macroscopic fluorine exchange
rate on a d(concentration)/dt basis.
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Combining equations 6.2 and 6.3 results in:

(rate) = k Kl [A]

o= 3k k, [a] ©  (6.9)
The inverse of the pre-exchange lifetime would be
independept of the added salt concen-
tration. Thié‘is not what is found‘experimentally.
Indeed,.the inverse of the pre—exchange lifetime is in-
versely proportional to some non-integral power of the
salt concentration. This strongly suggests that a fluor-
ine bridged dimer is not the éredominent mechanism for
fluorine exchange.

The‘other proposed mechanism (the one that Klanberg
and Muetterties preferred for the CH3SiF4_ ion) was an

ionization process.

. "e_ . -
CH3SJ.F4 == CH3SlF3 + F

In this case, the exchange would be first order in CH_SiF,.

3 4
(rafe) = k [ﬁ]
‘ (ratg) = k K% [A] C
O
4

o [

T =
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-~ The observed order, on a lifetime basis, would be ~-1/2,
similar to the case of PF6~.(58) Since the observed order

is actually -1.2 to‘—l.5, this mechanism also does not

adequately explain the kinetics. More importantly, neither

of these mechanisms explain the need for two molecules of
methanol in the mechanism. In the absence of methanol;
, _ : L

é carefully purified sample shows no exchange on the nmr

time scale. This indioates that if any exchange occurs

via either of these two mechanlsms, it must be too slow

ﬁo obserVe with a dnmr technique.

| Having eliminated the previous mechanisms as in-
.consisﬁent withvthe experimental findings, it is
. hecessary to propose mecnanisms that §£g consistent with
the kinetics, and are also cons1stent with the known chem~
istry of these compounds. o o o o o
Scheme 1

One possible explanation for the second order

dependency on methanol involves the establlshment of a

 pre-— equlllbrlum of CH381F4 and methanol in a Lewis-acid

Lew;s~base adduct.

F o o . ) 'CH'-
l v v ' 3

] . Fs . e
CH?’—-,-IS:L&F + CHBOh ey FVS]“‘F

: CH
(step 2) T3

B

o




to the left, since the SiFS:NH3_

86

It is reasonable to assume that this equilibrium is well

adduct has been found

to lie essentially to the left in CH2C12 solution.(2’3)+ If

this is the. case, the concentration of the complex will

be:

o - x, [5] [on0r] |

Combining équations 6.1 and 6.5 giVes;

- [D] = K, K? [A].% [CH303]"

(6.5)

Now, if the‘proton can be abstracted by a second molecule

of methanol.

CH -

CH3

—F

F\"N . o— C

|

O

.

CH3

E

(step‘3)

' +
CH_OH,

Adducts of SiFS_

are well known.

(2,3,102-104)
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Then:

Ii

K3 [D] [CH3OH:|

K, K, K% [a] * [cajon] 2 - (6;7)

[
=

If the six coordinate intermediate, E, is unstable

enough, it may return to five coordination by loss of a

fluorine.f' ;
?H3 T = F —_
F\\ . : - T ; e oz ~=0=CH
Fmsjh?l —— CH§——Tl<.'F 3 + F-
|
CH3
E

(step 4) F

This would be a first order process in E with a first order

rate constant, kl,'

(rate). = kl [E]
(rate) = k; K, K, K% [A] %' [CH3OH] 2.
;'1 = % k; K, kz K?. [A]'f% '[CH3OH] 2 ; ‘6.8).:i

.f This is entirely vossible, since no six coordinate

silicon fluorides (except for SiF6= and SiFS:B_) have been
characterized by‘nmr. Excess fluoride in the production

-of CH3SiF4—-does not result in a stable CH3SiF5:.(l’85)
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This expression for the inverse of the pre—exchangé life-
time is proportional to the second power of the methanol

concentration, and inversely proportional to the square

“root of the tetrapropylammoniun methyltetrafluorosilicate
concentration. This mechanism'étill does not reproduce
the -1.2 to ~i.5 order found experimentally.

It is possible that_oné_of the productS’of_a later

step in the reaction inhibits some earlier step. One pos—

- sibility might be for the fluoride formed in step 4 to

&

complex with the CH3SiFﬁ" ion.

If the rate of this exchange was slow compared-to fhe

xchange in step 4, it could inhibit the reaction by "tying

up" ¥ and>CH3SiF4_.v This would even be‘more reasonable

if‘CH3SiF4_ was a much better fluoride acceptor than -

i iF
CHB(OCH3)SlL

3
these ions have been undertaken, but since fluorine is a

- No studies of the acceptor properties ofv

better electron‘acceptor’than a methoxy group, this would.
be expected.

Scheme 2
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Another possibility for the exchange mechanism might |

be:
F - TH3 =
T O L 2 F~L Py e o |
CH-:,;-——TlsF : ‘+ CH3OH —> ?‘1&}? \O—-CH3
R ~ 0]
. . NN
. cH H.
- ‘ : 3
| T l inhibition = 1
' = 73
CH, 0
N = + s ) '
F-,ﬁ>Sl<g..F + H N CH;"'Sl“'E‘ + HF
l (as CH,OH.) T
CHP,/ Ny

. This would also explain the kinetic results.

, Scheme 3

Another possibility might be:

2 CHy0BH X cmgom)t 4 CH.O




l 3
I"'F + CHO = Me—agieo
CHsz Tl\zﬂ 3 « F';l e
F O\
cH,

whichkcoﬁld also be inhibitea by fluoride at the first -
stége. This mechanism is.not as attractiﬁe as fhe others,
since the equilibrium constant for the first step woﬁld
be*unﬁkauable, especially‘in ﬁethylene chloride solution.

Anéther possible explanation for the second order |
 dependence on methanol.is a'changé in the bulk properties
of the solvent due to the relativeiy high concentrations

7 (105)

of methanol employed. One way for this to. occur would

.be an increase in the‘CH3SiF4_ concentration due to a

change in the equilibrium constant Kl;'-This would be

entirely possible, since méthanol would be expected to

solvate the ions better than methylene chloride. For this

to result in second order kinetics over the ten-fold
concentration range studied would be purely fortuitous. .-
In order to test the hypothesis that the exchange

could be inhibited by a Lewis-base at the first step, it
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was decided to study the effect of pyridine on the exchange
rate. A decrease in the rate is noted, and this may be

due to the following situation:

| [
CH3—'51<'§ + . CoH.N: == §>;1<'§
F. N
s

Since there are at least several equilibria in competition
with this one, it would be impossible to quantify this
effect without detailed kndwled%e of the steps involved.
Nevertheless, it is clear that reducing the concentration
of the CHBSiF4— ion in this manner should reduce the ex-
change rate (if the previously described mechanisms have
any validity), |

It is aleo possible that pyridine could inhibit the
exchange by complexing with:any hydrogen fluoride involved

in the reaction. To test this hypothesis, 2 6-d1—(2-methyl—

propyl)-pyrldlneV%s added to an exchanging sample. This

. material ‘should be capable of complexing w1th hydrogen

flporide,+ but it should be too hindered at the nitrogen

+> . The Ké value for this base is not known.
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to form an adduct with the fluorosilicate anion. The rate
is found te be neither accelerated nor hindered by the
introduction ofAthis base} therefore, it may be cencluded
that hydrogen fluoride is érobably not involved in the .'Avagi
reaction mechanism. -
‘An ideal test of the hypothesis that the exchaﬁge is

~inhibited by fluoride ion would be the direct introduction

of a fluoride salt into the system. This proved 1mp0531b1e,

, however, since no fluoride salt soluble enough in nethylene

chloride and at the same time pure enough for these studies
could be found. - Commercial tetraalkylammonium fluoridest
generally are aVailable only as the hydrates, and have
also been found to contain up to 10% chloride.(l)AbTetra
propylammonium fluoride prepared by the author always
contalned traces of water and the bifluoride, as detected by
1nfrared spectroscopy._ It should be noted that these |
materlals are very hygroscoplc, and since water is probably

a very efficient catalyst of fluorine exchange, the results

obtained upon the addition of these fluorides would probably

be unreliable.
It is important to realize that activation parameters

determined by the conventional Arrhenius and Eyring methods

represent tHermodynamic properties of the transition state

(or activated complex) only when the rate being studied ‘

is that of an elementary proeess.(106’107)' Since the




93

"rate constant" determined by the dnmr method can be a
collection of rate constants and equilibrium constants,
the results obtained are a composite of terms. For an

- example of how a pre-equilibrium can effect an activation

enéfgy the reader is dirécted to Appendix C. Without
detailed.knowledge Qf the equilibria involved the activatibn
parameters provide an empirical method forvdeséribihg the
'effects of temperature on the exchangé‘rate. |

One interesting feature of this system is the fact:

that the overall ACtivation‘entrOpy was'found to Ee negatiVev
(=13 + 1 cal I'nol—l K-l). This indicates that at least oné
of the sﬁeps in the exchange.prOCess mﬁst have a.negative
entropy. This is entirely consistent with a mechanism
 inVolving‘the formation of a complex or complexes. ,Complexv
formation is an ofdering of the system}ba countér—entropic
process.' Dissociative processes, on the other hand, geﬁeral-
iy have poéitive entro?ies of activation and positive
equilibrium entropies. This'negative entropy téhds'to‘

vsupport the hypothesis that expansion from five to six

coordination takes place at some point in the exchange pro-
cess. Expansion to five and six coordination has been

postulated as the mechanism for the racemisation of chloro-
. (108-111) |

and in the base catalyzed hydrolysis of
(2,6) '

silanes

trimethylfluorosilane. Six coordination has also been

postulated in the racemisation of triorganotin halides. (112)

These mechanisms are all supported by the kinetics.
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Another interesting feature of the Arrhenius plot is

the rather unusual change in slope at low temperatures.

This may also be a conSequence-of a multi—step reaction,v

but another more probable explanation is given in Appendix

B. Reviews on the effects of equilibria on Arrhenius

pPlots have been given by Hulett and‘others.(lignl?l)
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SIMPLIFIED FLOW CHART OF PROGRAM "EXCHSYS"

OUTPUT
PLOT DATA

Z ’ :
READ TAU ’ WRITE PLOT
TAPE >
" SET UP
PLOT
(keap p ,f\
MATRIX
GENERATE
\1/ SPECTRUM
( READ '
FREQUENCIES,
T5's, POP's 1r.
" CREATE
SET UP SPECTRAL
FACTORING VECTOR
Y CREATE
CREATE | SHAPE
A < VECTOR
MATRIX :
Vv N
SEPARATE DIAGONALIZE INVERT
FREQ. DEP. & > 5 > ’
INDEP. MAT.. = =
Yy A v 4 VR
OUTPUT OUTPUT , - QUTPUT.
MATRICES MATRICES : MATRICES

Large matrices

-may be stored

on disk.

p matrix and
vectors may be

stored and do

not need to be

read for each

tau value.

. _The:spectra may

be plotted on

"the line print-

er, if desired.
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APPENDIX B THE EFFECTS OF FLUORINE SPIN LATTICE RELAXATION

ON THE PROTON LINESHAPE

In chapter 6 it was pointed out that a shift in an

equilibrium may be responsible for the abrupt change in

slope

of the Arrhenius plot. Another possibility is that

an exchange in fluorine spin states might occur via a

f£luorine Tl process, since a change in spin state of one of

the four fluorines is equivalent to an intermolecular ex-

change of the fluorine for one of the opposite spin.

line,

It is known that for an absorption mode Lorentzian

a plot of

lim A

B,+0 - B

(B1)

>

1

as a function of Bl2 will have a slope of szsz, where

A is the amplitude of the resonance absorption.(ll3)

Y'Tl
(114)

nmined

r T2 and Bl are defined in chépter 3. Since y islknown,
and Bl may be easily measured,(gs)and T2 may be deter=

from the linewidth at half height (provided T,<< T;)

T, may be obtained. For a 0.66 mol 17! solution of tetra-

propylammonium methyltetrafluorosilicate in a 1.0 mol 1—l

CHZCl

5 solution of methanol, T, was 1.7 s and T, was 31.8 ms.
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‘These values were obtalned at the ambient probe temperature

of 30 + 1- C, the only temperature available at the time.
. In'most instances Tl values decrease with a‘decreasev

in temperature, .For this reason, any possible effects of

‘relaxation on the apparent eXchange rate will be more pfo-.

nounced at lower temperatures. The temperature dependence

of relaxation fates‘may be determined with the following -

equation:
_Rl = Ro exp(Ea/RT)_  ' v o . (B2)
where Ry = Tl-'l and Ea is an empirical_"activation energy" .

for the relaxationvprocess. Assuming a "typlcal" actlvatlon

energy of 3 kcal m‘ol"l the value of Rl at -50°c was estimated

to be 2.6 s_l, which is equlvalent to a fluorine exchange

rate of 5.2 s -1 (51nce one-half of all fluorine exchanges

result in no change in the magnetlc state of the ion). 'This_

1'compares qulte favourably with the experlmental value of 6 +
1 s_l for thls temperature. lhlS agreement may be purely |
fortultous, of course, but the calculation serves to 1llus—
trate the manner in which a relaxation process could become -

~comparable to theiexchange procees atblow temoeratures The
expected" exchange rate, based on the Arrhenius law, would

-be less than 1 s -1 at this temperature.: |

It is interesting to speculate on what the cause of

this relaxation might be. The predominent mechanism is
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. . . . (118) . .
likely to be dipole-dipole relaxation, in which case

the relaxation rate will be given_by:(lls)

2 Y4

hz I(I+1)
6

r

(B3)

where R is Planck's constant divided by 27 , r is the inter-
dipole distance, I is the spin quantum number of the nucleus
and To is the'rotational~correlation time. Since.X—ray
crystallographic data for the CH SiF,” ion were not available,

3 4
it was necessary to use the bond lengths of SiF

5 which the
. . ' -8 (117) _
most reliable work gives as 1.7 x 10 cm. Each fluor-
ine is then at a distance of 274-x 10__8 cm from two others.
The distance to any other nuclei is 3 x lO__8 cnm at the near-
est. Since the rate is proportional to r r the relaxation

from these other nuclei may be ignored. The following dia-

gram provides a clarification of the situation.:

(e |

CH S 1L i 3x1078
3 . -‘-..‘F—JL em

o

AN
AW

Using the 2.4 x 10—8 cm value, and considering that each




~ ion.
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fluorine is relaxed by two others, results in:

R, = 6.92 x 102 ¢
1 C

To is unknown but may be assumed to be about 10-10 to 10"ll s

for a species of this molecular weight (305) at room temper-
ature._ This assumes, of course, that the ion spends most
of the time bound in the ion-pair. A correlation time>of_

 these magnitudes will result in a T; value of between 1.4

and 14 s. This may be compared to the experlmental value of
1.7 s. These calculatlons are admlttedly very crude and many.
p0551ble relaxatlon mechanisms have not been included. They

. do,however, show that dlpole dipole relaxatlon must be an

1mportant term in the total relaxatlon rate of the CH3SiF4-
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APPENDIX C THE EFFECT OF A RAPID PRE~EQUILIBRIUM ON

AN OBSERVED ACTIVATION ENERGY

Consider the following reaction sequence

A + B £EZ= ¢

in which the rate of formation of D is measured.

a bl x [c] | (c1)

dt

[c] = | Keq v[AJ [B]' (e

Combining Cl and C2 results in:

dt

a [n] = kK [A;l; [B_]

.This reaction will be observed to be first order in A and
first order‘in B wifh an observed rate constant, kobs'
which is the product of the first step equilibrium constant
ané the second step rate constant.

In an Arrhenius-treatment’the logarithm of kobs
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would be plotted as a function of T_l from which an

is a
bs

composite.of two terms, the "activation energy” will be a

"activation energy" could be determined. Since ko

composite of two terms.

k = A exp(-E_/RT) | ' | (C3)
Keq » g exp (-AH/RT) (ca)

- Kops = A exp(-Ea/RT) - B exp(-AH/RT) sy
1nkobs=lnA+lnB—‘%—% (C6)

Therefore, a plot of 1n kobs as a function of T-l
will give an apparent "activation energy" of Ea + AH. 1In
other words, the "activation energy" will be the sum of the
activation energy for tﬁe second step and the enthalpy for
the equilibrium. The pPre-exponential factor will be the
sum of the sum of the frequency factor in equation C3 (A)

and the constant of integration in equation C4 (B).
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