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ABSTRACT

The new oxidative technique, SbCLl_-S50 has been used to

58
prepare and record the E.S.R. spectra of the radical cations of
octafluoronaphthalene; 2H-heptafluoronaphthalene; 2,6H-hexa-—
fluoronaphthalene; 2,3,7H-pentafluoronaphthalene; 2,3,6,7H-
tetrafluoronaphthalene (dimer cation); 5,6,7,8H-tetrafluoro—
naphthalene and is described in detail. Unlike perfluorinated
anions which could not be detected by E.S.R., those highly-
fluorinated radical cations are stable at room temperature for
several hours. The fluorine hyperfine splittings are much l#rger
than those observed for fluorinated anions and the spectra display
pronounced linewidth and intensity anomalies. The spectrum of 2H
~heptafluoronaphthalene could not be analysed. The fluorine
hyperfine splittings have been used in conjunction with lMcLachlan
spin density oalculaﬁions ofjﬁcifF to determine the magnitudes
of the spin polarisatign parameters Q_ .o (26), QiF and Q?(FC)

(25) for radical cations by performing least squares fits to
those equations. The values obtained are much larger than the

corresponding values for fluorinated anions (p.132) and attempts

are made to show how this arises.

l’Footnote:
In this thesis the notation A,B = A and B (where A and B are

numbers or quantities) is extensively used.
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A. General

The investigation of the electronic structure of radical

ions by B.S.R. Spectroscopy is now well established and has

: : R o ;
been reviewed in detail. > In additiony; Annual Reviews of

Fhysical Chemistry and Annual Reports of the Chemical Society,
both since 1954, provide a yearly account of progress in the
field, This thesis is concerned with E,S.R. studies of radical
ions in solution and there Ffollows a brief swimary of the

>

relevant theory: more cdetailed accounts ~re given in references 2

and 3.

1, Hyperfine Interactions in Solution and QEH

The %eeman Hamiltonian for the interaction of the unpaired

electron of radical ions in solution with a strong magnetic

field, H, is

T = E#HSZ (1)

wvhere ﬁy iz the g--component of the electron spin angular momentum

operator; g, the g value, is the isotropic component of the g

L}
-

tensor and}g iz the Bohr magneton. The ecigenvalues of thig
Hamiltonian are El = ﬁqﬂﬁ and. 32 = wﬁgﬂﬁ end their difference,
& = g’H. If the gystem is allowed to absorb radiation of fixed

microwave freguency y ; resonance occurs ~t a value of K where

hy = 8 = gfil (2)



In the majority of radicalg 2 ceries of hyperfine absorption
lines and not a single line are, however, obtained as the unpaired
electron also interacts with any magnetic nuclei present in the
radical. Those lines appear at slightly different field values
when H is varied through resonance., The Hamiltonian, ’ﬁifnr
this interaction is the sum of the anisotropic dipolar interactioh

s : ! i ; ; . =i
lamiltonian, ’ﬁl and the isotropic contact interaction term, ‘ﬁ’l 3

In the strong field approximation

™ —}:gﬁemﬁ @1&:‘1% - sgﬁz’%)ﬁnzﬁ‘) (3)
1 n e 'rurnl 3 lr..-rn'f_

vhere g}{*ﬁ}} are the nuclear g value and nuclear magneton respectively
and the sum is over all magnetic nuclei, n.?n” is the z~component
. ; _ 2 A
of the nuclear spin angular momentun onerator and Ty the
position vectors of.the unpaired electron and nucleus, n.

1'-Jeis:3manr has shown that the roapid tumbling in solution causes

T %o vanish leaving only

L
! S
2 - &R Bepi¥s T J32)
n o I

e S - 3
:[an')'?..]:nz (4)

n
(> » . . . - :
where o(r—rn) is the Dirac delta function for the distance
between the unpaired electror and nucleus n and ay is the
igsotropic hyperfine splitting of this nucleus.

The total effective Hamiltonian ieg +thus

™\
= gﬂTE;- ansz 'Inz (5)
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i -

A ﬁa ig much smaller than HO’ the hyperfine energy levels can

be regarded as small perturbations of El;E? and the eigenvalues
‘1’? ] = + Lo .

of II found from first order perturbation theory. If qfls the

total molecular electronic wave function, the hyvnerfine energy

levels, m:) are to a firet order given by
2r, - WTY) (©)
n ;
g ("V | HO”J) s (\V'Zanaz * In?.‘v)
n iy,
“nd B =AW TV + {$1=.5,.T, ) 1)

It is seen from (7) that interaction of the unpaired electron
vwith a single nucleus n causes bhoth EI’ER to split into (EIn +1)
hyperfine levels. The gelection rules for traneitions between

(=¥ = .} = ,‘" - & ] 3 :E.-]-u e —, —
those levels a.reﬂ,mg = -1, AmIn- 0 where W, = =gy Mp. ’In,“In 1)

Z ~
+++0 .-+ =T arc the cigenvalues of © I
n z’ "nz

respectively and In

is the spin cuantum number of nucleus, n. (2In + 1) hyperfine
lines,; separated by a y are therefore obtained by interaction
with a single nucleus.

A radical ion mey contain numbers EA’MB’NC etc. of symmetrically
equivalent nuclei of type A,8,C with nuclear guantun numbers I&,
IB,IC respectively. If aﬂ)aB;aC, each of the (QHAIA+ 1) hyperfine
lines obtained by interaction with type A is further split into
(2NBIB+ 1) lines by interaction with nuclei of type B etc.

Complete analysis of such an T.%.R. spectrum gives all hyperfine
cte.

aplitting constants a g8

Sl Lol

The isotropic hyperfine splitting, a s from nucleus n is
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related to the wave function¥ by the expression

a, = o 35?‘3:#}# (0) *31
i 313;36'}’3‘}#&%))1 (8)

t'\y(o){n is the value of W at the nucleus a’ndfn’ the unpaired

spin density at nucleus n, is defined as

fn =(‘P‘€_&f"kmgn)§;czwﬁz (9)

where the summation is over all the electrons. -’J'kﬂ

component of the spin angular romentum operator of electron k

is the g—

and S::’ the z-—component of the total spin angular momentum for the
radical, )

This thesis is concerned with ¥ —~electron radical ions where
the unpaired electron moves in a %W orbital with nodec at the
nuclei. Many moleculor calculations on such planar ¥¥ systems
avsune the 0 —-W separability approximation, i.e. that

¥ - oY %] (o
whereyo. and \H,,.a.re functions of only (UTancd only 37 - electron
co-ordina'bt_as respectively and O is the antisymmetrization operator
with respect to O —¥§ :'Ln"x:e::‘cma.ngra..lrj #ithin this approximation,
all nuclei in a ¥¥ radical ion lie in the nodal plane of% and
therefore j)nand an(8) must both egual zero., Thus the very existence
of hyperfine interactions indicates some cdeparture from O -J¥
separability. Hence, in order to relate theory with experiment,
some relationship between a.n_ andﬂ’.“. must be developed.

A relationship of this kind for aromatic protons was established

by KoCcnnellgmll wno theoretically cxamined the hyperfine interaction
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in a C-H fragment. He postulated an exchange polarisation of the
electrons in the G-I UThonding orbital by the unnaired W -
clectron on the carbon atom leading to net unpaired spin density
at the proton. He made allowance for this effect by admixing into
the ground state wave function 2 small amount of the excited
doublet valence bond function where both 0 electrons in the C-H
bond have parallel spinz, The use of first order perturbation

theory resulted in the approximate relationghin

5 da "‘%1-33) = & E fo

= Q= @ (11)
where aﬂ,aé are the igotronic hypcerfine splittings of the proton
and a free hydrogen otom rcupectively n,nr.‘f.fc, the unvaired
spin density on the carbon atom, iz talken to be unity for a C.-II
fragment. @ the spin polarisation paramctey is a coustant for
the G-Il fragment and is defined by the terms within the brackets.
The guantities

Gwian} = ]a(.l)vr(z)|ejélz_,h-r(l)h(2).":..'1‘15:1'p

&
and 7H6s) =jfs(l)1’(2)’%nhi(l)s(z)d‘fld‘fg

are exchangc integrals involving orbitals®,h and & where W, h

(12)

are the carbon 2p_. and hybrid orbitals respectively and s is the

%
hydrozen lo orbital. Soie the overlap integwal betueen h and s
and I iz the difference in energy between the bonding and

antibonding configurations. Holeccular orbital trentments gave

essentially identical reoults. The theory was also extended to

polyatomic Tr--electron radioal:ll whure.fc‘l recsulting in the



McConnell relationship

H JH
a«-i = QCH?'.L (13)

5
where azs the hyperfine splitting from the »roton attached to
carbon atom i1 variee linearly with the W —electron spin density,

0., on that atom. The superscript on the spin polarisation

o

parameter, Qgﬂ, refers to the nucleus (here a proton) giving rise
to the splitting and the subscript refers to spin polarisation

in the C~H C bond by unpaired W spin density on the associated
carbon atom,

The introduction of (13) made possible detailed comparisons
of 'experimental' values Of‘fi vwith those calculsted from various
types of W ~elecctron approximation: (see chapter ITI,B). The
validity of those approximations to describe the ground states of
:ﬂr-olectron radicals could therefore be eztimated. The magnitude

Tr
of QEH had first to be established, however, and numerous attcmpts

to do mo theoretically have reuvulted in values from ~20 to -30

goUSS 4. Jarrett12 has evaluated all the terms in eguation (11)

and obtained QEF = -28 gauss. For some rudicals‘fi is determined
A

by symmetry or can be reliably cotimated as in the benzene negative

13 H

ion"~ where ;P = =22,5 geuss or in the methyl radicall4 where

QCH = =23,03gcuss,. Similar considerations, however, for other
radicals give quite different values c.z. the cyclooctatetraene

= T
anion® (Q%H = =25,68) or the buitadiene anionlc (QEH = =20,81),

. . . H
Thusy although (13) is approximately valid, QCH does vary from one
radical species to another.
17

The pairing theorem™ ' predictc that the radical cations
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and anions of even-alternant hydrocarbons should have the same
values of P9 but the proton hyperfine splittings of the former
are found to be larger than the corresponding splittings of the
latter. This could arise either from a breakdown of the pairing
theorem or from variation of QEH with excess charge. DBolton and
Fraenkel's workls on proton and 013 hyperfine splittings in the
. cation and anion of anthracene, however, established the wvalidity
of the pairing theorem and led to the conclusion that variations
in the splittings must arise from variations in QgH' For the
cation and anion of anthracene the best wvaluesa of QEH are —=29,
~25 gauss respectively and similar values have been found for the
radical ions of other even-alternant hydrocarbons. Colpa and
Bolton'’ have extended the HcConnell relationship (13) to account
for those excess charge effects. Their molecular orbital treat—
ment, based on second order perfurbation theory, resulted in the
equation

aI;;_I = E%T_(O) t Kgx-xagfi (14)
where QEH(O) ig the value of Q%H for the neuwtrnl C-H fragment
and. Kgﬁ is a theoretical constant which is negative in sign. The
term Ei is the excess T charge dencity on the ith carbon atom and
is given by the expression

bi=1-q | (15)

where a3 is the total Tr-elcctron density on atom i. Thus Ei is
positive for cations and negative for anions. Values of an = =27

H : - ;
gauss and KIH = —12 gauss bcst accomodate a wide range of experimental



data.,
Giacometti et alia20 naintained, however, that the direct
effect of excess charge is too small to account for the variations,
but have obtained an equation similar to (14) by including the
effect of nearest—neighbour 2%rintcraotion3 with the C-H fragment.
Boltonzl later precented a calculation of the exchange integrals
in (11) including the effect of the excess charge in changing the
orbital screening exponents of the carbon atom. The results
predicted an eguation of the form of (14) with a ncgative value of

1T

KHH. In additiony Vincow has preparcd the radical cation of

benzene in the solid state and, by comparison of the hyperfine. splitting
with that of the benzene negative ion, found the Colpa~Bolton
theory to be in best agrecment with experiment.

The magnitude of ﬂgﬁ (13) hoe often been cstablished by comparing
experimental hyperfine splittings with cpin densities calculated

from the various types of W—clectron approximation. This procecdurc
yp pp P

ig of limited use if the resulting valuc of Q%F ig then uged
1

to comparc 'experimental' and theoretical spin densities for

other species in the nanner »reviously discussed. Several attempts
. 2—
have been made to solve this problem by caleulation of ngg’ll’lz’ 3524

and most of those have used first order perturbation theory; =

24

notable exception being the work of Higuchi " who extended the

calculation to higher ordecrs. Vincow et alia25 have recently

I
preccented molecular orbital calculations of QEH

which improve
on those previous attempts by eliminating some of their cruder

approximations and have alco cxtended the calculations



9

to higher orders in perturbation theory. This work is now discussed.

H

oy WS calculated by conzgidering configuration interaction

Q

hetween a ﬂ“rouncl state coufiguration
e T8 n h . 6
'l crch.’EthB;}w' (16)

and excited configurations

Y, - Y% [|1s 3 ;53% Fl-fis To 0,004, Tr]
and\y/,, = LG ‘l:: i'. 3#‘3 'ﬁ'l '1 ic h h3‘§ *'ﬂ't

-~¢'1 sTe 11 J

{ffl ,%(011‘90 ond. to a one—electron excitation f'ron #L, 0.‘4
L M

LS
wnere @"*ﬂ are respectively the bouding and anti~bonding moleccular

(17)

orbitals for the C=H frogment, The other terms are as follous:
lsc is the ls& atomic orbital on carbon, hga.nd ‘:13 are up hybricd
orbitalu on carbon and W ig the 2p_ atomic orbital on carbon.

H

To a first order in perturbation theory, @ .

is given by the
cg 1° & v

expression (18)

& - T # 2.2, X K SRS |-¢r(1)¢£_(2)l.1_-1'laf2

where §(r rTT)@,}%ls the density % tk,i 2t the proton and BE is the
difference in energy between *’B nd ¢ The molecular orbitals
*:B,ﬂ were approximated.as follows
by = (R iohy ] eyeo
" L?.;.]_{-z‘l(hl' )J (}’glhl+s-_~.) (19)
A, = (1A nf 5)) /Ao <))

where hl,s are the corbon s;.r_)g hybrid orbital directed towards the

]

proton and the hydrogen ls orbital respectively andk is the

'polarity' parameter of the C-H bond. The optimum value of;‘,
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B which most closely approximates the

corregponding SCPF orbital, was obtained by minimising the energy

i.e. one which leads to a +

Em) =:(\Volf-1‘%)with respect toA. Slater type minimum basis set

atomic orbitals were used to evaluate the exchange integral in

H
CH was found to egual ~27 gauss.

equation (18). 4
Previous calculations of Q}é]}, except for IIig'Lchi's,24 took

no account of C~H bond pol:rity. Some of those attempts, e.g.

that of Jarrettl2 who used equation (11), also involved neglect

of the 'overlap' term (hi(l)‘l'(’aji‘l’(l)s@)) arising from the

expangion of the intesral (t‘JB(l)ﬂ(ﬂ'ﬂ'(l)*R(Z))in (18). Many

calculations also neglected the overlap integral (hl(l)'s(l)> =

ﬁi(l)s(l)d‘fl in equ-ition (19) which Vincow estimated to be 0,71

atomic unitis and therefore of significant magnitude. JTor those

reasons, Vincow's calculation represent. & considerable improvement

in ripgour over previous attempts but is &4ill of limited yuontit--

ative gignificance. This arises from the fact that SCF equations

for a fragment, as distinet froim o real molecule; cennot he solved

and the approximations (19) involvingA must be used instead.

Furthermore, a limited basis set of atomic orbitals haet Tven used

in con::‘crucﬁing%),\ﬁ,‘% and also incomplete configuration inter-

action has been used (gece chauter ITI;B). The vork is of considerable

importance, however, ag quantitative calculation: of the sensit-

ivity of Q’EH to variations inthe parameters and approximations of

the theory have beern performed. Those are now discussed,

Ilj ] * .
g @8 not found to he very cependent on the bond polerity
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pa,rame'ter/\ and varictions of the latter from 0.8 to 1.2 caused

0
QCEI

be close to unity.

to decrease by only 10?/. The optimun value ofL was found %o

QECIH wasg found to be extremely sensitive to the value of the
hydrogen ls orbital shielding exponent SII and a 10?{3 variation in
the former corresponded to a change of only 0,03 in the latter.
The sensitivity of an to variations in the 2pZ,2py orhital
exponents was alsoof significant magnitude; though much less
than for variations in &{ This led Vincow to speculate that
the differcnce in hyperfine splittings between the radical
cations and anions of even-alternaont hydrocarbons (p. 7 ) may
rezult more from the influence of the excers W charge on the
optimum value of the hydrogen ls orbital exponent than on the

: . 20
orbital exponents of carbon. Pitgzer has performed molecular

orbital calculations on methane and found the optimum value of

7

A L

S = l.14. Vincow shows thot the use.of thig value of 5}- in
A 4 S
18) results in an incrcase of Q... from about -25 gauss to about
C: =
-45 gauss. He concludes that the excellent agreement of calcul--
5 3 H
ated and experimental values of Q’C”

The calculation was algo extended to sccond and higher

may. be purely fortuitous.

orders of perfurbation theory but with the same two excited
configurationsvl% admizxed uiﬁh\'lo., no change in thc magnitude
H . . : :
of Q(:}T was found. Inclusion of a third configuration correspond-
SA L
ing to a two-electron excitation from @, to @A’ however; resulted
A
H

i ; . " . 28 .
in an increase of about 10% in Qc‘-‘-r' Malrien had previously

proposed a general zecond order perturbation treatment of proton
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hyperfine splittings and had estimated the second~order contribution
to an to be about 25%;of the first—order contribution, Although
Vincow's result is emaller than Halrieu's, it nevertheless confirms
the importance of pursuing the calculation to higher orders.
Hyperfine interactions of magnetic nuclei other than protons

23

have been treated by McLachlan ct alia who removed a few minor
restrictions from McConnell's theory and generalised this theory
to include all magnetic nuclei lying in the nodal plane of aT -

s splittings could also be related to

radicnl. Hence 013 and 1
%(10)., Their theory yielded the result

a = tr -3.1}5' (20)

=1

where 0 is the normalised W—electron spin density matrix and Qn

ig a hyperfine coupling matrix whose elements depend on U=77
exchange integrals and excited 0"triplet states. An expanded
theory which considered not only spin polarisation of the C-II OO
electrons but also the ls carbon electrons and all electrons in

the other two bonds of the sp2 hybridised carbon atom wag developed
by Karplus and Fraenkelgg Their treatment was later extended to

30,31 and refs. 32
N14 and F19 splittings. A good account of 013

4 the

and N14 splittings iz given by Bolton in ‘*Radical Tons':
77

caze is discussed in B of this chapter,

Although the radical aniong of a large number of compounds

6
containing nitrogen930’33 phosphorus,34’35 sulphur3 and other

heterocyclic atoms have been studied, particularly in recent
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yenrs, much more work has been done on aromatic and substituted
aromatic hydrocarbons. Chanter 8 of ﬂyﬂcough3 containg a compre-
hensive account of anion studies in solution.

Preparative technigues uszed for anion generation have been

numerous and only a fou of the more imnortant ones are mentioned

here. BElectrolytic ro@uctionSf in organic solvents, pioneered by
Maki and Geske, (see p. 39 ), has been used extensively, particularly
38

for nitro and carbonyl species, and has been reviewed by Adams.

It is a more gentle reduction procedure than the wicdely used

39

kali or alkaline-earth metals in THIF'; DME or liquid ammonia.

40

Tne classic work of Levy and [leyers on electrolytic reduction

in liguid ammonia has »rovided the theoretician with experimental

data for a range of important aliphatic species. An increasing

41

amount of work on fast flow technigues is also being reported,

The more important studies of radical cations in seolution
have been on benzenoid or polynuclear hydrocarbons or their alkyl

42

or alkoxy derivatives and representative oxidising systems

; raq woan 43 ; 44 45 wy 40
include concentrated h2304, 3hCl5-CHéClgy* A1013~CH3NO2f BF3—oO2

and more recently CP,CO_ I~CH.NO Unreported radical cations

A7
e e
for which the corresponding anions have been prepared in solution
are those of the even-alternant hydrocarbons, benzene, naphihalene,
biphenyl and cyclooctatetroene, Those unsubstituted cations and
especially the benzenc caiion, where the spin denscity is determined

by symmetry, are of particular importance as; on account of their

small size, the values 0f1fi(13) can be calculated more accurately
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than for the radical cations of anthracene, tetracene, pyrene etc.
Analysis of their solution spectra would thus provide better data
to test the pairing theorem and the theories of Colpa and Bolton
and Cincometti et alia (p. 7 ). The preparation of the radical
cation of azulene ig alzo of importance ag this species provides
one of the few examples where molecular orbital and valence bond
theory predict different unpaired spin distributions.48

A large and incereasing number of heterocyclic cations contain-
ing nitrogen, oxygen, sulphur and phosphorus have also been reported
for many of which electrolytic oxidation49 has been employed.
Chapter 4 of "Radical Ions“4 contains & good account of hotero-
cyclic cationg and of some interesting work on amino and substit—
uted amino systems.

This wealth of experimental dats Tor rndical ions has resulted
in equation (13) being used to obtain ‘experimental' values thfi

from the corresponding hyperfine splittings, a . Valueg of QEH

of about ~25, —-29 gauss(p. 7 ) have usually been uved for anions,

1

cations respectively. Those values Of.f' have been compared
with 'theoretical' values calculated from a number of different
types of W-electron avproximations including D;ckel molecular
orbital, valence bond, licLachlan approximate 5CI', restricted

and unrestricted SCF-MO, otc. (see chapter III,B), The excellent
agreement often obtained has been interpreted by many authors as
a verification of the ~ccuracy of T —~elcctron theory to describe
the ground states of molecules. Where poorer agreement has been

obtained, the validity of W-eclectron theory has been guestioned
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but equation (13) has usually been appliéﬁ without due regurd

for its approximate chiracter. The work of Vincow et alia25(p.8)
hag shown that the masnitudes of QEH for radical cationg and
anions may well be larger, so that thc values of j)i may well be
smaller, and in less good agreement with W-clectron theorics.,
such theories may therefore give somewhat less accurate descript—
ions of the ground states of radicals than has been previously
thought to be the case. This, of course, doe: not apply to those
radical ions where'fi is determincd by symmetry but such cases
are relatively few.

In addition, Vincow25 has carried out GCF calculation: on
the C~H molecule, as distinct from the C-HI fragment, and has
shown that a large basiz set of atomic orbitals and very extensive
configuration intcraction are necessary in order to obtain con-
vergence of the hyperfine gplitting. The 3CF equations. for a
fragment cannot be golved bhubt. in order to obtain more accurate
values of Qngor radical cations and anions, a larger basis get
of atomic orbitals than that employed by Vincow et alia (16)
and nmore extensive configuration interaction, including doubly
excited configurations,; must be used. Minimum basgis set atomic
orbital exponents; dectermined for carbon and hydrogen in a
positively and negatively charged C~H fragment, must also be
uscd to evaluate the exchange integwral in (18). Turthermore, the
calculation must be crtended to sccond and higher orders of

perturbotion theory.
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Aimg of thig Ot

When the work described in thic thesis vas begun, fowM-typo
fluorinated radicals had been studied in solution. All were
anions and all contained a stabilising and strongly electron-
withdrawing group e.c. -nog” or —C=051. With one exception?2
they contained only onc or two fluorine atoms per molecule,

Work on fluorinated systems is of considerable importance
as aromatic fluorine provides the only direcet analogy to aromatic
hydrogen, being univalent and having thc same nuclear spin
(Inn-é). In additiony the nromatic bond lengths and atomic

23

radii are very similar and fluorocarbon chemistry is very
similar to hydrocarbon chemistry. PFluorine iz a many--electron
atom, however, and in fluorine substituted aromatic compounds,
the 2pZ orbital also contributes to the W-cystem. For thosc
reagons, it had been anticipated that the fluorine analogue of
(13), viz.

I r

By = Q’CFJOJL

(21)
would be inadequate to account for aromatic fluorine hyperfine
interactions and that a more complex relationship involving
unpaired ¥ spin density on the fluorine atom would nced to be
congidered. By analogy with the work of Karplus and Fraenkel on

013 22 Eaton55 had propoged the egquation

splittings,
. _ A - .
ip = chfc k4 "]’F‘(FC‘).‘OF _, \22)
where ané o
G i
L

Yo

are the uapaired Wopin densities on carbon and

fluorine and reprcasents polarisation of the (Tclectrons in
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b F ‘] = % s | F T O 44
the C=F bond by‘fc. B(FC) is the sum of two tocrms: Wpe Tepresenting
polarisation of the (Telectrons in the C~F bond, and o that of
the fluorine ls and 2s inner shells both by PP QF(PC) was
thought to be »QCF but_fc»f“' Bguation (22) can also be re-

written as

i [CF‘ " KQF(FCM
where & of f (p.26 ) varies as K = ‘QF. Although a number of attempts

(\
had been made to determine QCF and wg(FC) 32595 (see B), no sct

a

]

of values which consistently reproduced the observed magnitudes
of an had been found. This arose from the uncertainty involved
in calculating the true values of the very imall tonmsijﬁ,for
thosc anions which had been investigatoé.32 )
It was decided to attempt to obtoin experimental data more
truly representative of aromatic fluworine by preparation and
subsequent B.3.R. investigation of the radical cations and anions
of unsuvbstituted aromatic fluorocarhons. This data could then
be use’ in conjunction with spin density calculations OffC nd
jﬁpto establish whether equation (22) or any similar relation~
ship was valid for those unsubstituted species and also to determine
the accurate values of the gpin polarisation parameters QEF, QT(PC)
and Qeff' It was also derired to explain any difference in those
paramcters that might exist between the radical cations and anions

of the same species, if necessary by calculation of the parameters.

As a result of previous work,5u’b7 the instability of
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perfluorinated anions and their tendancy to lose the very stable

F ion was suspected but a thorough investigation was required.
Cationic species were predicted to be much more stable due to
enhanced stabilisation of the poesitive charge by the highly
clectron-withdrawing fluorine atoms, and this was later vindicated
when the radical cotion of octafluoronaphthalene (p.60 ) was
successfully prepared. Lack of success in forming the radical
cations of hexafluorobenzene; octafluorotoluene and decafluorobiphenyl
led to the preparation and succegsful investigation of a series

of highly-~fluorinated naphthalenes derived from octafluoronaphthelene
(see chapter III,A). This work forms the subject mattcr of much

of this thesis and complements the reccent studies of Mischer and

58

Zimmermann on the rzdical cations of somc mono- and difluorinated

naphthalencs(p.23 ).

1, lixperimental

i, @
Until recently$)9’6o only a few studies of fluorine contain-
ingM-radicals had bcen made in solution. Solid utate studies
had heen previously made, however, and had been summarised by

2 61 32 2 ™ 14 3 — | s
Rogers and thiffen, In acddition, IFessenden ' had extencded his
classic work on alkyl radicals in solution to the fluorinzted
methyl neutral radica 3?2 Such radicals are not the subject of

this thesig and little reference to them will be made(see, howecver,

ps.26, 29).



190

In 1960, Anderson, Irank and Gutowsky52 obtained a guintuplet
splitting of 4.14 gauss from the product obtained by oxidation of
tetrafluoro~hydrogquinone in basic ethanol, which they ascribed
to the fluoranil semiguinone anion. This was later confirmed by

6-
Calvin ot alia - by use of Hal in a THF-CH N0, solution as the

50

3

oxidant. Other early work was by Ayscough et alia”  who prepared
the three isomeric monofluoronitrobenzenc anions, both chemically
and photochemically, in ethanolic solution. They found some
ambiguity, cince removed?7’6o in agsigning splittings to the mcta
isomer. The spectrwua from the ortho anion was not completely
interpreted as the species was unstable and rapidly lost fluoride
iong; an effect since observed by later workers§4 Carrington and

57

co~viorkers have prepared this species in a stable form by
reduction with alkaline dithionite in agueous ethanol as have
: . 60 .

Fischer and Zimmcrmann =~ by vacuum electrolysis in CHBCN so that
unambiguously assigned splittings are now available for all threc
isomers.

Aygcough also reported pronounced lincwidth variations,

56

previously unreportcd by Maki and Geske, for the para isomer in
CHBCN. Those effects, which are discussed in chapter III, have

X . . 6 X
since been observed in other fluorinated SpechS.B A detniled

study of them hus been made by CarringtonST’UG who preparcd the
meta and para anions by U.V. irradiation of dilute solutions of
the parent compounds in methanolic sodium methoxide. Under the
same conditions,; 1,2,4;5-tetrafluoronitrobenzenc and pentafluoro--

nitrobenzene interacted with the solvent but formed neutral
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radicals when their degnssced solutions in THP wore irradiataed,
The redicals were thought to be formed by proton abstraction
from the solvent by one of the oxygen ~toms in the -NO, groun.

2L'.~
o7

Such species had previously been postulated by Ward and other

examples have recently been reportced by Brown and Williams. &
The much smaller ring proton and fluorine splitting constants
58

observed by Corrington for those specien indicated much less

density in the ring and more on the ~NO, group. A rocent study

2

e vinn 68 o ) )
by Cowlcy and Sutcliflfe, however, maintaing that those neutral
radicals are different in structure.

: £
. - 00 ., 50O
Figcher nnd Zimmcermann have recently repeatced Haki 'e”

210
work on p-fluoronitroben~enc and Fracnkel's”" on 3.5-difluoro-

nitrobenzene and have also obtainced spectra frowm the anions of
the remaining two fluoronitrobenpzenc isomers formed in CH3CN
uncder vacuum clectrolytic conditionz. They have also studied
scveral other difluorinnted nitrobenzenes and 2 series of mono-
and difluorinated nitrophenols. As previously noted by other
Workcr397964 replacement of hydrogen by fluorine in the aromatic
nucleus seems to result in only a slight perturbation of the
unpaired epin distribution so that proton splittings arc usually
about the same magnitude in both fluorine substituted and unsub-
stituted anions. This fact has been used by Fischer and by otlers
to assign splitting conctants with 2 high degree of success,
Post of the splitting constants from Fischer’s anions have been
unambiguouily assigned.

Previous work on fluorinated ketones was confined to gtudies
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69

of the anions of 4-fluoroacctophenone- and 2,7- difluorofluorenonc?l
Recenlly; Fischer and Zimmermann59 have used vacuum . electrolytic
reduction to preparc the anions of four mono- and difluorinated
benzophenones and have assigned most of the splittings. The
fifth, deccafluorobenzophenone; underwent reduction to give a
specics the spectrum of which could not be ascribed to the anion
of the parent moleculc but which was thought to result from the
anion of its 4,4'-dicyano-derivative, formecd by nucleophilic

T0

attack at the para position. As indicated by Patlow, this form
of attack can readily occur at the ortho and para positions of
highly~fluorinated systems. Another example of the effect has

64

been postulated by Brown and Williams.
FischerTl has also used the samc technicqueto investigonte
the anions of 2,5-difluoro-l,;4 benzn— and 2,;3=difluoro-l,;4-
naphthaguinones, At higher reduction potentials, the former
species lest fluoride ion to form another, possibly the anion of
2~fluoro~l,4 benzoguinone.

Other neutral radicals preparced in solution include di--
(p=fluorophenyl) nitroxiﬁe?2 and meta and para tri-(fluorophenyl)
methyl?3 Tor the latter two specics, the ratio of the fluorine
splitting constant to the corresponding proton splitting constant
in the unsubstituted radical was found to be ca. 2.5. This value
comparcs favourably with the value of 2 which most workers have
found for this ratio (p. 27), notable excepiions occurring in the

51

2, T—difluorofluorenone and 2,Smdifluoro—l,4-naphthaquinon071

anions. Wang et aliar4havn found the ratio to be unity, however,
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for the ortho position of the perfluoro-triphenylmethyl radical.
Kivelson73 maintained that this was the recult of o 10° deviction
from planarity in thc perfluorinated radical.

Brown and Williams64 have recently reported necutral radicals
from the thrce monofluoronitrobenzenes and from pentafluoronitrosobenzen
but, as noted above (p.20), their structurc is probably different
from that suggested by those authors. It must also be emphasised
thot they failed to prepare the radical anions of hexafluorobenzenc
and octafluoronaphthalene by reduction with potassium in TIF; or
those of tetra— and pentafluoronitrobenzenc by electrolytic
reduction in CH3CN. This led them to infer that highly--fluorinnted
anionz, cven those containing a strongly electiron-withdrawing
group, arec unstable and tend to losce fluoride ion, a fact confirmed
by their detection of this ion in the residual THF. The author
had previously attempted to preparce the radical anions of hexa--
fluorobenzcney; octafluorotoluenc and octafluoronaphthalene by
clectrolytic reduction in CH,CH (p.39 ) and had formed the same
conclusion regarding their instability.

All the fluorinated W-radicals which have been successfully
prepared and discussed so fary, have been anions of fluorinated
nitrobenzenes, phenols, kctones or gquinones; i.e. all contained
a strongly clectron-withdrawing substituent tending to decreancce
the spin density on the fluorine atoms. The first E.S.R. study

of aniong containing no cubstituent other than fluorine has recently
nld

been presented by Allred and lus who prepared the radical

1 R
anions of 4,4 - and 3,3 ~difluorobiphenyl by potassium reduction
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in THF at -80°.
The first E.S.R. sjudics of a fluorinated cotion, the octa-

fluoronaphth~rlene cation, had previously becn reported by Bazhin

65 and independently, by Thomson and MacCullochz6 In

58

addition, Fischer and Zimmermann

et alia
have recently reported the

B8 .. spectra of the monomer radical cations of 4=Cfluorobiphenyl,
4;4'-difluorobiphenyl and l,5=difluoronaphthalene prepared by

use of the SbCl5nCH2012 technique of Lewis and &inger€4 Under

the same conditions, l=fluoronarhthalene and O~fluorochrysene

gave spectra which were ascribed to the dimer radical cotions
whereas the spectra from the oxidation products of 2~fluoro--
naphthalene and 3,3!—dif1uorobiphenyl were uninterpreted. The
highly-fluorinated hydrocarbons octa—- and decafluorobiphenyl, and
octafluoronaphthalene, formed no paramagncetic species in this
system. Lewis and binger44 had previously found that unsubstituted
naphthalene also formed a dimer radical cation in 35b 015-CH2012

but the stability of the species was very dependent on the concent-

rations of hydrocarbon and S5bCl. and on the temperature. By

5
contrast, both the monomeric and dimeric fluorinated naphthalenes
prepared by Fischer are very stable at room temperature and

shot no such concentration dependance. This was also found to

be the case for the higshly—fluorinated naphthalene cations discussed
in chapter ITI. It is important +to note that the anions prepared

by Allred and BushTS arec unstable at room temperature.

The most striking feature of the gpectra of the radical

cations iz the very lorge fluorine hyperfine splittings observed
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e.g. theol fluorine splittings in the octafliuoronaphthalene and
1,5~difluoronaphthalene (p.23 ) cations are 19.01 and 16,98 gauss
regpectively, whereas the fluorine gplittings in most of the
anions discusscc above are of the order of 2-5 gaouss. The work
of Allred and Bush end of TPigcher and Zimmermann has made available
fluorine hyperfine splitting dota for the radical cation and
anion of a gingle speciei viz. 4,4Ldifluorobipheny1 (Fig. 10).
This data is vresented in table 1.

As expected from the 'charge effect'! (sece Ay1) the hyperfine
splittings from the 4 equivalent ortho protons in the cation are
bigger thon the corresponding splittings for the anion. The
meta splittings arc in both cases lost in the linewidths. The
fluorine splitting of 19.28 gauss in the cation is, however,
very much larger than the corresponding splitting of 3.13 gauss
observed in the anion, Biphenyl is an even-altanent hydrocarbon
and the pairing theorcm therefore predicts that the values offc

wa (22) should not differ grently at the 4 and 4f positions of
the cation and anion of the 4,4 —difluorc derivative. The large
difference in fluorine snplittings must therefore arise from

gome pronounced ‘charge effect' on the magnitudes of the spin

polarisation parameitors in (23).

In order to account for aromabic fluorine hyperfinc splittings,

carly workerg proposed the eqguation

aF=QGfJ.C (4

]
—r
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Hyperfine splitting constants (gauss)

Atom
CATION ANTON
1 - s
2 203 2.28
3 s "
4 = =
F 19.28 3.13
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where a, is the isotropic hyperfinc splitting of a fluorine atom
a.ndfc iz the unpaired W spin dengity on the adjacent carbon

atom. is the effective (=Wnolarisation parameter for the

Qeff
C-F fragment. By analozy with (13), was thought to be

52

Qef‘f

negative in sign and assigned values of -3Y.3 gauss
6
gausss

and —-47.5

The work of Haton et alia.95 on the NMR contact shifts of a
series of monofluorophenyl substituted chelates; however, firmly

established that o and\fc were of the same sign so that Qeff
must be pogitive. Thig fact has since been confirmed by linewidth
32

studies of the 2,5-difluoronitrobenzene anion,” by studies of

irradiated single crystals of fluoroacctamide,TT by Fessenden's
oy

work on fluorinated methyl radicals ~ and by the observations of
13

Kivelson - on fluorine-containing neutral aspecics.

By analogy with the work of Karplus and Fraonk0129 on 013

55

splittings, Hlaton proposed the eguation

g = Q@Fj’f; * q::(FC)j’F (25?

¥

where the terms have been defined on p.l1l7. This equation may be

rewritten as

= 6
Qeffyc (26)
7
and is now eguivalent to (24). Q varies as K =:F“ but Carrington
¢
found the ratio approximately constant when he performed lMcLachlan

eff

5T

spin density calculations on thce three isomeric monoflucronitrobenzenes:
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Small changes in K, however, could result in large changes in

Q

and a., if o .o containing tho i s S Were ver,
ofp 20 2 QF(FC)’ ng the atomic term Spr ¥ Yy

S 6
large., 3Brown and Williams 4 have used Fraenkcl'ézvaluc of

T
“op T

in (26) and obtain & value of Qg(FC) = +720 gause., They point

-38 gauss and Whiffen's single crystal data?T (K = 0415)

outy howcver, that the uncertainties in the values ofj: fr, and
therefore K makes the values of "ECI‘ QF(CI) cqually uncertain,

Thesc authors alse maintain thot K, and therefoncl%ffg
varies in the manner mota)]murmjortho when IicLachlan spin density
calculations are performed on the isomeric fluoronitrobenzene
nnions.5? Thig is the order found for Qeff by direct comparison
of the fluorine and proton splittings nt the same position, having
made the agsunption th&tj%jis unchanged on fluorine substitution.
The magnitudes of Qeff and its range of variation, however, are
in poor agreement with (26) when those vnlues of K arc used in
conjunction with the values of QﬁF’Qg(FC) quoted above. On the
other hand, Hﬁckcl spin density calculations using Hackel para-
metoers also obtained from single crystal data predict K to be
constant for some highly--fluorinatcd ncutral species studied by
Brown and Williams. When this value of K is used in (26) with
QzF = =38 gauss and Qﬁ(F0)=+720 gauss, a value of Qeff = +62 gauss
is obtainecd,

This is in good agreement with Kivelson's value of Qeff =

73

+5T7 gauss obtained from a least squares fit of ecxperimental aFa

(v

to values o:t‘Jor, calculoted from the proton hyperfine splittings at
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the corresponding positions. Those values were obtained from
I:

(13) with Qo

and anionic species was considered. In addition, McLachlan spin

= =23 gauss and a reprcsentative ronge of ncutral

density calculations were performed also over a representative

renge of gpecies and it was found that K is not constant although
the variation from specics to gpecies is slight. The magnitude

of K was also found to be highly sensitive to the value of the
Haokcl coulomb parametcr for fluorine, hF, used in tho calculations.
By analogy with QEH’ the term QEF’ representing polarisation of

the O clectrons in the C-=I* bond by density on carbon only, might

be expected to be negative., ow the theory of Ponle and SanﬁryTS
maintains that the sign of the quoticnt ngj Uhy where UX is the
magnetic moment of nuclcus X; depends on the encrgy differcnce
between the 2s and the 2p orbitals of atom X. This differcnce 1is
relatively large for X = O, and the quotient is positive wherecas
it is negative for X = C,¥ vwherethe difference is smaller. The
quantity UX is positive for fluorine and, on this basis, Kivelszon
concludes that QEF iz also pogitive. A least sqguarcs it of the
valuer of "LF to the Melachlan data 'E‘orJoC anrljoF, with hF = 1.7,
resulted in a value of QEF = +54,0 gauss. As Kivelson points out,
however, this rcsult iz subject to uncertainty arising from
uncértainty in the very small terms,hfp. The relative maguitudes
of Qeff = +57 gauss ~nd QgF = 454 gousc secn to indicate that

~F r L i : p ; ; G
QF(FC)K((QCF and that the major contribution to aF is from chfc.
The lotter concludes thot the magnitude of Qg(FC) may be similar

to a valuc of 436 gruss obtained from data for the free fluorine
(=1
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a:u.'l:mn.?9 Kivelson's value for iz in very poor agrecement with

IJ‘CI;"
the negative value of ~38 gausc obtained from single crygtal dmta55
and with the values of -37.5 gauss, -147 gause respechively guoted
by XKaplan et alia32 ond by Whiffen ct alia.YT Doubts are alro
raised over the valuc of Qeff = +02 obtained by Drown and Williams
on the basis of QEF = ~38 gauss.
Feégsenden's dota for the monofluoromethyl radicalég may he

used to obtain an cstinate of Q@ for neutral specieg without

ef f
using anpnroximateIy—electron theory to calculate-fc. Subgtitution
of the value of yy = 2l.1 gauss, found for this radical, and the
value of QEH = ~23 gauss for the methyl radical (p. 6 ) in (13)
results in a value of‘fc = 0,92. Purther substitution of this

= T0.1

value and the value oi a, = 64.3 gauss in (26) makes

P Qeff

gauss which is rather different frow the wvaluc of +55 gauss
obtained from Kivelson's data for the para tri-(fluorophenyl)
methyl neutral radica.l.73 This may be due to the fact that the
EHEF radical is not quite planar and that some zlightly modified
form of (26) is reguired in order to accurately calculate Qeff
or it may result from the different value of K. This value of
K = (1—0.92)/0.92 = 0,09, neglecting overlap anin density in the
C—H nnd C-F bonds, and is approximately 3 times lorger than the
value Kivelson found from liclachlan data for para tri-(fluoro-
phenyl) methyl., When thosc value: of Qbff and K for the éHzF
radical are substituted in (26) with QEF = +54 gauss, a value for
Qg(FC) of ca. 150 gauss ig obtained,

The general form of lcConnell's relationghip for the hyperfine
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splitting from any aromatic nucleus, n, is given by (20) and,
considering only enin dengity in a C~F aromatic fragment, this

becomes

I

Qccj’cJ“(Q"I' *r'c)fcr*“tﬁ'rfr (27)
QF and. L are respectively equivalent to QF and el of
cc rp ' cr ¢ Y(po)
(25), so that (27) differs from the latter only by inclusion of
the overlap spin dennlty,lfcp, an? the associnted spin polarisation

1
parameters, an and Qéﬂ' This eguation has been used by Murrell
and Hinchliffe8o to evaluate aF for fluvorinnted nitrobenzene
anions as detailed below. The Q factors in (27) were caleculated
vy considering configuration internction between a ground state
>

0" function and O 0 excited doublet configurations where both
0" electrons in the C-F bond have parallel gpins, The total excited
23

state contribution is to a first order in perturbation theory

given by the expression

1 2 |
m 1671, TR . g T Y
Q -3 . { L
AP Agfgrfri£°qr1 rF)'*l’c(”"";-umkx;ﬁwk(}‘)ﬁ(l)’r H-r
kr 12
(2)71'3(2)dt['1d'132 (28)
whcréwﬁgﬁ; are bonding and anti-bonding O orbitals, Jif&—ﬁ%)
* A
\Vk(i)vr(i) is the value of the dcnaity%:fr at the fluorine
nuclecus and Ekr is the cnergy gap between ground and excited

states.'TrA and7T£ arc the cjat fluorine or carbon atomic orbitals

and gﬁ”3F the g value of thce fluorine nucleus and nuclear magneton

respectively. A similar expression to (28) has been used to evaluate

i
. Footnote? This also means terms Qiﬁ(27)'
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QIéH(p- 9 ).

The\rh s and‘f; s were bascd on Pople~5antry81 independent
electron closed shell theory and were constructed from valence
shell atomic orbitals. The ls orbitals of carbon and fluorine
were assumed to be non-bonding.

If ﬁe write
‘Yk =§;mmxn

(29)
A £ =!;%rn'xn‘

where the an are those atomic orbitals, the exchange integral in

(28) hecomes _
2
T g,<aknam'ﬂxn(lJﬁ(lﬁljtndﬂ‘%(z)d%d%) (30)

Hurrell evaluated the term Jf?iJ?Ff‘ﬁ(i)ﬁg(i) by taking the product
of the fluorine 2s atomic orbital coefficien't-s inv ,*’r and

the value for the fluorine 2s S5CF electron density at fﬁe nucleus,
obtained by Whiffen et alia82. The terms Ekrwere evaluated by
taking the difference of the appropriate one electron molecular
orbital energies. The integrals (30) were computed using atomic
orbital exponents for carbon and fluorine obtained from Slater's

83

rules.
L L}
In calculating QF g and QF only excited configurations
2 CC’QFC CF s .
corresponding to
(1) Transitions between valence shell molécular orbitals.
(2) Transitions between the bonding (~orbitals and higher s

orbitals on the fluorine atom were assumed to be sufficiently

important to be considered. The latter contribution was neglected,
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however, owing to the difficulty in accurately estimating it
because of the infinity of the fluorine s orbitals. In calculat-
ing Qﬁp? on the other hand, this type of transition must be
considered as must those from fluorine 1ls both to ns and to the
anti-bonding valence molecular orbitals. HNurrell found the total
fluorine 2s density in the bonding molecular orbitals to be very
close to 2 and+therefore assumed that the total contribution to
QgF from all types of excitation was equivalent to that of a
free fluorine atom with zero orbital angular momentum. Using
Goodings' dat384 for the free atom ls,; 2s spin densities at the
nucleus, QgF was found to be +200 gauss.

Four slightly different atomic orbital models were used to
construct the\rks (29) for the C~F fragment e.g. model (c)
employs carbon and fluorine 2s, 2px, 2py atomic orbitals with
allowance for the adjacent bonds made by inclusion of nearest
neighbour hydrogen ls orbitals. The values of QEB given in table
2 were used in conjunction with spin density calculations of
_‘OC’ JOF, fCF to evaluate the aps from (27).

This table shows the atomic term to be largest and that

the next largest term, Q;C’ is negative. QF

oo which multiplies

,fc in (27) is negligible by comparison and also negative and
compares very unfavourably with the value of =38 gauss from
single crystal studies and with Kivelson's value (p.28 ).

Spin density calculations were performed on the anions of
the isomeric fluoronitrobengzenes, 2,3,5,6-tetrafluoronitrobenzene

and pentafluoronitrobenzene using restricted Hartree-Fock
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molecular orbital theory (p.l04 and configuration interaction

with all singly-excited states. The fluorine spin density,

F’
was found to be highly sensitive to the empirical parameter 2
S F = UfF e where Uﬁp, UCC are one-centre coulomb integrals

on carbon anc¢ fluorine., This parameter was adjusted to give the
best agreement with the experimental values of e Hence it is
not surnrising that his values mfjﬁ,are considerably larger and
some of his values °f‘fc quite different from those obtained by

i
others for the same species using Huckel or McLachlan calculations

57586 or that his agreement with experiment is of the correct
order.

Now 53CPF equations for a C-F fragment, as for a C-H.fragment
(p.10 )s cannot be solved and the 0Torbitals must therefore be
approximated e.z. in the manner of Murrell. Not only will this
cauge the atomic orbital coefficients %en (29) to be inaccurate
but also the terme L (28). 1In addition, equation (28) was
derived from first order perturbation theory. The work of
Vincow et alia25 (p. 8 ) has shown that it is neccssary to extend
the calculation of QSH to second order in perturbation theory and
QEB' Further-

more, Murrell's O“orbitals were obtained for a neutral fragment

may also be necessary for the more complex terms

and take no account of any 'chavge effect?! on the magnitudes of
the coefficients akn that might occur in the anions studied.
This would have been particularly important for the fluorine 2s

atomie orbital coefficients being used to evaluote the density
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*
Hﬂ}kﬂaﬁ the nucleus. Inergy minimised carbon and fluorine atomic
oL

orbital exponents obtained for a (C-F) fragment, instead of the
Slater neutral atom values; should have been employed to evaluvate
the integrals in (30) as the latter do not allow for variation of
the QiBs with excess charge. By analogy with QEH (pe 11), this
would have been particularly important for the fluorine ls, 2s
atomic orbital exponents. Too much significance should therefore
not be attached to Murrell's values for the terms Qﬁn. The
atomic term, Qgp, was calculated from Goodings! data84 for the
free fluorine atom total spin densities at the nucleus. More
accurate calculations of this gquantity have recently been made by
I{aldorsT and by Harris et alia88 and result in values of QgF of s
gauss,; +70 gauss respectively. Those values arc in reasonable
agreement with an experimental value of +107 gausgs from molecular
beam data89 and in fair agreement with the value of +36 gauss

¥

quoted by Kivelson. All those values are of course based on

the assumption that the fluorine atom in a C-I' fragment behaves

as if it had zero orbital angular momentum, Since the values of

57573586

K (26) quoted by most authors are of the order 0.03 to

0.05, it is difficult to reconcile negative values of QEC with

the wvalues of Q;F quoted above and still obtain a positive value

=
for § pp. The very large values of +848 gaussg5) +1393 gauss,TT

64

+720 gauss ' guoted for Q;F were based on negative values of Qgc

and are probably crroneocus. The small negative value,; obtained
] 1

by Murrcll for Qgc, implies that the terms Qgps Qgc may also be
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in error. It seems that experimental data for fluorinated anions

13

ig best accommodated by a vositive value of QCC.

This was further confirmed by Fischer and Colpag6 who
performed least squares fits of the experimental aps for most of
the anions and neutral species discussed in (1) of this section
to the one, two and three parameter equations (24), (25), (27)
using McLachlan spin density calculations Offc’;F a'nd_'fCF"

This latter term was obtained from the equation

SOCF =JF(?'1,T (31)

which is valid where the ground state wave function can be
represented by a single Slater determinant as in McLachlan's
method (approximate Unrestricted Hartree~Fock). For the one
parameter fit, a value of Qbff = +54.4 gauss was obtained in
excellent agreement with the values of +57 gauss and +50 gauss

73 ST

(approximate) respectively gquoted by Kivelson and Carringtons
The two parameter fit resulted in values of éC = QCF(25) = +48.1
gauss (c.f. Kivelson's value of +55 gauss for neutral radicals)
r m 3 ;
and Qun = QF(FC) = +146 gauss, the latter in cxcellent agreement
with that previously quoted for the CH2F radical (p.29 ). In
addition, was found to vary between 5 and 20% of Q
(T ccfc
accounting for the similarity of the constants in the one and two
parameter fits. QﬁF wags found to be inversely proportional to
but QF renained approximately constant when was varied.
fF cc §r
It is highly significant that the three parameter fit results

P viz, +86.6 gauss, +931

in quite different values for QEC and 0
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gauss respectively. The large increasce in thosc terms arises
1 ]
’ : . " F
from the introduction of the term (Q‘.G{l‘ + Q‘FC) fCF = +34%00F
gauss whcrefCF is negative if fc, fF arec pogitive and vice versa.
When used in (26) in conjunction with the values of Qpp quoted
above, the value of Qgc implies that either Qf;m, or K are negative.
89
and K =fF/f cannot be
. _C?

negative in sign or equation (31) would result in unreal overlap

But Q,E‘,Fis unquestionably positive

spin densities. For 5}125* (p.29 ) withfc = 0.92 and fF = 0,08,
fCFz ~0,27 and, neglecting overlap spin density in the C~H bonds,
the total spin density in the radical = 0,723 which is rather less
than unity., It seems strange that fCF should be so large and of
opposite sign to fC’ S’)F, since for C-H bonds on has the same
sign a.sfc%' and is of negligible significance ({1% Of_fc for
all but the smallest radical ions)., It seems that correlation
with the three parameter equation (27) gives values of Qﬁ}}
which are not easily explained and that the experimental data is
best accommodated by the two parameter fit (25).

In addition, Fischer and Colpa have calculated the terms
QEB in a manner similar to Murrell and Hi:'.nclleiffe,,80 including
fluorine ls asg well as 2s atomic orbitals in the%cs. Unlike
Murrell, this enables them to calculate directly the contribution
to Qin‘ from the excitotion O'IS ~3 0%(anti~bonding) using an estim-—
ation of the excitation energy obtained from X-ray do.tagl but

they maintain that tihe other contributions to Q1F?-F detailed on

P.32are probably small and accordingly neglect those. The values
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obtained for the QEBS vary with the amount of = character introd-
uced into the fluorine 2pC bonding atomic orbital. Tor 10% s
character, Q%F = +158.97 gauss in good agreement with that obtained
from the two parameter least squares fit., The values found for

the other terms QEB are approximately of the same order of magnitude
as those of Murrell and Hinchliffe,

All this work on fluorine spin polarisation parameters has
referred cither to anions or neutral species, Although some
experimental data for fluorinated cations has appeared in the
literature,58’65’76 with the exception of some comments made by
Bazhin et a.lia,65 no attempt to determinethose parameters for
fluorinated cations has been made. Vincow et alia25 have shown
(p.11 ) that the magnitude of QﬁH is highly dependent on the
optimum value of the hydrogen ls orbital exponent. By analogy
with this, the magnitudes of Qgc,

ent on the optimum values of the fluorine ls, 2s orbital exponents.

QgF(25) should be highly depend-

The magnitudes of the obscrved splittings for fluorinated cations
(sec table 1) are, as a rule, much larger than thosec for fluorin-
ated anions and indicate that this dependence on charge is very
pronounced,

Attempts to determine the magnitudes of fluorine spin
polarisation parameters in cations and to explain their depcnd-

ence on ‘excess charge' is made in chapter III,
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In this chapter is given an account of the various experi-
mental techniques used in attempts to prepnare the radical anions
and cations of perfluorinated aromatic hydrocarbons, The SbCl5~
302 technique; used to prepare the radical cations of octafluoro—
naphthalene and other highly fluorinated naphthalenes (see
chapter III) is then discussed in detail., This is followed by

an account of the preparation and identification of the highly

fluorinated naphthalcnes.

1. Attempts to Preparc and Investigate Perfluorinated Aniong

In situ electrolytic reductions of solutions of hexafluoro-
benzene, octafluorotoluene and octafluoronaphthalene in highly-
purified, oxygen—-free acectonitrile with 0,1l tetra-n-propyl
ammonium perchlorate as supporting electrolyte werce performed in
the manner of Maki and Geske,37 the appropriate rcduction potentials
having first been determined by plotting polarographic curves.
Fig, 1 is a diagram of the apparatus used., Concentrations of

y)

fluorocarbon ranging from 10“2 to 10 "M were employed but no

B.5.R. signals were observed. The instability of those anions

and their tendancy to lose fluoride ion on formation was suspected.
This was later confirmed by Brown and WilliChss4 who failed to
observe signalg from -80° upwards when solutions of hexafluoro-—

benzene and octafluoronaphthalenc were reduced by potassium in

tetrahydrofuran and, furthermore;, detected fluoride ion in the
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KEY ;-
A, Spectrometer cavity B, Platinum electrode C, lMercury
surface where anions are formed D, Solution E, Capillary
for degassing F, Agar jel.bridge G, KCl solution

H, Calomel cell I, Polarograph. :
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residual solutions. No further attempts to prepare perfluorine-

ated anions were made.

1t en i : jga ino adical
Cations

A series of Lewis acid-solvent type of oxidising system

LA

employing high vacuum conditions,; and in addition,; a number of
gtrong acids, were used,

(i) The system 3b Cl -CH Cl
2. 2
The apparatus (Fig. 2) and procedure were identical to

44

those employed by lewis and Singer: a solution of perfluoro-—

naphthalene (Cldﬁa) in pure, dry CH 012 was placed in capillary

2
tube Ay attached to the apparatus at B and thoroughly degasscd

at 10_5mm. of mercury. A known amount of 5bCl_ vapour was trapped

5

in the calibrated bulb C by controlling the temperature of reservoir

D. Tap & was then closed and the ShCl_ allowed to distill into

2

the frogzen solution. The sample tube wns thon secaled off ot
the congtriction P and warmed to —800. No reaction was seen to

occur at this temperature when solutions 10“3, 10"4M in(i)FB and

2

10 “M in “bCl_. were used. The samples werc then placed in the

5
low temperature cavity insert of the E.5.R. spectromcter (seceb)
and examined from -80° to room temperature. No E.S.R. signals

were observed,

(ii) The system Al Cl =CII NO
3 3 2

45

A procedure similar to that employed by Forbes and Sullivan
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was adopted. Perfluoronaphthalenc (5 mgm.) and anhydrous

AlCl3 (20 mgm.) were placed in sample tube A (Fig.3) which was
attached to a vacuum system and evacuated to 10_5 mm. of mercury.
About 1 ml. of dry, oxygen-frcc CH3N029 stored over Ca H2 on

the vacuum line, was then distilled in and the sample sealed off
at constriction B. The samplc was then warmed to room temperature
but no reaction was seen to occur. The solution was then tipped

into capillary tube C and examined in the E.S.R. spectrometer

but no signals were observed.

(iii) The systoem BF —30 42
3 2

Sufficient perfluoronaphthalene to form a 10_3M golution

was placed in sample tube A (Pig.3) which was attached to a vacuum
line and evacuated. About 1.5 ml of liqg. 302 (BDH laboratory
reagent, supplicd in cannisters) was then distilled in under
vacuum and the solution thoroughly degassed at 10_5mm. of mercury.
An excess of BF3 (Cambrian Chemicals reagent grade, supplied in
lecturc bottles) with respect to tthlOF8 wos then distilled into
the solution via a calibrated manometer on the vacuum line.

The sample tube was then sealed off ot B and allowed to warm to

0 - nJ 1 2
~80" but no reaction was seen to occur nor were any B.5.R. signals

obscrved at any temperature.,

(iv) 3Strong acids
(a) Solutions of hexafluorobenzene, octafluorotolucne; octa-—
fluoronaphthalene and dccafluorobiphenyl in concentrated or 100%:

H2504, or in concentrated HH03, appeared to undergo no reaction



44.

and gave no signals. Neither were any signols observed from a

degassed solution of(ioFB in a 50 : 50 CF,CO.H-CH_NO 41 mixture,

32 e
(b) Octafluoronaphthalene slowly dissolved in fuming I-I2SO4
(olcum) to give a brilliant grcen colour and an esscntially
three line spectrum, with indications of further resolution in
the wings, was obtained when the solution was examined in the
Decca flat cell accessory (Fig.4). Under very high gain conditions,

65

three additional lines, as later reported by Baghin, could

be seen on either side of the centre triplet (Fig.5) buty, although
the solution was exhaustively examined at various dilutions and
microwave power levels,; those lines werc not scen in such a high
intensity ratio to the centre lines as reported by the latter.
Bazhin's resolution of those lines compared very unfavourably
with what he found for the same species,CIQFaj in the SbFsu
(CH30)2802 system and he ascribed this to line-broadening effects,
resulting from non-zero averaged dipole-dipolc intcractions,; in
the highly viscous oleum., His slightly superior resolution in
oleum to that of the author may be duc to a smaller excess of

6
polar SO As demonstrated by De Bocr,4 linewidths from spectra

3.

recorded in the non-polar S0, are relatively very narrow; hence

e
6
the much better resolution obtained by Thomson and I‘.'IacCulloch7
] + . =3 AEs)
fOI{iQFé in the bb015 302 system (see chapter III) than was
obtained in either of Bazhin's media.
The visible spectrum of the oleum solution OfCIOFB wos

recorded on a Unicam SP 800 Spectrophotometer and is shown in

fig.6: similar spectra have been obtained by Hoijtink92 for
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hydrocarbon cations in conc. H?3O4. It was then decided to compare

this spectrum with the visible spectrum ofL‘lOF8 in Sb015-502

(p. 60)., Both spectra would be recorded by reference to the
solvents and would be identical should they result entirely

from Cldi'BT Further comparison, at low temperatures, with the
visible speoctra of solutions of CeFe in SbCl5—802 might have
yielcded information about the composition of this diamagnetic
green solution (p. 65 ) which gives no E.S.R. signals and rapidly
becomes yellow at room temperature. To carry out such experiments,
it was necessary to obtain vacuum U.V, cells which would be
scaled on to sample tube C (Fig.7) while the oxidations were
being performed on the vacuum line. Unfortunately, those cells
did not arrive in the time available.

The series of hydrofluoronaphthalcnes, prepared as in 4,
all formed the same green solutions in oleum ancd for 2H-hepta-
fluoronaphthalenc the two‘max values for the visible spectrum
were displaced to the U.V. by only a few mp relative to octa-
fluoronaphthalence in the same solvent.

U.V. irradiation of thosc oleum solutions caused the E.3.R.

signale to disappear immediately.

(v) The system Sb Cl -S0
Bt

A 10—3M solution of octafluoronaphthalene in lig. SO?,
oxidised under high vacuum with SbCl5, yielded a well-resolved
signal which was later ascribed to the radical cation. A detailed

account of this technigque follows and the results obtained with
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it are given in chapter III,

The Sb Cl —-50 Oxidative Technigue

5 2

Fig.7 shows the vacuum systen.
302 (BDH laboratory reagent, supplied in cannisters) was intro-
duced under vacuum to reservoir A where it was thoroughly degassed
at ca. 10 2mm. mercury and stored under liq. nitrogen.

Sb015 (Fisons recagent grade) was dried over calcium hydride
for several days, filtered, transferred to detatchable vessel B
and vigorously degassed on the line where it was similarly stored.
This liquid was found to be difficult to degass thoroughly because
of small amounts of dissolved chlorine but, if degassing were
not sufficiently complete, anomalous results were obtained.

Sufficient compound to form an approximately 107N solution
was weighed into sample tube C and about 1-1,5 ml. of lig. 802

distilled in, followed by an excess of ShCl_. with respect to the

5
compound. The mixture was then frozen and the sample sealed
off at D under hizh vacuun and allowed to warm to -80° in a
cardice—-acetone bath., The solution was tipped into capillary &
and spectra were examined at appropriate temperatures from -800
to room temperature.

Mo signals were observed from solutions where oxygen was
deliberately introduced or where the BbCl5 was not in excess
but the actual excess did not scem important. Drying of the 50?

appeared unnecessary but where no signals were initially observed,

this extra precaution was effected by prior distillation under
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vacuum from a CCld/liq. nitrogen slush bath at -23°% in order

to freeme out any traces of moisture.

(i) Preparation

23

Tatlow has prepared 2H-heptafluoronaphthalene by reaction

of‘CIO_F8 with the theorctical quantity of LiAlH, for complete

4
conversion to the former. After 40 hrs. refluxing in ether,

the product formed was & mixture of the starting material and the
2H~compound, with substitution occurring only at theﬂ—posi"cimt
Hence reaction with the gquantity for complete conversion to

tetra H=tetrafluoronaphthalene might have progressively yielded

all 'I:hoﬂ H=substituted comwounds as far as CJ_()F4H4‘

Procedure: a solution of lgm.C&9F8 and 0.153 gmn. LiAlH4
was refluxed in sodium dried ether for 60 hres., then cooled,
dilute H2304 carefully ndded and the organic phase separated
from the agueous phase which was extracted with ether. The
total ethereal solution was dried with HgSO4, filtered and the
ether evaporated.. 770 mgm,. of product were obtained.

This product was dissolved in 2.5 ml., of toluene and analysis
performed at various temperatures on a Pye, Series 203, preparative
gas cﬂrbmatograph (column: 10% "carbowax™ on “celite®). As
there were a ldrge number of penks close together; adequate
resolution could only be obtained at 80° at the concentrstion

(ca. 0.35 gm. per ml,) and sample size (50 microlitres) used

but the solution was not diluted as this would merecly increase
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the length of time required to complete the separation. Under
those conditions; a single ¥run™ lasted 4.5 hr. and could not

be carried out automatically so that separation wos effected
manually at 100 microlitres per day, at 800, and took about 6
weeks to perform. The advantage of this laborious procedure

was that the major constituents A,B,C,D(Fiz.8, with the residual
(iQFa not shown) were completely separated from the minor ones.

G.l.c., analysis of A,B,C and D at 150o (same column) showed
each to contain about 10-20% of a mixture of the others as
impurity. This was thought to be caused by condensation in the
metal lead from the column to the flame ilonisction detector and
subsequent leakage through the outlet needle during the long
retention times.

Having removed the minor constituents, however,; complete
separation of AyB,C and D from one another was effected at 1500
at the optimum dilution using the same column (about 3 days)
and g.l.c. analysis showed them to be highly pure. The separation
is shown in Fig.9 wherc the peaks corresponding tc the compounds
(sce below) arc reassigned the letters A,B,C,D and E,

(ii) Ideptification (see table 3)

The gtructural formulae were partly determined from the
fluorine ITMR spectra recorded on a Varian HA =100 spectrometer.
Solutions in CCl4 with 0013F 2s an intermal reference were used.
Since only small amounts of compound were available, the spectra
were recorded using the Varian Cl02% time—-averaging computer

enabling relatively dilute solutions (11/10) to be used. The
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lar Tormulae of highly fluor-—

Mass of 14 ig Hence
Compound Parent Found Thooretical Molecular M.Pt.
Peak _%C 9%H ‘jéC ",{I:H Formula
A ore 43.89 0 44.12 0 €108 R0 %%
B 200 59.7 1'?4. 60 2 010F4H4 102 ¢
c 254  47.5 0.22 47.3 0,40 C o1 ﬂSES—-é{ﬂ
D 218 54.82 1.26 55,05 1,38 010F5H3 f0z°c
B 236 50.67 0.77 50.85 0.85 Cy oF6Es T4
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spectra were complex and their complete analysis made even more
difficult by the absence of any reports in the literature of NMR
of highly fluorinated naphthalenes. When used in conjunction
with E.5.R. data; however, sufficient evidence to establish the
structural formulae was obtained. Insufficient GlOFTH was
obtained ‘to enable the spectrum to be recorded but the excellent
agreement of the observed melting point with that reported by
Tatlow93 and the nature of D and I, suggests the structurc given
in fig. 10,
(a) CloFéHg

The speoctrum has three absorptions at T = 117.2, 136.3 and
148.4. Two of those show an ortho coupling of 7.2 0/593a whereas
1‘= 136.3 is a singlet. Such a spectrum could only be obtained
from either of the three isomeric,’i—substituted isomers viz.
24 3H—; 2,6H- and 2,7f~hexafluoronaphthalene, licLachlan spin
density calculations (p.ll7) were performed on the radical cations
and the values found for position 2 were, in each casey; compared
with an 'experimental' spin density. This was calculated from
the proton hyperfine splitting (p.74 ) in the E.S.R. spectrum of

+ : A H
o6, using (13), with @

o = -28 gauss. The agreement was

very much better for the radical cation of the 2,6H- isomer
(Fig.10) thon for the other two isomers.

() CJUFEHE

Singlet absorptions at T = 109.6, 122.0 and 138.3 and doublcts

at T = 111.0 and 148.3 (J = 5.8 c¢/s) were obtained. The close
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similarity and nature of the absorptions at‘?’= 131.04: 1383
and 148.3 to those observed for Cy oFgll, suggest
1) That one ring of 010F5113 is identically substituted to
cither ring of 010F6H2.
2) That the remaining two fluorines are at theel positions.
The structure of C,. F_H. is shown in fig.1lO.

107573

(c) CI;FIHI-

Singlet absorptions at*f = 117,0 and 111,3 were obtained,
This suggests the presence of two fluorines meta to one another
in both rings. Only two structures are thercfore possible viz,
2:4:5,TH~ and 1,3,5,7H-tetrafluoronaphthalene., The E.5.R. spectrum

(p. 82) of the oxidation product of C , however, could no

10F4H4
possibly be assigned to either of those structures both of which
would give a spectrum consisting of 4 scts of interacting triplet
gpnlittings for the monomer radical cation and 4 sets of inter—
acting quintuplet splittings for the dimeric species., Indeed,

it wos possible to assign the spectrum only to the dimer radical
gation of 2,3,6,7H-tetrafluoronaphthalene (p. 85). Fﬁithéfﬁore,
the values of‘l" seem too néar each other to be respectively
associated with!ﬂ.and‘! fluorines as seen by comparison with the
values for 010F6H2 and 010F5H3' For those reasons and because
of the nature of C,D and 5, the structurec shown in fig. 10 was
assisned to ClOF4H4' The fluorine HNMR spectrum of this compound
is thus 'anomalous'.

j : - H C 1 no 313} i >
Neither 010F6H29 CIOFS"B nor 1OP4H4 have been prev;oubly
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reported. The large increase in melting point between C FéH

10 2

and ClOF5H3 is a classic example of the effect of hydrogen

bonding.

e _Chemicals

Hexafluorobenzene, octafluorotoluene, decafluorobiphenyl
and octafluoronaphthnlene were all Imperial Smelting Corporation
reagent grade. The other fluorinated naphthalenes used were
prepared as in 4 except for 1,2;3;4H~tetrafluorvnaphthalene
which was a gift from Dr. R. D. Chambers of Durham University.

All other chemicals used were reagent grade.

6, B.8 Spect tor

Spectra were recorded on a Decca X3 B.3.R. spectrometer
employing 100 kc./sec. magnetic field modulation and phase sensitive
detection. The microwave fregquency klystron operated at 9270
lic./sec. so that g = 2.0023 (see chapter III, 10) corresponded
to a magnetic field value of ca. 3308 gauss. A wide range of
values of microwave power and modulation amplitude could be
used. The magnetic field was provided by a Hewport Instruments
11l"elec’iromagnet of 50 milligauss homogeneity and could be swept
through itthe resonance position.st widely variable rateg. This field
could be measured accurately at 10 gauss intervals by means of
a proton resonance neter situated behind the microwave cavity.

The cavity operated in the TE 102 mode.

For low temperacture studies the Decca variable temperature
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accessory MW235 was employed. The temperature was varied by
passing nitrogen gas at different flow rates through the metal
coil, immersed in lig. airy; of a heat exchanger and then through
an evacuated Dewar vessel inserted into the cavity. Sample
tubes (see 2,3) were inserted into this Dewar stem. The temp-
erature at the sample was mensured by a nlatinum resistance
thermometer and fine control of the temperature was obtained by
electronic means. With this device temperatures accurate to
i2o were obtained.

For sulphuric and nitric acid studies (see 2) the standard
quartz flat cell was used and for other solvents of high dielectric
loss e.g. CH

NO,, CH,CL, (see 1,2) sample tubes having internal

3 2

diameters less than 2mm. were usually employed.
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CHAPTER ITT : RESULTS AND DISCUSSION

A. Bxperimental Resulis

The results obtained with the SbClsnSOQ technicng discussed
in chapter II, are now presented, All hyperfine splittings and
g values were measured by reference to a solution of Premy's

salt as detailed in 10,

1, Octafl hthalene, C T Fig, 10)
10 8
A 10"3M gsolution of octafluoronaphthalene in 302 reacted
with the Sb015 at -80° to form a red-brown solid at the bottom of

sample tube C (Pig.7). On shaking, this dissolved forming 2
faint brown solution which gave an 11 line E.S.]l1. signal (Fig.11)
when examined at room temperature. This signal slowly increased
in strength, reaching its maximum intonsity 12 hrs. after reaction -
when the colour wag light brown. Ten more lines were observed
when the wings of the spectrum were examined under high gain
conditions (Fig.12).

A line diagram (Fig.13) representing two sets of interacting
quintuplet snlittings with

a, = 19.01 < 0.05 gauss

1

and a, = 4.78

a
so that a/ﬁ??i 4, exactly reproduces the positions of the observed

I

0.01 gauss,

21 lines. This spectrum wos assigned to the monomer radical

themf fluorine

cation of octat'luoronaphthalene with @y 50g
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splittings respectively. As the quantity a1—4a2 is less than
their width, four of the observed lines are formed from super-
positions of two Lorentzians and hence 21 lineg, instead of 25,
are obtained, Owing to pronounced linewidth variations, the
relative intensities are in poor agreement with those inh the line
diagram. Similar variations have been reported in otﬁer fluorin-

50’66 The solution was diluted until the lines

ated species,
did not narrow and the widths and relative intensities recorded

at slow magnetic field scans at a level of microwave power to
ensure no signal saturation. This data is presented in table T,
pP.103.

When examined at —30? the same solution gave another signal
superimposed on the first. This relatively weak signal is narrow
in.extent and contains a large number of lines. It is shown in
Fig.14 under high gain conditions, but no assignment was attempted.

On further standing at room temperature; the solution
slowly became dark red and a broad, superimposed signal (ca. 0.5
gauss in width) increased in intensity as the 010F8+ signal
decreased. FEventually a green diamagnetic solution was formed.

The inert nature of fluorocarbons54 to electrophilic attack
is well-understood and may account for the slow increase in
radical concentration in contrast to the hydrogen substituted
species discussed below where a more intense signal is initially
obtained and increases only slightly with time.

The remarkable stability of this species and of other highly
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fluvorinated cations discussed in this section probably results
from enhanced stability of the positive charge by the strongly
electron-withdrawing fluorines, lMuch less-highly fluorinated
naphthalene cations have comparable stability (pe23 )., The
unsubstituted species, by contrast, forms only the dimer cation,
stable at =705 That 010F8+ forms in 50, and not in CH,CL, (chapter
II, 2) with the same Lewis acid is further evidence for the
importance of the ion-solvating medium in cation formation.

Bazhin et alia65 later reported a study of ClOF8+ in the

new system SbhF. - (CH30)2502 (p.44 ) but their resolution was

5

poorer than the author's and their analysis incorrect as they

observed only 17 of the 21 lines.

2 alftl &L N
6 6
On reaction with the SbCl5 at =805 a 107K solution of Cols
in 502 formed a light green solution which was examined at 50

temperature intervals over a wide range of dilutions. DNo signals
were detected. The extra muros solution in € (Fig.7) rapidly
changed to pale-yellow after warming-up for about five minutes.

tafluorotol C R _a afluorobiy vl
78 12 10

Solutions of CTF8 and C prepared as in 2 underwent no

58

127107

colour change and gave no E.5.R. signals. PFischer also found

012F10 unreactive but mono and difluorobiphenyls formed radical

cations in 5b015—0H2012 (p: 23 )%
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Note:

The monomer radical cations of anthracene, tetracene and
other fused-ring hydrocarbons are prepared relatively easily
whereas those of naphthalene, benzene or biphenyl do not form
in solution under the same conditions. Our success with per-
fluoronaphthalene thus renders it highly likely that perfluoro-
anthracene, perfluorotetracene etc. will also form radical cations
in SbCl_-30,. In fact, this system may well be the fluorccarbon

5 2
analogue of Lewis and Singer's SbCl_-CH,CL technique.44 Tatlow

5 2 2
has prepared perfluoroanthracene94 but we were unable to obtain
it from him or from any other source. In view of this, and because
of their smaller size and greater amenability to theoretical
studies,; the preparation of the fluorinated naphthalenes described
in chapter II was undertaken,

—heptafl % 7i2,10)
10 7

A IO"BM solution of ClOFTH in 302 reacted with the SbCl5
forming a red solid similar to that seen for ClOFS and a brilliant
green sclution., No signals were observed at temperatures other
than room temperature. At this temnerature a moderately strong
signal containing many lines (Fig.l5) was obtained. In contrast
to 010F8+’ the signal strength did not increase with time and
began to decrease lé-hrs. after reaction, disappearing entirely

after 2 hrs.

The sample was diluted until the lines narrowed no further
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but full resolution of the wings was not obtained, probably as a
result of the linewidth effects observed in G, Fg* and the close
proximity of the lines. Pig. 16 shows half the spectrum of such

a dilute sample at a slower field scan. The signal was also studied
under grossly overmodulated conditions (Fig.l7) to eliminate the
smaller splittings and so facilitate obtaining the larger ones.

No unequivocal analysis was, however, possible.

The substitution of oneﬁ-fluorine in ClOF8+ by hydrogen to
give ClOF7H+ was expected to result in only slight spin perturb-
ation at thesl-positions and also to give a quintuplet splitting
for the latter. Only a small perturbation at thegl, positions
was found for the cation of the dihydro compound, 010F6H2(p.74 Do

2,6H — luo : le cC I H
10 6 2

A 10_3M solution of 010F6H2 (Fig.10) reacted with the Sb015
to form a red solid and green solution which gave a 13 line
spectrum at room temperature (Fig.18). Two additional outside
liness were seen under higher gain conditions (Fig.l9) and a
slower field scan clearly showed the structure seen on the centre
line to be a very small partially-resolved triplet splitting
(Fig.20).

A line diagram representing interaction of a quintuplet
with a triplet splitting is shown (Fig.21) and exactly reproduces
the positions of the observed 15 lineg with

a, = 17.89 L 0.10 gauss
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and a, = 10.29 g 0.10 gauss
Those splittings were respectively assigned to the four g fluorines
and to the equivalent 3,7 fluorines of the radical cation of
010F6H2' The presence of a quintuplet splitting instead of the
two sets of interacting triplets expected by symmetry, and the

magnitude of a indicates only slight QL spin perturbation from

19
the perfluorinated cation. This is by no means true for the;g
positions where the fluorine splitting has more than doubled

leaving a much smaller spin density at the 2 and 6 positions.

The resulting proton triplet splitting, s ig less than the

linewidths (250-700 milligauss) axcept for the relativsly narrou centre
line, and has been measured as accurately as possible using a

glow field scan under conditions of optimum dilution.

a. = 0,29 ¥ 0.02 gauss

H
This splitting is much smaller than thefa—proton splitting in the
naphthalene aniong5 where aH = 1.83 gauss. The large spin change

at the 2,6 positions in progressing from 010F6H2+ to GIOF8+
contrasts with the observations of others on fluorinated anionsST’73
where little change was found at a position when hydrogen was
substituted by fluorine. Such small changcs have been observed
by IPischer for the cations of 1,5-difluoronaphthalene; 4~ fluoro~-
biphenyl and 4,4'—difluorobiphenyl.

The signal intensity increased only slightly over two houre

and then slowly decreased but wos still strong after five hours

when a black precipitante slowly began to form on the bottom of
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the sample tube. When shnken up, this formed a suspension and
a large broad signal (ca. 3 gauss in width) was superimposed on
the originél. Howarth and Fraenk0196 have found that aromatic
hydrocarbens also form black paramagnetic complexes with Sb015
in CH2012.

Pronounced linewidth varictions and a correspondingly poor
agreement between the relative intensities and those in the line
diagram were again observed. In particular, the intensities of
the lines forming any of the four fluorine triplets, other than
the centre, were found to be in the ratio 1 : 1.5 : 0.2 instead
of the theoretical 1 : 2 : 1.

Weither increased radical stability nor resolution was
obtained from studies of this species, or of any of the others
discussed below; at lower temperatures. Similar behaviour for the
less highly-fluorinated cations was reported58 by PFischer and
Zimmermann., The signal from ClOF6H2+ was found to be proportion-
ately the most intense of all those discussed in this chapter,

6o 2,3.TH - pentafluoronaphthalene, C F H (Fiz.10)
10 5 .3

3

A 107°H solution of €, I H. also formed a green solution

‘10573

on reaction., The signal observed at room temperature slowly
increased over 20 minutes and then remained constant for 2 hrs.
but was appreciably weaker than that of 010F6H2+' After this

time,; specks of black paramagnetic material began to appear and

the signal slowly began to decay but was still guite strong T hrs.
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after reaction.

The spectrum (Fig.22)shows 35 lines of about the same width
with further resolution at the centre. No more lines were seen
when the wings were examined under high goin conditions. A line
diagram representing interaction between a quintuplet 2y and three

doublet splittings ae,as,a is shown (Fig.23) and adequately

4

accounts for the line peositions with

a, = 16.1 < 0.2 gauss
a2 = Tkl £ 0.1 gauss
a3 = 4.19 s 0.15 gauss
and ay = 5,18 % 0.15 gauss.

The distance between the fourth and fifth of each set of 8 lines
formed by splitting of each line of the gquintuplet ig less than
their widthes so that 35 lines and not 40 are observed. This can

be clearly seen in fig., 24 which shows one half of the spectrum

at a2 much slower field scan with the overlapped member of the
outside set indicated by a broken line. The splittings 9%

were respectively assigned to the fouré&.fluorines and to the
singleﬂ fluorine of the radical cation of C, F_H The s»plittings

107573
a3,a4 were assigned to protons 2,3 respectively on the basis of
McLachlan spin density calculations (p.l22) which predicted the
spin densities at those positions to be approximately in the ratio
33/a4. The spin density predicted at position 7 was such that

when a value of Qgp = =28 gauss (p.l4 ) is used, the resulting

hyperfine splitting is less than the linewidth (ca. 950 milligauss).
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This splitting was therefore unobserved.

The relantive intensities of the observed lines are in
poor agrecement with those in the line diagram, This arises from
the fact that the ¢uintuplet splitting is composed of a doublet
splitting, ai, and a guadruplet splitting, ai, as shown in fig. 25.
The difference between those splittings is just less than the
linewidth for all but the centre three lines which are slightly
narrower and are partially resolved into doublets (Fig.22).
The second lines of the quintuplet are formed by superpositions
of two lines of relative intensities 1 :3 and this can also be
seen in fig. 24 wherc the components of relative intensity unity
are shown as broken lines. The outside lines of the quintuplet,
and therefore the eight outside lines on each side of the spectrum,
are by contrast non-superposed lines., This experimental evidence
for a slight perturbation from spin equivalence at the@f positions
is also supported by licLachlan spin density calculations (p.122)
which predict slightly different densities at positions 1,48

and a larger spin density at position 5. The doublet splitting

ai = 16,8 = 0.2 gausgs is therefore assizned to positionH and the
quadruplet splitting ai Py o2 16.1 z 0.2 gauss to positions 1,

4,8 equivalent to within the width of all the lines in the spectrum.
The magnitudes of a},ai and the@( fluorine splitting in

010F6H2+ (p. 73 ) indicate a gradual decrease in the (¥ fluorine

splittings as ClOF8 becomes progressively substituted at theﬁi

positions., Although the;; fluorine splitting in 010F5H3+ is
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smaller than the 10,3 gauss observed for 010F6H2+9 it is stdill
larger than the corresponding value of 4.7 observed for ClOFé+
and the electron-withdrawing effect of this fluorine atom is
sufficiently large to cause the splitting from position8to be
less than the linewidth., The splittings from protons 2,3 are
much larger than the;g proton splitting of 0.29 observed for
ClOF6H * and that of proton 3 is comparable to thefa proton -
95

2

gplitting of 1.83 gauss in the naphthalene negative ion.

Te 253,06, 7H — tetrafluoronaphthalene. ¢ F X (Fig,10)
10 4 4

A 10"3H solution of ClOF4H4 in 302 formed the characteristic
red solid and green solution on reaction and gave a 29 line
spectrum when examined at room temperature (Fig.26). Four
additional lines were seen under high gain conditions (Fig.27).
The spectrum is fully symmetrical and Fig. 28 shows half of it
at a slower field scan where the lines are seen to have approx-
imately the same width (950-1050 milligauss) and to be equally
spaced. In the absence of any prominent linewidth wvariations,
therefore, the correct line analysig must reproduce the observed
intensities as well as the line positions. The experimental
intensities of all lines relative to the centre line were calcul-
ated,

This 33 line spectrum could not be ascribed to the monomer
radical cation of C,.F I, where the maximum possible number of

10744

lines is 25. PFig. 29 is a line diagram for the two sets of inter—
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acting nine line splittings expected from a dimeric species.

With ay = 4a2, each line in the diagram is doubly superimposed
except for the centre line of each nontuplet which is a triple
superimpogition and the four outside lines on either side which
are non—superimposed. A total of 41 lines isg obtained. The
intensities of those lines relative to the centre line have

also been calculated and are compared with experiment in table 4.
The agreement is very good. Both line diagram and table show

that the 4 outside lines on either side are too small tc observe
being 1/100 of less the intensity of the centre line and hence 33,
instead of 41 lines, are obtained. Under high gain conditions,
modulation broadening or signal saturation limit the relative
line intensities that may be observed. No other ratio of aﬁ/az
will give the correct number of equally spaced lines in the observed

intensity ratio e.g. the relative intensities for a, = 5a2 and

ik
al = 3a2 are also given in table 4 and are seen to be in poorer
agreement with experiment,
The spectrum was therefore ascribed to the dimer cation of
ClOF4h4 with
.‘-
a,= ap = 8.08 - 0.1 gauss,

8% 21 = 2,02 £ 0,05 gnuss

a
and 1/32 = 40

Other workers have found the splittings in monomer radical cations

44591

to be exactly twice those of the corresponding dimers,

The splittings in the hypothetical monomer cation are therefore

>
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ap = 16,16 gauss
and aH = 4.04 gauss
and, as in 010F8+ (pe60), only 21 lines would be observed. The
small amount of spin perturbation with respect to the naphthalene

58

anion that Fischer’  found for the 1,5-difluoronaphthalene cation

(pe74 ) contrasts with the magnitude of ay which shows an increase
of two in#; gpin density for this hypothetical species.

The signal intensity slowly increased over 3 hrs. and then
began to decrease but quite strong signals were still obtained 6
hrs. after reaction. Black specks of paramagnetic material slowly

began to form and a superimposed signal appeared 2 hrs. after

reaction.

8. 5.6,7,80 — tetrafluoronaphthalene, iso, C F H (Fig, 10)

10 4 4

A IO_BM solution of iso. ClOF4H4 in 502 also formed a red
solid and green solution when reacted with the 8b015. The signal
obtained increased slowly over 2-3 hrs. and then slowly decreased
but quite strong signals were obtained T hrs., after reaction. A
23 line spectrum was observed (Fig.30) with 4 additional lines
seen under high gain conditions (Fig.31). Unresolved structure
on the centre lines was clearly ceen to be a small, partially-
resolved triplet splitting when a solution diluted by a factor of 5
was examined at a slower field scan (Fig.32).

Fig. 33 shows half of the spectrum at a slow scan and a

line diagram representing 3 sete of interacting triplet splittings
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TABLE 4 : Comparigon of experimental and 'theoretical' intensities

10 4 4
Line fxperiment - Thfory 3 -
(from centre) ap = 42y t ap = Say 1 ap = 3ay
1 1 1 1 1
2 0.84 0.87 0.81 0.96
3 078 0,71 0.49 0,88
4 0.66 0.74 0.43 0.81
5 0.62 0.80 0.65 0.69
6 0.51 0.67 0.80 0.54
7 0.41 0.47 0.66 0.43
8 0.37 0.40 0.37 0,32
) 0.32 0.40 0.25 Q.21
10 0.23 0.33 0.33 0.14
i § 0.16 0.20 0.40 0.09
12 0.1 0.13 0.32 0.05
13 0,08 0,12 0.17 0.02
14 0.03 0.09 0.09 0.01
15 0,014 0.05 0.10 0.005
16 0,003 0.02 0.11 0.001
17 -0,001 0.02 0.09 0,000
18 0,01 0.05
19 0.01 0,019
20 0.002 0.013
21 0,000 0.014
22 0,011
23 0,006
24 0,002

25 0.000
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: lixperimental splittinge constants for radical cations

R Iguivalent positions ARG
Cation end Tmitipilot i Splitting (gauss)
1,455,8 = quintuplet  a_= 19.01 = 0.05
C10%8 A +
243,6,7 = quintuplet = 4.78 = 0.01
1,4,5,8 = quintuplet  ag= 17.89 L 0u%0
" +
S - 3,7 = triplot ay= 10,29 = 0.10
2,6 = triplet ay= 0.29 X 0.02
. 2 +
1,4,5,8 = quintuplet an= 16.1 = 0.2
6 - doublet ap= T7.11 o T |
%1053 .
2 - doublet = 4.19 - 0.15
3 = doublet a= 2.18 2 0.15
1943598 +
+ 1+ 1 ¢— nontuplet ap= 8.08 - 0,1
" ( ) 1,4,5,8
F H (dimer
b 2,3,6,7 s
t 1+ ¢ = nontuplet g™ 2,02 - 0.05
2,3,6,7
1,4 - triplet ag= 19.53 B 1
2,3 = triplet ap= 6.51 £ 0.15
i80.C, F H, .
5,8 = triplet ay= 2.37 - 0.1
6,7 - triplet ag= 0.59 I 0.15

! See £ig.10.

See; however; p.79
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accounting for the positions of the 27 lines with

o)
|

G ® 19.53 = €.2 gauss,

a, = 6.51 ¥ 0.15 gauss,

a3 = 2,37 3 0.1 gauss.
The splittings ays8, WeTe respectively assigned to the equivalent
1,4 and 2,3 fluorines of the radical cation of 010F4H4 and a3 to

the equivalent 5,8 protons. The splitting a, = 3&2 but a?(.3a3.

The partially-resolved splitting, vag measured as accurately

a49
as possible at a very slow scan and asgigned to the 6,7 protonsg.

34 = 0.59 i 0.15 gauss

a

The ratio }/;2 is less than the value of 4 for the octa-
fluoronaphthalene cation and nearer aHe9é%B= 2,67 in the naph-
thalene anion95 but the magnitudes of a3,a4 and their ratio of
4 are in poor agreement with the same data. TheQ{ spin density
is again little perturbed from that in the octafluoronaphthalene
cation.

Comparigson of the spectrum with the line diagram again

indicates large intensity anomalies resulting from linewidth

variations.

10, g values

Bquation (2) can be used to calculate the isotropic g values
of free radicals in solution (see p.1 ). At constantw, the
value of H at the centre of the spectrum of a standard radical of

fixed g can be calculated from this equation. The field value at
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the centre of the spectrum of the radical whose g value is required
can then be found by measuring the distance between the centres
of the superimposed signalg and using the appropriate calibration
of field versus distance on the recorder, The value of g can
then be found by substitution of this value of ¥ in (2). A
solution of Fremy's salt (potassium nitrosodisulphonate) in
saturated aqueous potassium carbonate was used as a standard98

to determine g values for the fluorinated naphthalene cations.
This radical has a well-resolved nitrogen triplet splitting of
13.09 gauss and g = 2.0055 = 0,00005””., The difference in field
between the two extreme lines = 26,18 gauss and was used to re-
calibrate the field for every g value measurement in order to
compensate for variations and non-linearity in field scan.

Those calibrations were also used for accurate measurement of the
hyperfine splittings. The solution was contained in a melting-
point tube attached to the outside of the capillary of sample
tube C (Pig.7). Pig. 34 shows the signal from IFremy's salt
superimposed on the spectrum of the 5,6,7,8H-tetrafluoronaphtha-
lene cution.

The g values of most organic free radicals are within 1% of
the free electron value (g; = 2,0023 ) whereas those of hydrocarbon
radical ions are within 0,1% of go-IOO The deviations are due to
a combination of spin—-orbit coupling and orbital Zeeman inter-
actions and , although small, can be measured to a high degree of

accuracy. The spin-orbit coupling constant,A ; increases with
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increasing atomic number and Blois et alia101 found that for a
series of monohalogen—gubstituted hydrocarbon ions and semiquin—
ones, g increased in the order I)Zﬁr) Cl}iﬁ)'ﬂ'and further increased
on polyhalogenation. In addition, a very nearly linear relationship
between ég and.‘.was found for the tetrahalogenated p-benzosemi-
quinone ions. Similar data has been revoried by Kivelson73 for
halogen—-substituted triphenylmethyl radicals.

Those g value variations can be used to distinguish between
radicals containing relatively heavy atoms e.g. nitroxides or ~OH
or —-CHO substituted species, and those containing only atoms of
smaller atomic number e.g. hydrocarbon ions. Only minimal inform-—
ation on molecular electronic structure may be obtained, however,
from a study of the deviations. The g values for the fluorinated
naphthalene cations are given in table 6.

The value of ca. 2.004 for 010F8+’ clOF6H2+ and probably
CIOF7H+, is higher than the value of 2,002 around which most
hydrocarbon ion radicals cluster., The incrcase in g from ClOF6H2+
to ClOF8+ ig 0.0002; i.e. 0.0001 per additional fluorine atom, and
compares favourably with a change of 0.00015 observed by Kivelson73
in fluorinated triphenylmethyl radicals., Further decreases for
C, FH.” and iso.

c
10753 410F4H4
large increases are obtained. Singer44 found the g value of the

* are expected but instead relatively

dimer cation of naphthalene little changed from the naphthalene
anion: accordingly the value for the dimer cation of 010F4H4 is

expected to be less than that of the hypothetical 010F8 dimer
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6 : values of fluorina napht e catio
CATION g value
ClOFS 2.0042
ot

Gy oF 7K 3

ClOF6H2 2.0040
CIOF5H3 2,0055
010F4H4(d1mer) 2.,0064

T
Iso, 010F4L4 2.,0070

lThcg'value of ClGFTH could not be measured as the centre of

the spectrum was not accurately determined hut would

probably be ca. 2.0041 for the monomer cation.
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cation which. by analogy, should alsc be 2.0042, the walue :or
the monomer. DBut again a large increase is obtained instead.
We cannot explain those anomalous results.
g values of radical ions of aromatic hydrocarbons subctituted

only by fluorine have not been previously reported.

1l. Linewidthg

Although the g tensor (p. 1 ) for radicals in solution is
almost completely isotropic, information can still be obtained on
its anisotropix component by studies of the widths of E.Z.R.
absorption lines and Carrington66 has deduced the principal com-
ponents of the fluorine anisobtropicg tensor from studies of the
linewidth variations in the isomeric fluoronitrobenzene anions.

In addition, Fraenkel et alia32 have obtained approximate values

of theTfLSpin densities on fluorine by linewidth studies of the
2;5=difluoronitrobenzene anion. The use of linewidth variations

in the study of such topics as cis-trans isomerism, ring- inversion,
restricted rotation and proton exchange has been reviewed by

Hudson and Luckhurst.lo2

The width is determined by Heisenberg's Uncertainty Principle

ALY = h/gsr (32)
whereYis the relaxation time and BE the uncertainty in the energy.
Since\E = hB#¥, the uncertainty in frequency or linewidth is
given by

b= Be/n =Y W) (33)
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i.e. it is governed by the time the radical can stay in the
higher spin state without reverting to the lower one.
1’{7’ - 1/T1+ 1/T2 (34)

where Tland T, are the spin-lattice and spin-spin relaxation

2

times respectively. Tl ig controlled by spin-orbit coupling

which is very small in organic free radiccls-ogzothat T1 is relatively
large (of the order of seconds) and maker negligible contribution
to the width. Because Tl is so large, the mechanism whereby

the spin gystem can lose energy and so preserve the Bolizmann
distribution between the two levels is weak. If the number of
spins per unit time being excited from lower to upper level,
exceeds the number returning, the resonance line broadens and
eventually disappears when the populations become equal. This

is known as saturation and may result in broadening the whole
spectrum or merely part of it. Under non-saturation conditions,
the major contributicon to the linewidth comes from T2 which isg

a reduction of the time gpent in either of the two states because
of dipolar interactions with the surrounding electrons and nuclei.
As the electron has a very much larger magnetic moment than any
nucleus, the greater contribution is from electron-electron inter-
action and therefore highly dependent on concentrotion., This -
effect is reduced as much az possible by dilution until no

further narrowing is obseorved., The same mechanism can also

broaden the lines through divpolar interaction with a polar =olvent

or conjugate ion., A clossic example of the effect is observed in



99

the spectrun of C, Fo" in £.H,80, (p.44 ).

Line-broadening is also caused by electron-nuclear dipolar
interactions and depends on the separntion of the dipoles and
the angle between the direction of the applied field and the
vector joining them, The expression for this contribution
contains o term of the form <{300529 - ])/r3> Av,, If the samnle
is random and the rodicals in a polycrystalline mass, the vectors
from the nuclei to the electrons make a great many angles 6
with the applied field and the line is broadened. On the other
hand, if the nuclei are allowed to rotate freely with respect to
the position of the electron, the angular term averages out and
there is no contribution to the width. This is never the case
in solution but the contribution from this term increases with
increasing viscosity.

A general theory of linewidths was developed by Kubo and

103 104 on nuclear

Tomita following the work of Bloembergen et alia

; ; 105 o ; 3
relaxation and was extended by Kivelson to B.5.R. linewidths
in solution, This theory was in good agreement with experiment
where the lines all had approximately the same width but could
not exnlain the lincwidth variations loter observed by a number

: ) ] 106

of authors. This effect was shown by Fraenkel and Freed to
arise from the degeneracy of the nuclear spin states in the
prescnce of several equivalent nuclei for which the Kivelgon thecory

makes no allowance, In their treatment of the degeneracy probleim,

those authors usc the alternative to the Kubo-Tomita theory of
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nuclear relaxation viz. the theories of Bloch and Redfieldlo?.

Those use an approximate form of the equation of motion for the
density matrix of the spin system in terms of what may be called
a relaxation matrix. They showed that a degenerate E.5.R. line
arising from sets of equivalent nuclei may consist of a super-
position of several Lorentzian lines of different widths thus
accounting for the alternating linewidth effect. A single
Lorentzian line was still observed, however, when variations in
the widths of the composite lines were small compared to the
average width.

Carrington66 has used the Fracnkel~Freed theory to relate
some of the linewidths in the gpectra of the fluoronitrobenzene
anions to sums and products of the fluorine and nitrogen quantum
numbers associated with each line, but no line examined arose
from degencerate transitions and his relaxation matrix was of the
order unity. For radicals containing sets of eguivalent nuclei,
lines arising from n degenerate transitions have matrices of
order n2. For the 010F8 cation, the matrix for the centre line

wonld be of order 62 x 62

i.e. 1296, and the matrices for many of
the other lines would also be very large., Complete analysig of
the effects involve finding both diagonal and off diagonal matrix
elements and present a largc computational problem., The line-
widths and intensities relative to the centre line have been

measured for the eleven centre lines of the ClOFB cation using

sufficiently—-dilute solutions under non-—sgaturation conditions but
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no such analysis has been attempted. This data is given in
table T.

If the widths of the individual componenis of a degenerate
hyperfine line are significantly different from the average
width, the line is not Pruly Lorentzian in shape. Studies of
relative line shapes can also be used to demonstrate linewidth
effects and have been employed by Fraenkel et alialo8 to show
how their theory improves on Kivelson's where there are large
intramolecular anisctropicdipolar contributions to the line--
widths as in the fluorinated naphthalene cations. Such studies
are not usually made, howecver, as the information they yield
cen just as easily be obtained from the linewidths themselves.
The relative line shapes are defined by the expression

s, = (Ar‘Do/Di)%Jr_ (35)
1 7B i

S, A, ]
where 5. = /5 i A. = ¥/h s 5‘ = l/if are respectively the
D ) T 0 T )
i 3| i
shape factor, amplitude and width of line i measured relative
to the centre line of the spectrun and Di’Do are the degeneracies
of line i and of the centre line, If the lines all have the
same shape, the values of Sr are unity. Table T also gives
i
those values for the eleven centre lines of the radical cation of
ootafluoronaphthalene. The changes from line to line are much
larger than those observed by Fra.enkello8 for the tetracyanoethylene
anion. The shape factors for corresponding lines on either side

of the centre line are approximately egual except for the third

lines from the centre, indicated by brackets,; which are doubly
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overlapped (Fig.13).
Spin D ity Ca tiong

The experimental hyperfine splititings apyay (table 5) have
been correlated with McLachlan spin density calculations of
chF(%) andjoi(IB). Befor presenting this data, a discussion
of methods used to calculate spin densities and their limitations

is given, in order to show why the lNMcLachlan method was selected.

1, Review of lMethods

The simplest method of calculating® spin densities is the
H;ckel method and is critically examined in chapter two of Streit-
weiser.109 Several simplifying approximations are usually made
in setting up the secular determinant; depending on the type of
Hﬂckel theory used; the most drastic of which is the complete
neglect of the overlap matrix elements, Sij’ between atomic
orbitals i, j. One major defect is that the theory makes no allow-
ance for O=Finteraction and treats the U electrons as an unpolar-
isable core, HNeither does it allow for electron correlation
(p.104) in any form. Such interactions can significantly affect
the magnitudes of the spin densities. Despite those approximations,
the spin densities obtained are often in excellent agreement with
experimental values calculated from (13) and the method isg still
widely used. It cannot account, however, for negative spin

densities such as are obtained at the 9,10 positions of the
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1 Relative Intensities Relative Relative
Line o Linewidths 3hape Factors

Experimental Theoretical

1 0.12 0.44 3.00 1.49
2 0.27 0.67 2.20 1.33
3 0.24 0.44 1.90 1.43
4 (0.21) 0.31 (1.60) (1.31)
5 0,67 0,67 1.10 1.04
centre 1 1 1 1
7 0.53 0.67 1.05 0.96
8 (0.13) 0,31 (2.50) (LT
9 0.21 0.44 1.85 1.41
10 0.18 0.67 2.45 1.34
11 0.09 0.44 3.30 1.49
1

In order of increasing field

2 caloulated using the formula Sr = (ﬂr Do/Di)EJ; (p.101)
i i i
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naphthalene anion and more sophisticated theories are necessary.
Some discugsion of Hackel spin densities for the fluorinated
naphthalene cations is given in 2,

The spin~independent Hamiltonian, H, for a radical can be
written as the sum of one and two electron operators.

o ;ﬁi + %—ig:l/rij (36)
and could be solved to give an exact wave function were it not
for the presence of the electron correlation terms, l/rij' The
various SCF types of TW~electron approximation allow for some
correlation by using the one-electron orbitals, +i’ obtained by
the variation method, in the form of a Slater determinant. TFor
nM—electrons the wave function,

L0 K RPN XA (37)
where the E;s denote both space and spin co~ordinates. This is
equivalent to replacing the two~electron operator in (36) by a
one—-electron opecrator which appears ag an average of the two-
electron terms. Physically, each electron moves in the field of
the nuclei and the self-consistent field formed by the 'averaged'
fields of the electrons. _SCF methods have been reviewed by Amos

110 and are discussed in Salem.lll

and Hall
In the restricted Hartree~Fock SCF approximation, the

wave function is given by

LK ACY CORRIN XOZOR RCb EE A .§q<n)§(n)1 (38)
Each spatial orbital, #i’ is doubly occupied by electrons of

spinGﬂJi except for the highest, containing only the unpaired
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electron and\*fis an eigenfunction of'§2, where £ is the total
spin angular momentum operator for the radical. The equations
satisfied by those molecular orbitals are found by use of the
variation principle and techniques for their solution when ex-
presged asg a linear combination of atomic orbitals have been
developed by Roothaan.112 Ag in H&ckel theory, the [V spin densities
are given by the squares of the atomic orbital coefficients in
the unpaired orbital and can never be negative. The method,
however, takes no account of correlation between electrons of
opposite spin.

To allow for such correlation different spatial orbitals
for electrons of different spin must be used and this is the
basis of the unrestricted Hartree-PFock approach. 4As it forms the

basis of the McLachlan approximation, the method is discussed in

more detail. The wave function
Y =1 h(000). . p (2)0p) 0, (41 Bloi1) o8 (n B} (39)

where the functions {91} and {+z} form two different orthonormal
113

sets, Pople and Neshet have deduced the equations satisfied

by the *i,ei and when written in terms of the basis get {wl} of

lMiYatomic orbitals,
M M

*i ==g wa s 8 agwsbsi (40)

s 81

b . are eigenvaluss of the matrices P

The co-efficients a__,
81 81

and ﬁﬁwhere
":-E+_, §B=§+E (41)

are the SCF matrices for electrons withdryg spins respectively.
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The matrix elements are given by

B ws(l)hlwu(l)dTl (42)

where hl is a one—electron Hamiltonian.

G?f::: ;EPW + Qvt)(s-l;luv) - Pvt(stlvuﬂ s

B " (43)
G " EEBPV"? + Qvt)(s‘t!uv) - Qvt(stl vuz'
and (stfuv) =fws(l)w_t(2)1A12wu(1)wv(2)d$ld’i!2. (44)
The unrestrioted bond~-order matrices F and a are defined as
P
%
k w E1 Garyr ? Qu él burbvr (45)

and are analogous to the charge and bond-order matrices of

ordinary SCF theory. The spin density matrix

JB'='1'5—Q (46)
h

e densities are given by the diagonal elements so that

i §p s é(t?g Z-1et? (47)
where %p contains the unpaired electron with spin(x,. Unlike the
restricted Hartree-Fock, the method predicts negative spin densities
where ]932 exceeds l *itz at a node of *p but those densities are
usually in unsdd sfactory agreement with experiment. This arises
beca.usev is no longer an eigenfunction of '532 and is contamined
b7 states of multiplicity hisber than doublet: Lowdis ™7 hae
shown how those states may be removed by applying a projection
operator to the wave function but it is extremely difficult to
find expressions for the spin densities after such a procedure.

Amos and Ha.llll5 have shown, however, that only the most important
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of the contaminating spin multiplets need be removed as the others
have relatively little effect and ::'nyd.erll6 has used such a
function to obtain formulae for the spin densities in terms of
P and E. The agreement with experiment was found to be much
better.

Unrestricted Hartree-Fock spin densities may also be found
uesing the perturbation theory of McLachlan.llT The SCI' orbitals
of the neutral molecule are regarded as zero—order unrestricted

molecular orbitals, If

-t

PabP +7° (48)
where E' is constructed from the lowest g orbitals containing
electrons ofd, spin and P° from the remaining orbital, then

F'(0) = &(0) (49)
The notation is similar to that previously used (p.106) and the
zero—order unrestricted bond-order matrices ?(0) and Q(0) fordl,
};spins respectively are half the bond-order matrix for the
neutral molecule., The zero-order unrestricted SCF matrices
F (0), F (0) are both equal to the SCF matrix for the neutral
molecule, It can be seen from (41) that the effect of the un-
paired electron comprising P° is to perturb I and F +« The

corrections are to a first order given by
o o
Frs(l)—Fra(o) = _PO(O)réy;s 4 J;sig'Po(o)tfagt
P ) (0) - § L),y

rs t rt

(50)

where the Pariser-ParrllB approximation for the integrals has

been used.
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To a first order, both sets of orbitals alter equally
under the perturbation of the Coulomb field of the cdd electron
as represented by the sum in (50). The change in spin density
thus results from the exchange term F%)-ﬁ %). McLachlan uses
the perturbation theory of Goulson119 to express the first order
spin density in terme of polarisability co-effioien'ts,-ﬂ.rs.
After neglecting various small terms and assuming that the one

centre cowlomb in‘tegral,xrr has the same value for all atoms r,

the spin density on the r th atom is given by
o
frnprr_ yz rs ss
- o2 g
= Cor” 33‘r~r Wrelos (51)

where ¢ are the co-efficients of atoms r,s in the orbital

or’ %s

containing the unpaired electron., McLachlan also shows that the
"

use of Huckel instead of SCF orbitals makes little difference to

the values ofja provided that their energies are suitably

modified by appropriate choice of a Huckel resonance integral,

3 3 ] =y -— = 2
This is effected by replacing EYrr(Sl) by A Q;"r/ﬂeff where
= — "J'-
ﬁeff ﬁrs Epryrs (52)

Ll
is the effective Huckel resonance integral obtained as an average
over all bonds in the radical andﬁ ,y are respectively the
rs’~ rs
1]
Huckel resonance integral for the bond between atoms rys and the

corresponding two-centre coulomb integral. Using Pariser and

118
]
Parr's values ofyrr Trs d'8 }( is found to be approximately

equal to 1l.2. Most authors use values of/{ between 1.1 and 1.2.



109.

In practice, the Hﬂckel orbitals for the radical are first
determined but (51) is not used to calculate the values Of.fr as
this would involve prior calculation of the terms1T}s. Instead
equation (47) is used with ép’ fl""@q the H;ckel orbitals and

i
e ....@q modified Huckel orbitals, calculated ”ith;grs unchanged

1
: . .2
but with the coulomb integral for atom r,C(f = -i-EAb 1'5 »
i oxy eff
Atoms other than carbon within theTT—framework are treated
1]
in thig approximation by using the appropriate Huckel parameters

h and k where
X cX

C!& =c£b +: ce oy
23
and};cx= kc ce

The termsﬂﬂk, oy are respectively the comlomb integral of atom X
and the resonance integral of the bond C-X. The corresponding
quantities for carbon atoms and C-C bonds,0( and B__, are
standard.

Although the McLachlan method predicts negative spin densities
where those are required by experiment, the overall agreement
with exact unrestricted Hartree-Fock (UHF) is very poor. This
arises from the fact that first order UHPF (MclLachlan) and exact
UHF are; in essence, quite different. If a UHF function is used
from which the unwanted spin components have been annihilated,
however, the resulting spin densities are very similar to those
obtained by the lMcLachlan method. Those densities are usually in
very good agreement with experiment.

The configuration interaction120 approach of Hoijtink may
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also be used to calculate cpin densities inTr-radicals. For a
doublet state with (2u+l) electrons the one—-electron orbitals
¢1'°°°+2n+1 are considercd and the lowest (n+l) of thoce used to
form a restricted Iartree-fock wave i‘unotion}%. Those orbitals

could be cither SCI or more usually Ih‘ickel.

Yo <] 4’1?1' - '+n§n¢o' | (54)

wherew-spin orbitals are denoted by +i and.ﬁ by §i' Allowance
is made for correlation between electrons of opposite spin by
admixing with\l/o the singly-execited doublet configurations

20k LAr b -

i l_zl(fj¥o(%iclul+k¥jq)ol “|+0‘M’3|J (55)
where j‘n and k} n+2, and the function then becomes

2 jk
R J;C/\].k‘*, (56)

The reculting spin density ma’trixyllfz, iz given by

J: =f° + 23&/,31((\*/0”‘%3? Q\ij)-:- terms inAgk (57)

wherefo iz the matrix from (54) and the operator ,ﬁuv selects
the co—efificient of the atomic orbital product woW from the
integral, Densities on individual atoms are given by diagonal
elements of the matrix,

The method also predicts negative spin densities and the
spin densities obtained are similar in magnitude to those obtained
using the McLachlan method but only if many, or all, of the
configurations Qyjk are included in the wave function. This is
impracticable foi’ many-clectron radicals e.z. the fluorinated

2
naphthalene cationsg, In addition, Lefebvrol"l has shown that it
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is incorrect to use perturbation thcory to find thBAij‘

Although those SCF methods improve on Hackel theory by
making allowance for clectron corrclation; they too assume U=Tr
separability and treat the O electrons as an unpolarisabie Corc,
Pople et alia122 have developed an approximate SCI' theory whereby
all chemically effective eleotrons, both Tand I, are considered
by using a basis set constructed from all valenco shell atomic
orbitals e.g. ocarhon 2s and 21::’“.?’z for planar aromatic radicals
and radical ions. Tho prinoipnal approximation involved is the
neglect of some of tho less important electron repulsion integrals
when computing the matrix elements of the Hartree-Fock Hamiltonian
operator, The approximation is effected by neglect of differ-
ential overlap (NDO) i.e. terms ?u(l)?v(l) in the electron
repulsion integrals are equated to zero. This serves to eliminate
all three and four centre renulsion integrals thus substantially
reducing”the 6ompu$ation time and allowing calculations fo be
performed onllarge polyatomic molecules. Two centre integrals
may also be eliminated depending on the degree to which the
apﬁr&ximation is applied.

The CNDO (Complecte Neglect of Differential Overlap) method 2>
resulés in the elimination of all one,; two, three and four
centre repulsion integrals from the matrix elements of the
Hartree-Fock Hamiltonian onerator with the exception of one and

two centre coumlomb integrals., The matrix elements can then be

expressed in terms of experimentally observable quantities such
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as lonisation potentials and electron affinities which serve
to calibrate the method and compensate for its approximations,
3uch an approach has been used for theTr—-electron approximations
previously discussed and CIDO is essentially an extension to the
0 electrons as well, DBoth restricted and unrestricted Hartree-
Fock wave functions may be used and the method predicts bond
lengths, bond angles and bending force constants in good agree-~
ment with experiment. When used to calculate spin densities in
Taromatic radicals, however, the method presents little improve-
ment over the exact UHP because of neglect of O-Tfexchange integrals
which are respongible for in-plane O densities e.g. at the
nuclei of H and P, Tor this reason and because of inadequatc
computing facilities for performing CMDO calculations on many-
electron systems, such calculations were not performed on the
fluorinated cations. CNDO calculations were performed, howover,
on the hypothetical cation and anion of perfluorobutadiene. {see C)
The INDO method124 is a slight modification of CNDO such
that the overlap distribution *u(l)*v(l) is retained if both
atomic orbitals arc centered on the same atom. One centre exchange
integrals are now present in the simplified matrix elements of
the Haptreo-llock Hamiltonian andy, when chosen semi-empirically
from atomic Slater—Condon parameters, serve as an additional
calibration for the method.
As INDO specifically considcrs O=T interaction within its

framework, unpaired spin density at the nuclei of W-aromatic
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radicals, and hence the corresponding hyperfine splittings, can
be directly evaluated. Iiquatione of general form (20) relating
hyperfine splittings to7Ti spin densities via O=T} spin polarisation
parameters are therefore no longer required. Those parametcrs
are now only of academic interest as the accuracy of a restricted
or unrestricted Hartree-Fock wave function to describe the ground
states of radicals can be assessed by direct comparison of
experimental hyperfine splittings with those calculated from the
INDO method. The technigue is of wvery recent origin, however,
and the author has been unable to obtain a computer programme

for performing calculations on the fluorinated naphthalene
cations at the time of writing this thesis.

It is apparent from this review that the IicLachlan method
presents the best approach to performing spin density calculations
on the fluorinated naphthalene cationg in the abscnce of facilities
for performing INDO type calculations, The method, however; is
an approximate one and cannot be expected to give completely
accurate results, The percentage errors in the spin densities

are most likely to be large where those densities are small e.g.

values Of‘fF (25).
2, I ch Spin Densitics

In chapter I, B, it has been zhown that use of the three
paramcter equation (27) to correlate fluorine hyperfine splitt-

ings with calculated wvalues of fc, j)F, S)CF results in values of
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Qgc anc QﬁF which are in poor agreement with those obtained from

the two parameter fit (25) and are probably erroncous. This
arises because (31) is only an approximate relationship and
because of uncertainties in oF (pe37 ) as well as in'fF. The
values of‘FFand K (26) are larger for cations than for anions
(see p.35 ana tables below), and the errors in using (31) would
therefore be even greater, For those reasons, the two para-
meter cquation(25) has been used to correlate the a,s obtained
for the fluorinated cations (sce A and p.9% ) with McLachlan
spin density calculations of‘fc and e By using this equation
in the onc parameter form (26), values of Qpp can be directly
cvaluated from the corresponding values ofJoC and the data is
therefore presented in this manner and then discussed. TIor thosc
positions at which the values ofJoc were considered to bhe sufficiently
accurate; lcast squarcs fits of A to the one and two parameter
equations were then performed. The values of Qeff’ Qgc and
QﬁF 80 obtained are given on p,132.

The coulomb and resonance parameters hyk (p.109) were
respectively varied in units of 0.5 from h = 2 to 3 and from
k = 0.6 to 0.7. As found by other workers,73’86 the valucs of
_fcifi(l3) were fairly insensitive to the parameter variations
whereas the reverse was true for the values offF which increasecd
with increasing k and decrcased with increasing h. Although
there exist no defirnite Huckel parameters for fluorin65125 the

densities obtained from h = 2.0 and k = 0,70 were considered to
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3

T, . 2
be most accurate for several reasons: Kaplan ot alia”" have made

indepcndent cstimaten of‘fF from linewidth studies in the 3,56-

difluoronitrobenzene anion and have found that hF = 2,05 and

kCF = 0,72 adequately reproduced those values, In addition,

I’Hayal26 has performed molecular orbital calculations on fluoro-
benzenc and suggests values of hF from 1.5 to 2.1 and kCF from

0.5 to 0.7, TFrom carbon~fluorine overlap integral data and by

analogy with k, .. and k s

N <6-0° values of k, o from 0.6 to 0.7

3
scem rcasonablces Furthermore, the values Ofﬁfi(lB) calculated
using those values of h = 2 and k = 0,70 were generally found

to be in best agreement with ‘experimental ' values obtained from
the corresponding proton splittings using a value of QéH = =28
gauss (p.14 ). Hg discussed extensively in chapter I, A, howevery
this value of ng may be inaccurate and hence lead to erroneous
'experimental' values Of,fi. It should be mentioned,; however,
that some of those valuesg of‘fi could be exactly reproduced

using a larger value of k viz., 0.85 = 0.9 (see below). Overlap

)

" however, that this value of k is too

integral data indicntes,l
large. Accordingly, spin dengities obtained using this value of k
were not used in the least sqguares fits but some discussion of
them is given below. Haokel spin densitics were obtained from

the licLachlan output data and are also discussed in some detail,

In the data presented belowyjoc s P refer to the carbon

4
and fluorine spin dennities at position n and ay (seec table 5)
n

refers to the corresponiing hyperfine sw»litting. All spin
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densities were evaluated using h = 2.0, k = 0.7TG; except where
stated otherwise. In addition, a value of‘ﬂ = 1,2 was used

throughout.
(i) ¢ B _(table 8)
10 8

The ratio of the McLachlan densities / = 3,90 is in

S 8o,
excellent agreement with the ratio ap /a = 4 (p.60 ) and implies
tha‘c the values of Q offs and therefom L4 i’o* the 1,2 positions

are constant. This is in excellent agreement with the values

]
no
-

(%
=

found for those parameters, By contrast, the ra'tlo‘fc {fo
predicted by the huckel gpin densities suzgests a value of
for position one which is much greater than that for position
two: paradoxically, K is predicted to be constant. The }I{;.ckel
values of K are larger than the Mclachlan values. This arizes
mainly becausze of large percentage increases mJOF' Bazhin et
alia & have also performed Huckel caleoculations on C P8 , using
h = 2,0, k = 1 and obtain values of &

of

f = 97,86.6 gauss for the
1,2 positions respectively. This value of k ig probably too

large, however (p.l15).
(ii) ¢_F 1 (tabl
10 2
Ixperimentally, the hyperfine splittings from positione 1,4
are equivalent to within the linewic+th (250 —~ 700 milligauss).
The licLachlan densi s however, exceeds by 0.03. With
7 §ey 5

Qeff = 97 gaues (see below), this is equivalent to a difference
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TABLE 8 : C_ T (Iigz,35)
10 8

H}
HeLachlan Huckel
Pogition opin Denzities Bpin Densitiecs

1= B
fo (r KjOF/ ¢ttt ¢ fr Kj"l-"joc

(zauss)
“off

1,4,5,8 0.195 0,018 0.092 97.5 0,154 0,027 0.175 123.4 15.01

2.3,6,7 0,050 0,006 0.120 95.6 0,059 0,010 0,169

81.0 4.78

o
1;2

Cee oquation (26)
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PABLE 9 2 C P I (fiz,35)

10 6 2
Ji i 1
McLachlan Huckel “fC
Position spin Densities Spin Densities (Exnt.)
K= &
Vi 1 *‘flﬁ"c ere fu Kjopffr; Qorr
1,5 0.171 0.015 0,088 104.6 0.138 0.025 0.181 129.6
2,6 0.018 0,041 0.011
3,7 0,099 0,011 0,111 103.9 0,090 0,016 0,178 114.33
448 0.200 0,020 0.100 89.5 0,159 0.029 0.182 112.5
®F,H
(gauss)
17.89
0.29
10,23
17.89
1

Calculated using (13) and Qgp = -28 gauss

Fl
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of 2.7 gauss in the corresponding hyperfine splittings which: is
considerably larger than the linewidths. The most accurate
value of Qeff is therefore obtained by taking the average value
for thoce positions which equals 97.1 gauss in excellent agree-
ment with the licLachlan values for the 1,2 positions of 010F8+'
The value of Qeff for position 3 is slightly larzer but also in
very good agreement with those values.

As for .010F8+’ the Huckel valuos ofj)c at the®l positions
are s;néller than the corresponding lMcLachlan valuez and result
in larger values fo? Qeff' Unlike 010F8+’ however,; the Hackel
spin density at thcﬁ pogition shows a slight decrease over the
McLachlan wvalue resulting in a wvalue of Qeff for position 3
which is in slightly bettcr agreement with the average H:ckel
values for positions 1,4, The H:;.ckel values of K for ﬁhe[xa,ﬂ
posgitions are equal to those found for 010F8+'

The licLachlan value of‘-‘a{32 is in better agreement with
'experiment' than the Huckel value which is almost 4 times as
large. The 'experimental'! value could be reproduced almost
exactly by the use of k = 0.85, resulting in values of Qeff for
%;hed,,ﬁ positions of 010F6H2+ which respectively increased and
decreascd by about 10%.

It scems that the licLachlan valucs of Qeff and K are approx-—
imately constant for the{Xﬁﬁipositions of 010F8+’ 010F6H2+ but
the constant Hackcl values of X are not in good agrcement with

the small value of Q

+
$ e —
of obtained for position 2 of ClOFB .
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(iii) ¢_F I (%able 10)
195 3

The hyperfinc gplittings from positions 1,4,8 are equivalent
to within the linewidths., Although the Melachlan values forqfn 9
74
- v ~ ' T4 i
_fCB are the same; they, however, oxcecd;fcl by 0.017. HWith Yope
= 94.9 gauss (sece below), this is equivalent to a difference of

1.61 gauss for ar, which is larger then the linewidths (950
“4

e o AL e B v F i J o
milligauss). As for clOPGL“ s the most accurate values of Qeff

=

and X are obtained by taking averages for those three positions

and are respectively found to be 94.9 gauss and 0,094, in excellent

agreement with the llcLachian values for & 10%,}3 positions of ClUF8+
100672

and <, .7 H +. The liclachlan value for.fc exceeds the average
5
of s and by 0.054 and; with @ .. = 94.9 gauss, suggests
e fc4 joca of £

a. value of o which differs by 5.1 gauss. Thic is much larger
than the sum Zotal of the observed hyverfine splitting difference
and the linewidth, even after allowance is made for errors in )
for position 5 therefore arise: from

an . The lower value of Qef

5
an erronecusly high wvalue Of:fC o Ih a&dition,‘fc is completely
5 5

£

insensitive to variation of h,k., This might arise from the fact
that fluorine 5 is the only X, fluorine which iz ortho to another
fluorine atom and this is also the case for the 448 positions of ClO
F6H2+ (p.117). Brrors in the spin densities predicted by lcLachlan's

method may therefore arise where there exists some degree of

4 : -
&Y a8 2,1 (n i £ i c > s N
than those obtained for thcfg fluorines of blOFS and 01016H2
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TABLE 10 : C T H (Fig, 35)
105 3
McLachlan Eﬁckel Joc
Position Spin Densities Spin Densities (uxpt.)
Sfe [ Iijoﬁj”c Corr S fr j"n‘fc Yors
1 0.159 0.015 0.094 101.3 0.133 0,025 0,188 121.1
2 0.081 0.081 0.150
3 0.056 0.066 0,078
4 0.176 0.016 0.091 91.5 0.147 0.027 0.184 109.5
5 0.224 0,023 0,103 75.0 0.174 0.032 0.184 96.6
6 0,092 0,012 0.130 77.3 0.084 0.016 06.190 84.6
7 0.027 0.048
8 0.175 0,017 0.097 92.0 0,139 0.026 0,187 115.8
4, H
(gauss)
16,1
4.19
2.18
16,1
16.8
¢ 8
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and may, for similar reasonsg, also arise from an erroneously

high value forj:)C . Paradoxically, the value of K for this
6

posgition is larger

Although the McLachlan value for‘fc

3

ment with the 'experimental' value; the agreement for‘fC is
2

poor, Unlike the more symmetrical CIOF6H2+’ use of k = 0,85

ig in fairly good agree-

results in only slightly better agrecement and this may also be

an effect of molecular assymetry. With k = 0.7, the Hackel value
forJDC is in slightly better agreement with ‘'experiment' but

the va%ue predicted forJoCT would result in a value of aH greater
than the linewidth whoreas no splitting is observed from this the
proton at this position. It scems that the Hackel method is less
accurate than the Mclachlan method for small spin densities.

Values of and hence K, calculated by this method are there-

e
fore highly suspect.
L
The Iuckel densities p, are smaller than the corres-
f“s 5006

ponding McLachlan values and result in values of which are

Q'efiE‘

in better agreement with the average McLachlan value for pogitions
"

1,4,8. The Huckel values of Qupp for those latter O positions

show the usual increase over the McLachlan values.

(iv) ¢ F H (table 11)
10 4 4

Use of QEH = -28 gauss and the hypothetical splitting of
4.04 gauss (p.8l ) for the monomer cation results in a value of

0.576 for the total}? gpin density. The total calculated negative
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TABLE 11 : C F H (Fig.35)

10 4 4
1 "
¥clachlan Huckel o
Posgition 3pin Densities’ Spin Densities ?éipt.)
o Jr Ifj"z:f’c Yt f¢ fF j’rj"c Yot
1,4,5,8 0,191 0.011 0,058 84.6 0,157 0,000 very 102.9
small .
2. 3.6,7 0.068 0.075 0.144
%p.H
(gauss)
16,16

4.04
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spin density at the 5,10 positionsis —-0.082 so that the spin

density in any of the fourC{ C-F bonds = (1-0.576+0.082)/4 i.e.
0.124. The calculated value of K = 0.058 and, neglecting overlap
spin density¢‘fcl = 0,117. This results in an 'experimental'

value of Qeff = 138,1 which is in poor agreement with those obtained

from the Huckel and lcLachlan values for ~n o In addition, the
"1

calculated values Of_f are only about 50%'of the 'experimental'

%o

values and use of k = 0,85 presents little improvement. The

+ .+
s1t 14 ‘ E
McLachlan values of K for bothcbvgjpoaltlons of C,Fg's CpoFells

and C, F_H.' are approximately constant: for this species,

10573
however; the value of K sghows an approximate decrease of 40%
over those latter values. Furthermore, the H;ckel value f0r~fF1
is O, suggesting a minute value of K. Those anomalous trends
might suggest incorrect assignments for the obscrved hyperfine
splittings but it is difficult to see how this could arise (see
D05 Ja

() iso,C F H (table 12)
10 4 4

c is in good agreement with the

5

texperimental' value but this is not the case for‘fC which is
6

The lcLachlan value forf

twice as large. Unlike of C, FH. " (p.d20), which is of
‘fcz 10062
comparable magnitude, uce of k = 0.85 results in a valuc for

Jrc = 0,039 which is still too high, Like the erroneously high

6

value for of C, . J'.H +, this may be an effect of molecular
02 053

assymetry. This value of k, however, reproduces the 'experimental'



126,

TABLE 12 ¢ iso.C F H (Fig,35)

10 4 4
2 ] o
McLachlan Iluckel JOC
Position Hpin Densities Spin Densities (xpt.)
Jec S I-{jop_/fc %re o SF Kjf]?fc ers
1,4 0.273 0.029 0,106 71.5 0.206 0.042 0.204 94.8
2,3 0,055 0,007 0,127 118.4 0,067 0,014 0,209 97.2
5,8 0,118 0,111 0.085
6,7 0.042 : 0.053 0.021
%p,H
(gauss)
19.53
6.51
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value i‘o::"fC almost exactly.

'Experiierﬂ:al’ values for Qeff may be obtained in a mannecr
similar to that obtained for 010F41".[4 (p«125). The total spin
density associated with the proton splittings (0.212) and the
9,10 positions (~0.048) is 0.164. his leaves a total gpin
density of 0.836 to be distributed amongst the four C-F bonds.

Wow the 'accurate'! Mclachlan values of @ for 'theO(.,ﬁ fluorines

eff
A _ e 4
of the same smsen seem to be constant (c.f. ClOP8 and 010F6H2 ).
Assuming this to be the case for iso.C. . .F H 5 o0, /o =a_ [a_ =3,
10" 474 f‘.,l\s ¢, °T,/°F,
The spin density in either of the® C~F bonds is thereforec
2
J/8 x 0.836 = 0,314. Using the average value of K = 0.117 for
o g Nis DN ; A
the 1,2 pogltlonu,.fnl 0.218. 1is results in a wvalue of Rpp
('experimental') = $9.4 in very good agrecment with that obtained

from the McLlachlan valuc forfc but in much poorer agreement
1

with the higher wvalue of Qeff obtained from fc « “he'McLachlan. .-
2

-

It is significant th.t the lcLachlan value of Q’eff for position 1

value of is thus probably erroneous (c.f. fCG of 010F5H3 P

is conegiderably lower than those obtained for the corresponding
o + 5 + : g .
positions of 010F8 ; Clol 6H2 vet X is unchanged. This is further
evidence for the marked dependance of this quantity on the Huckel
parameters employed (see p.28 ), Different predicted values of

K probably arise from erroneous values ofjc . Hence the apparent
n

paradox that a : value of K for position 6 of 010F5H3+ (p.l21)
o
gives rise to a lemes value of Qeff for this position.

c results in a value of Qeff

The largér Huckel value forso
2



128,

which is in better aszreement with 'experiment' than the McLachlan

value for this position.

The experimental splittings for the radical cations of 1,5-
diflueoronaphthalene and 4,4'— difluorobiphenyl, prepared by
Fischer and Zimmermann,58 have also been included in the correl-
ation:—

(vi) ¢ _F H_(table 13)
10 2 6

Experimentally the spin densities at pocitions 2,3 are
equivalent but,; although the McLachlan value forﬁsoc2 ig in fairly
good agreement with ‘experiment', that for‘fC is about 50% too
low and use of a value of k = 0,85 presents liﬁtle improvement.

On the other hand,hfc is too high and is insensitive to variations
in h as well as in k %c.f.;§05 of ClOF5H3+’ pelel)

Calculation of an experimental value for Qeff in the manner
discussed above results in a value of 73.2 gauss which is not in
good agreement with the calculated H;ckel and lMcLachlan values
and suggests an erroncecously low McLachlan value for O in

1

agreement with the erroneously high value for This *experi--

O~ o
3

mental' value ig almost the same as that found for iso. C, . F H

10 454
(vii) ¢ _F B _(foble 1d)
12 2

The McLachlan value f‘or‘;(1 is in slightly better agreement
0y

with 'experiment' than the Huckel value. In addition, the IicLachlan



TABLE 13 : ¢ P H (Pig,35)
10 2 6

"
leLachl i
Helachlan Huckel JOC
Position S5pin Densities Spin Densities (Bxut,)
K= o K= C
fc fP *3"1—3"0 dore fo g Kfﬁj"c Yofs
1,5 0.180 0,017 0.094 94.3 0,153 0.034 0.222 110.0
2,6 0.091 0.082 0.071
g 0.035 0.061 0.071
4,8 0,218 0,169 0,147
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TABLE 14 : C F H (Fig.35)
1528

i
IlcLachlan Kuckel ~jo
=4 C

Position Spin Densities Spin Densities (TExpt

f fP K Fj’c 'efffc fr O Yors

2,2 0.085 0,073 0.098
353 0.003 0.032

4,4 0.175 0,024 0,137 110.2 0,141 0.035 0.248 136.7

19.28

Note:

Since the bengene rings forming tho biphenyl molecule
are 1ncllned at ca. 45 to each other, &l the radical cation
of its 44 —dlfluoro derivative may also be non-planar. This
would result in reduced resonance interaction between the
rings and necessitate the use of a smaller value oﬁfgco (p.109)
for the bond betwecen the rings, in order that accurate spin
densities may be obtained. Accordingly, k was varied betucen
0.5 and 0.7 but this did not improve the agreement between
calculated and 'experimental'® values for C wherecas the
HMecLachlan values for On were changed only sllghtly. The

cation may therefore bezfplana,r and the usual value ofﬁ (‘C=l

was used.
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value of Q ig in good agreement with an 'experimental' value

of f
of ca. 115 gauss but this latter value is subject to more uncert-
ainty than usual because of difficulties in allowing for the spin
densities associated with the meta proton splittings which are
less than the linewicdth (900 milligauss). The increased value
of Qeff is in agreement with an increased value of K over those
found for the fluorinated naphthalene cations. It seems therefore
that the values of K vary from one type of fluorine substituted
aromatic nucleus to another. |

The anion of 44'—difluorobiphen3;l75 has also been prepared
(p.22 ) and a fluorine splitting of 3.13 gauss observed (table L).
Use of the McLachlan value of-fc4 = 0,208 found for the anion

results in a value of = +14.6 gauss. This value of Qeff is

Yeff
in poor agreement with the other values found for fluorinated
anions e.g. +57 gauss (p.27 ) and +54.4 gauss (p.36 ). It is
difficult to see how this can be explained other than by an
erroneously low quoted value for aF. The comments made on p.24
concerning pronounced 'charge effects' are still, however, valid.

It is apparent from the discussion given above that for those
ob,ﬁ positions of 010F8+’ 0101v61{2+, 010F5113"' where the lMcLachlan
values cf-‘;aC are most likely to be accurate, values of Qeff
(ca. 95 gausz) and K which are approximately constant are obtained.
Where this iz not so, the errors inJ;JC can be ascribed to
effects of 'molecular ascymetry'. Then'experimental' values of

R R P .. ¥ k:
Qefffor theﬁﬂvﬁxxmgtlonu of 010P2h0 and iso CIOF4}4 are much
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smaller (ca. 70 gauss) but, of the calculated licLachlan values,
only that for position 1 of iso.ClOF4H4+ is in good agreement,
indicating errors in‘fCl of the former a.nd-fc2 of the latter.
This is confirmed by the poorer agrecment of the calculated
and ‘'experimental' spin densities associated with the proton
splittings, Of the data obtained for those latter species,
therefore, only that for position 1 of iso.CloF4H4 will be used
in the least squares fit. The lower value of Qeff found for
this pogition is not in good agreement with a value of K which
is approximately the same as those for 'bheOf,,‘B positions of
010F8+’ ClOFGH2+ and this is further ovidence for the strong
dependence of this latter quantity on the H;ckel parameters h,k
employed. The McLachlan value of Qeff for position 4 of 012F2H8
is in. good agreement with 'experiment' and suggests an accurate
value oi‘fc « Furthermore; the larger value of K is in agree-
ment with tﬁe larger value of Qeff indicating that X does vary
from one type of substituted aromatic nucleus to another.

The hyperfine splitting and spin density data used in
performing the least squares fite is given in table 15.

Least squares fits of this data to the one and two parameter
equations result in values of Qeff = +93,1 gauss, QEC = +63.3
gauss and QgF = +298.9 gauss which are much larger than the
corresponding valuess6 obtained for fluorinated anions (p.36 )
viz. Q £e = +54.5 gauss, QEC = +48.1 gauss and Q;F = +146 gauss.

e

Now FischerS6 shows that QEF is very sensitive to the McLachlan



Cation Pogition fc _fF ‘J'F
1 0,195 0,018 19,01
1o
AR 0 0,050 0.006 4,78
1,4 0.186°  0.018°  17.89
¢..F.H
1eR 3 0,089 ... 0461) 110489
010F5H3 1,4,8 0,170 0.016 16,1
iso, 010F41—I4 1 0.273 0.029 19.53
010F2}16 4 0.175 0.024 19.28
1

See p.l1l16,

2 Average values (see p.121)
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i ;
values o;E'“f]_il whereas QCC is not. The leasgt squares it values

of t,, for both cations and anions are therefore reasonably

¢cC
accurate and, although an increage of 15.2 gauss ig found for

this term, the very large increasc in @ (38.6 gauss) is also

eff
: . I

due to a very larze incrcase of 23.4 gauss in the term K QFF'
The contribution to Qeff from this term is 3,7 times ag large
for the cations as for the anions (6.4 gauss). This order of
magnitude increase resulis in part from values of XK wvhich are
about twice as large as those found by Fischer for the fluorinated
aniong (p.35), and also implies an increase of ca. 80 - 90%
L i ; . i oo
in QFF which ig very similar to that found. The smaller values
of K for aniong result from the presence of strongly electron-
withdrawing groups tending to decreaws the spin density on fluorine.

The larser hyperfine splittings in fluorinated cations (25)
thusg result from

: & i - g ;
(l) An increase of ca. 30% in QCC which ig twice ag large
v g o [a o

ag the correspending increase in Non (p.14 ¥

(2) Increased values ofj?F, although this might not be the
case if the corresponding anions did not contain strongly celectron--
with drawing groups.

(3) A very large increase (ca. 100%3 in the atomic term Q;P.

L
e.£. the contribution of Q?.an, to theﬁ( splitting of the octa~
' P
fluoronaphthalene cation is about half that of chgc.

In C attempts are made to show how those large increases in

b m 4
QCC’ Qup arise.
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fhc tern Qgc ig almost certainly positive in sign. This
ig apparent; both from the theory of Pople and Santry78 (p.28)
and from the two parameter least sgurres fits for cations and
anions (p.132). Furthermore, use of a three parameter cquation
(p.36 ) to correlate expcrimental splittings with celculated
spin densities results in values of Qgc and QgF which are probably
erroncous. This value for QgF ie very large and positive and is
55964477

similar to those obtained by earlier workers on the

: ; T i
bagis of negative values for QCC' Those large values for .-
are in very poor agrecemnent with those obtained from the most
accurate calculations of the total fluorinc lsg,2: spin densities

at the nucleus?T’SB

based on the assumption that the fluorine
atom in a C-~F fragmnent behaves ap if it had gero orbital angular
%= i
momentum. It seccms, therefore, that the valueus of QCC are
+48,.1 geuss and +63,.3 gauss for anions and cations resvectively
(p.132) and that those values are reasonably accurate. Although
L . ;

the absolute values of QFF are lecs cortain owing to the uncert-
ainties in;fF’ an increase of about 100% in this term is observed
for cations. It now remains to explain this lar;e increasc and

o
that of

QCC L)

An obvious way of doing so ig to attempt to perform accurate

calculations of the tcrme both for cations and anions. As dis--

¢ : : : o, 80
cussed extensively in chapter I, lurrell and Hinchliffe have

for anions but the value of --11 gauss

T
attenmpted to calculate QEC
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(pe33 ) which they obtain is in poor agrecment with that quoted
above. Although those auvthors have made a number of other
significant approximations (p.34 ) in calculating this term and
L B 8, .

other terms QAB’ the lorgest errors are likely to arize from
three sources

1) Inaccuracies in the calculated atomic orbital coefficients

]

a Pe34
akn9 ™ (; . J’

2) Inaccuracies arising from the fact that (28) is accurate
only to a firet order in perturbation theory.

3) Inaccuracics arising from omisgion of contributions to

i ; : ;

the terms QAB from many of the excited conflguratlonswfk —%‘Vr.

: . H :

Not: the calculation of QCP has been extended to second

L
5 | 28 . - o ,

order in perturbatiocn theory and a contribution found which
was approximately equal to 25%'that of the first order (18).

This additional contribution is equal to

-2 QﬁH&E"jﬂB(l)fA(z)[ e,2/r12| 4}}3(2)%(1)&{[‘1@2 (58)

where the terms are cdefined on p.9. It is easily scen from
- . . 3 F -
(28) that the corresyonding seocond order contribution to QCC is
-

equal to
. _ ' 2
2 Qgczlfgmkf{fyk(lm( 24/, M (2N (1) ar ar, (59)

1 .
and the total expression for Qﬁc ig therefore obtained by addition
of this term to the right hand side of the latter equation.

This expression has been uged by the auvthor in an attempt 1o

» : ; P
calculate Q for cations and anions. In order to do so, however
CC ) ¥



137.

it wos first necessary to obtain U’orbitalsiykg\fg_for both

positive and negative C-I' aromatic fragments, This was accomplished
by performing CNDO calculatione (pdll) on the hypothetical

radical cation and anion of perfluorcbutadiene, using the con--

figuration shown in fig, 36, The bonds between C? and ", and C

- 3 3
and F4 simulate such fragments and the carbon and fluorine 2s
and 2p valence shell atomicarbital coefficients a, ; a_ !

XoYg? kn rn

(29) of the CTorbitals are easily obtained from the CMBO output

data. Since only valence shell atomic orbitals can be used in

CNDO calculations, the carbon and fluorine ls atomic orbitals

must be regarded as non-bonding. Since CNIDO is an approximate

3CI" method taking into account electronic repulsion in an approx—

imate manner, the atomic orbital coefficients are more accurate
e > 80 .

than those obtained by lurrell, FTurthermore, by performing

calculations on both anion and cation, allowance is made for the

effects of ‘excess charge' on the magnitudes of those coefficients.

Unfortunately; the output data indicnter a large number of v

orbitals having significant 82 and. F3 atomic orbital coefficients.

. o I . ; ;
Any accurate calculation of QCC muzt include all configurations
coerresponding to all transitionsﬂlk —qur between such orbitals.

If\f& = aleEs+ak202px+qk302py4ak4b23+ak5F2px+ak6F2py (60)
0

and&b/r arlC2s+ar2”pr+ar302py+ar4F29+ar5F2px+ar6F2py

the molecular exchangc integral in (28) is equal to
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RULY)
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E’]:la'rl<c2s(l)“~0(2)'7';3(1)023(2)>+akla1=2<c2s(l)1‘é(2)’11(.)(l)[ (2)>
61)
top01803 g (UTH(2AT ((1)0, (2] +vnaga olF, (1T 2l (1), (2))

and the corresponding imtegral in (59) is equal to

(2)' 02:;(1.) 023(2)) -!‘al-:lga'rf r2<023(1)c2s(2)l
028(1)02px(2>

+ﬂk12arla‘r3(Czs(l)czs;@),Czs(l)c (9)) 02%62

<P?py(l)r2 y(“)lpzav(l)any'?»

2 2
akl arl <023(1)029

¥

(62)

where the atomic integral
v A s - sy 92; -
(Xn(l)%(z),nc(l)ﬂnt(‘—)) ";{ﬁ*n(l)ﬂ-c(a)r Algm(ljhnldrﬂlde (63)

It can be seen from those expressions that 21 different atomic
integrals are reguired to evaluate the firct order contribution
to QCC aricing from the excitation%{kléékf; but thot many more
integrals (actual number = 210) are required to evaluate the
second order contribution. Those atomic integrals are mainly
;<308 . :
coulomb and hybrid with only a few exchange type integrals.
Although a computer programme was available for evaluating the
exchange integrals, there was no such nrogramme for evaluating
the hybrid integrals, and the coulomb integrals would need to be
e . e L B 129
calculated by interpolation from Roothaen's tables. It
woilld also be necessary to write a computer programme to sum the

; 2 2 A
(61) and a,_“a (62) over all significant

products : ;
kn “rn

ELknarn'

excited configurations. This procedure would have to he carried
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out both for cation and anion., It is thereforec apparent that
o, . . T :
performing accurate caleculations of QF“ is a large task which
s
the author could not undertake in the time available. PFurthermore,
the task may not be worth the effort involved since the advent
of the INDO method (p.112) enables hyverfine splittings to be
directly evaluated and makes spin polarisation parameters of
academic interest only,
; S5, ; ; o

An alternative way of explaining the difference in QCC is
to show in vwhich parts of the calculation the changes occur.
f'rom previous discussions (p8.34’ 35)s it is clear that those
changes result from effects of excess chorge on the atomic orbital

coefficientsa, rn,(ﬁl) and the atomic integrals (63). To

en? ™
gshow this, let us consider onl the mogt important contribution
to QEC viz. that arising from the transition between the highest
and lowest bonding and anti--bonding U orbitals, fés fi, of the
(C--F)i fragments. Thoce orbitals are obtained from the approp-—
riate 02 and F3 (Fig.36) atomic orbital coefficients, assuming
spz hybridisation for the former and sp for the latter, and are
given in table 16,

Although small changes in the other atomic orbital coefficients
of:*é are also observed between (C-F)+ and (CmF): the fluorine
2s coefficient for (C—Ff'ia numerically twice ag large as for
(C—F)T This is algo the case for the fluorine 28 coefficients

i
orf *ﬂ but, in addition, large percentage changes are observed in

some of the other coefficients. The product of the 2s fluorine



141,

(c=P)* (c-F)~
Atom ' ¢ ' .
*B QA ¢B +A
825 0.039 0.382 0.027 0,438
csz 0,007 0,035 0.006 -0,128
0. -0.0 0. .
cepy 387 51 418 -0.001
Fzs 0.004 =0.068 0.008 =0.,138

2px




-L'-l 2 o

bonding and antibonding coefficients is thus algebraically 4
times smaller for (C—#)~ as for (C-¥)T The density at the fluorine
puclcu: é(?; - ?% %;(i)+;(i) (pe 30) ir therefore also algebra-
ically 4 times smaller for (C~F). Since this term multiplies
the whole sum in (61)9 it can be seen that those changeg in the
fluorine 28 coefficients are very cignificant indeced. Less
significance can be attached to changes in the other coefficients
without first evaluating all the atomic integrals in (61), (62)
and comparing with the contributions from other excited config-
urations.,

Only 3 of the 15 atomic integrals associated with the first

w ?

order contribution to QCC from the excited configuration #B -
(%;& are exchange intesrals. One of those has been evaluated to
show the changes occurring between cation and anion. It secmed
appropriate to select the integral (?25(1)75(2)VT%(1)F28(2%>

(60) since,

s

by analogy with the coefficients and with the work
of Vincow (p. 11) the chonges might be greatest for integrals
involving Fzs atomic orbitalg., Unfortunately energy minimised
+
carbon and fluorine atomic orbital exponents for the (C-I)~

130

fragments do not exist. Hijikata has, however, obtained
energy minimiced exponents for P and F in the atomic wtructures
r o . . . - . 3
TR and I'" and those were used in conjunction with similar
+ . At S . 3%
exponents for ¢ and C obtained from the data of Krauss.
The integrals were cvalunted using a programme due to Dernardi

and Paiusco (see appendix) and are given in table 17,
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TABLE 17 : Values of the imtesral &F ()T (2T (1)F (aﬁ

& 2s C C 2s
') " Z nte
(c-m)” (c-F)~
Atom 1
Lxponents Integral(a,u.) dxponents Integral(a.uo)
P, 2.620 2.530
0.306 x 1072 0.420 x 1072
“TTb 1.80 1.567

atomic units
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Although [Qgcj T is algebraically less than [%—C} the
value of this integral associated with (C-F)” is algebraically
greater than that associated with (C—-F)+ by about 35ﬁ; This
ariseg from the fact thot both carbon and fluorine orbital
exponents in the (CuF)'rr fragment are larger than in the (C-F)™
fragment. The other two exchanze integralg associated with

the excited configuration +; —3 #i would probably be greater
for (C-F)” also., This is the order found by Rolton?l for the
correzhonding exchange integral for (C—H): viz. <s(l)ﬁ(2ﬁﬁ1])
:KQﬂ) (11). 3y contrast, the other integral in this equation,
(5(1”7(2”1?(1}6{2)), which is the swa of two coulomb integralsg

-
.

was found to be larger for (C-I) By analogy with this, the
coulomb and possibly the hybrid integrals may be also larger
for (C—F)+ and the overall effect of excess charge on the integrals,
as distinet from the coefficients, may be to increase[QgC].'F
There is little point, however; in premature speculation and
more work is necessary before any such statement can be made
with certainty. It has been shown that significant changes in
both coefficients and integrals occur between (C-F)  and (C—F)T
The term QﬁF cannot be directly evaluated in Murrcll and
Hinchliffe's calculation?o This is due to the fact that the
most important excited configurations contributing te thie term
(p.32 ) involve transitions from the fluorine ls orbital which

ig not included in their atomic orbital basis set for the C-IF

ffagment. Furthermore; there is no vay of allowing for the



infinity of the fluworine s orbitals in the tronsitions Flﬂ — Fns'
on L=
1 1 - 1 ' Ub : 1
On the other hand, I'ischer and Colpa, who include the 1s
3 . : « : r
orbital, maintain that the contributions to QFF from those
transitions and from the transitions GE -3 Fnﬁy are nrobably
small and consider only the contribution from the single transition
Fl“ —3 qa, They found; however, that the molecular integral
(Flﬁ(lntﬂ(2”YtF(l)G;(2)) (28) associated with this transition
is very sensitive to the detailed form of the basisc set used to
construct the bonding and anti-bonding orbitals, 05 and OE. A
negative contribution could in fact he obiained. It is therefore
i
apparent that the differences existing in [Q’FF] cannot be
explained by direct calculation.
Nevertheless, it ig significant that the experimental
P L i ’ : 6
value of’[QWF] = +146 gauss, although possibly inaccurate (v.3 )
&
ig not too far removed from the most accurate value of +T70 gauss
(p.35 )s calculated on the assumption that a fluorine atom in a
C-F fragment behaves as if the orbital angular momentum werec
completely quenched. Now this latter value was obtained from the
total 1lg,2s spin densities at the nucleus of a free fluorine atom
. - ' . 0 - . 88 L3
using highl:; accurate spin polarisation wave functions which
make allowance for a large degree of electron correlation. It
would be more appropriate to calculate [?FEJ T from the total
gpin densgity at the nucleus of the ™ dion gince the difference
between theory and experiment may result from effects of 'excess

charge'. Unfortunately spin polarigation vave functions for
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T , ; : 3 . .
Py ' are not yet available sgo that the total spin density at the
nuclei of those ions cannot be calculated. I+ appears, however,

that thig presents the best way of explaining the very large

E o Al ; ; y z
difference in QFF occurring between radical anions and cations,
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CONCLUSION

It has been found nosasible to prevare the radical cations
of octafluoronaphthalene and of someP'stubutituteﬂ derivatives.

The single parameter eguation

2. = @
i efffc
where 4 = QF 4 K’F varies as (=‘f€>’ has been used to
& St = Yod T {er

correlate the hyperfine splittings in the B,-.R. spectra with
IicLachlan spin density calculations of‘fcglfﬁﬂ Fof thoseCX@ﬁ;
pouitions of 010F8+,010F6H2+,010F523+, at which the predicted
values of o are most likely to be accurate, the wvalues of Qeff
(ca.95 gauss) and K (ca.0.1) are approximately constant. Those
values of K were found to be highly dependant on the Huckel
parameters employed as shown for position 1 of iso. ClOF4H4(p127)
where the lower value of Qeff is not in agreement with a predicted
value of K which is approximately the same as those found for
010F8+9010F6H2+' The larger value of chf for the 4,4' positiong
of the radical cation of 44'~difluorobiphenyl ig, however, in
agreement with an increased valuc of K indicating that this
quantity varies from one tyne of substituted aromatic nucleus

to another, A least squares fit of an tO‘fC results in a value

of Qeff = +93.,1 gauss which is much larger than the corresnonding
value of +54,5 gauss obtained by Fi&cheraé for fluorinated anions,

It hag also becn shown that the hyperfine splititing data

is best accommodated by the two parameter equation
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7 7
BT"{C(§0+Q'F1§]F

with a positive value for Qﬁc and that use of the three parameter

eguation
= Beps Hogpt Yooy *+ O
A ccgc crt Yen ‘§CF Q’F'FfF

to correlate the values of A with calculated spin densities
results in values of Qgc and Q;F whioh are probably erroneous.
The very larse value of QgF (ca.931 gauss) S0 obtained86 is
similar to those found by earlier workers who assumed QEG was
negative, by analogy with an. Although the value of Qgc =
+63,3 gauss obtained from a least squares fit to the two parameter
equation shows an approximate increase of 35%'over the correcspond-
ing value of +48.1 gauss for fluorinated a.nions,B6 the value of
Qﬁp = +289.9 gauss hac increased by about lOO%ﬁ Since the valuecs
of K also show an overall increase of about 100%: the large hyper—
fine splittings in fluorinated cations are due to a large increasec
(ca.4) in the term Qﬁ%fF.

Attempts have been made to show that the increases in QEC
and Q;F regsult from effecte of 'excess charge' on certain terms

used in their calculation,
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APPENDIX
1., McLachlan Spin Density Programme

McLachlan spin density calculations were performed on an
IBli 1620 computer ueing a progromme written by D. H, Levy132 in
Fortran II, for an IBM 7090 and modificd for the 1620 by Dr. C.
Thomson, The programme calculates both Hﬁckel and McLachlan
spin densities from input data consisting of the constant A and

“the non-zero elements of the initial =secular determinant.
25 1 0F e

CiiDO calculations were performed on an IBH 360/44 computer
uging a programme, written by Segal in Fortran IV for an IBI
7090, obtained through the Quantum Chemistry Program BExchange.
The programme was modified for the 360 series by Dr.C. Thomson.
The input data consists of the geometry of the radical specified
as the atomic numbers and cartesian co-ordinates of the atoms and
also the multiplicity of the state. Output data inecludes the
interatomic distances, overlap matrices, SCF eigenvalues, eigen-
vectors and bond orders with separate listings for thel{ and.’B

electrong of an open-shell system,

The two centre exchangce integrals were evaluated using a

programme written in Portran IV by I'. Bernardi and G. Paiusco for
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an IBi! 7094 computer and modified for the IBM 360/44 by Dr. C.
Thomson. The input paramcters are those needed to specify the
four orbitals, the corresponding spccies of basic charge distrib-

utions and the interatomic distances. Ta addition, it is neccessary

L]
to provide the matrix of the co--cfficients wsc and w;&.133

Output data consists of the values of the integrals,
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