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The relation between the fluorine hyperfine splittings in about 20 fluorine substituted aromatic
radicals and the 7 spin densities calculated according to McLachlans method is analysed with an

expression of the type

a ZQEFQ;F +Qgc occ + (Qgr +0$c) 0k .

For the Q factors the following values are obtained :
Qfc=86.6 gauss

Qfr =931 gauss;

and  (Qrc+Qcr) =345 gauss.

Two simpler expressions with one and two parameters respectively are also tested.

A theoretical estimate is made for the values
with the values obtained semi-empirically.

I. Introduction

During the early stages of ESR investigation of
free radicals, the number of fluorine containing
species was limited to a few z:-type species, the
fluoranil semiquinone!, the p-fluoronitrobenzene
anion?, and the 4-fluoroacetophenone anion?. In
recent years a considerable literature on fluorinated
a-type radicals has appeared for ionic and neutral
species. The former include the fluorinated nitro-
benze anions 4”8, several difluorinated nitrobenzene
anion radicals 7 8, the 2,7-difluorofluorenone ketyl ?,
several mono- and difluorinated benzophenone an-
ions 19, the 2,5-difluoro-1,4-benzo- and 2,3-difluoro-
1,4-naphtho-semiquinones 1, and several fluorinated
nitrophenol anions®. Amongst the neutral radicals
are di-(p-fluorophenyl)-nitroxide !2, mono- and poly-
fluorinated nitrobenzene radicals resulting from pro-
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of the Q factors and the results are compared

ton addition during photolysis® 13, penta-fluoro-
nitrosobenzene radical '3, and tri-(fluorophenyl)-
methyl radicals 4.

During the course of these investigations various
spin-polarisation parameters expressing experimen-
tally observed fluorine coupling constants as a func-
tion of fluorine and/or carbon spin densities have
been proposed, but no set of parameters applicable
to a larger group of compounds has been found. We
intended to see if such a set of parameters, either in
a one- two-, or even three-constant formulation could
be found empirically from known coupling constants
and 7-spin densities calculated via McLachlan’s ap-
proximate SCF method '>. We will show that it is
possible to give such formulations: it appears how-
ever to be very difficult to decide unambiguously on
a best set of parameters.
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FLUORINE HYPERFINE INTERACTION IN AROMATIC ANION RADICALS

The most general way of expressing the fluorine
hyperfine coupling constants af in terms of i-elec-
tron spin density is the general form of the McCon-
nell equation, that is

aF = QF o (1)
where QF is the hyperfine coupling matrix and o™ is
the normalized 7-spin density matrix, both 2x2
matrices in the case of a hypothetical C — F fragment.
The recent interest in fluorine hyperfine interaction
has resulted in a variety of relations and Q factors
to express fluorine coupling constants, mainly in
aromatic systems. ANDERSON et al. ! and MAKI and
GESKE 2 have proposed a simple relationship of the
form

a* = Q€ 0% (2)
with a value of Q€c of the order of 60 gauss. This
equation is formally equivalent to the MCCONNELL
equation 16 for the C—H fragment, although the
physical situation is different because of the exten-
sion of the z-electron system onto the fluorine atom
under consideration.

The work of EATON and coworkers 17 18 indicat-
ed, however, that Eq. (2) might be inadequate, and
they, as well as other workers® 713:19 proposed an
equation of the type

af = QFr 0Fr + QCc 08 (3)
Q fr of Eq. (3) is equivalent to Q%c, and Qgc of
(3) to Qfr of previous works.

This type of equation is equivalent to the KARP-
LUS-FRAENKEL 2° type of equation used to relate
carbon-13 and nitrogen-14 coupling constants with
spin densities. KAPLAN et al. 7, CARRINGTON et al. 5,
and BROWN and WiLLIAMS !3 note that Eq. (3) will
reduce to an equation of type (2) if the ratio of z-
spin densities in fluorine and neighboring carbon
atom, oFr/0Cc, is nearly constant. This does, how-
ever, make it difficult to interpret the Q values.
However, oFr/oTc is not constant, at least when con-
sidering a larger number of compounds. A com-
parison of the various Qpr’s and Qoc’s obtained to
date, indicates that there is no single consistent set
of parameters expressing af. This is discussed in de-
tail by KAPLAN and coworkers 7.

16 H. M. McCoNNELL, J. Chem. Phys. 24, 633, 764 [1965]
and other papers.

17 D. R. EaTON, A. D. Josey, W. D. PHiLLIPS, R. E. BENSON,
and T. L. CaIrNs, J. Am. Chem. Soc. 84, 4100 [1962].

18 D. R. EATON, A. D. Josey, W. D. PHiLLIPS, and R. E. BEN-
soN, Mol. Phys. 5,407 [1962].
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A third type of relation between measured af
values and spin densities has been suggested first
by SCHASTNEV and ZHIDOMIROV 2!, later by HINCH-
cLIFFE and MURRELL 15, These authors suggested an
equation of the type

a¥ = Qfr 0Fr + Qlc 0tc+ (QEr + QFc) 0fr  (4)
which differs from Eq. (3) in that a third term
(Q& + Qfc) is introduced, which takes into con-
sideration the polarisation introduced by the over-
lap spin density o¢r. A difference exists between
the equations suggested by SCHASTNEV and ZHIDO-
MIROV and by HINCHCLIFFE and MURRELL in that
the former workers use olr = (08c 0Fr)”*. This spe-
cial relationship will only be valid under the con-
dition that a single Slater determinant is used for
the ground state wave function.

In the following Table 1, the varying Q’s ob-
tained to date are compiled for comparison.

Qe Qe (Qr + Qrc)  Ref.
+40 1
+47.5 2
+ 8482 — 1472 18
+ 371 —37.5P 7
+1393 — 147 19
+ 580 —83 17
+50¢ 5
+ 62¢ 13

— 143 to +30864 — 18 to — 6209 + 56 to + 5954 21
+ 200¢e —11to—19f —43to—68f 15

* Para and meta positions fitted.

Same data as 18, but ortho and para positions fitted.

Value cited is Qeff -

Value varies with hybridization.

This value appears to be erroneously quoted as 200 gauss
instead of 200 MHz.

Value depends on particular model used.

Table 1. Fluorine o-7 Interaction Parameters (in gauss).

I1I. Molecular Orbital Calculations

The s-electron spin densities have been calculat-
ed via the usual Hiickel LCAO method, and an ap-

proximation to configuration interaction has been
introduced via McCLACHLAN’s method 22, with the
parameter 4=1.2.

19 R. J. Cook, J. R. RowLaNDps, and D. H. WHIFFEN, Mol.
Phys. 7, 31 [1964].

20 M. KarrLus and G. K. FRAENKEL, J. Chem. Phys. 35, 1312
[1961].

21 P. V. ScHASTNEV and G. M. ZHiDOMIROV, Zh. Strukt.
Khim. 5, 839 [1964].

22 A.D. McLAcHLAN, Mol. Phys. 3, 233 [1960].
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In the above method two types of integrals are
required. These integrals are defined by the equa-
tions

ar=oac+h: foc and frs= ki foc (5)

where a, is the Coulomb integral for atom r, a¢ the
Coulomb integral for carbon, foc the resonance in-
tegral for carbon, and f;s the resonance integral
for the bond r—s. h; and ks are empirical quanti-
ties. As diverse classes of compounds were studied,
a large number of A, and k, is required. For the
nitro group, the parameters- already successfully
employed by RIEGER and FRAENKEL? were used,
namely hy= 1.4, hx =2.2, kox = 1.2, and kyo = 1.67.
The assumptions made and the reasons for the
choice of these particular —NO, group parameters
have been discussed by these authors®. For the
benzophenones, values of hg=1.5, kco=1.6, and
koo =0.9 were found to give acceptable agreement
between calculated and experimentally measured
proton coupling. kcc refers to the exchange integral
between ring carbon and carbonyl-group carbon. For
the OH group in the nitrophenols hg=1.5 and
koo =1.6 were employed, and no distinction was
made between nitro-group oxygens, due to internal
hydrogen bonding, for instance.

The choice of the fluorine parameters appears to
be quite critical. The spin density distribution at all
the positions, excepting fluorine and neighboring
carbon, is quite insensitive to changes in the Ay and
kcp parameters, while ofy does however vary con-
siderably. A certain range of parameters has been
suggested in recent studies 8 19: 3. 23, 24,

An independent measurement of s-spin density
on the fluorine nucleus is desirable to make a choice
of preferred parameters. For only one compound,
the anion of 3,5-difluoro-nitrobenzene?, such an
estimate is available from linewidth data. As a con-
sequence, KAPLAN et al.’s 7 values of hr=2.25 and
kcp=0.72, with no auxiliary inductive parameter
for the carbon adjacent to the fluorine, were pre-
ferentially used for all calculations, as these para-
meters reproduce the z-spin density of the fluorines
in the above compound quite admirably. Besides
these values of Ap=2.25 and kcp=0.72, we also
used the sets hp=1.6, kcr=0.72, and hp=1,6,
kcr = 0,85, denoted by a, b and c respectively. These

23 Y. I’'HAyA, J. Am. Chem. Soc. 81, 6120 [1959].
24 A, STREITWIESER, MO-Theory for Organic Chemists, J.
Wiley and Sons, Inc., New York 1961.
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parameters are within the range of values usually
recommended for the F atom in a C—F bond. It
appears that both an increase in the value of kcp
and a decrease in the value of hp give an increase
in the spin density ofrand a decrease in 0¢c.

The calculated spin densities for the first set of
parameters and the experimentally determined spin
densities are given in Table 2. It must be born in
mind that not all of the experimental spin densities
are unambiguously determined, rather are they bas-
ed on consistency arguments and spin distribution
behaviour in similar species.

A rather good agreement between experimentally
determined and calculated of¢ is found for the
C—H fragments.

I11. Fluorine Splitting

a) Initially an attempt was made to see whether
the fluorine hyperfine coupling constant a¥ of the
compounds described in Section III could be ad-
equately explained by a linear relationship of the
type

af = Qr olc . (6)

A reasonable fit can only be achieved if all cou-
pling constants have the same sign as the spin den-
sity at the respective fluorines and adjacent carbon
atoms. Using the method of orthogonal vectors 23,
a least square fit of the 15 a® to the calculated spin
densites 0l gave a best value of Q(I:ff = + 54.5 gauss,
in agrement with the value of + 57 gauss found by
SINCLAIR and KIVELSON ! and the value of ~ 50
gauss of CARRINGTON et al.’, and other workers.
The calculated af are given in Table 2. Figurel
shows a plot of experimentally found fluorine cou-
pling vs. calculated a"’s, with the line of slope 1 re-
presenting perfect correlation. The dots represent
constants employed in the least squares analysis,
while the squares refer to other data not included
in the fit. These are the anions of 2,3-difluoro-1,4-
naphthoquinone (16) and 2,5-difluorobenzoquinone
(17) 11, of fluoranil (18) 1, of 2,7-difluorofluore-
none (19) 9, as well as a neutral radical, di- (p-fluoro-
phenyl) nitroxide (20) 2. The coupling constants
are reasonably well reproduced for some com-
pounds, the overall agreement of &' (calc.) and
a" (exptl.) is however not impressive.

25 B. VENKATARAMAN, B. G. SEGAL, and G. K. FRAENKEL, J.
Chem. Phys. 30,1006 [1959].



FLUORINE HYPERFINE INTERACTION IN AROMATIC ANION RADICALS

Spin Density

Anion Position Hiickel McLach- Experiment
Radical lan (a)
3-Fluoro- 1 .03962 .00677 .
nitrobenzene 2 11106 .14888 14219
3 00437 —.04534
4 12020 .16216 .16498
5 00522 —.04615 (—).04262(b)
6 .10105 .13276 13333
7 (N) .22697 .24105
8,9 (0) .19559 .20166
10 (F) .00032 —.00343
2-Fluoro- 2 .09516 .11890
nitrobenzene 10 (F) .00693 .00429
4-Fluoro- 4 .11803 15542
nitrobenzene 10 (F) .00857 .00659
3,5-Difluoro- 3,5 00163 —.04384
nitrobenzene 10, 11 (F) .0003¢ —.00334
2,5-Difluoro- 2 .09293 .11485
nitrobenzene 5 .00128 —.05124
10 (F5)  0.0009 —.00367
11 (F2)  .00677 .00446
2,4-Difluoro- 2 .09567 12128
nitrobenzene 4 11871 15647
10 (F2)  .00685 .00434
11 (F4)  .00850 .00661
4-Fluoro-2- 1 .08090 .09144
nitrophenol 2 02396 —.01545
3 12478 .18086 .14810
4 .00000 —.05566
5 .12466 .16691 .16414
6 .02435 —.02117 (—).02110(b)
7 (N) 22527 .25083
8,9 (0) .18556 20115
10 (O) .02497 .00392
11 (F) .00000 —.00398
5-Fluoro-2- 5 11704 15475
nitrophenol 11 (F) .00824 .00665
6-Fluoro-2- 6 02271  —.02058
nitrophenol 11 (F) 00162 —.00244
4,4'Difluoro- 1 .04032 .01897
benzophenone 2 .07696 .10268 11561
3 .00281 —.03615 (—).04051 (b)
4 .09342 12555
13 (CO) .24759 .28641
14 (O) 15337 .14760
15 (F) .00625 .00571
4-Fluoro- 4 .08674 11604
benzophenone 15 (F) .00588 .00498
3,3’-Difluoro- 3 00516 —.03095
benzophenone 15 (F) .00035 —.00233
2-Fluoro- 2 .06360 .07872
benzophenone 15 (F) .00433 .00289

Table 2. Calculated and Experimental Spin Densities. Only
one nitrobenzene, nitrophenol, and benzophenone are given

completely, in all other cases only the pertinent 9;}3‘ and Qgc

is given. Complete data are available upon request. (a) Ex-

perimental @’(;C with Qgc =— 23.7 gauss. (b) Signs not ex-
perimentally determined.
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Fig. 1. Correlation Diagram of Calculated and Experimental
aF using Eq. (2).

b) An attempt was then made to ascertain wheth-
er the experimental data could be understood in
terms of a more complex equation. Firstly, an equa-
tion of the type (3) was tried, i. e. an explanation
of experimental fluorine coupling constants in terms
of two spin polarisation parameters Qfrand Q& -
Again using the method of orthogonal vectors, the
least squares analysis of the aF (exptl.) and the
McLachlan spin densites gave best values of Q§F=
+ 146 gauss and Q€c = +48.1 gauss.

The calculated and experimental results are pre-
sented in Fig. 2 and in Table 3, where the two con-
tributions from ofr and ofc are separately shown.

We note that the correlation diagram (Fig. 2)

9
gauss

o
3e

*G

200 018

)
T

af texptl)

L 1 1

1
6 gauss 9
af(calc.) ——=

Fig. 2. Correlation Diagram of Calculated and Experimental
aF using Eq. (3).
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a¥ (gauss) Position

Radical Calc.2 Exptl. in Fig. 2
3.5-Difluoro- —2.39 — 2.73° 1
nitrobenzene
4-Fluoronitro
benzene 8.47 8.61P 2
3-Fluoronitro
benzene — 247 — 2.92 3
2-Fluoronitro-
benzene 6.48 6.36 4
2.5-Difluoro- 6.26 6.24 (2) 5
nitrobenzene —2.79 — 3.03 (5) 6
2.4-Difluoro- 6.61 6.40 (2) 7
nitrobenzene 8.53 8.59 (4) 8
4-Fluoro-2-
nitrophenol — 3.03 — 2.74h 9
3-Fluoro-6-
nitrophenol 8.43 7.21h 10
2-Fluoro-6-
nitrophenol — 112 — 1.63n 11
4.4’-Difluoro-
benzophenone 6.84 7.501 12
4-Fluorobenzo-
phenone 6.32 6.731 13
3.3’-Difluoro-
benzophenone — 1.67 — 1.651 14
2-Fluorobenzo-
phenone 4.29 4.631 15
2,3-Difluoro-1,4-
naphthoquinone 6.47 5.31¢c.d 16
2.5-Difluorobenzo-
quinone 8.63 5.24¢.d 17
Fluoranil 5.51 44]1¢c¢€ 18
2,7-Difluoro-
fluorenone — 0.46 —1.11¢f 19
Di-(p-fluorophenyl)
nitroxide 4.24 4.25¢:¢8 20

a

Calculated using McLachlan spin densities and
Qetf=+54.5 gauss.

Data from ref. 7.

" Not included in least squares fit.

Data from ref. 1,

Data from ref. ! and using ho=1.5, kco=1.6, hccr= —0.15.
Data from ref. ¢ and using ho=1.6, kco=1.5, kccr=1,2,
hc =0.16.

? Data from ref. 12 and using ho=1.4, hx=2.2, kcn=1.2,
kxo=1.67.

Data from ref. 8,

Data from ref. 1,

b

e a e

-

-

Table 3. Calculated *F Coupling Constants Using
aF = Qett ggc with Qeff=>54.5 gauss.

shows only a slightly improved fit over the correla-
tion using one constant only, no improvement for
the coupling constants not included in the least
squares analysis. An investigation of Table 3 shows
that the contribution of the term Qf:p oty is roughly
5 to 20% of that of the term Q& ofc, explaining

P. H. H. FISCHER AND J.P. COLPA

gauss,

.0

o6 170
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T

aFtexptl)

-3 447
1

1
3 6 gauss 9
aF(calc.) —=

&
oSr

Fig. 3. Correlation Diagram of Calculated and Experimental
aF using Eq. (4).

the similarity of the constants in the one- and two-
constant least square fit.

The coupling constant is to a large extent de-
termined by the carbon 7-spin density, the contri-
bution from the fluorine 7-spin density being only
a correction. Furthermore, Qpp is critically depen-
dent on the spin density ofr, as shown by least
squares fits to spin densities and coupling constants
where ofp was intentionally altered. Thus, halving
the spin density ofpresults in a Qfp roughly twice
as large, with only a very small change being ob-
served in Qfc, that is Q}EFgﬁFgK, a constant fac-
tor. Since there is no independent check on the spin
densities given in Table 2 with the exception of the
anion of 3,5-difluoronitrobenzene 7 it is difficult to
assess the theoretical significance of the numerical
values for Qfp and Q& . Spin polarisation para-
meters derived using Hiickel or SCF spin densities,
say, will be numerically different. Nevertheless the
above values may serve as a useful guide for the
size of fluorine couplings to be expected, when Mc-
Lachlan spin densities are employed and when no
gross structural anomalies or other factors falsify
the results.

c) Lastly an attempt was made to explain fluorine
coupling constants by the general form of the Mec-
Connell equation. This equation, when considering
only the fluorine atom from which a splitting is
observed and its neighboring carbon atom, will be

af = QFr oFp+ Qc 08¢ + (QEr+ QFc) 0Tk (7)

Again using the same 15 experimental coupling
constants and spin densities as before, in addition
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a¥ (gauss)

Radical .Poli{tlog

Cale.b Total Exptl. 10 E1g:

3.5-Difluoronitrobenzene —0.49 — 211 — 2.60 —2.73 1
4.Fluoronitrobenzene .96 7.48 8.44 8.61 2
3-Fluoronitrobenzene — .50 —2.18 — 2.68 — 2.92 3
2-Fluoronitrobenzene .63 5.72 6.35 6.36 4
2,5-Difluoronitrobenzene .65 5.52 6.17 6.24 (2) 5
— .54 — 246 —3.00 — 3.03 (5) 6

2,4-Difluoronitrobenzene .63 5.83 6.46 6.40 (2) 7
97 7.53 8.50 8.59 (4) 8

4-Fluoro-2-nitrophenol — .58 — 2.68 — 3.26 —2.74 9
3-Fluoro-6-nitrophenol 97 7.44 8.41 7.21 10
2-Fluoro-6-nitrophenol — .36 — .99 — 135 — 1.63 11
4,4’-Difluorobenzophenone .83 6.04 6.87 7.50 12
4-Fluorobenzophenone 73 5.58 6.36 6.73 13
3,3’-Difluorobenzophenone — .34 —1.49 —1.83 — 1.65 14
2-Fluorobenzophenone 42 3.79 4.21 4.63 15
2,3-Difluoro-1,4-naphthoquinone .89 5.71 6.60 5.31 16
2,5-Difluorobenzoquinone 1.40 7.62 9.02 5.24 17
Fluoranil .82 4.86 5.68 441 18
2,7-Difluorofluorenone — .13 — 41 — .54 —1.11 19
Di-p (luorophenyl)introxide 18 3.74 3.92 4.25 20

* Same data and MO calculations as in Table 2.
" First number indicates contribution QgF lewa, second number Ogc Q’éc G

Table 4. Calculated °F Coupling Constants Using aF= QEF g%F +Q EC ggc with Qng +146 gauss and Qgc= +48.1 gauss °.

aF (gauss) .
Radical Pos};‘glox;
Calc.b Total Exptl. m g

3,5-Difluoronitrobenzene —3.11 — 3.80 + 4.34 — 2.57 —2.73 1
4-Fluoronitrobenzene + 6.14 + 13.46 — 11.20 + 8.40 + 8.61 2
3-Fluoronitrobenzene —3.19 — 3.93 + 4.49 — 2.63 — 2.92 3
2-Fluoronitrobenzene + 3.99 -+ 10.30 — 8.11 + 6.18 + 6.36 4
2,5-Difluoronitrobenzene +4.15 —+ 9.95 — 17.80 + 6.30 + 6.24 5
— 342 — 4.4 + 491 —2.95 — 3.03 6

2,4-Difluoronitrobenzene + 4.40 + 10.50 — 8.25 + 6.29 + 6.40 7
+ 6.15 + 13.55 —11.24 + 8.46 -+ 8.59 8

4-Fluoro-2-nitrophenol —3.71 — 4.82 + 5.29 —3.24 —2.74 9
3-Fluoro-6-nitrophenol + 6.19 + 13.40 — 11.15 + 8.44 + 7.21 10
2-Fluoro-6-nitrophenol — 2.27 — 178 + 272 — 1.33 — 1.63 11
4.,4’-Difluorobenzophenone +5.31 -+ 10.87 — 9.00 +17.19 + 7.50 12
4-Fluorobenzophenone + 4.64 + 10.05 — 8.31 + 6.38 + 6.73 13
3.3’-Difluorobenzophenone —2.17 — 2.68 + 3.11 — 1.74 — 1.65 14
2-Fluorobenzophenone + 2.69 + 6.82 — 5.32 +4.19 + 4.63 15
2,3-Difluoro-1.,4-naphthoquinone + 5.69 + 10.28 — 9.13 + 6.83 + 5.31 16
2,5-Difluorobenzoquinone + 8.94 + 13.72 — 13.22 +9.44 + 5.24 17
Fluoranil +5.21 + 8.76 8.18 +5.79 +4.41 18
2,7-Difluorofluorenone — 0.86 — 0.74 + 0.97 — 0.63 — 1.11 19
Di-(p-fluorophenyl) nitroxide +1.13 + 6.74 — 345 + 4.52 + 4.18 20

* Same data and MO calculations as in Tables 2 and 3.
® Shown are the contributions QEF OFF Qgc 0¢c» and (Q;:C +QgF) 0 ¢y in that order.
Table 5. Calculated *F coupling constants using aF =Q§F Q;\F -I—QEC ecc + (QgF + Q{;C) QEF with QE‘F = 931 gauss,
Qgc =86.6 gauss and (Qgc + QgF) =345 gauss .
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a) b) c)
No. of @’s 3 2 1 2 1 3 2 1
Qrr 931 146 742 234 140 138
Qcc 86.6 481 545 275 424 58.7 43.5 48.5 624
(Qrc + Qcr) 345 —95.7 —171

Table 6. Spin polarisation parameters, cf. Text.

the overlap spin densities of the 15 C—F bonds, a
least squares analysis of the results yielded the values
QFp=931 gauss, QE: = 86.6 gauss, and (QFc + QFr)
=345 gauss. The coupling constants calculated with
this three-constant equation and the correlation with
experimental values is given in Table 4 and Fig. 3.
The three contributions

QFr oFr , Qlcolc and (Qbr + Qkc) olr
are separately shown.

The analysis given under a), b), and ¢) of Table 6
have been performed for the spin densities calculat-
ed by employing the parameters

a) hF=2.25, kcy:o.72,
b) =1, —L
and c) hp=1.6, kcr = 0.85.

It appears that especially the values for Qg and
(Qcr + Qpc) are very sensitive to changes in the
parameters Ay and kcr .

IV. Theoretical Estimate of Q Parameters

a) General Remarks

We assume that the hyperfine coupling constant
for a fluorine atom of a C —F fragment in an aro-
matic zt-type radical may be expressed by the fol-
lowing equation:

" = Qkr 0Fr + QLo 0o+ (QEr+ Qkc) 0lr.

This is the equation suggested by SCHASTNEV and
ZHIDOMIROV 2! and later by HINCHCLIFFE and
MurReLL *°. Hinchcliffe and Murrell give the gen-
eral expression for QF, , which we rewrite as
16 S S {0ipz() | erp | P2(y) o)
F N 2. _\Y%i Pz 12 G
QXK = 3 ql‘ ﬂF i ?’ Eo_Ek

©0i(rp) "o;(rp).  (8)

In this expression p.(x) and p,(y)are the 2pz
atomic orbitals centered at z and y, either C or F.
The orbitals o; are the doubly-occupied orbitals in
the C--F fragment under consideration, and the

orbitals ¢; are unoccupied o-orbitals of the same
fragment. E; is the energy of the ground state while
Ej is the energy of the respective excited states
which one gets by promoting an electron from or-
bital o; to g; .

We make the reasonable assumption that the car-
bon atom is sp2-hybridized. If the fluorine bonds in
its atomic configuration (1s)2(2s)2(2p)5, it can
easily be shown that the only non-vanishing con-
tribution to the hyperfine coupling af will be due
to Rydberg excitations and cannot account for the
observed splittings. The bonding F orbital must
possess some s-character.

To introduce fluorine s-character into the C—F
bonding orbital we assume sp-like hybridization of
the fluorine 2s and 2p ¢ orbitals. Other hybridiza-
tion is of course conceivable, but the larger over-
lap with sp hybrids would be in better agreement
with the high electronegativity of fluorine. The hy-
bridized orbital participating in the C—F bond
will be

op (B) = N{(2p,) r +4(25)r}
with N2 {1+22+22((29)¢] (2p)r)}  (9)
while the “lone pair” orbital will have the form

or (LP) = N{(2s)r— 1(2p,) r}

with N=2={1+22-2((25)r| (2p.)¥)}. (10)

Neglecting ionic character of the bond, the bonding
and antibonding C —F orbitals will be

B _ {N@p)F+NA@2s)FE V1/3(25)ct V2/3(2po)c}
OAB 2(1xs)t:
(11)

The ground state function of the C—F fragment,
neglecting carbon 1s and 2p o electrons bonding
atoms other than F, as well as the remaining pair of
fluorine 2p electrons (which cannot contribute to the
splitting anyhow) , is written as

Vo= OF1s GF1s Op Gp OLp GLp TaB | - (12)
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The following are the possible excitations within

the C — F fragment
a) 0
b) OF1s = OAB,
c)  OLp —> Oap,
d) 0B
e)  OFts —> Ofns,
f) oLp — OFns -

—> OAB»

— OFns »

(n>2)
and

(13)

Because of the energy denominator Ey— Ej we ex-
pect the excitations d) —f) to make quite small or
negligible contributions, the major contribution to
the fluorine splitting resulting from the excitations
a) —c).

In what follows, an attempt is made to obtain
values for the above four spin polarisation para-
meters.

b) Evaluation of Q’s

QOFp Q¢ Q& and QF¢ are given by Eq. (8) by
putting =y =F, etc. Furthermore, we only con-
sider the excitations a) to c), which give the major
contributions.

The matrix elements (o;p,(2)|e2/rys | p.(y) oaB)
are expanded in terms of atomic orbitals, and the
individual homo- and hetero-nuclear exchange inte-
grals evaluated directly using Slater-type orbitals.
Their value will of course depend on the degree of
hybridization of the fluorine orbitals. The necessary
overlap integrals were evaluated using tables of
MULLIKEN et al. 26.

The value of the terms o;(Tp) -oap(7TF) will of
course be critically dependent on the choice of the
1s and 2s functions employed. As Slater atomic
orbitals have the tendency to grossly overestimate v,
especially in the vicinity of r =0, we have employed
Hartree SCF functions. These values as calculated
by WATsON and FREEMAN %7 for F~ are

|15, [2 = 212.683 x 102 cm 3,

14
| 250 |2 =10.869 x 102 cm™3. (14)

For a neutral fluorine, however, they should not be

vastly different®® and hence will be employed.
The most likely source of a large error in the

evaluation of the Q,}; is the evaluation of the ener-

26 R. S. MuLLIKEN, C. A. Riexg, D. OrRLOFF, and H. ORLOFF,
J. Chem. Phys. 17, 1248 [1949].

27 A. J. FREeMAN and R. E. WaTson, Phys. Rev. Letters 6,
343 [1961].
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gies of excitation E 0;— E 0,p . In this work it has
been assumed that the excitation energy

AE (OB = OAB)

can be approximately expressed by the exchange
integral (oposp|e?/rys|0p0ap). Again variation
with hybridization is expected and observed, the
energies all clustering about the value of 13.2 eV.
This values does not appear unreasonable. For in-
stance, in molecular hydrogen the triplet state 3.3,*
is roughly 12 eV above the ground state, and HEN-
NING ? has estimated the value of 12.1 eV for the
op—> 0 excitation in a C—N bond, using VB
methods.

The contribution of the lone pair excitation can
be considerable, as conceivably the excitation en-
ergy opp— 0ap is relatively low. An estimate of
the excitation energy by evaluation of an exchange
integral gave unrealistically low values, ranging
from 0.8 to 4.2 eV. The transition is probably to be
found in the ultraviolet region, and for lack of a
better value, we have taken a value of 5.3 eV, this
energy corresponding to the A23*— X 2]/ band
system of the CF molecule.

It has been shown for 13C and *N that K shell
polarisation plays an important role. For fluorine
also, we consider K shell polarisation, not the
Rydberg-type excitations 1s—>ns (n = 3), which
are likely to be very small, but the excitation of 1s
electrons to the antibonding sigma orbital o,5.
This excitation energy is estimated from X-ray term
values given by SLATER ?° as AE (Fis— 025) 2675
eV. A word of caution here is that the integral
<opisp.(F)|e2/ris | p.(F) 6ap> is extremely sensi-
tive to the detailed form of the radical wave func-
tions employed so that it is very difficult to judge
the reliability of the contributions of the ls— o,
excitation to QEF One could in fact obtain a nega-
tive contribution.

The results of the calculations may be found in
Table 7. If we compare our theoretical values
with those of Hinchcliffe and Murrell we agree that
(Qcr+Qrc) is small and negative, that Qpp is
positive, and that Qoc is also small and negative.

28 L. C. ALLEN, J. Chem. Phys. 34, 1156 [1961].
20 J, C. SLATER, Quantum Theory of Atomic Structure, Mc-
Graw-Hill, New York 1960.
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%8 Qrr Qe Qv Fo
10 158.97 — 6.38 55 — 8.96
20 321.33 — 942 a5 —11.51
30 465.28 — 11,52 a8 —1233
40 580.64 —15.81 69 —11.97
50 659.95 — 19.69 52— 976

Table 7. Estimates of fluorine Q parameters.

V. Conclusions

We note that the agreement between calculated
and experimental o values is satisfactory when
one-, two-, or three-parameter expressions are em-
ployed. As is to be expected the agreement increases
slightly with increasing number of parameters. We
should stress, however, that the Q parameters are
obtained from experimentally determined a' values
and spin densities calculated via McLachlan’s meth-
od adapted for heteronuclear systems. In all prob-
obility the McLachlan spin densities for the carbon
skeleton are fairly reliable. We are less sure, how-
ever, about the very small calculated spin densities
of the fluorine atoms. A systematic error in fluorine
spin densities will be reflected in a systematic error
in the calculated () parameters. Because of the
crudeness of the z-spin density calculation there is
no certainty that the semi-empirically determined Q
values will agree with theoretical estimates. In fact,
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our theoretically calculated Q values do not compare
well with the semi-empirical values. They are, how-
ever, of the same order of magnitude as those of
Hinchcliffe and Murrell. The third set of parameters
(Table 6, column c) satisfies the theoretical predic-
tions for Qpr and (Qcp+Qrc) quite well if one
assumes 10 to 20% S character. In contradiction to
the always negative theoretical estimate for Qcc,
we find a positive semi-empirical value for this con-
stant. Using our theoretical estimates of the Q’s and
the McLachlan spin densities rather poor agreement
between aF (calc.) and a¥ (exptl.) is found. We note,
however, that a change in fluorine 7z-spin density by
a factor of 2 to 3, which is a small change anyhow
and will not affect the overall spin density distribu-
tion noticeably, will result in calculated a¥ values
which are in considerably better agreement with
observed ones. Unfortunately, we consider the prob-
lem far from being solved. It appears obvious that
an improved wave function for the C-F fragment is
necessary, and it appears doubtful whether McLach-
lan’s MO method is valid for radical ions with
highly electronegative atoms such as F in it. Further
work about the interpretation of the Q values is in
progress.
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