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separation between the average lone pair orbital IP 
and the a orbital IP's for trioxane is less than in tri-
thiane. For example, the separation between the lone 
pairs and the first a ionization is 1.2 eV in trioxane 
and 2.2 eV in trithiane. On this basis one expects 
the trioxane lone pair orbitals to be mixed in with the 
a network to a greater extent, i.e., be more bonding 
and so, other things being equal, be more susceptible 
to Jahn-Teller forces. 

Finally, we observe that the first a orbital bands in 
trioxane and trithiane are split. From group theory 
and overlap arguments one expects the first <r level 
to be degenerate (e) and hence susceptible to Jahn-
Teller forces. This may be the origin of the a level 
splitting. The first a band (Figure 5) is split by 0.40 
eV in trioxane and 0.2 eV in trithiane. By the above 
arguments one indeed would expect a greater splitting 
in the trioxane a level if Jahn-Teller forces operate. 

I sotropic and anisotropic hyperfine coupling con­
stants by electron spin resonance (esr) and nuclear 

magnetic resonance (nmr) spectroscopy provide an im­
portant insight to the electron distribution in poly­
atomic free radicals. Interpretation of coupling con­
stants has been carried out mostly by semiempirical 
molecular orbital (MO) and valence bond methods. 
Semiempirical methods can often explain experimental 
results, but always leave an ambiguity in their conclu­
sions due to the arbitrary parametrization. 

The recent development of programs and faster com­
puters has made it possible to carry out reliable ab 
initio calculations of electronic structures for poly­
atomic molecules. Nevertheless hyperfine coupling 
calculations by ab initio methods have been limited to 
simple hydrides such as CH, OH, NH2, and CH3 .3-5 
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It is of interest to note that the arguments presented 
above for oxygen and sulfur heterocycles cannot be 
applied to the analogous nitrogen systems. This is 
due to the different symmetry properties of the nitro­
gen lone pair orbitals, as is discussed above. For 
example, the lone pair splitting in piperazine20 and 
A^AT-dimethylpiperazine21 is very small while, as seen 
above, it is substantial in the oxygen and sulfur systems. 

In conclusion we emphasize that lone pair splitting 
in the heterocycles studied here is greater in sulfur when 
through space and greater in oxygen when through 
bond. 
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One of the reasons for this is that the minimal basis set, 
the double f basis set and the double f set with addi­
tional p and d polarization orbitals, which predict the 
geometry, energy, and other expectation values reason­
ably well, often give coupling constants in poor agree­
ment with experiments. More extended basis sets are 
often prohibitive for calculations of larger molecules. 

In the preceding paper,1 we proposed two new basis 
sets of Slater-type orbitals, called MZS and DZS sets, 
for some of the first-row atoms. They are the minimal 
and double f Slater-type basis sets, respectively, aug­
mented by an extra 2s orbital with a large exponent. 
These basis sets are proposed upon our belief that the 
minimal or double f basis sets predict correctly most 
electronic properties of molecules and that the only 
main reason why they failed to predict spin densities is 
their inadequacy near the nucleus. The extra 2s orbital 
drastically improves the behavior of the spin density 

(4) W. Meyer, / . Chem. Phys., 51, 5149 (1969), and literature therein. 
(5) J. Higuchi and S. Aono, ibid., 28, 527 (1958); 32, 52 (1960); A. 

Padgett and M. Krauss, ibid., 32, 189 (1960); A. L. H. Chung, ibid., 46, 
3144(1967). 

Ab Initio Studies of Hyperfine Coupling in Free Radicals. II. 
Methyl and Fluoromethyl Radicals, and a-Fluorine 
Spin Coupling Parameters1 

Hideyuki Konishi and Keiji Morokuma*2 

Contribution from the Department of Chemistry, 
the University of Rochester, Rochester, New York 14627. 
Received January 13, 1972 

Abstract: By using an ab initio LCAO-SCF-MO-CI method with Slater sis basets, the isotropic H, 19F, and 13C 
coupling constants of planar CH3 and planar and nonplanar CH2F are calculated. The basis set DZS proposed 
in I improves the calculated 13C and 19F coupling drastically. Angular dependency of the 19F coupling is very 
small as a result of cancellation between an increase of the spin derealization contribution and a decrease of lhe 
spin polarization contribution. Based on models in which the half-occupied 7r* orbital of CH2F is artificially 
modified, new sets of values of spin coupling parameters Q which are very different from existing ones are proposed. 
An important feature of the new values suggests that the a(19F) is mainly due to the net ir spin population on the 
C-F bond that polarizes the fluorine s spin. 
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near the nucleus. The exponent of the orbital was 
determined to fit the experimental spin density at the 
nucleus of the ground-state atoms with the spin density 
calculated by the self-consistent field (SCF) molecular 
orbital (MO) configuration interaction (CI) method. 
These new basis sets, small enough for molecular cal­
culations, are anticipated to give a spin density for a 
molecule in good agreement with experiments. 

It appears that there exist a number of problems of 
hyperfine coupling which requires examination or re­
examination by ab initio theories. In this series of 
papers we intend to study a few of these problems by 
using the SCF-MO-CI method with the above-men­
tioned basis sets. 

In this paper we plan to study the isotropic hyper­
fine interaction of the a-fluorine, the fluorine atom 
attached directly to a conjugated carbon atom. In­
terpretation of coupling mechanisms has been ex­
clusively carried out empirically or by semiempirical 
quantum mechanical methods.6-21 The following 
three types of equations have been used to relate the 
isotropic 19F coupling constant a(19F) to spin densities. 

0(19F) = geffP^C (1) 

a ( 1 9 F ) = QFcp*c + QF¥f)*F ( 2 ) 

a(19F) = QVCP'C + Q*CFPTCF + QFFP*F (3) 

P"F and pxc are the TT spin density at the fluorine 
atom and the adjacent carbon atom, respectively, and 
P'CF is the T spin density on the C-F bonds. 

The simplest expression, eq 1, has been used by many 
workers6-13 with a value of Qe!! between +40 and +60 
G. Since p^p is approximately proportional to p'c 
in a series of free radicals, eq 1 can account for the ef­
fective spin polarization quite well. On the other hand, 
more sophisticated expressions, eq 2 and 3, attempt to 
describe the spin polarization mechanisms, one mecha­
nism in which the fluorine TT spin density P 'F polarizes 
the fluorine Is and 2s electrons and one in which the 
carbon w spin density pT

c polarizes the fluorine s 
electrons and, in eq 3, one in which the off-diagonal w 
spin density pT

CF polarizes the fluorine s electrons. 
Experimentally or semiempirically determined values 
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of Q's are scattered over a wide range: QF
F from +146 

to +1043 G and QT
C from -147 to +48 G in eq 

2U.14-I1 and £>F
F from - 1 5 0 to +3100 G, QF

C from 
- 6 2 0 to +90 G, and e F

C F from - 7 0 to +600 G 
in eq 3.1^2 0 '2 1 

Recently IcIi and Kreilick' 3 examined eq 1 and 2 for 
fluorinated phenoxy radicals and concluded that, be­
cause of the approximate proportionality between 
pTc and p'p for most free radicals so far studied, one 
could not experimentally determine individual Q 
values but only Qetf. 

With all the scattering of determined Q values it 
appears that a careful ab initio theoretical study might 
be able to make an independent and significant con­
tribution to the problem. In the present paper we 
carry out ab initio SCF-MO-CI calculations for • CH2F 
as a model of the a-fluorine containing free radicals. 
First we confirmed that the DZS set in fact gives a 
reliable result for molecular free radicals by perform­
ing calculations for the well-established methyl radical. 
Then we examine the angular dependency of 19F, 
13C, and 1H isotropic coupling constants in CH2F. 
Finally, we obtain and discuss the Q values for the 
three types of 19F and 13C hyperfine coupling expres­
sions. 

Method 

We adopt the restricted SCF-CI method over a 
simpler unrestricted SCF method, because in the 
latter the mixing of higher multiplets and the problem 
of projection or nonprojection to the spin eigenstate 
after the SCF calculation obscures the theoretical 
significance of the result and also because the former 
method is more suitable for analyzing various coupling 
mechanisms and deducing Q values. 

The SCF calculation was performed on Slater-type 
basis sets with Nesbet's symmetry-adopted approximate 
SCF method22 by usingthe POLYCAL program package.23 

The CI calculation, carried out by our general purpose 
CI program,24 included only the ground and singly 
excited configurations. According to Chang, et al.'s, 
result3 of the methyl radical, our results for F atom (2P),' 
and our preliminary calculations for CH2F, the singly 
excited configurations account for about 90% of the 
isotropic coupling constants. 

The isotropic hyperfine coupling constant was cal­
culated by the ONEXP program.24 The program cal­
culates from CI wave functions the one-electron MO 
density matrices for a and /3 electrons pw" and ptf, 
and then the basis function (BO) density matrices, 
p„° and prs

B. The BO total electron density prs and 
spin density pTS are then given by 

. _ „ a _ 8 
Prs Prs Prs 

(4) 
_ a \ 8 
Prs = Prs -T Prs 

It is noted that we do not neglect the overlap integrals; 
the spin density in a free radical is normalized to unity 
by including the off-diagonal (r ^ s) contributions 

1 = 2 Prr + 2 j ] prsSrs (5) 
r r<s 
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Table I. Calculated Proton and Carbon-13 Hyperfine Coupling and Total Energy for Planar CH3 

Basis set 

MZ (Slater rule) 
MZ (optimized) 
MZS 
DZ 
DZS 
Experimental 

Ref 

CDV 
CDV 
This work 
CDV 
This work 

• Total energy, 
SCF 

-39.4148 
-39.4873 
-39.4186 
-39.5471 
-39.5491 

hartrees . 
SCF-CI" 

-39.4240 
-39.4941 
-39.4279 
-39.5543 
-39.5565 

a(H),' G 

-29 .2 
-38.9 
-29 .6 
-36.1 
-27 .6 

(-)23.0 

a(l!C),° G 

+ 133.6 
+ 132.3 
+62.3 
+23.0 
+ 35.6 

(+)38.3 

(Cusp)7pH 

1.042 
1.217 
1.043 
1.151 
1.083 

(Cusp)7iC 

1.050 
1.060 
0.969 
0.528 
1.022 

« All the CDV values referred are based on SCF-CI(S) calculation to be consistent with the present work. * Reference 26. Experimental 
values are averages over the vibrational motion. The coupling constants, a(H) and a(uC), for a planar CH3 are anticipated to be a little 
smaller in magnitude than the vibrationally averaged values. 

Table II. Exponents for Slater-Type Orbitals for Various Basis Sets 

Basis set 

MZ (Slater rule) 
MZS-
DZ 

DZS6 

, 
H 

1.00 

1.00 
1.26 
3.00 

IsC 

5.70 

5.231 
7.969 

2sC 

1.625 
3.08 
1.168 
1.820 
4.00 

—Atomic orbitals-
2pC 

1.625 

1.256 
2.726 

IsF 

8.70 

7.918 
11.011 

2sF 

2.60 
4.61 
1.947 
3.096 
7.95 

s 

2pF 

2.60 

1.845 
4.171 

° In addition to the MZ set. b In addition to the DZ set. 

where S„ is the overlap integral between BO's r and s. 
The isotropic hyperfine coupling constant of a nucleus 
N is given by 

a(N) = CN zZ Prs<Xr\KRN)\x,) = CNP(N,N) (6) 

where CN = (8ir/3)g(3hyN is 1592 G for a proton, 400.3 
G for 18C, and 1498 G for 19F. <xrJ3(i^)|xs> is the 
product of the values of BO's, Xr and Xs, evaluated 
at the nucleus TV. The summation S r , , covers all the 
BO's including BO's on the nucleus N and BO's on 
other nuclei. p(N,N) is the one-electron spin-density 
matrix evaluated at the nucleus N.3 

The spin-density cusp at the nucleus N is calculated as 
follows3 

(cusp)7,^ = -[ZNp(N,N)]r^b/i>ri0)pXr0,N)\ri0. W/V (7) 

where ZN is the charge of the nucleus N, p(N,N) is the 
spin density at the nucleus N, riN is the distance be­
tween N and the electron ;', and p(riN,N) denotes the 
spherical average of p{riN,N) about point N which is 
an element of the spin-density matrix. For the exact 
wave function of the system, this quantity should be 
unity at every nucleus. For an approximate wave 
function this would serve as a measure of its accuracy 
in the region close to a nucleus. In the LCAO approxi­
mation of Slater-type orbitals of n < 2, the cusp is 
actually calculated as follows3 

(cusp)7iiV = [ZNP(N1N)V*]-1 X 

S Z-* ilsNk 
k 

! E Pus*.ixAN) - 3-1/3E h >/i 

Z) P2BNk,iXi(N)i (8) 

where fisWVb and £iaNk are exponents of the fcth Is and 
2s Slater orbitals on the nucleus N and pie^.j (and 
P2sm,j) is BO spin density matrix (eq 4) between IsNk 
(and 2sNk) and j . xX-^0 is the value of BO Xi evaluated 
at the nucleus N. 

Methyl Radical. Ab initio studies of isotropic hyper­
fine coupling of methyl radical have been carried out 

by several investigators.3-6 Here we refer mainly to 
the SCF-CI calculation using Slater-type orbitals by 
Chang, Davidson, and Vincow (CDV).3 They used 
a double f (DZ) basis set5 as well as two minimal (MZ) 
basis sets, one with exponents by Slater's rule and 
another with exponents which minimized the SCF 
energy. As summarized in Table I, both MZ sets give 
a 13C coupling constant a(13C) much larger than experi­
ment.2627 The DZ set gives a better (but too small) 
coupling constant, but the cusp at 13C is very bad, 
indicating that the spin density near the nucleus is 
poorly represented in this molecule as in the atom.1 

As for a(H), the unoptimized MZ set shows a closer 
agreement with experiment than the optimized MZ 
or DZ. Again the DZ set gives a poor cusp value. 
According to Poling, Davidson, and Vincow,28 who 
introduced the cusp constraint procedures with several 
basis sets including the one more extended than the DZ 
set, the cusp constrained wave function does not neces­
sarily lead to a stable value of a(13C) for the radical 
CH. 

We want to use the DZS and MZS sets proposed in 
our previous paper and shown in Table II. An argu­
ment based on the atomic hyperfine coupling should 
give a hydrogen basis set consisting of a single Is 
orbital of an exponent 1.0. CDV gives the best DZ 
functions for hydrogen with the exponents fi = 1.0 and 
f2 = 1.26. An effort to decrease the calculated a(H) 
to fit with experiment by changing f2 increased the 
energy remarkably and worsened the cusp. So the 
third Is orbital was added, and a much improved a(H) 
and cusp was obtained with f3 = 3.0. Thus the DZS 
set for hydrogen includes three Is orbitals, as shown 
in Table II. The addition of a condensed s orbital is 
consistent with what was done with the DZS set in 
other atoms in ref 1. For the MZS set, for which a 
less accurate result is anticipated, there are two possible 

(25) E. Clementi, /. Chem. Phys., 40, 1944 (1964). 
(26) R. Fessenden, /. Phys. Chem., 71, 74 (1967). 
(27) R. Fessenden and R. H. Schuler, /. Chem. Phys., 43, 2704 (1965). 
(28) S. M. Poling, E. R. Davidson, and G. Vincow, ibid., 54, 3005 

(1971). 
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Table III. First-Order Contribution of the Excited Configurations to 0("C) and a(H) for CH3 

•—Exctitation"—-
From 

Ia1 

2 a i 

le y 

Sum (la t -» 
Sum (2ai —• 
Sum ( I e - * 

To 

3ai 
4a, 
5ai 
6ai 
7a! 
8ai 
3ai 
4B1 

5ai 
6ai 
7a! 
8a! 
2ey 

3ey 

5ey 

0 
•o 
0 

Sum (first order) 

Total 

MZ 

- 1 5 . 5 

+ 140.1 

- 1 5 . 5 
+ 140.1 

+ 124.6 

+ 133.6 

A(11Q, 
MZS 

- 1 2 . 1 
- 3 8 . 7 

+ 111.9 
- 5 . 8 

- 5 0 . 8 
+ 106.1 

+55 .3 

+62 .3 

G 
DZ 

- 6 . 4 
+ 0 . 5 

- 1 2 . 4 
- 3 2 . 7 

+ 5 5 . 5 
- 1 4 . 7 
+ 3 2 . 1 

- 3 . 1 

- 5 1 . 1 
+ 6 9 . 9 

+ 18.8 

+ 2 3 . 0 

s 

DZS 

- 4 . 3 
+ 0 . 8 

- 1 3 . 1 
- 1 3 . 4 

- 0 . 9 
- 8 . 1 

+37 .8 
- 1 4 . 1 
+ 5 0 . 0 

- 2 . 4 
- 0 . 2 
- 0 . 5 

- 3 9 . 0 
+ 7 0 . 5 

+ 3 1 . 5 

+ 35.6 

MZ 

0.0 

- 1 2 . 6 

- 1 8 . 3 

0.0 
- 1 2 . 6 
- 1 8 . 3 
- 3 0 . 9 

- 2 9 . 6 

a(HV 
MZS 

0.0 
0.0 

- 1 3 . 0 
- 0 . 1 

- 1 8 . 4 

0.0 
- 1 3 . 1 
- 1 8 . 4 
- 3 1 . 4 

- 2 9 . 6 

G 
DZ 

0.0 
0.0 
0.0 
0.0 

+ 0 . 9 
- 1 1 . 4 

- 8 . 7 
- 0 . 0 

+ 2 . 5 
- 2 0 . 1 

- 1 . 3 

0.0 
- 1 9 . 2 
- 1 8 . 9 
- 3 8 . 0 

- 3 6 . 1 

„ 

DZS 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

- 3 . 4 
- 6 . 2 
- 3 . 5 
- 0 . 4 
+ 0 . 4 

0.0 
- 2 . 7 
- 7 . 5 
- 0 . 9 
- 4 . 7 

0.0 
- 1 3 . 1 
- 1 5 . 8 
- 2 8 . 9 

- 2 7 . 6 

" The excited configurations corresponding to the excitation of an electron from an MO, say lai, to another MO, say 3ai. b The hydrogen 
atom is assumed to be on the y axis with the carbon atom at the origin. 

choices for the hydrogen atom, one using two Is 
orbitals with the exponents ft = 1.0 and ft = 1.26 and 
another using Is orbital with ft = 1.0. Since they 
were found to give almost identical results, the latter 
was adopted in this paper (Table II). 

In Table I, the DZS and MZS results are compared 
with existing calculations. The DZS set improves not 
only both of the coupling constants, a(H) and a(13C), 
but also the spin-density cusp drastically over the DZ 
results. The improved cusp condition is an indication 
of the correct spin-density behavior near the nuclei 
as anticipated from the atomic hyperfine calculations.1 

Thus the DZS set is shown to be reliable for discussing 
the spin density of a molecule at the nucleus and will 
be used mainly for the calculation of CH2F in the fol­
lowing sections. 

The MZS set improves the 13C coupling constant 
significantly over the MZ set, but not so much as to 
agree quantitatively with experiment. 

It is often illustrative to examine contributions of 
various excited configurations to the coupling constant. 
The CI wave function can be regarded as the sum of 
the ground configuration (zero order) and various 
singly excited configurations (first order). The zero-
order coupling constant in the restricted SCF method 
is zero because the odd electron is in a -K MO. The 
first-order contribution to the spin density from the 
configuration corresponding to a single electron excita­
tion from MO i to MO p is given by 

(327r/3)g/3/zY^E C 0 C ^ p<<i>o X 

lEafo-'vto.!*1'.--*) (9) 
3 

where S 7 denotes the summation over all the spin 
eigenstates belonging to the configuration, and C0 and 
Cyi^p are the coefficients of the ground and the ex­
cited configuration functions, $0 and $7

t:_p, respec­
tively, in the ground state CI wave function. 

Table III summarizes the first-order contribution to 
ai13C) and a(H) for various basis sets. The lai MO 

is essentially the carbon Is orbital, and 2ai and ley are 
C-H bonding MO's. For any basis set the inner shell 
(IaO polarization, i.e., the sum Of(Iax-* i) over i, gives 
a negative contribution to a(13C), while the valence 
shell (2ai) polarization makes a large positive contribu­
tion, but their magnitude depends very much on the 
basis set. As for the valence shell polarization con­
tribution to fl(13C), the DZ value is almost identical 
with the DZS value. But the inner shell polarization 
contribution of the DZ is about 11 G larger in magnitude 
than the DZS value. This again reflects the deficiency 
of the DZ set in describing the atomic polarization cor­
rectly, as was already pointed out.' 

FIuoromethyl Radical. Angular Dependency. The 
angular dependency of proton, 13C, and 19F coupling 
constants in fluorinated methyl radicals has been a 
problem of experimental and theoretical interest. 29~31 

We carried out restricted SCF-CI calculations on the 
CH2F radical for several nonplanar conformations with 
the DZS basis set as well as for the planar conformation 
with DZS, DZ, MZS, and MZ basis sets of Table II. 
A C-H distance of 1.08 A, C-F distance of 1.35 A, 
and an HCH angle of 120° were used. The C-F axis 
was assumed to be on the bisector plane of the HCH 
angle. The nonplanarity angle 6 was defined as the 
angle between the C-F and the HCH plane. The 
exponents for the DZS set were not reoptimized for the 0 
variation, because in the DZ or larger basis sets the 
necessary readjustment of orbitals is anticipated to take 
place automatically through varied weights of individual 
basis fund ions. 

The energy and hyperfine coupling results are shown 
in Table IV. The DZS angular dependency of the 
energy suggests a minimum around 9 = 25-30° with 
an inversion barrier 0.3-0.4 kcal/mol in the SCF-CI 

(29) J. A. Pop!e, D. L. Beveridge, and N. S. Ostlund, Int. J. Quantum 
Chem., 15, 293 (1967). 

(30) K. Morokuma, L. Pedersen, and M. Karplus, / . Chem. Phys., 48, 
4801 (1968). 

(31) D. L. Beveridge, P. A. Dobosh, and J. A. Pople, ibid., 48, 4802 
(1968). 
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Table IV. 1H, 13C, and 19F Hyperfine Coupling Constants (Gauss) and Energy (kcal/mol) in CI and SCF Calculations for CH2F 
as Functions of Nonplanarity 6 

Basis set, 
e 

'H CI 
SCF 
A" 

13C CI 
SCF 
A 

19F CI 
SCF 
A 

Energy6 CI 
SCF 

MZ, 
0° 

-27.26 

+ 113.43 

+ 148.68 

MZS, 
0° 

-27.84 

+62.28 

+ 140.45 

DZ, 
0° 

-38.63 

+34.47 

+72.81 

, 
0° 

-28.92 
0 

-28.92 
+47.49 

0 
+47.49 

+ 100.82 
0 

+ 100.82 
0 
0 

DZS 
10° 

-27.49 
+0.99 

-28.48 
+ 52.11 
+3.80 

+48.31 
+101.44 

+ 1.04 
+ 100.36 

-0 .09 
-0 .21 

20° 

-23.51 
+3.77 

-27.28 
+64.85 
+ 14.19 
+50.66 

+ 102.70 
+3.58 

+99.12 
-0 .28 
-0 .65 

40° 

-10.23 
+ 12.60 
-22.83 

+ 103.43 
+44.80 
+58.63 

+ 102.48 
+7.85 

+94.63 
+0.86 
+0.02 

Expt 

(-)21.1 

(+)54.8 

(+)64.3 

0 The difference between the SCF-CI result and the SCF result. b The energy in kcal/mol measured from 0 = 0°. Since the CI includes 
only singly excited configurations, only a small portion of the correlation energy is taken into account in the CI result. The DZS energies at 
0° are -138.39909 (SCF-CI) and -138.38738 hartrees (SCF). 

and 0.7-0.8 kcal/mol in the SCF calculations. The 
results are qualitatively in agreement with previous 
INDO calculation (8 ~ 36°)31 and ab initio calculation 
with a small Gaussian basis set (6 <~ 8° with a C3 „ sym­
metry assumed, inversion barrier 0.6 kcal/mol).30 A 
large zero-point vibration is expected because of the 
small inversion barrier. 

The DZS angular dependency of coupling constants 
is shown in Figure 1. As 6 increases, 0(13C) increases 
drastically and o(H) decreases in magnitude slowly. 
These angular dependencies are similar to the CDV 
results on -CH3. The calculated fluorine coupling 
a(19F) is positive as experimentally shown for the a-
fluorine in various free radicals.6-21 It changes little 
as 6 increases from 0 to 40°. One might have expected 
that as the nonplanarity of the system increases, the 
odd electron originally localized in the 2p7r orbitals 
will have more chance to delocalize directly to the 
fluorine Is and 2s orbitals, leading to an increase (more 
positive or less negative) in the coupling constant. This 
is the case for 0(13C) and o(H) but not for 0(19F). The 
situation becomes clearer if we compare the two con­
tributions to the coupling: the spin derealization con­
tribution OSCF (the coupling constant obtained in the 
restricted SCF calculation) and the spin polarization 
contribution oA (the difference between the SCF-CI 
and SCF coupling constants). Figure 1 shows that for 
H both OSCF and oA increase as 6 increases, resulting 
in a net increase (a decrease in magnitude) in the total 
o(H). On the other hand, for F, OSCF increases while 
oA decreases, giving a net cancellation of the angular 
dependency. Thus it appears that the increase of the 
experimental 0(19F) from CH2F (64.3 G) to CHF2 

(84.2 G) to CF3 (142.2 G)27 is not simply related to the 
increase in the nonplanarity but also can be attributed 
to the electronic structure change due to fluorine sub­
stitution. 

Following the scheme mentioned in the previous 
section, we calculated contributions of various excited 
electronic configurations to the coupling constants for 
the planar CH2F. The ground configuration of the 
molecule is ( la i f f^a i f f^Qaj f f^a i f f^ lb i^^a i f f ) 2 -
(lb27r)2(2bie7)2(2b27r). The first-order contributions 
come only from a ^ -»- axcr* excited configurations, be­
cause bur and b27r orbitals have a node on the F atom. 
Table V shows some of the results. For a(13C) and 
o(H) the contribution scheme was found to be very 

10° 20° 30° 
Nonplanarity angle 

40° 
6 

Figure 1. Angular dependency of o(H), a(19F), n(13C), and their 
delocalization and polarization contributions for CH2F in SCF-CI 
calculations with the DZS basis set. The label CI refers to the 
complete result, SCF to the SCF result, i.e., the delocalization con­
tribution, and A to the difference between CI and SCF, the polariza­
tion contribution. 

similar to that in CH3 and was not listed in the table. 
For 19F, the inner shell contribution, the sum of all the 
lai -*• a* contributions is negative as in 13C and the 
atomic 19F.1 The major valence shell contributions in 
the DZS calculation come from 3ai-»-7ax, 10ai, l la iand 
4aj -*• 6ai, 7ai, l lai resulting in a large positive value. 

It should be noted that even with the DZS set the 
quantitative agreement of 0(19F) between theory and 
experiment was not accomplished. In the range not 
too close to the nucleus the spin-density and electron-
density behavior of the double f set are very similar to 
those of the Hartree-Fock set. Therefore we tend to at­
tribute the discrepancy mainly to the fact that the wave 
function very close to the nucleus is not still completely 
adequate. Such an error would not affect the angular 
dependency or the spin polarization mechanisms which 
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Table V. Gross Population of Occupied MO's and First-Order Contribution of the Excited Configurations to a(l9F) for CH2F in Gauss 

Basis set 

DZS 
Gross 
population 

Excitation 
to MO 

MZS 
Excitation 
to MO 

Fs 
Fpx 
Cs 
Cpx 
Hs 
6ai 
7B1 

8ai 
9ai 
lOai 
l l a i 
12ai 
13ai 
14ai 
15ai 
16ax 

17ai 
Sum 

6ai 
7a! 
8ai 
9ai 
Sum 

Ia1 

1.0000 
0 
0 
0 
0 
0 

- 3 
0 
0 

- 4 
- 9 
- 1 

0 
0 

- 2 2 
0 

- 8 
- 4 8 

- 1 
- 3 
- 2 

- 7 5 
- 8 0 

2B1 

0 
0 
1.0000 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

T-Y^ititi nti from r\4"0 
CJAt/1 LetIiVJU l i t / I l l IVlW 

3ai 

0.9095 
0.0219 
0.0223 
0.0335 
0.0064 

- 9 
- 4 4 

- 1 
0 

+ 3 5 
+ 5 4 
+ 14 

0 
0 

+ 6 
0 

- 3 
+51 

- 3 1 
- 2 0 
+ 11 

+ 131 
+91 

4a i 

0.0518 
0. 
0. 

1826 
5147 

0.0190 
0. 

+21 
+98 

- 7 
0 

- 3 
- 2 8 
- 1 0 
+ 6 

0 
+ 9 

0 
- 2 

+ 85 

+ 7 3 
+ 3 6 

- 1 
- 3 2 
+77 

1160 

5ai 

0.0249 
0.5608 
0.0748 
0.2564 
0.0415 

- 4 
+ 9 
+ 6 

0 
- 4 

+ 13 
+ 2 

0 
0 

- 1 
0 
0 

+ 2 2 

- 7 
+ 54 

- 1 
+ 4 

+ 49 

are determined by the wave function in the interaction 
region. 

So far we have discussed results of our best basis set, 
DZS. Table IV gives the results with other basis sets 
at 6 = 0°. The DZ results for a(13C) and a(H) are 
consistent with those in the CH3 radical: a smaller 
A(13C) and a larger a(H) than DZS. The DZ a(19F) 
agrees better with experiment than the DZS result. 
This better agreement is fortuitous; because of the 
defect near the fluorine nucleus,1 the DZ set gives a 
much smaller inner shell contribution (—73.2 G) than 
the improved DZS set (—47.7 G) which cancels with a 
too large valence shell contribution in either set. The 
a(19F) by the MZS set is even larger than the DZS re­
sult, due to an excessive contribution of the valence 
shell polarization (Table V). 

Estimate of Q Values. By using the planar CH2F 
as a model for the a-fluorine containing radicals, we 
now want to obtain the Q values in eq 1-3. 

As mentioned previously, eq 1 describes only the 
overall 19F coupling, while eq 2 and 3 distinguish two 
or three mechanisms contributing to the a-fluorine 
spin coupling. For instance, eq 2 could be interpreted 

= 1 and 
)Fc if P'F = 1 and p'c = 0. 

But such an extreme as pT? = 1 and p"c = 0 actually 
never occurs and electronic structures of radicals at 
the extreme would be completely different from reality. 
In real free radicals the values of pw

F and p^c may vary 
widely, but the ratio of the two, p'V/p'c, is relatively 
constant.13 Therefore, it appears that for an a(19F) vs. 
p relationship, such as is shown in eq 2, to be meaning­
ful, the Q values should be interpreted to mean a rate 
of change of a(19F) due to a change in p near the fixed 
value of P^F/P^C 

to mean that a(19F) would be g F
F if p 'c 

P F 0 and would be £)Fc if P"F 

<2FF = (da(19F)/c>p*F)o 

2Fc = (da(19F)/dP'c)o 

(10) 

where the subscript 0 means that the value is to be eval­
uated near realistic values of the ratio P ' F / P ' C 

A few comments could be made here on the ir spin-
density coupling relationships, eq 2 and 3. In any 
calculation in which more than one basis function is 
used to describe one atomic orbital as in the DZS cal­
culation, the spin density matrix as defined by eq 4 
is not a convenient quantity to use. More convenient 
is the net spin population d on an atom or on a bond, 
defined as follows 

x x 
dx = E E P r s ^ r s 

T S 

dXY = 2Y,h PrsSTS (X ^ Y) 
(11) 

where p„ and S„ are the basis function (BO) spin 
density and the overlap integral, respectively, and the 
summation covers all the BO's on the specified atom. 
These represent the spin density on each atom and bond, 
and the sum of them over all the atoms and the bonds 
gives a unit spin 

1 = E dx + E 4 Y 
X (XY) 

(12) 

The net TT spin populations d"c, dwF, and dwc? are most 
logically used in the three-term expression eq 3. If 
one wants to adopt the two-term eq 2, the most reason­
able quantity to use as p is the gross spin population D 
on F and C atom, generally defined as 

Dx = dx+ 1/2E dxY (13) 

Here the net bond population G?XY is partitioned equally 
into the atom X and Y. Therefore the sum of Dx 

gives unit spin 

l = S i ) x (14) 
x 

The spin-density coupling relationships are often 
used in conjunction with such MO methods as INDO 
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Table VI. Hyperfine Coupling Constants and Population Analysis for Models Used in Q Estimation for CH2F 

Model 

MO coefficients 
MO 2b 

M O I b 

SCF spin 
population 

BO T0I 
B0xo2 
BOTTFI 
BOTTF2 

BOTTCI 
B0TTC2 

BOTTFI 
B 0 T F 2 

d \ 
d F 
(fcs 
D\ 
D'F 

CI energy gain, 
hartree 

fl(H), G 
(J(13C), G 
a(19F), G 

Standard 

0.8741 
0.1780 

-0 .3358 
-0 .1168 

0.1655 
0.0630 
0.6884 
0.3226 

1.0113 
0.1788 

- 0 . 1 9 0 1 
0.9163 
0.0837 

-0 .0117 

- 2 8 . 9 2 
+47.49 

+100.82 

I 

0.8692 
0.1770 
0.0 
0.0 

- 0 . 1 6 7 9 
- 0 . 0 6 3 9 

0.7512 
0.3521 

1.0 
0.0 
0.0 
1.0 
0.0 

-0 .0099 

- 2 8 . 6 1 
+46.95 

- 5 . 0 4 

II 

0.8853 
0.1802 

- 0 . 2 7 6 4 
- 0 . 0 9 6 1 

0.1042 
0.0396 
0.7099 
0.3328 

1.0374 
0.1211 

- 0 . 1 5 8 5 
0.9582 
0.0418 

-0 .0075 

- 2 9 . 1 0 
+46.52 
+77.62 

III 

0.8741 
0.1780 

-0 .3358 
-0 .1168 

0.1655 
0.0630 
0.6884 
0.3226 

1.0113 
0.1788 

-0 .1901 
0.9163 
0.0837 

-0 .0065 

- 2 8 . 5 7 
+44.91 
+95 .95 

IV 

0.8610 
0.1753 

-0 .3828 
- 0 . 1 3 3 2 

0.2148 
0.0817 
0.6676 
0.3129 

0.9812 
0.2323 

- 0 . 2 1 3 4 
0.8744 
0.1256 

- 0 . 0 0 6 5 

- 2 7 . 9 0 
+43.18 

+ 109.98 

V 

0.8465 
0.1723 

-0 .4227 
-0 .1471 

0.2574 
0.0979 
0.6471 
0.3033 

0.9485 
0.2833 

-0 .2318 
0.8326 
0.1674 

-0 .0074 

- 2 7 . 1 2 
+41.37 

+ 121.27 

and the McLachlan procedure, in which one basis 
function is used for one AO and the overlap integrals 
are completely neglected. In such a case, the sum of 
the spin-density diagonal element p„ gives a unit spin 

i = E (15) 

PXFF and p^cc can be conveniently used with eq 2 and 
the results would be expected to be comparable with 
those obtained with DT? and D'C- It should be noted 
that the off-diagonal element pTS loses its physical mean­
ing, in the sense that it does not contribute to the total 
unit spin of the molecule (compare eq 12 and 15). 
Therefore, the use of eq 3 is not justified in the methods 
where overlap integrals are neglected. But if one just 
tries to "fit" experimental data, the additional flexibility 
of eq 3 might result in greater success, and this has been 
actually done. If one would like to simulate this situa­
tion in our ab initio DZS calculation, one would use 
DTc and D"F for the diagonal p'cc and pT

Fr because 
both D and p satisfy the same normalization condition, 
eq 14 and 15. For the off-diagonal element pT

CF, some 
arbitrary choice has to be made. One possibility is to 
assume 

Z)̂ CF = -(D"cD*Fy/ (16) 

This is based on a simple consideration that if the half-
occupied 7T MO is given as 

* = CFXF + CcXc C 0 C F < 0 

then P 'FF = (CF) 2 , P'CC = (C0)2, and p'CF = CCCF and 
therefore PT

CF satisfies 

P^CF = ~ ( p " FFP CC. ) V (17) 

Now let us proceed to establish models for estimating 
Q values. For an actual calculation of Q, the explicit 
differentiation of eq 10 is hard to carry out. Therefore, 
to accomplish this in effect we used models in which 
spin populations are changed around a realistic F/C 
ratio. The DZS CI calculation in the previous section 
was taken as the starting point, and is called the "stan­
dard" calculation. The half-occupied TT MO (2b2) in 

this calculation is found to be 

0(2b2) = 0.8741xc2P.i + 0.1780xc2P.2 -

0.3358XF2P . I - 0.1168xF2P.2 (18) 

where x's are basis functions; e.g., xc2Pxi is the first (ex­
ponent f = 1.256) 2p7r orbital on the carbon atom. The 
populations of the SCF wave function are thus cal­
culated to be d"c = 1.0113, cftr = 0.1788, and d'cv = 
-0.1901, D'c = 0.9163, and D*F = 0.0837. The calcu­
lation called model III uses <£(2b2) of eq 18 as the 
half-occupied MO but excludes in the CI all the 
configurations involving any excitation of TT elec­
trons (into 7T* MO's). This is to be consistent with the 
following models. The results are shown in Table VI. 
The changes between "standard" and model III are 
small. 

In model I, we artificially modified the half-occupied 
TrMOto 

<p(2b2,I) = 0.8692Xc2p.i + 0.1770XC2P,2 (19) 

which gives d and D shown in Table VI. In this and 
the following models, the ratio of the MO coefficient 
of the two basis functions belonging to the same atom 
was assumed to be unchanged from the standard value 
{i.e., Cc2pi2/Cc2PTi = 0.2036 and CF2^2/C-p2p*i = 
0.3479). The other occupied w MO, $(lb2), was 
changed so as to be orthogonalized to <ji(2b2,I), again 
assuming the coefficient ratio in this MO is unchanged 
from the standard value. All other SCF-MO's were 
unchanged. Then using these new MO's, the CI cal­
culation was carried out excluding IT excitations. The 
exclusion is necessary here because the inclusion would 
bring the new T spin populations back close to those 
of the standard calculation and would make these 
models meaningless. Models I-V were chosen so that 
the gross spin populations, D'c and DT

F, are equally 
spaced between I and II, II and III, III and IV, and 
IV and V (Table VI). 

Now we will estimate Q values. For eq 1, by using 
the gross spin population DT

C = 0.9163 and #(19F) = 
+ 100.82 G in the standard calculation, <2F

eff = +110 
G is obtained. If D'c = 1 is used by implying that 
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Figure 2. The plot of a("F)/DT
c and a(i3C)/D'c against D*F/ 

DTc for five models (I-V) of the a-fluorine coupling calculation: 
the broken line for a(19F) and the solid line for a(uC). 

CH2F has no conjugated system into which ir electrons 
can delocalize, QVM - +100 G. Experimental values 
are around +40 to +60 G. A scale factor of approxi­
mately 2 seems to be needed to make the calculated Q 
agree quantitatively with experiments. 

For eq 2 it is most logical to use the gross spin popula­
tion D'c and D V The plot of aF/D"c against D V 
DTc for five models is shown in Figure 2. Model I 
deviates extremely from a straight line, but others are 
reasonably straight. Taking the middle three points, 
II, III, and IV, we obtain a fit to a straight line with 
gFF = + 4 5 o G and QFc = +63 G. A poor fit for 
model I suggests that the extreme D*F = 0 cannot be 
handled with eq 2. The same technique can be used to 
evaluate Q values for the 13C coupling. 

A(13C) = e c cD* c + 2 S D ' F (20) 

The Q values calculated from II, III, and IV are (see 
also Figure 2) Qc

c = +48 G and QC
F = + 8 G. Also 

it is noted that the fit is quite straight for all the models. 
Now we will examine eq 3 using the net spin popula­

tions dw
c, d*F, and dVr- A good least-squares fit was 

obtained for three Q's from five models. The fitted 
values are QF

F = +46 G, Qv
c = - 5 G, and £>FCF = 

—488 G. The general appearance of the fit is insensi­
tive to the exclusion of a specific model. For instance, 
the exclusion of model I results in QF

F = +29 G, 
-8 G, and £>FCF -522 G. These values 

suggest that the bond spin population, the spin dis­
tribution in the overlap region between the F and C 
orbitals, plays an essential role in the F hyperfine cou­
pling. This is illustrated in Figure 3, where CI calculated 
A( 1 9 F) is plotted against dT

F and dTcv- The coupling 
constant is almost completely linear with respect to 
J"CF but nonlinear with respect to J V 

The same technique for A(1 3C) yields a three-
parameter fit 

AO3C) = Q^cfc + 2 ° F ^ F + 20CF^CF (21) 

+100 

^ d 
Figure 3. The plot of a(19F) against the net fluorine atom T spin 
density drv and the C-F bond x spin density CFCF for five models 
(I-V) of the a-fluorine coupling calculation: the broken line for 
PXOF and the solid line for V -

where Qc
c = +47 G, QC

F = 0 G, and QC
CF = +14 G. 

Next D V DV. and DVy of eq 16 are used for eq 
2 to simulate the results of calculations neglecting over­
lap integrals. A least-squares fit for five models yielded 
the following Q values: QF

F = - 2 8 5 G, QF
C = - 5 G, 

and QVCF = —457 G. The condition of the fit is very 
poor, and a large simultaneous change in QF

F and 
£>FCF (up to 70 G) causes little change in the calculated 
A(19F). 

Discussion 

The spin-density fluorine hyperfine coupling rela­
tionships we examined in the preceding section have 
been extensively studied by others.6-19 Some of the 
Q values previously proposed are shown in Table VII. 
Q values were usually estimated by the least-squares 
fit of a(19F), p V and p*F obtained as shown below for 
a series of free radicals of similar structure. A(19F) was 
always determined directly from esr and nmr experi­
ments. p"c was usually determined from the observed 
A(H) and well-established QKc of the proton analog 
of the free radical. pT

F was determined in an excep­
tional case from the line width of fluorine nmr absorp­
tion.14 In most cases, px

F was calculated by varieties 
of semiempirical molecular orbital methods, e.g., 
the Hiickel method, the McLachlan procedure of the 
Huckel method, the INDO or CNDO unrestricted self-
consistent field (SCF) method (with or without spin 
annihilation to a pure doublet state), and the Pariser-
Parr-Pople (PPP) unrestricted SCF method. Various 
values of coulomb, resonance, and electron repulsion 
integral parameters were used in these calculations. 
Considering the diversity of compounds and MO 
methods used, a small scattering of Q values would not 
be surprising, but Table VII shows that the scattering 
is extremely large. We will examine the physical sig­
nificance of existing Q values in comparison with our ab 
initio results. 

Our result for the one-parameter eq 1 gives gF
etf = 

+ 110 G. The positive sign of Q agrees with the nmr 
determined fact that the a-fluorine coupling constant 

Journal of the American Chemical Society j 94:16 / August 9, 1972 



5611 

Table VII. a-Fluorine Hyperfine Coupling Parameters 
C1V, QFc, and QFCF in Gauss from Various Sources 

Q V 

+848 
+580 

+1393 
+ 371 

+ 1043 
+ 146 
+497 
-143 to +3086 
+264 
+200 
+931 

+225 
+23 

(-143) 

Q V 

±40 
±47.5 
+50 
+62 
+57 
+ 54.5 
+54 
+64 

-147 
- 8 3 

-147 
-37.5 
- 8 5 
+48.1 
+6.2 
+8 to -
+4 

- 1 1 
+86.6 

(+55) 
+32 
- 2 

( -2 ) 

QFCP 0 

-620 +56 to +595 
- 6 4 
-57 

+ 345 

-244" 
(-229)« 

Ref 

6 
7 
8 
9 

10 
11 
12 
13 
15 
16 
17 
18 
19 
11 
14 
20a 
20b,c 
21 
11 
This 

WOl 

" When QFo only is given, eq 1 is used. When both QF
F and 

QFc are supplied, eq 2 is to be used. When all three are supplied, 
eq 3 should be used. b When the net spin population, d'c, d*F, 
and dTcF are used. c When the gross spin population is used or 
the spin density in the neglect-overlap approximation is used. 

has the same sign as the carbon TT spin-density pT
C-

This sign is in accord with most existing QF
ett. The 

proposal by Kulkarni and Trapp that a(19F) and p*c 

have different signs19 seems to be unjustified. The ab­
solute values of our QF

eft are about twice as large as 
the 2Feft's in Table VII. A scale factor of about 2 is 
needed to make the calculated coupling constant agree 
with the experiment. In examining eq 2 and 3, we 
also adopt a scale factor of 2 to make the equations 
more quantitative. This is probably justified because we 
are mainly interested in the relative magnitude of the 
Q values in understanding the coupling mechanism. 
Our Q values after scaling are also added in Table VII. 

Our scaled two-parameter equation 

a(»F) = +225D*F + 32Z>Fc G (22) 

is not equal to any existing one. This is not unexpected 
because of the difficulty of obtaining Q values13 by 
methods other than ours. The equation happens to be 
close to the one by Fischer and Colpa11 and by Espersen 
and Kreilick14 in the sense both g F

F and QT
C are posi­

tive. However, in eq 22 the carbon and fluorine gross 
spin population contributions, QTcD*c and Q¥FD"F, 

are nearly identical, while in Fischer and Colpa's 
work p"cQTc predominates, and in Espersen and 
Kreilick's, P * F 2 F F is predominant. We give two sets of 
three-parameter equations. One is 

a("F) = + 2 3 ^ F - 2d'c - 244d*CF G (23) 

which is to be used with the net spin populations d which 
satisfy the normalization condition eq 12. Another is 

a(19F) = - 1 4 3 0 ' r - 2D'C - 229JD'CF G (24) 

which is to be used with the gross spin population and 
D^CF of eq 16, or with the spin-density calculated in the 
neglect-of-overlap approximation as in INDO, Hiickel, 

or PPP methods. The most significant feature of these 
equations is that the bond spin population makes the 
predominant contribution to the total hyperfine cou­
pling. With 20-30 % error, we can use eq 25 rather than 
eq23. 

a(i9p) 2 4 4 ^ C F G (25) 

Since drcF and dT
F have opposite signs, — 244<fcF 

gives a coupling constant with the same sign as d*F. 
Equation 25 suggests the a-fluorine coupling is mainly 
due to the spin polarization of fluorine s electrons by the 
bond spin population. A rather small QF

F value could 
be related to a small hyperfine coupling +36 G in the 
atomic fluorine (2P)32 where the spin density is 1 on its 
2pir orbital. 

We might estimate the hybridization of the fluorine a 
orbital and the ionicity of the C-Fcr bond using an over­
simplified method. Let the hybridization of the Far 
orbital be sp". 

XSP" = [s + V«p]/Vl + n 

Then the F lone-pair orbital has to be snp. 

Xlonepair = [ V " S - p ] / \ / l + « 

The number of electrons on the xione pair is assumed to 
be two. If the occupancy on the Fa orbital is X (X = 
1 corresponding to a homopolar C-F bond, X > 1 to 
an ionic bond C+F - ) , then density on the Fs orbital 
should be 

2 X ^ - + X X ^ L - = ^ ± * 
1 + n 1 + « 1 + n 

and the density on the Fp<r orbital should be 

1 + n 1 + n 1 + n 

If one uses 1.9824 and 1.5273, the gross populations on 
F2s and F2pcr obtained by our ab initio CI calculation, 
one obtains X = 1.5 and n = 27. This means that the 
Fcr orbital is almost pure p, and the bond is polar C+0 '5-
p-0.5_ 

A rather small QF
C value is surprising in comparison 

with g H
c = - 2 3 G for a C-H proton coupling. This 

difference could be explained by the polarity of the 
C-F bond (therefore small exchange between pT

c and 
a electrons) and by the small s character of the Fa 
orbital. 

The above results also suggest that even though the 
two-parameter eq 24 may be used to fit experimental 
data, it does not really describe the "mechanism" of 
spin polarization because of its apparent lack of d*cF 
contribution. The use of the three-parameter equation 
of type 23 is strongly encouraged if one wants to elab­
orate on the spin polarization mechanisms. 

Equations 23 and 24 resemble none of the existing 
relationships. To demonstrate that a wide range of Q 
values can reproduce experimental results quite well, 
in Table VIII we used eq 23 and 24 to calculate the 
fluorine coupling of fluorobenzyl radicals and com­
pared our results with experiments and three-pa­
rameter fits33 based on Schastnev, Zhidomirov, and 
Chuvylkin20b'c and Hincliffe and Murrell21 (see Table 

(32) J. S. M. Harvey, Proc. Roy. Soc, Ser. A, 285, 581 (1965). 
(33) H. G. Benson, A. Hudson, and J. W. E. Lewis, MoI. Phys., 21, 

935(1971). 
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Table VIII. Experimental Value and Prediction of a(19F) 
Based on Equation 3 with Various Values of £>FF, QFC, and QFCF" 

Eq Eq 
Radical 23 24 SZO HM6 Expt* 

2-Fluorobenzyl +12.8 +12.4 +11.1 +5.9 8.17 
3-Fluorobenzyl - 5 . 6 - 6 . 0 - 5 . 1 - 2 . 7 (-)4.87 
4-Fluorobenzyl +13.1 +13.9 +12.4 +6.7 14.53 

° The spin density obtained after spin annihilation by the INDO 
unrestricted SCF calculation was used as d or D in the equations. 
6 Taken from ref 33. 

VII for their Q values). All of them agree with ex­
periments almost to the same extent. As IcIi and 
Kreilick pointed out,13 the near proportionality be­
tween P*F and p"c (and also P'CF) in actual free radicals 
makes it almost impossible to determine reliable in­
dividual Q values by fitting experimental a(19F) against 
spin densities. On the other hand, our results are 
based on physical models that would retain the signifi­
cance of individual Q values. Therefore it is not sur­
prising that existing values which are already well 
scattered did not agree with our values. 

Adetailed interpretation of electronic transitions and 
concomitant photochemical processes in con­

jugated molecules requires a knowledge of the ground 
and excited state potential surfaces. The determination 
of such surfaces has long been a goal of theoretical 
chemistry. Difficulties in a reliable a priori approach to 
the problem for a system as simple as ethylene2 are 
such that calculations for more complicated molecules 
are prohibitive at present. Consequently, a variety of 
methods that utilize experimental data have been in­
troduced. Completely empirical treatments, in which 
the energy surface is expressed as a function of poten­
tial parameters fitted to the available information 

(1) Supported in part by Grant EY00062 from the National Institute 
of Health. 

(2) U. Kaldor and I. Shavitt, / . Chem. Phys., 48, 191 (1968); R. J. 
Buenker, S. D. Peyerimhoff, and W. E. Kammer, ibid., 55, 814 (1971). 

A few words of caution may be added to our re­
sults. First, even though our DZS set is anticipated to 
give a reliable overall picture, the individual Q values 
could be more sensitive to the choice of basis set. Also, 
our model of analysis using an artificially modified 
half-occupied IT* orbital is certainly a good way of 
obtaining Q values, but it is not necessarily the only 
way of doing so. Different models may result in some­
what different results. Also there is the lack of the 
quantitative agreement of experiment a(19F) with the 
theory for the CH2F molecule. As the result an 
an arbitrary scaling factor of 2 had to be introduced. 
A better wave function may alter the interpretation 
somewhat, but the qualitative conclusion would not be 
affected. 
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(equilibrium geometry, vibrational frequencies, etc.), 
have had considerable success in applications to mol­
ecules for which a localized electron description is 
applicable.3 The great advantage of this type of ap­
proach, which leaves open questions of reliability 
when extended from one class of molecules to another, 
is the ease and speed of the calculations; this had made 
possible applications to systems as large as certain 
nucleic acids and globular proteins.4 For conjugated 
molecules, however, the importance of derealization 
introduces difficulties into such an empirical treatment.5 

(3) (a) See, for example, J. E. Williams, P. J. Stand, and P. v. R. 
Schleyer, Annu. Rev. Phys. Chem., 19, 531 (1969); (b) S. Lifson and 
A. Warshel, J. Chem. Phys., 49, 5116 (1968); A. Warshel and S. Lifson, 
ibid., 53, 8582 (1970). 

(4) M. Levitt and S. Lifson, J. MoI. Biol., 46, 269 (1969); M. Levitt, 
Nature (London), 11A, 759 (1969). 

(5) C. Trie, J. Chem. Phys., 51, 4778 (1969). 

Calculation of Ground and Excited State Potential Surfaces of 
Conjugated Molecules.1 I. Formulation and Parametrization 
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Abstract: A formulation is developed for the consistent calculation of ground and excited state potential surfaces 
of conjugated molecules. The method is based on the formal separation of a and ir electrons, the former being rep­
resented by an empirical potential function and the latter by a semiempirical model of the Pariser-Parr-Pople type 
corrected for nearest-neighbor orbital overlap. A single parameter set is used to represent all of the molecular 
properties considered; these include atomization energies, electronic excitation energies, ionization potentials, 
and the equilibrium geometries and vibrational frequencies of the ground and excited electronic states, and take 
account of all bond length and bond angle variations. To permit rapid determination of the potential surfaces, 
the <j potential function and SCF-MO-CI energy of the x electrons are expressed as analytic functions of the 
molecular coordinates from which the first and second derivatives can be obtained. Illustrative applications to 1,3-
butadiene, 1,3,5-hexatriene, a,w-diphenyloctatetraene, and 1,3-cyclohexadiene are given. 
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