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The finite perturbation method is applied to the calculation of the anisotropy of the indirect nuclear
spin-spin coupling constants. For CH3F, all the elements of the calculated coupling tensors become
larger than those reported in Paper I of this series. However, for the C-H coupling anisotropy, the
calculated value is still too small to compare with the experimentally estimated value as large as 1890
Hz. It seems that the effects other than the electronic one is important.

The finite perturbation method (FPM), theoretically equivalent to the coupled Hartree-Fock pertur-
bation method, has only been used for the calculation of the electrical polarizabilities [2, 3] and shield-
ing factors [4] of atoms and molecules. However, more recently, Pople and his co-workers applied this
method to the calculation of the isotropic nuclear spin-spin coupling constant, stressing many important
advantages of this method [5]. We have investigated the possibility of applying it to the calculation of the
other properties of atoms and molecules. In this communication, the FPM is applied to the calculation
of the anisotropy in the indirect nuclear spin-spin coupling constant which has attracted attention be-
cause of the experimental studies of high resolution nuclear magnetic resonance (NMR) spectra in nem-
atic solvents [6].

The theory of the indirect nuclear spin-spin coupling constant, originally formulated by Ramsey [7]
is based on the three types of interaction:

i) an electron orbital-nuclear dipole interaction
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ii) a magnetic dipole interaction
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iii) a Fermi contact interaction
Fg = (1678%/3) AEk?’AG("kA)Sk‘IA-

These one electron operators may be grouped into two classes; a spin independent operator, %1, and
spin linear operators, 9(2 and 9(3. In the FPM, when the perturbation belongs to the former type, we
use the restricted Hartree- Fock (RHF) wavefunction since ¥T{(SCF) is expressed to first order as a
sum of the unperturbed wavefunction ¥If and the singly excited singlet wavefunctions [eq. (1)]. This
point may easily be understood from the Brillouin's theorem.

* Part II of ref. [1] which is hereafter called Paper I.
** Present address: Department of General Education, Nagoya University, Chikusa-ku, Nagoya, Japan,
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On the other hand, when the perturbation belongs to the latter type, the singlet wavefunction for the
ground state gets mixed with the singly excited triplet wavefunctions. As shown by our previous study
[8], the same can be done more easily by using the unrestricted Hartree-Fock (UHF) method, since

rf 1
\I/uhf:\I/o +§Ci|Ti>+..., lTZ.>=‘...>\l.ViW(aB+Ba)... [, (2)

where |Ti> is the triplet function. Thus the UHF method is applicable to the perturbation of the latter
type.

The origins for the anisotropy of the indirect nuclear spin-spin coupling constants have already been
studied in the previous report of this series. (See table 1 of paper 1) Among those sources, we formu-
late here the Fermi-spin dipolar interaction term rather fully along the line of the FPM. Taking the
fixed magnetic dipoles wp and up oriented along the z direction, the total hamiltonian is given by

H = 9(0 + IJ.A_ng + I.I-Bng, (3)
where
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In the FPM, the zz-component of the reduced coupling constant tensor Kap (the coupling constant per
unit magnetic moments) can be written as

9
(KpR)zz = [ Sin (¥(up, 0) |9t l\qu,o»L 407 (8)
where ¥(i1p,0) is the wavefunction when only the spin dipolar perturbation is present at nucleus A and
can be calculated by means of the UHF method. The Fock operator for ¥( LA, 0) is

N
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where X; is the UHF spin orbital. On practical calculation, we adopted the one-center integral approxi-

mation for the atomic orbital (AO) matrix elements of PHp and QCB. Then we obtain from eq. (6) the fol-

lowing;
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The spin density at the sg AO, psgsp(%A) is calculated by adding the small quantity z 4 to the diagonal
2px p, 2py 5 and 2pzA elements of the F¥ matrix in the ratio of -1:-1:2, respectively and at the same
time, by subtracting the same quantities from the corresponding elements of FB. The physical meaning
of eq. (8) is that adding the perturbation Z A at nucleus A, the orbitals of atom A are spin-polarized and
this effect propagates to nucleus B, resulting in the induced spin density at nucleus B, and the coupling
is calculated by taking the derivative of the spin density pg sB(hA) with respect to the added perturba-
tion ZA. The xx-, yy- components of the coupling tensor AB are derived similarly by rotating the
x,¥,2 suffixes. Note that the same interaction can be obtained by interchanging the terms LAKA and
“B%B in the above treatment. In this case, the result becomes

(KAB)zz = (16/15)7732<7’—3>AS%3(0)|: %3(293A3A(hB) = prxA(hB) - PyAyA(hB)) :ltho ’

hg = (8/3)773;1le23(0), (9)
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where 2p is added to the diagonal sg element of the F® matrix and is subtracted at the same time from
the corresponding B-element.

The other sources of the coupling constant tensor can easily be formulated as above by means of the
FPM, and we give here only the resultant formulae. The spin dipolar contribution to the ££ element of
K AR is given by,
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where the suffixes (§, 7 and {) appearing in the right-hand side of eq. (10) correspond to (2py, 2py and
2pz). Practically, the above three terms in eq. (10) are calculated separately. That is, PnRE B(h Al) is
calculated by adding ZA1 (-2A1) to the F%Ag d FgA’?A Ab A and FZ pp4) elements, pfptp(kA2) by
adding #A2 (-hA2) to the F £4 and FEp Ep ?q Aéa and F'gp ) elements, and the third term,

2p: gt g(hA3) - pypnBkA3) - pt gt g(RA3) is calculated in the same way as in the Fermi-spin dipolar
cross term [eq. (8)]. For the orbital term, the RHF method is employed and %5 becomes imaginary [9].

2, -3 -3 0 * -3\ .
(K yper = 16807, & >B|:%Im<§ ChnpCitghy) ]hAzo, By = 280,070 i,
where z 5 is added to F§pns and -2p to Fppgp.

In the present communication, the above treatment is applied to the calculation of the coupling con-
stants of CH3F and the results are summarized in table 1. In these we used the INDO method of Pople
et al. [10], and the values of integrals introduced by perturbation are the same as those given in table 3
of paper I. The values in parentheses are those calculated by the method reported in paper I. As can be
seen from this table, the Fermi and the Fermi-spin dipolar cross terms make the dominant contribu-
tions to the isotropic and anisotropic couplings respectively. Note however that, for the C-F coupling,
the other terms make 10-15% contribution to the total isotropic and anisotropic coupling constants and
are not negligible. As shown by Pople, McIver and Ostlund [5], the agreement of the calculated isotrop-
ic C-H coupling constant with the experimental value becomes fairly satisfactory in this FPM treatment.

Table 1
Results of Jop ) (Hz) for the directly bonded nuclei in CH3F with INDO MO's

Isotropic (JAB)iso

A-B Fermi Spin dipolar Orbital Total Exptl. b)
C-H 147( 75) 0(0) 0( 0) 145( 175) 148.8
C-F - 97(-99) 15(9.4) -15(-6.3) - 97(- 96) -161.9

Anisotropic (J, -J,)Ap ©

Fermi

- . : . b
A-B Spin dipolar Spin dipolar Orbital Total Exptl. b)
C-H - 19(-11) 0(0) 0( 0) - 19¢- 11) 1890 + 130
C-F 208( 94) 26(16.2) 27( 4.5) 261( 115) 700 £ 130

a) JAB = (h/z#)'}’A')’BKAB.
b) Ref. [6].
¢) The axis is chosen to be parallel with the molecular symmetry axis.
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However, for the anisotropy of the C-H couplings, the disagreement between theory and experiment is
still extraordinary even in the present FPM treatment as in the previous one reported in paper I. A
similar discrepancy was also reported by Barfield by means of the valence-bond method [11]. It seems
that these discrepancies between theory and experiment are far beyond the accuracy of the calculated
values. Since the anisotropy of the indirect coupling was obtained experimentally by subtracting the di-
rect coupling anisotropy, calculated with the gas phase microwave geometry, from the observed total
anisotropy, some uncertainty may still remain owing to the neglect of the vibrational effects and of the
change in molecular geometry from the gas state to the solute state in nematic solvent [12]. Thus, at
present we believe that this discrepancy may suggest that the experimental values of the coupling aniso-
tropy still contain some important effects other than the electronic one. In fact, the substituent effect
to the C-H coupling anisotropies of the methyl derivatives, obtained from the NMR spectra by using gas
phase microwave geometry [12], was extraordinarily large to interpret only from the electronic effect,
and then a possibility of change of molecular geometry in nematic solvent from that in gas phase was
suggested previously [12]. For the C-F coupling constant considerably large anisotropy can be expected
from the present calculation although it is still small to compare with experiment.

Now, compare the present results with those calculated by the method reported in paper I: the signs
of coupling constants obtained by these two methods are the same, but the absolute values obtained by
the FPM are about 1-5 times as large as the ones obtained by the method reported in paper L. Since the
FPM is equivalent to the coupled Hartree-Fock perturbation method in the small perturbation limit, and
since the previous method is almost equivalent to the alternative uncoupled Hartree-Fock perturbation
method of Langhoff et al. [13], this refinement in the FPM may be attributed to the inclusion of the self-
consistency requirement for the calculation of the coupling constant. In fact, a similar trend was also
seen inthe model calculations [13] of the properties which lay stress on the electron distribution near
the nucleus, as the present coupling constant does.

More details of the present method and fuller examinations of the coupling anisotropy will be pub-
lished in the near future.

REFERENCES

[1] H. Nakatsuji, H.Kato, I. Morishima and T. Yonezawa, Chem. Phys. Letters 4 (1970) 607.
[2] H. D. Cohen and C. C.J.Roothaan, J.Chem. Phys. 43 (1965) S 34;
H.D. Cohen, J.Chem. Phys. 43 (1965) 3558; 45 (1966) 10.
[3] A.Schweig, Chem. Phys. Letters 1 (1967) 163, 195.
[4] R.E. Watson and A.J. Freeman, Phys.Rev. 131 (1963) 250.
[5] J.A. Pople, J.W.Mclver Jr. and N. 8. Ostlund, J.Chem. Phys. 49 (1968) 2960, 2965;
G. E.Maciel, J.W.Mclver Jr.. N.S.Ostlund and J. A. Pople, J. Am.Chem. Soc. 92 (1970) 1, 11.
[6] T.R.Krugh and R. A. Bernheim, J.Am. Chem. Soc. 91 (1969) 2385.
[7] N. F.Ramsay, Phys.Rev. 91 (1953) 303.
[8] H. Nakatsuji, H.Kato and T. Yonezawa, J.Chem. Phys. 51 (1969) 3175.
[9] A. C.Blizzard and D. P. Santry, Chem.Commun. (1970) 87.
[10] J. A. Pople, D.L.Beveridge and P. A. Dobosh, J.Chem. Phys. 47 (1967) 2026.
[11] M. Barfield, Chem. Phys. Letters 4 (1970) 518.
[12] 1. Morishima, A.Mizuno, H.Nakatsuji and T. Yonezawa, Chem. Phys. Letters, to be published.
[13] P.W. Langhoff, M.Karplus and R. P. Hurst, J.Chem. Phys. 44 (1966) 505.

544



