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PREFACE

Almost all of the chemical phenomena are governed by the
motions of electrons and nuclei, and the underlying physical laws
necessary to describe these motions are completely known (Dirac,
1929) as a branch of quantum mechanics, However, since quantum
chemistry deals with an essentially unsoluble many-body problem,
the approximate "concept" which extracts an essence of the physiecal
reality becomes very important. Among these approximate concepts,
orbital model (Hartree-Fock theory) have worked very well in the
understandings of the electronic structures of atoms, molecules
and ablids. It is distinguished from other theories by its
Physical simplicity and visuality.

However, there are still many things when we go beyond the
Hartree-Fock theory. These phenomena, which are called collec-
tively as electron-correlation phenomena, offer recent topics in
quantum chemistry. Among these, spin-correlation is one of the
main interests of the present thesis. For example, in the open-
shell electronic systems, the simple orbital model breaks down;
the restricted Hartree-Fock (RHF) theory does not take into account
the effect of spin-correlation, and in the unrestricted Hartree-
Fock (UHF) theory, its wavefunction is not an eigenfunction of sa.
However, an extention of orbita. model satisfying both of these
requirements is possible, and is made as the spin-extended Hartree-
Fock (SEHF) theory.

In Part I of this thesis, orbital theories in open-shell
electronic system are studied laying stress on the spin-correlation

Problem. The orbital theories examined are the UHF theory, the
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projected or annihilated UHF (PUHF) theory and the SEHF theory,

and the starting basis is the RHF theory. TFirstly, the UHF wave-

function is interpreted in relation to the configuration inter-
action (CI) method and a first-order relation connecting between
the UHF and the PUHF wavefunctions is presented. From this, a
Simple method is found to separate the UHF or PUHF spin density
into contributions due to spin-polarization (SP) and spin-delocali-
zation (SD) mechanisms, These results are applied in Part II to
clarify the nature of spin density in doublet radicals. Secondly,
Perturbation-variation treatment is applied to interconnect these
UHF, PUHF and SEHF orbital theories in conjunction with the first-
order sum-over-state perturbation method. The accuracy of the
expectation values of the one-electron operators using orbital
model is also investigated. Through the examination of these
results in the light of the physical reality of the correlation
Phenomena in open-shell electronic systems, it is found out that
the orbital model in open-shell electronic system distorts to some
extent the real spin-correlation correction, in order tc include

effectively the correlation correction due essentially to the two-

electron correlation Phenomena, To overcome this limitation of
the orbital model, two methods are suggested for the spin-correla-
tion problem in open-shell electronic system. Thirdly, short
examinations of the orbital model in closed-shell spin-correlation
Problem is given in connection with the finite perturbation theory.
This is the background of the treatment given in Part III about

the anisotropy of the indirect nuclear spin~spin coupling constant
in nuclear magnetic resonance spectra.

In Part II of the present thesis, the electronic structures
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of carbonium ions and doublet radicals are studied by the semi-
empirical SCF-MO method for valence electron systems. This method
is also applied to the calculation of force constant of ethylene.

As has been known from the early days of the electronic theory
of chemical valency, valence electrons play essential role in
chemical bindings and in other chemical phenomena. Nevertheless,
it was only recently that the semi-empirical SCF-MO method for
valence electron systems becomes popular (Pople's CNDO method,
1965). The valence-electron SCF-MO method used in Part II is
based on the method presented by Yonezawa, Yamaguchi and Kato.

To apply this method to doublet radicals, extentions are made by
means of the RHF and UHF theories.

Three points should be noted. Firstly, in the studies of
carbonium ions and doublet radicals (especially, their hfs cons-
tants in electron-spin resonance spectra), explicit accounts of
o-electrons (not like in ft-electron theory) and of the electron-
repulsion terms (not like in the extended Hiickel theory) are
shown very important. Secondly, the thecretical results of Part
I are applied in the study of doublet radicals, and are proved to
be very useful. Thirdly, the present valence-electron SCF-MO
method is found applicable also to the calculation of force con=-
stant after small modification in the core-repulsion term.

In Part III of this thesis, anisotropy of the indirect
nuclear spin-spin coupling constant is studied theoretically.

The information on the order of magnitude of the anisotropy of the
indirect nuclear spin-spin coupling constant is important in the
determination of the molecular geometry from the NMR spectra of
the molecule dissolved in a nematic solvent. Since there has

been no theoretical study on this subject, the author firstly
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formulated three mechanisms important to anisotropy by the usual

sum-over-state perturbation method. They are Fermi-spin dipolar

cross term, spin dipolar term and orbital term. Relative impor-

tance of these mechanisms is investigated. Since the indirect
coupling constant is due to the spin-correlation phenomena in
closed shell electronic systems, the author also applied the finite
perturbation theory proved useful in Part I of this thesis.
This is the first application of this theory to this problem, ex-
cept Fermi contact term. The actual calculations are carried out
by the INDO method of Pople et al, and the order of magnitude of
the anisotropy is ecalculated for various nuclear pairs. From this
and from the detailed examinations on the 'experimental' values of
the coupling anisotropy, it is pointed out that the molecular £€0=-
metry may change from its gas state to the solute state in a nema-
tie solvent, This point will be important in the study on the
nature of solvent-solute interaction.

Finally, general conclusions of these investigations are

given at the end of this thesis.
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PART I

STUDIES ON THE ORBITAL THEORIES

IN

THE OPEN=-SHELL ELECTRONIC

- BYSTEMS






CHAPTER 1

INTRODUCTION

The correlation problem which searches for the gap between the
exact wavéefunction and the (restricted) Hartree — Fock wavefunction

is one of the recent topics in quantum chemistry. Some pheno-

mena are there which can never be explained within the restricted
Hartree-Fock orbital theory; proton hyperfine splitting constants
of‘the planar n-electron radicals in the electron spin resonance
(ESR) spectra, contact shifts and indirect nuclear-spin coupling
constants in nuclear magnetic resonance (NMR) spectra, etc..
From theoretical viewpoint, these phenomena are (at least in part)
essentially due to the spin-correlation phenomena. Although spin-
correlation emerges mainly as the one-electron orbital correction,
it is closely related to the two-, three, ---, electron-correlation
Phenomena, 2

In Part I of this thesis, orbital theories in open-shell elect-
ronic system are studied laying stress on the spin-correlation
Problem., TFor example, the restricted Hartree-Fock (RHF) theory3
does not take into account the effect of spin~polarization,and in
the unrestricted Hartree-Fock (UHF) theory? its wavefunction is not
an eigenfunction of 52. Thétépin-éxtended Hartree=Fock (SEHF)
theory” is an extention of orbital model satisfying both of these
requirements. These orbital theories are interconnected and exa-
mined in the light of the physical reality of the correlation phee
nomena in open-shell electronic systems.

In Chapter 2 (published in Chemical Physics Letters, 2, 454
(1968), and in the Journel of Chemical Physics, 51, 669 (1969)),

.8 method to separate the spin density calculated with the UHF



method into components due to the spin-polarization and spin-delo-

calization mechanisms is presented, and applied to some doublet and:

triplet radicals. The results are examined by means of the UHF

natural orbitals and of the RHF orbitals, and the validity of the
method is confirmed,

In Chapter 3 (published in the Journal of Chemical Physics, 51,
3175 (1969)), the general behavior of the UHF wavefunction is ana-
1yzed and interpleted by means of the configuration-interaction (GI)
laﬁguage, and a first-order relation connecting between the UHF and
the projected® (or annihilated’) UHF (PURF) wavefunctions is Pre~
sented.  The effect of projection (or annihilation) is examined
for the expectation values of the one~electron spin-independent. and
spin~linear operators, From this, the generalization is made on
the method for separation of the UHF or PUHF spin density into mecha-
nistic contributions,

In Chapter 4 (under preparation for publication), a perturba-
tion-variation treatment is applied to interconnect the orbital
theories in open~shell electronic systems, namely the UHF, PUHF and
SEHF theories, in conjunction with the first-order sum-over-state
berturbation wavefunction starting from the RHF wavefunction,
Interrelation in the spin denﬁities obtained by these four methods
is also clarified. The accurécy of the expectation values of the
one-~electron operators using these orbital models is also investi-
gated for both the closed and open-shell electronic systems,

Based on these results, an examination of the orbital model for
the spin-correlation problem is carried out in the light of the
Physical reality of the correlation phenomena in open-shell elect-
ronic systems. Two methods are suggested at the end of this

study to overcome the limitation of the orbital model in the spin-
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correlation problem in the open-shell electironic systems.
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SPIN POLARIZATION AND SPIN DELOCALIZATION
IN UNRESTRICTED HARTREE-FOCK METHOD

A theory for the separation of the spin density calculated with the unrestricted Hartree-Fock method
into the two components due to the spin polarization and spin delocalization mechanisms is given and ap-

plied to methyl, ethyl and vinyl radicals.

The unrestricted Hartree-Fock (UHF) method
based on a spin polarized self-consistent field
single determinaut wave function [1] has been
widely used for the spin density calculations of
many organic and inorganic radicals. However,
the unrestricted Hartree-Fock method, compared
with the configuration interaction or perturbation
methods, does not provide the information about
the spin density appearing mechanisms such as
the spin polarization (SP) and spin delocalization
(SD) mechanisms *. In the present communication,
we propose a procedure to separate the spin den-
sity calculated with the UHF method and those ob-
tained with the annihilation method [3] into com-
ponents due to the SP mechanism and to the SD
mechanism.

Here we follow closely the results given by
Snyder and Amos [4]. The total wave function of
the UHF method is written by the p a-spin orbi-
tals and the ¢ B-spin orbitals and we assume p > g
without loss of generality. The unitary transfor-
mation of the unrestricted molecular orbitals
(MO's) gives the corresponding MO's, x; and 7;,
which are closely related to the natural orbitals,
A, vand u:

L
’L:”‘f“'“?)i“’ﬁf' i=Ll...,q;

* To avoid confusion, see ref. [2]. we give a provision-
al definition of the spin delocalization and spin pola-
rization mechaniems used In this communication. The
former means the apin density appearing mechanism
due to the singly cccupied orbitals of the best re-
stricted total wave function and the latier is defined
as that due to the correlation between electron spins.
This definition of the BP and SD rechaniama is identi-
cal with that used by Colpa and de Boer.

= a2y - .
m; -h!.(l a!.)z Vb s R (R &

X,=#i- f=q*1.----ﬂ; (l’
where

1
a = (1-T;)2/V2, f}grydr- I; 8
Using eq. (1), we can rewrite the UHF single de-
terminant as the following for doublet radicals

p=q+1)

YUHF =

- et ot oL )
F] F3 2 2 F

where

- .
wg = [Agar Ahgargh. . A oA B par | (3)

and ¥§€ and ¥§€ are the sums of the singly ex-
cited doublet ahd quartet configurations resulting
from the excitation of an electron from }; to v;.

By assuming C; cI»C. 5 C: . and by neg-

lecting the doubly excited con!lg‘uration 'lf";l and
higher terms, the spin density of the UHF method
at the position { can be written as *

Byggp = B (1 [7th) +
+ 2C§epi(rl%ise-;—) + zc‘z_epi(rfﬂe%). 4)
2

From the following relations [4]

* The spin denaity operator and the spin squared oper-
ator do not commute.



Table 1 _ .
Spin polarization and spin delocalization in the calculated spin density

Radieal ol (Punp)sp (Auhsksd (Paa)sp (Paa)sd Prht
Methyl 2S¢ 0.147( 99)° 0.002( 1) 0.048( 96) 0.002( 4) 0.000
- H -0.028(100) 0.000( 0) -0.00%¢ 100) 0.000( 0 0.000
Ethyl 25¢ 0.139( 99) 0.002( 1) 0.033( 93) 0.002( 3 0.000
28c, -0.012(100) 0.000( 1) -0.004( 100) 0.000( 0) 0.000

Hj3 -0.035(100) 0.000( 0) -0.012( 100) 0.000{ 0) 0.000

Hy -0.035(100) 0.000( 0) -0.012( 100) 0.000( 0) 0.000

Hs. Hy 0.014( 26) 0.040( 74) 0.005( 11) 0.040( 89) 0.041

H, -0.002(160) 0.000( 0) -0.001( 100) 0.000( 0) 0.000

Vinyl 2Sca 0.122( 59) 0.083( 41) 0.041( 33} 0.083( 67) 0.081
G='135° 25c3 -0.035(111) 0.004(=11) -0.012( 146) 0.004(-46) 0.004
He 0.009( 21) 0.035( 79) 0.003( B8 0.033( 92) 0.036

Ht 0.026( 27) 0.071( 73) 0.009( 11) 0.071( 89) 0.075

Ho -0.042(197) 0.021(-97) ~0.014(-218) 0.021(318) 0.017

* The values in parentheses show the percentages of the contributions, 100-(p')spfp’ and lou-lp’)sd/p . respectively.

ﬁCfe = 3% pf{rféiseé‘) = ﬁpf(rf% |se3),
2 2

eq. {(4) reduces to
. s o
Punr - P (T3irth) + 32 C3%p'trti sel) (5)

and similarly, the spin densities after single an-
nihilation (p;5,) and after annihilation {p,,) are
3

p' p"{rf% 'rf%) + 232 C?ep'(rf%.seﬁ). (6)
asa 2
p;a p'(rf}irfl) + ﬁc?ep'{rf%iseu’-}. (7)
Referring to eq. (3), it may be clear that the first
terms of eqs. (5)-(7) represent the contributions
due to the SD mechanism and the second terms
represent approximately those due to the SP me-
thanism. It may be noteworthy, however, thaf =
the unpaired orbital we mean is the natural orbi-
tal, u;, ineq. (1) and that the ¥7€ in eq. (2) in-
cludes only the limited configurations like

A; *v; . based on the natural orbitals. and does
not include those expressed as A; - v; (i#j)[3).
The natural orbitals A, x and v are nof identical
but closely similar to the best restricted orbitals
s pointed out by Amos and Snyder [3]. and this
point will be examined numerically in table 1 by
Comparing the results obtained with the UHF
method to those with the open shell restricted
Hartree-Fock (RHF) method [5].

From egs. (5)- (7), we obtain the results

(F’JUHF}sp = %(P{JHF - p;a) ' (8)
4 i i

(Pasa)sp = PUHF - Paq - (9)

(”zaa)sp = $0yHF - Pa) - (10)

where (p{mF)s is the SP contribution to the spin
density calculaPed with the UHF method, and

i
(pasa}sp
respectively. The SD contributions are, there-
fore, written in common as

(Di)sd = pi - (pi)sp ; (11)
When only the SP mechanism is the source of the

spin density as in the case of the o-type atomic
orbitals of the methyl radical, eqs. (8)-(10) give

i i i
and (paa)sp are thosv to Pasa and Paa’

PUHF * P = 3, - (12)
as was pointed out by Amos and Snyder.

A semi-empirical unrestricted SCF-MO meth-
od for valence electron systems including differ-
ential overlap proposed by the present authors
[6] gave spin densities listed in table 2. As is
well known, the spin densities on the o-tvpe atom-
ic orbitals of the methy! radical are due only to
the SP mechanism and therefore. relation (12)
holds fairly satisfactorily.

By using the values shown in table 2. the con-
tributions of the SP and SD mechanisms to spin



Table 2
Spin densities calculated before and afte: annihilation
of the quartet spin functions

Radical ":j;’;;ll‘"- Punt”” fiq
Methyl 25¢ 0, 1487 0.0310
H -0.02735 ~0.00F9
Ethyl 280, 0.1414 0.0535
28cy -0.0123 ~0.0040
Hy -0.0345 -0.0111
Hy -10.0343 ~0.0111
H;. Hy 0.0338 0.0442
H, ~1.0020 ~0.0007
Vinyl 2Sco 0.2051 0.1240
g =135%"*"" 28cf -0.0315 ~0.0082
He 0.0438 0.0381
Ht 0.0974 0.0799
Hoy -0.0213 0.0064
* = .
Haﬂa‘jﬁcz-—cli"s Hi;cﬂ_ca
H7 Hy Hy g Ha

** To compare with the experimentally vhserved pro-
ton hyperfine coupling constants. the proportional-
ity constant. 743 gauss. determined by the best fit
method is recommended.

*** The most stable configuration calculated with the
present method.

densities are calculated from eqs. (8) - (11) and
the results are surmmarized in table I. Moreover,
the spin density calculated by the RHF method
(Prygy) M2y be regarded as a reasonable meas-
ure o¥ the validity of the SD contribution obtained
by the above method *, and therefore, the values

* Eqs. (B) - (L1) are correct only when the contributions
due to the highe~ terms neglected in eq. (4) are neg-
ligibly small.

of ppyF are given in the last column of tuble 1.
It may b -=en that the D contributions caiculated
bv the UHF method agree reasonable with those
obtained by the RHF method. In the ethyl radical.
the spin densities on Hg and Hg atoms are due to
25 - 10% SP and 75 - 307 8D contributions and
those of the other atoms are chiefly due to the
SP mechanism. In the vinyl radical. both me-
chanisms are important, and especially for the
x-hydrogen atom, the calculated spin density is
the result of the large cancelling contributions of
both mechanisms. It may be said based on the
present results that extended Hiickel tyvpe calcu-
lations [7.8] of the viny] radical. where only the
SD mechanism is congidered, have some doubt
ag has been mentioned by Dixon [9].

More details of the above method and its ex-
tention to the triplet state will be described else-
where in the near future.
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Spin Polarization and Spin Delocalization in Unrestricted Hartree-Fock Method

A method to separate the spin density calculated with the unrestricted Hartree-Fock methed into com-
ponents due to spin-polarization and spin-delncalization mechanisms is presented, and :l.nplu:d to some
doublet and tﬁpitl radicals. The results arc eaemined b)‘ means «f tte UIF natural orbitals and of the
open-shel] restricted Hartree- Fock orbitals, and the validity of the method is confirmed,

I. INTRODUCTION

The unrestricted Hartree-Fack ( UHF | method based
on a spin-polarized sclf-consistent-field single-deter-
minant wavefunction' is widely used for spin-density
calculations. Huwever, compared with configuration-
interaction or perturbation methods,®*? the UHF
method does not usually provide information about
“‘spin-appearing”” mechanisms* such as spin-polarization
(SP) and spin-delocalization (SD) mechanisms.>7

In a previous communication,” we proposed a
procedure to separate the spin density calculated with
the UHF method (pynr) and that obtained after the
annihilation method® (p,., and p,,)? into components
due to the SP mechanism (psp) and to the SD mecha-
nism (psp). For doublet radicals, the results are

(punr)sp=3(purFr—pas),
(Pua.)BP = PUNF~— Pan,
(1)

wl::ere (punr)se denotes the SP contribution to the
spin density calculated with the UHF method and
(Pasa)sp and (paaisp are those 10 py, and pu, respec-

(Pal‘} SP =%(P1'HF'_Pu) »

'] A. Pople and R. K, Neshet, J. Chem. Phys. 22, 571 1964)
? 'al A, D. McLachlan, Mol. Phys, 3, 233 (1960). (b) S. Aong
:?;!J j !-I:Jguz‘l‘;lt. Prapg];. Theoret, Phys. 28, 580 (1962). fc) J. P,
Mafricy, J. Chem. Phys. 46, 1654 11967), (d) A L. H.
iid 46, 3141 (1967, ] Chene,
I. P Colpa and F., de Roer, Mol. Phys. 7, 333 (1964}
references cited in this paper. l = 26 and the
! By “‘spin-appearing”” mechanism, we mean the mechanism by
\\‘llach\ihlr spin-density distributinn eccurs, )
2! D. Lazdins and M. Kamlus, [. Chem, Phys. 44 1600
(1906:. ik ] P Colpa. E. de B azding, and M. Ka
it e, Jmi{ bt e Boer. D). Lazding, and M, Karplus,
. tTo ave uld confusion Csee Ref. 501 Jwe provisionally define the
spincdeicalization and spin-polarization mechanisms used here
'.l‘h- former mean the "~1)n'n appearine” mechanism due to the
-Ln.ﬂl!}‘loctrgpu:t!_nr!q!'m of the best restricied wavefunction, snd
17...{- acter 1s deimed s that due to eorrelation between electron
sjins. l‘hl:_-r--.‘mmnr_e of the SP and ST) mechanisms js identical
W ;i_.'h:_t given by }({' dpa and de Boer in Ref, 50h),
4o Yomezawa, H. Nakatsuji, T, Kaw: <
i Thee Lot s lqluf),(!pS:-. Kawamura, and H. Kato,
Y a AT Ames and G, G, Hall Proc. Roy. § )
T ‘ . G. ! . Roy. Soe. (
&mi;. H83 (19610, 'h) AT, Amos, Mol, Phys, S, 01 ngﬁ)‘d?:;
” mos and L. C. Snyder, I. Chem. Phys, 41, 1773 fldM)
r.w Ff,. C. Snyder and T, Amos, ihid. 42, 36?0 ”965} \ .
i fere -.a»e“fulirlslw the notatinns used by Amos and Snyder %
"ufc sutfives “1<a” and “aa" mean “afror single annibilation” and
ter annihilation,"” respectively. o an

]

tively. The spin-delocalization contribution is approxi-
mated as the difference

(pisp=p—~(pisp. (2)

Furthermore, the validity of this approach was con-
firmed by comparing the SD contributions calculated
by Eq. (2) with those obtained by the open-shell
restricted Hartree-Fock method.”

The separation of the unrestricted spin density into
mechanistic contributions is also possible by means of
the natural orbitals of the UHF method. Here, we
compare the results obtained by the above method with
those calculated from the natural orbitals of the UHF
method.® In the next section, an extension of the
above method to triplet states is described and some
assumptions in the formalism are examined. Then, we
apply the method to typical doublet and triplet radicals
in Sec. ITII. The condusion of the present study is
given in Sec. IV.

II. THEORY

The total wavefunction of the UHF method is
written by a single determinant in which the e-spin
orbitals [¢,] may be different from the 8-spin orbitals

Yerr=[(p+9) ] det{er(1)a(1) ¢2(2) (2)
rorep(Pa(p) bl p+118(p+ 1) gul p+2)8(p+2)
P8P}, (3)

where we assume p> 4 without loss of generality. For
doublet radicals, P=g+1, and for triplet radicals,
P=g+2. As shown by Amos and Hall** and by Amos
and Snyder® the unitary transformations of the
unrestricted molecular orbitals (MO's) [eil and [@]
give the corresponding MO's [x,} and {n:}, respec-
tively. These are closely related to the natural orbitals
A, #, and » by the following equations:

Xi=X;(1=A2) 14y .A,,
i=A{1—A2% Ua—‘l-'fﬁi,

i=1, IR
£=1.- T q.
i=g+1, ==, p,

Xi= iy (4)

®C.C.J. Roothaan, Rev. Mod. Phys. 32, 179 (1960},



where

1-T)wn
(——-v—z*'-}** ) fxmir-l":&u.

As seen in Eq. (4), the corresponding orbitals of the
UHF method are related to the alternant MQ's pro-
posed by Léwdin," and the natural orbitals X and 4 are
closely related to the restricted MO'’s, as noted by
Amos and Snyder® In this treatment, we assume that
the natural orbitals u are closely similar to the unpoired
orbitals of the restricted open-shell method,” and this
point will be verified later. (See Table VIII.)

Now, we extend the method described previcusly’ to
the triplet state. As shown by Snyder and Amos we
can rewrite the UHF single determinant, using Eq. (4),
in the fcllowing manner for the triplet state (p=g+2):

Yyrr= Copg" a8 I+ Cap™ g s®
+Cys™ ¥y + Cap®¥a®t-+ -+, (5)

where ¥y is the normalized restricted function built
up of the natura! orbitals A and u:

Vgl = | hsehFhachaB + ' A A St 10piqne |,
and its roefficient is given by

A=

(6)

Curt= 1T (1-22). G
P

Vae™ and W™ are sums of the singly excited triplet and

quintet configurations, resulting from excitation from

Aitowg;

1
B —— — ﬂ l LN y \‘ I- -
G 2 A1 BN NGl v la+Ae)
v oottt | — | v evihiae * snerisra(of-Hha) |1,

(8)
Ve —— 30 A, (1= B8N AL+« vielaf+6a)
Cys™ =

4!
s pepaptere | + | o waha@ - doea(af+fe) 1,
89

where

Ne= TT (1-89),

Jol, ot
and their coeficients are given by

Cant®= Ce®= i: AM(I-AHNAM,  (10)

Here we consider the expectation value of the normalized
spln-denmty cperstor,® gf=8§;" 15« 8,8(r—1f). By

::gfcuMWdin Phy! il g?!ionﬁ(wldbeth t the undiarily
L this assump! et the seg
meg naturel orbsuls  are clogely similer to the unpaired
orblte,!s of the REF wavefunction.

WH, M, McConnell, ]. Cham. Phys, 28, 1188 (1958).

sssuming Cen’®>Con®™, Cin™ and by neglecting the
doubly excited configuraiion ¥;,% and higher terms,*
we obtain

pnr'=(Ca")p[rf(2/2) | 11(2/2)]
+2Cue" Copsp [£(2/2) | 52(2/2)]
+ 204" Cys®p'[r1(2/2) | s2(4/2)], (11)

where pTrf(2/2) | se{2/2}] dencles the matrix element
between Tep'f and oy with respect to the normalized
spin-density operator. From Eq. (10) and from the
relation

pTri(2/2) | 3e(2/2) J=pTri(2/2) | se(4/2)],
Eq. (11) reduces to
pomys= (Cen™) % ri(2/2) | ri{2/2)]
+4Co " Con™p[ri(2/2) [52(2/2)]. (12)

Similarly, the spin densities after single annihilation
(pass) and after annihilation (p,..) are written zs

Paas®= (Cus' )2 [£1(2/2) | ¥£(2/2)]

+3Cea* Copmp i (2/2) |8e(2/2)]
and

pant=(Cor™)p1f(2/2) | H£(2/2)]
+ 20 Cop Tri (2/2) | se(2/2)]. (13)

From the definiticn given in Ref. 6, the first terms of
Eqs. (12) and.(13) represent the cnntnbutmna due to
the SD mechenism, and the sccond term: represent
those due to the SP mechanism. Note that @5,® and
W™ given by Egs. (8) and (9) include only the
limited configurations like [ A ], the excited con-
figuration, where A, is replaced by v, and do not mc!udc
those expressed by |Aq—m;l (i9f5), I;,u-»;l
| he=spe; |, and that the occupation number of « is unity
[See Eq. (4).] Moreover, Eqs. (12) and (13) show thet
the annihilation of the lowest contaminating spin state
(quintet state in this case) affects only the SP con-
tributicns.

From Eqs. (12) and (13), we obtain the rw;lu for
triplel radicols. By using the values of p4.f the 8P
contributions are calculated from

(poar)er=2(pvmr'—pes’)
(Put‘) By “%(M?‘_ﬂuq ’

(FME}SP”NH‘U“_‘;"“‘, (14}

pecu(z/'z?f‘ie"?’z’/z)] and p'[n(&/llju(%fn
words, this corresponds to g

htghet-ordnr terms with respect to
turbation.

atributiors from
etc. In other
the second- end
. por-
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and by using pu.', from
(prust)ar =4 prur'—pana'),
{Pana’ 6P = 3 Pase'— Pasa’) s
(bas')sp=2{prur'—pms’). (13)
The S contribution in the triplet state is given by
%[] .u‘ﬁl(f") 24 h-w-q-z{f") 51],-

since the occupation number of  is unity. But in the
present approximation (see Ref. 14), this is given by

(P9 sp=(Car™") 2 [xf(2/2) | ri(2/2)]

=3 Cot V| pgr (19 4 | ga(r?) W], (16)
and is calculated from
(plsp=p—(p)sp, {17)

without a knowledge of the natural orbitals p. When
only the SP mechanism is the source of spin density as
is the case of spin densities in the o-type atomic orbitals
of the planar #—=#* triplet state of ethylene, Eq. (14)
leads to _
PURF = #pasa’ = 2pan™- (18)
For doublel radicals, the results have been reported
previously.” However, it may be convenient to sum-
marize the resulis here. The SP contributions to the
spin densities are calculated by using pyrr and p,, from

{ponF’)sp= ’Z {pvrr'— Pan'),

(Pasn’) 87 = pUnr'—pau',

(Pan’)sp=4{pumF'—pas’), {19)
and by using purr and pg, from
{ponr®)se=3(ponr'—fus'),
(pans®) 8 =2(punr'—pun”)
(paa’)op = prme'— pass’. (29)

The SD contributions are also given by Eq. (17).
When only the $P mechanism is important, the spin
densities calculated by the three metbods satisfy the
following relation:

an

pc“‘._": gpu-"" 3Pat‘r

w5 potated out by Amos and Snyder®

The scparation of the UHF spin densities into
mechanistic contributions is also possible by means of
the natural orbitals of the UTIF method, which is more
direct than the abevé method. In this methad, the
mechanistic contributions can be calculated directly
irom Eq. (5) for triplet ctates, and for doublet radicals
from ['see Eq. (2) in the previous paper”]

Wour = Cua' Yy 108y 4 o™y + v (22)

O

ALIZATION

B is { UIF arbitals, UHE natural orbitals,
i Cﬂmmﬁﬁ] orbitals of the methyl radical.

and
fSymmc[ry Coeflicient T
UHF Orbitals
er-Spin orbitels
o’ 0.79505 +0. 1129 ho-+fis+Fks)
0.4645X —0.5153 (hy— ko)
‘ 0, 4615¥ -0, 53930/, —0. 2075 (ha+14)
a'’ 1.00007
A-Spin orbitais
o' 0.6951 540, 1642 (f 4 Js+ 1)
“0.4520X —0.5249(hs— hs)
g 0.45207 40 6061/.—0. 30305+ £5)
UHF Natural erbitals
@ (. 7454540, 1386 kat-ly+1y) 0.9979
(4582 X ~0. 3200 { ha— bin} 1.0000
g 0.4582 ¥ +0. 6005k~ 0. 3002 (f3+-A4) 1.0000
a" 1.00002
RHF Orbitals
a' 0.746254-0. 1382 (habhat10)
, 0. 46864 ~0.5121 (i —hed
‘ 0.4686 ¥ 46,5144, — 0. 2957 (Ju+ i)
as” 100002

where the coeflicients are given by

Cuet= T (1-82)
i
and
Cippte== (1 / \Q) Ca,rz"

= (57 T La,(1- ARV (28)
=

The 5D contribution, which is compared with the one
obtained by the above method, is given by Eq. (16)
for triplet states, and by the following equation for
doublet radicals:

(p)sp=(Cyt")? | pena(r’) .

On the other hand, the SP contribution may be calcu-
lated by applying the spin-density operator to Eq. (5)
or to Eq. (22). However, this is rather impractical,
since the natural orbital v, is given by *

vi=(xi=n) N2 (1T )7,

(24)

where T} is always very close to unity. {For example,
see Tables I and I1.) A more straightforward way than



Tasre 11, Comparison of UHF arbitais, UHF natural orbitals, and RHF orbitals of the v—=* tripiet state of planar ethylene.

Symmetry Coefficient T
cSpin orbitals UHF Orbitals
4 0.6014(51+52) —0.0096(X; — X3} —0.0088 (fu+Fu+hs+Fg)
Oy 0.4987 (51— 52) — 0. 1188( X1+ X3) 4-0. 2067 (ha+ 14— fiy= )
bau 0.3396( Y1+ Vy) +0.3081 (b~ hty— b+ hg)
by 0.3240(¥1— ¥3) +0.4274 (ha— ha+Frs— hs)
& —0.0682(Sy+S3) — 0. 5069( Xy~ Xa) +0. 2129( -+ ha+ frs+y)
bru 0.6271(Z1+Z)
[ 0.8283(Z,—Zy)
B-Spin orbitals

[ 0.5357(8514-55) +0.0242(X; — X3) +0. 0441 (b +-hy+Fa+-Fs)
[ 0.4082(8;— S3) —0. 1258(Xy+Xa) +0. 2497 (Fa+ha— fs— o)
b 0.3245(¥14¥3) +0.3213 (by— by~ hs+-lrg)
big 0.3119(¥1— ¥¢) +0.4353 (hs— byt lis— htg)
% 0.0851(51+53) +0. 5014 ( Xy~ Xg) —0. 2196 (ha+hu+ s +hs)

UHF Natural orbitals
o 0.5531(Si+82) —0.0620( X1 — X3) +0. 0472 (ha+he+ kst hs) 0.9971
by 0.4537( 51— 82) — 0. 1223( X1+ X3) +0. 2283 (hg hg— hy— hie) 0.9977
by 0.3321( Y34 ¥2) 40,3147 (he—Ju— b+ 1g) 0.3998
brg 0.3180( ¥y — ¥a) +-0.4313 (hs— hy+hs—hg) 1.0000
a —0.1541(85;+52) — 0. 5003 (X1 — Xz) +0. 2120 g+ fiy+lry+ ha) 1.0000
biu 0.6271(Z;4+-Z;)
Bay 0.8283(Z,—2Z,)

RHF Orbitals
% 0. 5626( 51 +S2) — 0. 0004 (X; — X;) +0. 0259 ( by + by +-hs+ bts)
bow 0.4405(Sy— Sp) = 0. 1245 (X, + X3) +0. 2294 (het-hy~ b= hs)
Ba 0.3376( Y1+ Fs) +0.3099 (e — he—Fey+-ka)
by 0.3253(¥y— ¥a) +0. 4266 (hy=— hy+-Frs= htg)
[ ~0.0905(81+4S3) —0. 5030( X, — X2) +0. 2174 (ly+hu+ hat-fre)
biu 0.6271(Z14Z)
[ 0.8283(Z,—Zy)
this is to use the equation In the fof:muiations of Egs. (14)-(18) for triplet
(p)sp=n— (n)sD. (25) States and in those of Egs. (19)-(21) for doublet

In the present paper, we also calculate the mechanistic
contributions by this method and compare the results
with those obtained with Egs. (14)-(20). Hereafter
we call the method based on Egs. (14)-{(20) as “anni-
hilation method (AN method)” and the one based on
Eqgs. (16), (24), and (25) as “natural-orbital method
(NO method).”
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radicals described previously,’ we set the following two
assumptions: One is that the natural orbitals u are
closely similar to the unpaired orbitals of the best
restricted molecular orbitals, and the other is that the
coefficients in Eq. (5) satisfy the relation o™ >>Cap™,
Cin™. (See also Ref. 14.) Now, we examine these
assumptions. In Tables I and II the natural orbitals of
the UHF method calculated for the methyl radical and
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Tapie I11. Comparison of the UHI natural orbitals x and the RHF unpaired orbitals.»

1 1 nd [F
JHF RHF Triplet ) L.Hll ; RI .
Radical AQb p‘[rf(l,f%ﬁfdilﬂjj p'{ RHF | RHF) state AOQb pi[ef(2/2) | tF(2/2)] p'(RHF | RHF)
Ethyl 2P,(Ch) 1.004 0.999 H,CO 2P.(C) 0.525 0.525
2P.(C) 0.000 0.000 (r—m*} 2P.(0) 0.525 0.525
Sh, 6h 0.039 0.041
Vinyl 25(Ca) 0.090 0.081 H;CO 2P, (C) 0.000 0.000
2P (C)) 0.118 0.125 (n—a™) 27,(C) 0.407 0.438
2P, (Ca) 0.739 0.745 2P,(0) 0.484 0.483
25(Cp) 0.008 0.004 2P.(0) 0.226 0.187
2P:(Cs) 0.001 0.004 k 0.022 0.023
2P, (C) 0.000 0.001
e 0.053 0.037
hy 0.071 0.075
oy 0.020 0.017

* Only the coefficie~'3 of the diagonal elements of the AQ gpin-density
matrix are given. (See Ref. 13.)

for the #—=* triplet state of ethylene are compared®
with the MO’s obtained by the open-shell restricted
Hartree-Fock (RHF) method.® (The method of
calculations and estimations of integral values are
described in Ref. 16.) Since the wavefunction obtained
with the Roothaan’s open-shell method may be regarded
as the dest RHF wavefunction within the approxi-
mations introduced in the integral estimations, it
provides a good criterion of the restricted configuration
[Eq. (6)] included in the UHF wavefunction. As seen
in Tables I and II, the natural orbitals of the UHF
method accord satisfactorily well with the MO’s
obtained by the RHF method. Note that, in the cases
shown in Tables I and II, the unpaired orbitals are
uniquely determined by symmetry requirements. In
Table ITI, the natural orbitals g of some doublet and
triplet radicals are compared with the unpaired orbitals
‘of the RHF method. Generally, thev are very close to
each other, exc pt some large differences which lie in
the #. AO of the vinyl radical and in the 22,(C) and
12,10} AO's of the n—sx* triplet state of formaldchyde.

*In the cases of the methy] radical and the x—=" triplet state
of planar ethylene each orbital Lelonrs to different symmetry
representation excr 1 the ag orbitals in the x—a™® triplet state, so
We Can coqipiare ety the calenfated UHLF natural orbitals,
baving degencrzte ¥ vaces, with the MO)s obtained by the RHI
method. -

. “T. Yonezawa, II. Nakatsuji, T. Kawamura, and H. Kato,
'Sewmi-empirical Unrearicted SCF-MO Treatment for Valence

“lectron Systerns. I Application to Small Doublet Radicals,”
Bul!_. Chem.lSm:. J:pan (to he ﬁublishml}. ‘The methods of es-i-
mating the integ: ! values in the present UHF calculations arc

the same as those in this paper. In the RAF calculations, the
two-center ¢-7-type e:-hange repulsion integrals are omitted.
Since these integrals are very small 1 magnitude, they don't
affect the SD contributions. Hence, the SD contributions calcu-
lated by both methods can be directly compared.

)
(=]

b The values of the AO' other than those givén in this table are zero
by symmetry.

However, the agreement to this order between the
UHF natural orbitals and the RHF orbitals is rather
surprising, considering the large diflerences in the
variation processes of both methods. This lends sup-
port to the first assumption that the natural orbitals
u are closely similar to the unpaired orbitals of the best
restricted molecular orbitals. Referring to Tables I and
I1, we see that the natural-orbital coefficients are always
the median in magnitude of those of the a- and B-spin
orbitals of the UHF method.

Then, we examine the second assumption: From the
T': values shown in the last column of Tables T and II,
the coefficients of the singly excited configurations in
Egs. (5) and (22) are calculated, and they are sum-
marized in Table IV for doublet radicals, while those for
triplet states are listed in Table V. Generally speaking,
the second assumption that the coefficient of the
restricted configuration is much larger than the coeffi-
cients of the singly excited configurations is good and
the magnitude of error due to this assumption is
~(C*)?/C*.7" As described in Ref. 14, this assumption

" The magnitude of error due to this assumption can also be
estimated approximately by calcuiating the weight of mixing of
the lowest contaminating spin state into the UHF total wave-
function, and this is ealculated for doublet radicals by

L Clquartet) /C{doublet) o< (4 (S uvar—3)/(15—4(5*)urs)
and for triplet states by

[Clquintet) /C(triplet) o ( {S)pmr—2) (6~ (5)ymr,

where (§%)puy is the expectation value of the UHT total wave-
function with respect to the spin-squared operator, These vaiues
are 000217 and 0.01372 for etﬁyl and vinyl radicals, and 0.00383
and 0.00472 for the n—x* and 7 —r* triplet states of formaldehyde.
They correspond reasonably well with the values shown in Tables
IV and V. See also the succeeding paper (Ref, 16),



TaBLE 1V. Coefficients in doublet radicals.

Cuze Gy
Radical Cyst a—o* Type  xx* Type e—c* Type  x—2* Type
Methyl 0.9989 0.0269 0.0373
Ethyl 0.9984 0.0327 0.0464
Vinyl 0.9901 0.0260 0.0763 0.0367 0.1079

corresponds to omission of part of the second and
higher terms with respect to the spin-correlation
perturbation, and the errors in the final results are seen
by comparing the SD contributions calculated by the
AN and NO methods given in Tables VI-VIII. An
examination of this point is discussed more fully in
the fext section.

III. DISCUSSION OF THE RESULTS

A. Doublet Radicals

In this section, we apply the AN Method to doublet
radicals such as ethyl and vinyl radicals (geometries
and numberings are illustrated in Fig. 1.} and compare
the results with those obtained by the NO method.
(About the method of the UHF and RHF calculations
and estimations of integral values, see Ref. 16.) The
UHF natural orbitals are calculated by means of the
method given by Amos and Hall.5 The UHF calcula-
tions of the spin densities of the ethyl and vinyl radicals
were recently reported by Pople, Beveridge, and
Dobosh* and by Atherton and Hindliffe,” respectively,
who considered all the valence electrons of the con-
stituent atoms. Here, we also apply the AN method to

7. A. Pople, D. L. Beveridge, and P. A, Dobosh, J. Chem,

Phys. 47, 2026 (1967).

WN. M. Atherton and A. Hincliffe, Mol. Phys. 12, 349 (1967).

and 2P,(C;) AQ’s, which must be zero by symmetry.
Nevertheless, the SD contributions calculated by the
AN method agree fairly well with those obtained by
means of the NO method and of the RHF method (the
fourth column of Table IIT). This is a direct proof that
the natural orbital of the UHF method is closely similar
to the unpaired orbital of the restricted open-shell
method, and that the contributions to spin densities
from part of the second- and higher-order terms with
respect to the spin-correlation perturbation™ are
negligibly small, The UHF spin densities on the atomic
orbitals, where the NO method gives zero spin density,
are due only to the SP mechanism. Hence, in these
positions, the relation [Eq. (21)] purr=3pss holds
fairly satisfactorily, and this is also true for the INDO
calculations.’®

The UHF spin densities on the Hs and Hs protons
obtained before annihilation are due to 269 SP and
74% SD contributions in the present caleulation, and
the mechanistic separation of the INDO results pre-
dicts 47% SP and 53% SD contributions. Anyway, the
SP mechanism contributes much to the spin densities
on these protons. Lazdins and Karplus®® pointed out

their results, and compare them with the present ones. Ha H3 Hg
In Table VI, the UHF spin densities and their ! -
mechanistic contributions in ethyl radical calculated by 7N
the AN method are compared with those obtained by Ha Hg Hg Hs
the NO method, and with the values obtained by
. applying the AN method to the INDO results of Pople,
Beveridge, and Dobosh.”® Since the AN method is He He Hy
derived by assuming Cy > Cyya®, Cye®, the calculated N 4 %
mechanistic contributions include some small errors as /CZ—CT\ /C_o
seen by the nonzero SD contributions in the 25(C)) [ Hy Hz,
TabLE V. Coefficients in triplet radieals.
H
Triplet radical Cur'  Cum  Cute E
Ce—Cx
Ethylene  (x—=*) 0.9973  0.0520  0.0520 " S \
Formaldehyde (n—+*) 09942 0.0761  0.0761 t " e o
FiG. 1. Geometries [L. E. Sutton (£d.), Chem. . (London),
(r—n") 0.9953  0.0684  0.0684 Spee. Publ. 11 (1956); 18 (1965)]. For methyl radical, C-H =

1.079 A; for ethyl, C-C=1.50 4, C(1)~H=1.079 4, C(2)-H=
1.09 &; for vinyl, C-C=1.34 4, C-H=107 A, £CCH'a} =
135°; for ethylene triplet radical, C-C=1.337 . C-H=1.040 },
ZHCH=117.3°; for formaldchyde, C-H=1.12 X, C-0=1.21 &,
LHCH=118°

12
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TapLE VI. SP and SD mechanism in ethyl radical.*

AN Method
Before annihilation After annihilation NG Meibiod
Atom AQ {p yuur (p)ap (p)sp (@ )aa {p)er (0)ep {o)sp
A, Present
(§%)=0.7565 (5?)=0.7500
G 25 0.161 0.159 0.002 0.055 0.053 0.002 0.000
27, 0.042 0.042 0.000 0.014 0.014 0.000 0.000
2P, 0.015 0.015 0.000 0.005 0.005 0.000 0.000
2P, 1.000 0.002 0.998 0.999 0.001 0.998 0.997
Cy 28 —-0.012 -0.012 0.000 —0.004 —0.004 0.000 0.000
22, —0.047  —0.048  0.004 —-0.015  —0.016 0,001 0.000
P, 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2P, -0.013 —0.013 0.000 —0.004 —=0.004 0.000 0.000
3k -0.035 -0.035 0,000 —0.011 -0.012 0.000 0.000
4h —0,035 —0.035 0.000 -0.011 —~0.012 0.000 0.000
Sh, 6k 0.054 0.014 0.040 0.044 0.005 0.040 0.039
Th —0.002 —0.002 0.000 —0.001 —0.001 0.000 0.000
B. Pople, Beveridge, and Dobosh®
(5%)=0.7573 {51)=0.7500
G 28 0.049 0.048 0.9001 0.017 0.016 0.001 *e
2P, 0.028 0.028 0,000 0.009 0.009 0.000 “ee
a»r, 0.030 0.030 0.000 0.010 0.010 0.000 .
2P, 0.926 0.010 0,916 0.919 0.003 0.516 wee
G 25 —0.015 —0.015 0.000 —0.005 —0.005 0.000 ves
2p, —~0.033 —(0.033 0.000 —-0.011 —-0.011 0.000 nee
2p, -0.013 —-0.012 0,001 ~0.005 —=0.004 0.001 vee
2P, ~0.046 —0.048 0.002 —0.014 —0G.016 0.002 ves
3k —0.037 —(0.037 0.000 -0.012 —0.012 0.000 ves
4h —0.038 —0.038 0.000 —0.013 —-0.013 0.000 vee
Sh, Gk 0.075 0.035 0.040 0.051 0.012 0.040 see
7h 0.003 0.003 0.000 0.001 0.001 0.000 vee
* Geometry and sumbering are Mlustrated in Fig. 1. . meJ

this fact in the valence-bond languages.® Some atten-
tion was also given to this point by Colpa and de Boer®
and by Pople, Beveridge, und Dobosh,” but they
estimated thc SP contribution to the methyl-proton
spin density from the one on the Hy atom in the con-
figuration illustrated in Fig. 1. Since there is no reason®

"I'thPmechanisml.lsoshmala an,

::d (lh}e mu::'o:)r Dif- dfmndene; is written rrf:a
olap ™ L e ol costd, i i

more fully in the o ar lu.rm"e. This pofut

gular d
goad a|
will

ependence,
%grox_tmaﬁon
discussed
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to believe that the SP mechanism has no angular
dependence on the rotation about the C—C single bond,
this kind of estimation of the SP mechanism is certainly
erronious and leads to too small values.

From Table VI, we notice that the INDO results are
rather similar, except for the SP contribution in the
28(Cy) AQ, to those of the present authors. This is

————

! Colga and de Boer? estimated about 39,
Pople, Beveridge, and Dobosh®t estimated
from the results quoted in Table VI.

SP contribution, and
7% SP contribution



TasLe VII. 5P and 8D mechanisms in vinyl radical.»

AN Method
Before annihilation After annihilation
NO Method
Atom AQ (o Yome (0)ep {p)ep 1.3 {p)ap (pep {e)ep
A, Present ( LCCH,=130°)b"
(§)=0.7892 {5%)=0.7503
Gy 25 0.205 0.122 0.083 0.124 0.041 0.083 0.088
2P, 0.153 0.026 0.127 0,136 0.009 0.127 0.116
2P, 0.748 0.017 0.731 0.737 0.006 0.731 0.724
2P, 0.196 0.188 0.008 0.070 0.063 0.007 0.000
Cs 25 —-0.031 —(0.035 0.004 -~0.008 —=0.012 0.004 0.008
2P, —0.028 —0.033 0.005 =0.006 —-0.011 0.005 0.001
2P, -0.012 —0.014 0,002 -0.003 —0.005 0.002 0.0
2r, —0.193 —0.198 0.005 =0.061 0.066 0.005 0. 000
by 0.044 0.009 0.035 0.038 0.003 0.035 0.052
hy 0.097 0.026 0.071 0.080 0.009 0.071 0.070
hy —0.021 —0.042 0.021 0.006 —0.014 0.021 0.020
B. Atherton and Hineliffe ( £ CCH,=160°)°
{§*)=0.7634 ($2)=0.7501
Ca 28 0.031 —0.006 0.037 0.035 ~0.002 0.037 res
25, 0.027 —0.007 0.034 0.031 ~—0.002 0.033
2P, 0.766 0.017 0.749 0.755 0.006 0.749 e
he 0.115 0.055 0.060 0.079 0.018 0.060
ke 0.174 0.079 0.095 0.121 0.026 0.095 vee
b 0.028 0.011 0.017 0.020 0.004 0.016
* Geometry Is given in Fig. 1. ® Relerence 19,

b Reference 22,

very interesting, considering the large differences of
these two methods. (See Refs. 16 and 18.)

Now, we discuss the spin densities of the vinyl
radical.® In Table VII, the UHF spin densities and
their mechanistic contributions calculated by the AN
method are compared with those obtained from the
NQ method. As seen from the values given in the-last
two columns, the SD contributions calculated by these
two methods agree satisfactorily except the ones in the
ke AQ. The differences in these two set of values are
attributed to the assumption Cyg">Cy%, Cye™, and
are nearly 100X (C*)?/(C*) % of the value of {(o)unr.
(See Table IV.) Referring to Table III, the SD con-
tributions calculated by the AN method agree satis-

i3 In the succeeding paper,’ the lar configuration of vinyl
radical is examined. The most probable configuration expected
from both the potential curve and the calculated hfs constants
is ZCCH,=138°. (Sec Fig. 1.)
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factorily well with those obtained by the RHF wave-
function. Hence, the errors due to the two assumptions
set in the previous section almost cancel in this case.
In the lower part of Table VII, the SP and SD con-
tributions in the CNDO/2 results of Atherton and
Hincliffe! are calculated by means of the AN method.
Although the SD contributions obtained by bhoth
authors are rather similar, the SP' contributions are
quite different, especially in the AQ's near the radical
center atom. The most remarkable differences exist in
the 25(C,) and h, AQ's, and both results differ cven in
sign. The most probable reason of these differences is
that in the CNDO/2 method the one-center exchange
repulsion integrals are neglected, while in the present
method the one-center (and part of the two-center)
o-x-type exchange repulsion integrals, which are
important to the SP mechanism, are included. (See
Ref. 16.) Since, referring to Table III, the natural



SPIN POLARIZATION

AND

SPIN DELOCALIZATION

TasLe VIII. Normalized spin densities® and their SP and SD contributions in triplet state.®

AN Method
Before annihijlation After annihilation 6 et
'I.;.rtialf‘tl:t Atom AQ {p yomr (p)ap (p)sn (0 Jua {p)ep (p)sp (p)ep
CH, (51)=2.0109 (5%)=2.0001 _

(r—t®)? c 28 0.077 0.075  0.002 0.040 0.038  0.002 0.000
2P, 0.002 0.002  0.000 0.001 0.001  0.000 0.000
2P, 0.009 0.009  0.000 0.005 0.005 0.000 0.000
2P, 0.540 0.001  0.539 0.539 0.0c0  0.539 0.537
k —0.020 —0.020 0.000 —0.010 —0.010 0.000 0.000

H:CO (5*)=2.0188 (§?)=2.0001
(r—x*)? C 25 0.072 0.070  0.002 0.037 0.035  0.002 0.000
2P. —-0.009 —-0.011 0.002 —0.003 =0.003 0.002 0.000
2P, 0.007 0.007  0.000 0.003 0.003  0.000 0.000
2P, 0.525 0.002 0.523 0.524 0.001 0.523 0.520
O 25 0.090 0.088  0.002 0.047 0.045 0.002 0.000
2P, 0.015 0.014 0.001 0.008 0.007 0.001 0.000
2P, 0.008 0.008 0.000 0.004 0.004 0.000 0.000
2P, 0.525 0.002 0.523 0.524 0.001 0.523 0.520
I —0.028 —=0.028  0.000 -0.014 ~0.014 0.000 0.000

H,CO ($*)=12.0232 {S*)=2.0001
(n—a*)s C 25 0.052 0.049  0.003 0.027 0.024 0.003 0.000
2P, -0.013 —0.017 0.004 —0.005 —0.009 0.004 0.000
22, =0.006 -0.006 0.000 —-0.003 —0.003 0.000 0.000
2P, 0.407 0.002 0.405 0.406 0.001 0.405 0.402
Q0 25 0.113 0.108 0.005 0.059 0.054 0.005 0.000
2P, 0.025 0.023 0.002 0.014 0.012 0.002 0.000
2P, 0.484 0.003 0.481 0.482 0.001 0.481 0.478
2P, 0.226 0.002 0.224 0.225 0.001 0.224 0.223
h 0.017 —0.006 0.023 0.020 -0.003 0.023 0.022

* Reference 13.

orbital 4 and the unpaired orbital of the RHF wave-
function are mainly composed of the 2P.(C,) and
2P,(C,) AO’s, inclusion of these integrals is essential
even in the e-cleciron radicals like the vinyl radical,
asin the w-¢loction radicals,'®

B. Triplet State

The “spin-uppearing’ mechanisrs in triplet states
are very similar® as in doublet radicals, and the defini-
tion of these mechanisms is completely the same as in
doublet radicals. (See Ref. 6.) Here, we apply the AN
method to the UHF spin densities of some triplet

¥ A. D. McLachlan, Mol, Phys. 5, 53 (1962).
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b Geometries are given in Fig. 1.

radicals such as the r—r* triplet states of ethylene and
formaldehyde and the n—n* triplet state of formal-
dehyde. (The geometries are illustrated in Fig. 1.)

In Table VIII, the mechanistic contributions to the
UHF spin densities in the triplet state calculated by
the AN method are summarized and compared witl: the
SD contributions calculated from the NO method.
By comparing the SD contributions calculated by
these two methods. the validity of the assumption
(Caa">Capp™, Cui™) is examined. The largest error is
0.005 in the 25{0) AO in the n—sr* triplet state of
formaldehyde, and is 49 of the value of {p)omr.
Moreover, the UHF spin densities in the AQ’s, where
zero SD contributions are expected from the symmetry



requirement, satisfy the refation [Eq. (18)] prur'=
2p,," to good approximation.

In the present calculation of triplet states, their
ground-state geometries are consistently used. Since the
excited-state configurations are quite different® from
the ground-state ones in the cases of ethylene and
formaldehyde, the spin densitics reported here do not
correspond to the real ones. Nevertheless, the spin
densities in the =—=* triplet state of ethylene in the
planar configuration has foremost importance in the
study of m—z™ triplet states of conjugated hydro-
carbons. The situation is very similar to that of the
methyl radical in the study of conjugated radicals.
Close similarities are found between the =—* triplet
state of ethylene and the m-electron radical such as
ethyl radical. Referring to Tables VI and VIII, we see
that the ratios of the spin densities, pssc)/pep,cc) and
on/ppyucy, in the =—* triplet state of ethylene are
closely similar to pzscn/prrycn and pay/pep,cn, in ethyl
radical.

The unpaired orbitals of the n—=* triplet state of
formaldehyde are calculated by the RHF method to be

Va=0.9828P,(0) +0.0206 P, (C) —0.2139 (hs— k)

and
Yue =0.8220P,(0) —0.4173P,(C).

The n-type orbital is mainly localized on the 2Py(0)
AOQ and lies in the molecular plane, while the »* orbital
has its node in this plane. This situation is very inter-
esting, namely, the #—=* triplet state of formaldehyde

M G. Herzberg, Molecular Spectra and Molecular Struclure
(D. Van Nostrand Co., Inc., New York, 1966), Vol. 3.

in this configuration has both characteristic features of
the o- and w-electron radicals, and may be regarded as
the starting point for a study of the n—=* triplet state
of heteroconjugated molecules. A prominent differcnce
between the spin densities of the planar r—«* and
n—* triplet states of formaldehyde exists in their
proton spin densities. That of the former is negative in
sign and that of the latter is positive in sign, and they
are comparable in magnitude. The positive proton spin
density in the n—x* triplet state of formaldehyde is
due to the delocalization of the n-type unpaired orbital
¥ above.

IV. CONCLUSION

As seen in the previous sections, the validity of the
AN method, proposed to separate the UHT spin
densities into mechanistic contributions, is confirmed.
Since the SP and SD mechanisms are quite different
and very important origins of the spin density, the
present method to calculate their contributions is very
useful in order to clarify the nature of spin density.
Note that, when the lowest contaminating spin state in
the UHF wavefunction is annihilated to improve the
spin density,® the information about the “spin-
appearing” mechanisms is obtained at the same time by
means of the AN method. The generalization of the
method to any multiplicity is simple.”* Some applica-
tions of the method to doublet radicals are given in the
succeeding paper.*®

2 H, Nakatsuji, H. Kato, and T. Yonezawa, “On the Unre-
stricted Hartree-Fock Wavefunction,” J. Chem. Phys. (to be
published).
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On the Unrestricted Hartree-Fock Waveiuncrion

The unrestric: Hartree-Fock (UHF) wavefunction is analyzed and interpreted in conpguration inter-
action (CT* .anguage.‘Thc results of the present study are as follows. (i) The UHF wavefunction includes
anly e type o the singly fol!.Cd configurations [Eq. (20) ]..gnd thus the correlation cfficets included are
very linited ones, compared with the usual CI treatment, (1) The weight of the lowest contaminating
spin f=action, included in the UHF wavefunction, decreases with increasing spin multipheity. (iii) The
al.,nhilal,ion of the lowest contaminating spin function little affects the electron density distributions and
other physical quantities, the operators of which commute with the annihilation eperator. (iv) In the
UHF method, the “spin appearing” (spin-polarization and spin-delocalization) mechanisms are clearly
divided, and an approximate method to separate these contributions is generalized, and some discussions

about spin annihilation are made.

I. INTRODUCTION |

The unrestricted Hartree-Fock (UHF) method,'
which takes account of correlation effects between elec-
trons with different spins, has been extensively applied
in the study of spin properties. Amos, Hall, and Snyder*
examined the UHT wavefunction and connected it with
the alternant molecular-orbital method and with the
configuration-interaction method. Since the UHF wave-
function is net an eigenfunction of a spin-squared
operator &%, they proposed to annihilate the lowest
contaminating spin function after energy minimiza-
tion.? However, the validity of annihilation after energy
minimization is still questionable? and Sando and
Harriman* compared the spin densities associaied with
the various SCF methods.

Here, the UHF wavefunction is analyzed and inter-
preted in configuration-interaction language by means
of the natural orbitals of the UHF wavefunction.®
The charge-density and spin-density propertics of the
UHF wavefunction are studied and the generalization
of the previous results,® which provides a useful pro-
cedure to separate the UHF spin densities into com-
penents due to the mechanistic contributinns (spin-
pularization and spin-delocalizaiien contributions), are
carried wut. Some discussiuns abeut spin annihilation
are made in the last section.

'J. A. Pople and R. K. Neshet, J. Chem. Phys. 22, 571 (1954).

21a) A T. Amos and G. G. Hall, I'roc. Rov. Soc. (London)
A263, 483 (1961); b A, T, Amos, Mal. Phyvs. 5, 91 (1962},
(ch T, Amos and L. C. Snyder, |, Chem. Phys, 41, 1773 (1964);
(d) L. C. Snyder and T. Amos, bid, 42, 3670 (1963).

¢ W. Marshall, Proc. Phys. Soc. (London) A78, 113 (1961).

4 (a) K. M. Sando and J. E. Harrimap, J. Chem. Phys. 47, 180
(1967); (h) J. E. Harriman and K. M. Sando, ibid. 48, 5138
(1968); (c) see also J. E. Harriman, 7bid. 40, 2827 (1964).

¢ (a) T. Yonezawa, H. Nakatsuji, T. Kawamura, and H. Kalo,
Chem. Phys. Letters 2, 454 (1968). (b) T. Yonezawa, H. Naka-
ls;t:)ji. T. Kawamura, and H, Kafo, J. Chem. Phys. 51, 669
(1964,

II. BASIC THEORY

The unrestricted single-determinantal wavefunction
built up of the p a-spin and ¢3-spin orbitals is written as

Yypr=[(p+¢ 17" det|cropgaae - s ¢ pad3s8- « « o],
(1)

where ¢; and ¢; may be different, and we assume p=gq
without loss of generality. The wavefunction (1) is an
eigenfunction of an operator S., and its eigenvalue is
35 (s=p—q) in ki units,

S¥uue=isFunr- (2)

As shown by Amos and Hall>* the unitary trans-
formations of the unrestricted riolecular orbitals
(MO's) {p:} and |#;] lead to the corresponding orbitals
ix:] and {n;] which are orthonormal in each sets but
have overlap between them when i=j,

—
o

f xinsdT=T6;;.

By means of these corresponding orbitals, the UHF
wavefunction is rewritten ast

Youe=[(p ) 117 detfxaxan - xpamidngd -« +nad].
t1)

where we omitted the unimportant constant [iotor
imroduced by the nnitary transformation. Furtherinore,
these corresponding orbitals wre connected with the
natural orbitals A, g, and ., of the UHF wavefunction
by the following equations®:

Xi= Gihit b, i=1,r-2, ¢
ni=aNi—Dduy,  i=1, .00, q,
Xo+i= His i=1, 000,59, 3)



where

0 =[HI+T) ]
bi=[H(1-T]%

These natural orhitals are orthogonal to each other
and diagonalize the reduced density matrix®

(6)

p(112)= 3 I+ TOAHON)

+ 2 0=Tht (On@+ X urOu(@. (1)

Note that the natural orbitals are not changed by
projection, Only the occupation numbers are changed
by projection.* Moreover, the natural orbitals \; and p;
are similar®? to the restricted Hartree~-Fock MO's.6

By using Eq. (3), the UHF wavefunction [Eq. (4)]
may be expanded in the form of the limited configura-
tion interaction,?7

Vuny=Copp Wy Coeolre- Clofrdef Crogites o (8)

“:here Wyt is the normalized restricted function with
eigenvalue of 2, §s(3s+1),

Wa™=| Mo+ « el + et | (9)
and its coefficic 1t is given by
C_,n"r= ﬂ a,—’. (IO)

=l

‘1"’. and W% are the sums of the normaljzed singly
excited and doub!: excited configurations,

Copre ); Co(ii%) T (it*), (1)
Co(ii)= VIN 0,
T (if*) = | hahyfl++ rwkg(1/ V3)
X (af+@8a) + » « hgah Bpuyopsa +  pax o (12)

an

Cieirdo— t 5: Cloig; 77 ede (47*; 574

<
+ tcamd"(ﬁ*)‘[’qad“(ii*): (!13)

C (%, 77%) = 2abia,8,N
Wee (%, j7*) = | MaiBe + wdi(1/V3) (af+Ba) «  -up;
X (1/V2) (a+fa) - - A oh e+ e I, (14)
Cog®(it*) =b2N,,
_ W) = Mo - viaw i A ad Bpar - B

?C.C. J. Roothaan, Rev, Mad Phys. 32, 179 (1
'K Lel{h iz, Rew, » Phys. 32, (1960).
kg l?‘{;r‘zlgi()olj‘[. earman, and H. M. McConnell, J. Chem.

where

1T ar=a

el (mp i)

1\',‘=

g
AT,-5= ' BRS
me=l{mzi. )
The higher-order terms in Eq. (8) are written in the
same manner as above. Note that the singly and deubly
excited configurations given above are not eigenfunc-
tions of the spin-squared operator 5%, except ¥,.2%(#i*).

III. SPIN FUNCTIONS INCLUDED IN THE UHF
WAVEFUNCTION

As shown previously,®™ the ; values in Eq. (6) are
very small and then the relation, C™>C%>Cée. ..,
may be expected in Eq. (8). Therefore, the correlation
effects included in the UHF wavefunction may be
attributed mainy to the singly excited configurations

-expressed by Eqs. (11) and (12). This was certainly

true in the cases previously studied.®* Here, we analyze
this configuration and divide it into eigenfunctions with
respect to the spin-squared operator .5%

We rewrite the singly excited configuration as

Pee (i) = | hMah 8-« p)i(1/ V2)
X (aB+Bar) = « * X gahgBmapsa » st |
=|v\i(1/ V2) (aB+Ba) mapaas =+ pecx | (15)
for brevity. It includes s+2 singly occupied orbitals,
and is the eigenfunction of the operator S, with eigen-
value §s. This configuration ¥*(45*) may be expressed

as

W (15%) = W™ (11*) +-EV oy 1 (%),  (16)

where the functions satisfy the following eigenvalue
problems:

SN (14%) = §5 (F5+ 1) Vo™ (i4*),
Sa¥ % (11%) = §s ¥, (45%),
S 1% (13%) = (3s+1) (35+2) Vo1 (34%),
SaV¥ w2 (11*) = JsV (1 2 (31%) . (18)

Obviously, there is only one function which satisfies the
relation (18). It is expressed as

Wm®(i1*) = (s+2)712 | v jur-» -

(17)

X{(aﬁ+ﬁa)a---a+ctaia---uﬂa---a] [, (19

where the second term in the braces means the sum

8

> a-- ‘aflar+ra=faasratafa o

7=l
+aaﬁ- ceqten taca-- .ﬁ_

* For example, sce Tables IV and V of Ref. 5(b).

‘o



UNRESTRICTED HARTREE-FOCK

Now, we determine- the function which satisfies
Eq. (17). There are s+1 such functions. Note that all
of these s+1 functions are considered in the usual CI
treatment. However, as shown in the Appendix, only one
function among them satisfies Eq. (16) and it is given
by

Vo™ (77%)
= (527 | vk - o] (35) "2(ef +-Br) - -

—(2/5)aa i arerafareea) . (20)
i
From Eqgs. (19) and (20), the coefficients in Eq. (16)
~are given by

=0s/G+2)17 =[2/(s+2)T",  (2)
as shown in the Appendix. Then Eq. (16) becomes
Yoo (id*) = [/ (s+2) JMys*(ii*)
+[2/(s42) ]V W 1™ (i*).  (22)

Equations (19), (20), and (22) show the nature of
the correlation effects and of the contaminating spin
function included in the UHF wavefunction: The
correjation effect included in the UHF wavefunction is
a very limited one, compared with the usual CI treat-
ment. First, the UHF wavefunction includes only that
type of singly excited configuration which is expressed
by the transitions from A; to 4.2 Second, only one spin
function [Eq. (20)] among the s+1 spin functions
[see Eq. (A1) in Appendix] is considered in the UHF
wavefunction.

Note the following two hmxtmg cases; when s=0
(singlet case), Eq. (22) reduces to

Woe (%) = Wy (5%, (23)

which shows that the singly excited configurations
included in the UHF wavefunction are g/l due to the
contaminating (triplet) spin function. Pople, Mclver,
and Ostlund® exploited this fact in their finite perturba-
tion methods. (Ncte that the spin-density operator and
the spin-squared operator do not commute.) When
5=
Ve (37%) =Wy (i*),

which shows that the singly excited configurations-in
the UHF wavefunction de nof include the contaminating
spin function. Since ¥, in Eq. (8) is the eigenfunction
of § with the eigenvalue 3s(3s+1), a conclusion is
that the weight of the lowest contaminating spin state
in the UHF wavefunction decreases with increasing
spin multiplicity, s+1. However, as s increases, so
decrease the correlation effects included in the UHF
wavefunction, compared with the usual CI treatment.
Of course, these discussions are valid only when the

V], A P% J. W. \lclver, Jr., and N. S. Ostlund, J. Chem.
Phys. 49, 2960, 2065 (1968

WAVEFUNCTION

singly excited configurations are important, as in the
actual calculations reported previously,® However,
for the spin-density calculations, only the singly
excited configuration expressed by Eq. (20) is impor-
tant, and the other s spin functions and the doubly
excited and higher-order configurations in Eq. (8) do
not contribute to the first-order approximation of a
perturbation theory (see Appendix).

To the first-order approximation of a perturbation
theory, the coefficient C*(i/*) of Eq. (11) may be
written as®

C‘”(‘l'l"} = \‘QN"G;a.'
=[s/(s+2)]"
(Furg™ | 30 | Wos™(ii*) )
—[s/(s+2) JEua®(i*) = [2/ (s+2) JEwwmy 1™ '
(24)
where JC is a Hamiltonian operator. Note that in the
calculation of the spin densities of the o-type atomic
orbitals of the r-electron radicals, the numerator of

Eq. (24) reduces to the o~r-type electron repuision
integrals. ;

X

Iv. DENSITY

Here, we discuss the density properties of the UHF
wavefunction. The UHF eléttron density at position 1 is
calculated by applying the density operator

a(n)= Z&(u—n

to Eq. (8),
gunr'= (Fonr | f{(r) [ Fene):
= (Cu™) 2 (Fap" [ q (1) [ ¥p2"") -
+20°Cope" (¥ | q(1) | =)
+(C=)2 (¥ | q(x) | ¥=)+--+. (25)

The second term in Eq. (25) is calculated by using
Egs. (9) and (12),

C (¥t q(x) | ¥
— 30O (i) (e | (1) | ()

=3 3 0o (i) (Al8)ri( ) =MDl

=0,

Similarly, all the off-diagonal elements included in the
expansion (25) are zero. This is obvious from Eq. (7).
Thus, Eq. (25) reduces to

quar™= (Con™)*(Fun™ | q(r) | ¥ .u”}
+(C)HE | q(r) [¥=)4++o,
which includes only the diagonal elements.

(26)

19



As shown previously,®* the relation, (Cus™)2>(C*)*
holds fairly satisfactorily in the’ actual calculations.
Therefore, Eq. (26) shows that the annihilation of
the lowest contaminating spin function in the UHF
wavefunction ‘ittle affects the electron density dis-
tribution. This point was suggested by Amos,® Harri-
man,® and by the present authors® Referring to
Eq. (7), the above approximation, (Cor D (C")?,
corresponds to omitting the second term in Eq. (7).

Note that the 'above conclusion is obtained more
elegantly only icom the knowledge that the charge-
density operator commutes with the annihilation
operator. This is easily generalized. Namely, all the
UHF expectaticn values of the physical quantities,
the operatars of which commute with the annjhilatica
operatar, do not change much by annihilation, if
(Corg™)ZD[Crapmy 41 (#*) F.

V. SPIN DENSITY

The UHF method is frequently applied to the spin-
density calculations. Especially in =-electron radicals
the correlation effects are essential to interpret the
observed ESR hfs constants. The UHF spin density
at the position r is calculated by applying the following
normalized spin-density operator®:

p(r) =8 ); Sud(n—1), ‘

which do not commute with the annihilation operator,
to Eq. (8). The result is

ponr"= (¥onr | (1) | Yrar)
={Con™ ) Tap™ | 0(1) | Tupe™)
+20C.p™ (¥pa | o(x) | ¥)
+(C=)2(F= | p(r) | ¥)+---. (27)
From Eqs. (4) and (5), pvas” is also written as

pon= 2 L b (D)4 (25 e, (28)

Equation (25 is very simple and has clear physical
meaning about :he “spin-appearing” mechanisms Tae
first term represents the contributions due to the
“spin-polarization” (SP) mechanism, and the second
term represents those due to the “spin-delocalization”
(SD}' mechanism. (The definitions of these termi-
no]oguf.s were given previously.®) By calculating the
terms in Eq. (27), we obtain the following descriptions

:: %ee‘;rl‘able I D{I Rif]_.a&.
. Yonezaw . tsuji, T. Kawam
B‘;}I-}{Cg{emﬁsm Eplal.njizé l?ro.’a (1960), T and H. Kato,
- M. McConnell, J. . Phys.
= See Footaote 6 of Ref. §(hy, > - 1108 (1958).

20

for each of the mechanistic contributions:
(ponr")sp= (25:)7 > wil(n)?
]

— (Contar(sths | 183s) + (C=)%"(se | 5¢)
+(C*)5r(de | de)++++, (29)

which contains only diagonal elements, and

(pyry")se= "S?' g} abi(1)wi(r)

=20%C,y*p’ (rf}s | se)+2C%C»p"(se | de)
+2CeCrpr(de | te)+oov,  (30)

which contains only off-diagonal elements. p"(rf}s | se)
is the matrix element between ¥,;o™ and ¥* with respect
to the normalized spin-density operator g(r).

V1. SPIN-APPEARING MECHANISMS

Here we derive the approximate equations which
serve a useful procedure in the separation of the UHF
spin densities into mechanistic (spin-pelarization and
spin-delocalization) contributions, For the special
cases of doublet and triplet radicals, the results have
already been reported.®

First, we assume that the second and higher terms in
Eqs. (29) and (30) are negligibly small,

(pumr")sp=(Cua™)%"(rffs | rfs),  (3la)
(pumr")sp=2C"Cys™p"(1f}s | s€), (31b)
purs= (punr)so+ (puas)se.  (3lc)
By using Eq. (22), Eq. (8) is rewritten as
Yorr=Con™ Wua"+ Copg™Vas®+Coam 112¥ @i 11™,  (32)
where
Copt®=[s/(s+2) J2C=,
Cunyar®=[2/ (s+2) J2C. (33)

From Egs. (9), (19), and (20), the equation
o'Trids | se(hst1)]= (2/5) " (rfhs | sehs)  (34)

is obtained. By using Eqs. (32)-(34), the UHF spin
density (punr") is written as

punr™= (Cun™)2p"(rf}s | rf}s)
+ 201+ (2/5) JCus™Copp" (riks | sefs). (35)

Similarly, by assuming that the renormalization
constant associated with the annihilation of the lowest
contaminating spin function is very close to unity,
the spin densities obtained after single annihilation
(asa) and after annihilation (aa)? are given by

Pasa”= (Cupg™) %" (rf}s | rids)
+2(14+5) Con"'Can™p" (rids | sels)



UNRESTRICTED HARTREE-FOCK WAVEFUNCTION

TaBLE L. Ratios of (punr)ar: (Pam) ar: (Pas) sp-

Singlet Doublet Triplet Quartet Qunitet

s=0 s=1 s=2 =3 s=4 s=s

(purF)ep 2 6 _— s+2

(Paas) BP 1 2 3 4 3 s+1

(pun) 8P 0 1 3 4 oue 5
and results obtained by the present study apply to the un-
- b projected AMO method. The extensive studies of the
pas’= (Core™) " (rfhs | rfhs) AMO method were given by Léwdin, de Heer, and
+2C,1"'Cop®or (rf}s | seds). (36) Pauncz

By comparing Egs. (35) and (36) with Eq. (31), the
mechanistic contributions are derived. The SP con-
tributian is given by using purr and p., as

(punr)se=4s[ 14+ (2/5) J(purFr—pea) ,
(Paas) 8p= %S(l“l"s—l) (PUHF_ P:-) 1

(pas) er=35(pURF—Pas), (37)
or, by using poar and pass as
(pvar)se=s[1+(2/s) J(purr—pas),
(pasa)se=3(1457") (purF—Pasa),
(Pa.)sp= ) (Pv:rm-"“- p--.) . (38)

The SD coniribution is calculated from Eq. (31c) as

(ﬂ)sn= o— (p)ep. (39)

Note the fact that the SP contributions to the spin
densities associated with the various stages of annihila-
tion satisfy the relation,

(pumr)se: (Paoa)s'?: (pas)sp= (s+2):(s+ s
and

(40)

(pvr)sp= (Para)sD= (Pas)sD- (41)

Table I shows the above relation [Eq. (40)] for some
examples. '
For special case of s=0 (singlet state), Eqs. (37)
and (38) cannot be applied. However, in this case,
from Eq. (23), the spin densities are all due to the
contaminating (triplet) spin function and are due only
to the SP mechanism. By the similar procedure'as
above, the spin densities obtained at various stages of
annihilation are shown to hold the relation,

PURF:Pasa:pan=2:1:0. (42)
This is the special case of Eq. (40).
VII. DISCUSSION

As may be noticed, Eq. (5) is very similar to the
starting point of alternant molecular-orbital (AMO)
method. A; and »; correspond to the bonding and anti-
bonding AMO partners, respectively, Therefore, all the

Now, we discuss the approximate method obtained
in Sec, VI. Since the spin densities in the o-type atomic
orbitals of the x-electron radicals are due only to the
SP mechanism, the approximate relation (40) holds
for the total spin densities. Moreover, this relation
may be used to check the validity of the approxima-
tions introduced in Sec. VI.® For example, in the
“r-quartet” state of the allyl radical,”® the values of

Tasre II. Spin density® in the “r-quartct” state
of the allyl radical.®

Atomn AO PURF Pan Paa from
Eqs. (40), (41)
Cy, Cs 28 0.051 0.031 0.031
2Px 0.000 0.000 0.000
2Py 0.003 0.002 0.002
2Ps 0.353 0.354 0.335
C. 28 0.054 0.033 0.033
2Px 0.000 0.000 0.000
2Py 0.005 0.003 0.003
2P3 0.377 0.376 0.377
H,, H; 18 —0.013 —0.008 —0.008
H;, Hy 15 —0.012 —0.007 —0.007
He 1.5 —0.018 -0.010 —0.010

& About the method of calculation. see Ref. 13
® Numbering of atoms is as follows:

The geometry is C-C=1.40 A, C-H =108 i, and ZHCH=ZHCC=
£CCC=120°

_ 1 (a) P.-O. Léwdin, Phys. Rev. 97, 1509 (1955); (b) R, Pauncz,
J. de Heer, and P.-O. Léwdin, J. Chem. Phys. 36, 2247 (1962),
and the succeedin paﬁ)ers; {c¢) R. Pauncz, Alternani Molecular
0566%31 Method (‘gf. . Saunders and Co., Philadelphia, Pa.,
1 .

13 Note that in the “»-quartet” state of the allyl radical, the
order of the proton spin densities (absolute values) is Hy>Hi>
H;, but, on the other hand, in the doublet allyl radical, it is Hy>
H,>H, and is reverse to the above, (Ref. 11.)
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pua are compared with those calculated by Egs. (4_&0) and
(41) from porr (Table'IT). They-agree very satisfacto-
rily. For some doublet and triplet radicals, the examina-
tion of the method described in Sec. VI is carried out
mare rigarously in the previous reports.t

Equations (40) and (41) show approximately the
theoretical relations existing among poms, Aasm and
paa; Thus, at present, we think it almost meaningless to
discuss thearetically whether the annihilation of the
lowest contamingting spin function “improves” the
spin-density properties. For example, in the methyl
radical, the spin densities in the o-type atomic orbitals
are due only to the SP mechanism,™ " then the relation,

PUBF: fasa-Paa=3:2:1,

can be expected transcendentally, The computational
examination of the validity of projection after energy
minirpization is carried out by Harriman and Sando.$
They reported that the spin densities obtained hy the
spin-extended SCF calculations are generally (but not
always) closer to the unrestricted values.$

Another important aspect of the spin-density calcula-
tions (especially in the semiempiricas ones) lies in their
agreement with experiments. From the above stand-
Point and from Eq. (24), the problem, “which stages of
annihilation are best recommended,” depends very
much on the choice of the integral values (especially
on the choice of the g—r-type electron repulsion inte-
grals).”® In the conventional (semiempirical) calcula-
tions of the his canstants (), it may be approved to
cansider 4 of the following equation:

a=Ap,

a5 a proportionality constant determined by “best
fitting” the calculated spin densities with the observed
hfs constants."¥ However, from Eqgs. (24), (40), and
(41), we think it very difficult to determine both the
values of Avgr and 4,4, which reproduce satisfactorily
the observed hfs constants from aunr and Pas, TEEpEC-
tively. A good example is the ethyl radical. Its
methylene-group proton spin density is due only to the
8P mechanism, and thus (prmr)cny=3(pas)cpy, 1 8
while its methyl-group proton spin density (assuming
free ratation) is due to both (SP and 8D) mechanisms,
and thus, (porr)en21.2(pus)on, in our calculationt
and (pyny)eny 1.4 (pas)cns in the Pople, Beveridge,
and Dobash’s calculation.” This example shows that
if one adjusts the semiempirical (a—w-type) repulsion
Integrals™® so ‘as to obtain a good correlation of the

 See the paragraph which includes Eq. (24),
Chem Sae 0001 '(1“452;."‘3{@‘,";5%%1 2. & Dobosh, . An.
Pobes, ; Ciin, Phys. 6, 5632 (1068 "+ And B A,
- . Fopje . L. Be X
Phys. 47, 2006 (1967, - o8¢ and P. A. Dabosh, J. Chem.
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UHF spin densities with the observed hfs constants,
then only Auny is acceptable in the least-mean-square
sense (and vice versa) .M )

For some doublet and triplet radicals, the method
stated in Sec. VI has been applied in order to clarify
the “spin-appearing” mechanisms, and threw a new.
light on the nature of spin density.®"

APPENDIX

Here we determine the spin function which satisfies
Eq. (17). There are s+1 such functions. The spin parts
of them may be written as" '

By jur=(1/V2) (a- < -afla—ar - -aaf),

9*.‘*';2: 6_”’(2an . 4ﬂm—-a- . -aﬂaa—a- . 'Wﬁ) ¥

@}'ém.'__ [s(s+1) T2 (safas + s o— s+ c—« =+

—a+fag—a-aba—ar - aaf),
Bugsien=L(s+ D) (+2) T [(s+1)Baa+  ra—afa+ - a
—--uq---a-'cﬂaa—q---aﬁa—aa.oaaﬁj' (AI)

Among the above functions, we need only the functions
which satisfy the following two demands: (a) The first
two terms must have the form, (af+fa)a- - +a, except
for a constant factor, (b) it must satisfy Eq. (16) with
Eq. (19). From demand (a) only the last twe functions

are important. By taking linear combinations of these
two functions, we obtain

[5/2 (S+ 1 ) ]m@-}z,:m;r— [(S"i' 2) /2 (-‘+ 1)]‘”@42.-,'?::1-1

=1/VI(af—Fa)a---a (A2)
and

L(s+2)/2(s+1) 100201204 [5/2(5+ 1) 18Oy, gi004
= (s+2)L(§s) P (af+Ba)ar - e

—(2/5) e g s rafarreal. (A3)

Between the above two functions, only the second
satisfies the demands (a) and (h). Then, Eq. (20)
follows.

From Egs. (19) and (20), the coefficients ¢{and§in
Eq. (16) are determined. By comparing Eg. (16) with
Eqgs. (19) and (20), we obfain the following two rela-

tionsy
(s+2)~ Y4+ (4s) g ]= 1/ V2,

(s+2)7"¢—(2/5)x]=0,
Thus, Eq. (21) follows.

" See, for example, M. Kotani, A. Amemiya, E. Tshi ro, and
T. Kimura, Tables of Molecular Infegrals (Maruzen Co., Ltd.,

and

Tokyo, Japan, 1963), p. 5.
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Studies on the Orbital Model in the Spin-Correlation

Problem

I. INTRODUGTION

There are several methods which stand essentially on the orbi-
tal model and which are used to calculate spin-correlation effects
in open-shell electronic structure. Among these, the unrestricted,
the:projected (or annihilated) unrestricted, and the spin-extended
Hartree-Fock theories are the representstive.l The unrestricted
Hartree-Fock (UHF) wavefunction is a single determinant in which
different orbitals afe allowed for different spins. However ob-
jections can be raised to spin-density calculations with this method
since its wavefunction is not an eigenfunction of 52. The pro-
jected (or annihilated) unrestricted Hartree-Fock (PUEF) wavefunc-
tion is the spin-projected (er spin-annihilated) function of the
UHF wavefunction after energy minimization. Then, this wavefunc-.
tion does not satisfy the variation condition. The spin-exténded
Hartree-Fock (SEHF) wavefunction is the function which minimize the
energy after spin-projection of a single determinant. Thus, the
SEHF method is the best among these three methods.

In the previous paper,2 ﬁ37analyzed the UHF wavefunction in
configuration-interaction (CI) language to first order and showed

a simple relation existing between the UHF and the PUHF wavefunc-
tions. From this, we found a simple method to separate the spin
density calculated with the UHF method into contributions due to

spin-polarization and spin-delocalization mechanisms.a’ =8

Because of the physical symplicity and visuality of each mechanism,
more profound understandings than before on the nature of spin
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density have become possible.

In the present study, our aim is to clarify the theoretical
features of these orbital models of the open-shell electronic ..
structure and to examine their applicabilities (or limitations) in
the spin-c;rrelation problem, refering the physical reality of the
correlation phenomena in open-shell electronic systems.4

In the following two sections, we present the perturbation-
variational description of the UHF and the SEHF wavefunctions to
first order, taking the restricted Hartree-Fock (RHF) wavefunction’
as a starting point.  These results on the orbital models are com-
pared in Section IV with the first-order perturbation theory,

The interconnection of the UHF, PUHF and SEAF orbital theories for
open-shell electronic systems becomes clear in conjunction with

the first order sum-over-state Perturbation theory startingrfrom

the RHF wavefunction. Interrelation in the spin densities obtain-
ed from these four orbital theories is also given, In Section

V, the accuracy of the expectation values of the one-electron opera=-
tors using these orbital models is investigated for both closéd :
and open-shell electronic'systems, : Then, in Section VI, the exaﬁi;
nation of orbital model for the spin-correlation prdblem is carried
out in the light of the physicfl reality of the correlation pheno-
mena in open-shell electronic systemé. Lastly in Section VII, two
methods are suggested to overcome the limitation of the orbital
model for the spin-correlation problem in 6pen—shell electronic

systems.,

2



II. PERTURBATION~-VARIATIONAL DESCRIPTION QF THE UHF WAVZFUNCTION

The starting wavefunction of the present study is the REF
single determinant built up from q closed orbitals and s (= p-q)
open orbitals,

Fo = 0P Yo P oo Uy g g o Y~ Wp (1)

which is an eigenfunction of the operators 5% and S, with eigen-
values %{%ﬂﬂ)and-%-s, respectively, In the followings, k,1 refer

to closed orbitals, m, n to open orbitals, t, u to vacant orbitals and
i,J to general orbitals. The important feature of the RHF wave-
fuﬁction given in kg. (1) is the following Brillouin theorem.

Consider the one-electron excited functions of the forms;
3.5 = 1w - Yo Ve (b= 8) W Ty Yo Wy |,
T = WY Y e Wy Ty Y Yy (2)
S = W W Ty Ve Y W e o W

s
then, the Hamiltonian metrix elements between \PO and the con-

it

figurations given in Eg.(2) becomes zero:
Gl X 15, ) =0,
(TR 158, =0, (@)
t
ool e 1538,

The UHF single determinant built up from p &-spin and g B-spin

o .

orbitals is written as

= ol T ¢ oy, N—ﬁ_ .. lﬂ'—e o s d__.. o LL
@UHF - “P‘ ¢Iﬂ. ‘PR q’k 4’3 ‘t’g 4’34.: Pu P l, (&)
which is an eigenfunction of 5, with eigenvalue £, but not an
eigenfunction of 52. Note that qﬁHF is independent of the unitary

transformations within the a-spin and B3-spin orbitals except an

unimportant constant factor. Phis stands also for the RHF wave-
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function of Eq. (1) for the unitary transformations within the

After relevant unitary transformations,
6

closed and open orbitals.

the difference between UHF and RHF orbitals becomes very small,

We set these differences as 1, an i e

$5"
¢iﬁ = ‘I,i + fiﬁi i=1,"""", g

In the treatment below, it is more convenient to substitute,

A

"

(%)

] o4 B,
Ak 3‘( fk +fk ),
M=t -85, k=1, 0, (6)

Then, Eq. (5) becomes
¢ka WR+TE{+451
‘PL:B Y = T * 4y, (7)
X

Pu = Vo + fu,

where T represents the polarization correction to orbital &k.

1

In the UHF method, the total energy expressed by
Eyup = ¢ Tune 1081 Tune > / { Fuur | Bune D (%)

is minimized to all orders of the independent orbital corrections
fﬁu and jf and therefore, to all orders of the independent correc-
tions Th, 4k and ﬁ:. The treatment given below in this section is
similar to that used by Ditchfield et al,? in the analysis of the

finite perturbation theory.8

Since our main interest of the present paper lies in the spin~
correlation correction which comes chiefly from the firsteoder
correction to the RHEF wavefunction, it may be sufficient to mini-
mize the energy correct to second order in T, 4y and jﬁﬂg

Inserting Eq. (7) to Eq. (6) and expanding it up to second order,
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we obtain the expression except normalization factor,
Yur = SF, + %Cl%’:ﬁ. o T Wr (KB + gt ) = ﬂ’g% Werr 0 Yp |

+%C ‘ lpl.q-"qnu Ar ')Uk (QQ-FO{) *-"wzﬁz \P‘E'H e lpf’t

+§D l \PI ;'Pi e wi $3 q’t‘_t c4ean f,m“ ..... [PP I

+ 211000 AT By pe Yol = [T Te Ty
X Wery - Pp | }

‘*‘%clllh‘l_’- ----- Trudk(apfﬁatj----qu@gqjtﬂ....%;

* %:%c{ L9 P, Te P (KB Bot) -~ g Wy (kB fo) = Y Py Yooy - Wy
T 1o A Wi (k= o) o Ay Wy Coxp = Bo0) - Y T Ygn - P}

T3 T 10T T W o - Ay e 0Ty Y B

FEF 100 Tt g gy By g £ g
FORT e e iy e f R

0 = - o |
LA A L W
+ (higher order term). (1)

Now, let's expand the orbital corrections T, 4k and f: v
means of the complete set of the RHF orbitals {‘-P; b From the anti-
symmetric property of deteminéut, the expansions become;

T = %V Ret Yo,  dg = g’ T %‘»j" Cmt Yo (10)
where t runs over the vacant orbitals. Insertion of Eg. (10) into
Eq. (9) gives the UHF wavefunction correct to second order in
orbital corrections, which is giveu in Eq. (A-1) of Appendix.
Among the first-order configuratilons, ?kt, Sg}KtQ) and ng‘b given

in Appendix, the most important configuration gf given by
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.11': = |9 - Yo Colpr BONZ oo Wa Py Paer oo Pp |1

is not an eigenfunction of Sa, and can be rewritten as the sum of

the spin-eigenfunctions,

gt— __5.._)% 3;,:(2) + (___%_)lé S*‘tht’ “2)

R - \s+2 s+2 ! .
t s+ i g
where the configurations, ka (2) and -':D"k satisfies

i) = $(3+1) H @, 8 = (33 r2) RS
(13>
and is given by

St -2 sy 2)%0(4\{%0!.-4 d..q}'
Er)= (5+272 QPP = Pp 1 ) (ve ¥ gy - (5 g 3

(14~2)

£

s2gt = (su)"“ltpttpkxpxﬂ...% f(dF-rFal)o(-nO( +«ad2a--«€«--m} |

(4-b
In Eq. (16), we used the abbreviations like; 4=b)

B, Py We (cipr pat) - Lpes@%wgﬂ--- Yol = 1 Py g Your = p (AfFRet)ot- |,
Note that the configuration (14-b) is the main spin-contaminating
configuration of the UHF wavefunction. Then the effects of spin-
annihilation and spin-projectionll on the UHF spin density can be
analyzed approximately by starting from Eg. (14),2

The UHF total energy correct to second order in Ty, 4gand jﬁ:
is obtained from Eq. (8) by using Eq. (11) and the Brillouin theorem
shown in Eq. (3). The final Fesult is given in Eq. (A=3) of
Appendix, From the variation theorem, we can require the expan-.
sion coefficients, I bkt and cmt,which make the second order
energy given in (A-3) stationary. Firstly, by differentiating

this with respect to 3¢9 We obtain

LY, | SS— <
2 ankr - ‘2ak13 {[-5_-%2— SE;_(Z) + 5+2 S+2Ektj =~ En = Ktt }

-%"(mtz km)
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c
. & 0 _
20 A [ 3 Ckmigm) - (RLI1TD) ~ (RTILE)]

+ %m amfi (tmlum)~ (bRl RR) = (1R| 4R)]

'ﬁg%‘; Ay [ CEULLR) + (kU |2T)]
T by %a(l(mn- Kmt)

f;k, by [ Z° Gt am)] = %:m b LZ° CEmiwm)]

0
T2 G [ mmiRn) — (mkitp) - (Rtimp)]

oV

~ gﬁﬂ Cmu [ (BuimR) + ( Rua{mb) ]

= 0 (16)
Secondly, by differatiating with respect to bkt’ we obtain,

| _d™E
745 = 2 (B0 -E 1 K b

+ 2 by [ Gemiam) ~ (ka145) + 3 (821 kY)]

v 0
LD bru [ 27 (EMIUM) ~ (S0 (kKD + 3 (kT (wk)]

c v
+ o 2 0 b [H (FRIIW) = (TU{4k) ~ (Ru (41) ]

+ Qg %o (Kmk = Kt )

+§; ag [0 (Amiem)] - Aeu [Z° (wmitm ]

4 %" Cor [ Z° cmm [km) = (mk 1 54) + 3 (et mt) ]

Vv
+ %"f_m Cru [ 4 (FRIMUW) ~ (Fu1mEk) ~ (mB | k1) ]

o (17)

i
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Thirdly, by gifferentiating with respect Lo € 49 W€ obtain,

Aufgnﬁ

= st o
A Crt 2 Cmt CEp ~ Eo)

+27° Cnp [EZ (imiin) = (mnite) + (mtint)]
'rm'm)

4 SV Cpy (& 30 nttun) = (puimm) 4 (mtimib) ]
uFt) h

OsV Cul2imping) ~ (maiyu) = (mu|nt)]
nEml 1ist)

+ 2%‘akv[%"(mnnm) — (mRItE) = CREImME) ]

-2 %€ Z"' G u [ (BuimR) = (k¥ imu) ]
R WFD

+2 25 bey [3°cmnikn) = (mk1B92 + 3 AkTI mt ]
v
4‘(k 1] - — ]
-i-ZE%ﬂ beu [ wimt) = (tuimk) — (mufkrt) ]

= 0 (i8)

In the above equation,

(ijlk) -H A0 W ) Vi, Wi (2) g2 dtidis |
and Foy Eg), SEF @, ﬁ'zE: and “EY are the encrgies correspond-
ing to the configurations ¥, , Sftm 3 s@k = , Sﬂ{': and s@_:,
respectively.

By using the coefficients obtained from BEgs. (16), (17) and
(18), the UHF wavefuncticn correct to first order in orbital correce
tion s given by

Tynp = s.I,‘-o + /2 ‘Ec%v'a“,hv . szk bk sh‘rg) 4 gﬂi‘::'«' Cmt 51’:,

at)
EQE» (16)3 (17) and (’8) are the Caupled equatignsa In Order

t , . o
0 eolve these equations, SCF process becomes necessary. This

situation is very similar to that appeared in the coupled Hartree-
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Fock perturbation 1‘.11&01-:)?.12

As in this theory, the uncoupling of
these equations makes the problem very simple. The uncoupled
equations of Egqs. (16), (17) and (18) are

3+ 37 (mtikm)

Aet - = T3 5 (20)
(—S-:!E sE*t‘m + ’F%"i’ S*tht) b Ea - Kht

bht = Q (2|)

Cat = 0. (22)

Namely, in the uncoupled approximation, the orbital corrections 4dg
and f: are zero as expected from the Brillouin theorem, although
they are not necessarily zero in the coupled equations (See Eq.
(19).). Then, in the uncoupled approximation, the UHF wavefunction
is written to first order as
| Fue = SF + 2 %C? Qs Ee (23)

Note firstly that the numerator of Egq. (20" comes from the
matrix element (5920138[ ‘I’:) = --'ﬁ'%“ (mt)km), and secondly that
the term S*?£; in the denominator comes from the spin-contaminating
configuration W\}: appearing in Eq. (12), and thirdly that the

; : b
term K., in the denominator comes from the matrix element {(5T,|3!*Tpy >

kt
in which S'Ih?f is usually the most important configuration in the
electron-correlation correctionsls(See Eq. (A-2) in Appendix).

By using the following relatidn,
Bl - SYE, = LX& =7 (Kme * Knt ), (24)
Eq. (20) is rewritten as

152 (mtikm)
SEf@) - E, - + 20 (Kug + Kmt ) =~ Ket

(20)

Apt =
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IIT. PERTURBATION~VARIATIONAL DESCRIPTION OF THE SEHF WAVEFUNCTION ‘
In this section, we consider on the SEEF wavefunction along
the same line to the treatment of the previous section. In the
SEHF method, the single determinant of the same form as the UHF
function c;f Eq. (4) is first spin-projected and then its orbital

is varied to minimize the energy.

( Osfune | 221 Os qfuﬂp> / { OsFyur | Os N (25)

Esene =

whére OS is the projection operatorlq having the property,
§%0s = 4s 1+ £)0, .

Firstly, let's examine the effect of the projection operator
on the UHF wavefunction expressed by Eq. (A-1) in Appendix.
Among the configurations expressed in Eq. (A~2) of Appendix, only
that configurations which are not eigenfunctions of SZ suffer
change. They are the configurations 1), 6)A-9) and 11). More-
over, in the energy expression of Eg. (A-3), the configurations 6) -
~9) and 11) appears only in the form, {(5F,| 42| q&hqm~">, since here
we consider the energy correct only to second order in orbital

corrections, Thus, from the equality,
(S\Polafl ‘P‘,.q.,u ) = <$§o|&e' Os“{’g~7,r;|>?

we have only to consider the effect of projection operator on \I’gv
in the energy expression of Eq. (A-3) in Appendix. This effect
appears only in the matrix element, 2 §°2° Z"Z" Agt A {‘},:}afl‘:h“)’
&nd in the normalization term coming fronj %‘é’(&tktjz (G | BY) .

They are calculated easily by using the relation,
t _ S te s
Os ‘-'I:k T o Us+z ) \I}ktlz)

obtained from Eq, (12), rne final expression of the total energy
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far the SEHF wavefunction is given in Bo. (A-4) in Apvendiz.

Thus, the orbital corrections in the SEHF wavefunction,

. _ | . _ v, af v /
m*Zﬂkt%. Ah'%*’ktl‘uv:' ‘J:m -‘-‘-ZCmt%,

7 (26)

are easlly calculated as before by varying the SEHNT energy correct
ords i o) T i i ' T .
to second order with respect to 2" bkt and Cpe'e The results

for akt’ is given hy

) A®E P s -
'_f_—al—a;:fﬂr = 2 Qgy {—ﬁ;[b;_:gw-a] - Knri

—%“ (mtikm)

c S+l <a _ i
Eman[ v 30 kmiam) =S (k) - (kT ED)]

+ 5V Gra [T S0 tmtium) - 533 (PUIRR) = (RTIRWD
Ut

%:,%:, gy [ 55 (tu12R) + (RuiBL) ]

+ b’m; %O (Kimge ~ Kemt )

. B E 4 0 oV o )
+ 3 bl 2 (km{2m)] 3 by [ Z° Ctmium]

+ .},_:" Cot [Z° (mngn) = (mriTH) = Cebims) ]
n

~ gV ¢ Wi mt)
:%uzw vu [(BUIMR) + (RUImME]

= 0O (27 )
The results for bkt' and cmt'have exactly the same formsas those
given in Egs. (17) and (18) except that a,,, b, 3nd ¢, , appearing

in these equations change to 8. bkt'and ¢ne's By using these

coefficients obtained from Eq.(27) and the SIII correspondences of

Eqs. (17) and (18), the SEHF wavefunction correct to first order
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in orbital correction is given Dby,
ex=V , # ST,¥
V&= Vag: ST (2) 22 2 b ¥ O
E T '§?5'€§ §§ At Ty + 2 X T

v _ +
+ '3 Gt ¥ (25)
; m f
As seen in the previous section, the uncoupling of those equ-

' leads to the following simple

s‘:PsEHF =

]
ations giving a,, , bkt' and ot

equations,
| <0 v
ayi 72 (mtlkm) , (29)
S‘ —
== (" @)= Ey ) - Kepr
bey = 0 (30)
Cut = 8, (30

That is, in the uncoupled approximation, the orbital corrections

Ak' and ﬁ:' are zero as expected from the Brillouin theorem, and

the SEHF wavefunction becomes to first order as

s - 25 eV L’ sTT

g:-’sEHF = "% + \/s-rz % tE At ‘Pﬁ, {2). (22)
Comparing Eq. (29) to Eq. (20), note that in the denominator of

Eq. (29) the term K,y still appears, although the term due to spin-

contamination is pojected out in Eaq. (29).
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IV, COMPARISON WITH THE SUM=QVER-STATE PERTURBATION THIORY

In this section, we compare the results for the UHF and SEHF
wavefunctions obtained in the previous szsections, and the result for
the PUHF yavefunction reported previouslya to the firsteorder sum=-
over-state perturbation (FO-3SCSP) wavefunction bzsed on the RHF
wavefunction as in the previous section.

Considering the Brillouin theorem for the RHF wavefunction,
there are 5 one~electron excited spin-functions which interact
with the RHF wavefunction %%, of Eq. (1).2 They are all built up
from the excitation from the closed cerbital k to the open orbital
t. However, since our present interest iles in the spin-correla-
tion problem, we have only to conzider the configuration Sg %) of

(14-2) among these s spin-functions.

From the first order perturbation theory,
v sos .
Vs = "%, + V2 Z 2 n o E2), (33>

where the coeffecient ak%OS is given by

Q
a5 '2'”.2 el (34)
¥ (sf-z)w SACERN

Since the FO-S0SP coefficient of Bq. (34) is essentially the
uncoupled one, we compared it in Table I to the UHF, PUHF and SEHF
ones cobtained by the uncoupled approximation. In Table I the

coefficients are defined by the equation,
T V . St2 se2T ¥
¥ = S‘Io + Z ah‘l:' s‘I' ) + %c‘?_, At e (35)

where the last configuration is the spin-contaminating configura-
tion (See Eq. (12).). Refering Tzble I, note firstly that the
term, 's'l'?) (Knmg + Kpt) in the denominators of the UHF and PUHF methods

t
comes from the spin-contaminating configuration LY (see Eq. (i12)),
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Pable I. First-order coefficients in the uncoupled a2vpvroximation®

Method il gy
] a ,
1/--- m¥b
FO-50SP s 5 (blkm) .

&5 (5Bl - E,)

Eg"(m'ﬂkm}
f'!;_'z"[sE:W -Ep - Js'%o(k'ma"r Kng ) — Kt ]
b '
o /3 2 (mE|km)
PEE[EE @ - B, - & 2° (Kmit Kut) = Kigg]

/Eg"(mtlkm)

PUHFP

Egtmtm»ni
/siz (S :-‘2) - Eo) - '._s‘—;& Kkt

SEHF

a
The coefficients are defined by

-*

i § sV a3
Ee ko FE W ey ey

b ThE energy St2 ¢ of th . . § S+2 L4
Ek € spln-contaminating configuration Qg )

appearing in the denominator, is given by

% §1
3*-‘}'_.'# = ‘E:(z) i ;32 %a (Kmh""Kmt).
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and secondly that the exchange integral Kkt common to the denomina-
tors of the three orbital models, UHF, PUHF and SEHF methods, but
missing in the FO-SOSP method, comes from the two-electron excited
configuration &Qu:v which is usually the most important configura-
tion in thé electron-correlation correctionsl3 (See Eq, (A-2) in
Appendix). This point is mofe fully discussed in Sec. VI in the
light of the physical visuality of the Sinanoglu's meny electron
thepry.4’13
Since spin density gives a good measure of the spin-correla-
tion effects in the opemn-shell electronic structure, it is conve-
nient to compare these four methods by means of this measure.

15

By applying the normalized spin-density operator
-
§ ) = (S % Sz & (it~ IF)

to Bg. (37), and by using the relation2
(2, 1P 1) = (2)% (5 1501 gl @),

We obtain the following equations for the first-order spin demnsity,

$ = 5ot 5, (36)

where

5°

(%ol p | 5, ),
fop = 25 (ap + ()% 08) CTul g1 ST'@),

In Eq. (36), §p, is the spin density due to the spin~delocaliza-
tion (SD) mechanism and 5?9 is the one due to the spin-polariza-
tion (SP) mechanism.’ﬁ As seen from Eq. (37), $5 is the same for
these FO-S0SP, UHF, PUHF and SENF methods in the uncoupled appro=-
ximation, However, Ps is different for different methods and

gives a good measure of the spin-correlation effects included in
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these methods. In Table II, $p obtained in the uncoupled appro-

ximation of the UHF, PUHF and SEHF methods are compared to that

obtained from the FO-SOSP method. Note that, in the UHF method,

fsp includes also the contribution due to the spin-contaminating

configuratﬁion S+a~§f , although it is easily picked out by projec-
tion or by the method reported previously (See Table I of Ref. 2ela

From Table II, we first notice that the differences in Pgp
among the FO~SOSP, UHF and SEHF methods lie in their denominators,
Since the exchange integrals K ., K ¢ and K., are always positive,
the relations;

| (Fsos)sp | < 1 (Funrdsp |,

(38
| "ySOS}SP < (FSEHF)SP i)

are expected in the first-order uncoupled approximation. The
relative magnitude between (f’UHF)SP and (E%THF)SP depends on the

. 4 o ; y
relative magnitude between % (Kmk + Kmt) and 2Kkt° Generally
speaking, the more similar the orbitals i and j are, the larger the
exchange integral Kij' Since the similality between orbitels i
and j is closely related to the level splitting between orbitals
i and w i the

jy we can expect the relation, Kmk + Kmt;>2:Kkt for the
ground state radicals like alternant hydrocarbon radicals., Since
8 1s always larger than unity (s = 1, for doublet radicals), the
following relation may be expected.

0
% (Kmk + Kmt) > 2 Kgy (39)

Thus,

[CFsenrldsp | < 1 (Syne Jsp | (40)

However, if the symmetry representation of the orbitals k, t are

the same but different from that of the orbital m, the relation (39)
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Table II. j’SF in the uncoupled approximation.

S%my)kem)

T0=-S0SP L35V - o (1) Yy ()
5% T CEda - E, Vel

%"(rﬂ?lkm)

UHF 2 EC Wy Ur) Wy, Gr)
S% v ‘Era-F, - -;;-}”_:"H\’M-i- Kt ) = Ky
t= 4
PUHF <33 (Funedsp
=0
m{
o .sz__zczv T_‘%— { lkm) ‘ijg(w Wtkﬂ")
A A TR IR } Ky

" See Table I of Ref. 2.

a9



and therefore (40) do not necessarily correct (e.g., m-electron spin

density in the planar H,CO anion).
For the relative magnitude tetween (PUHF)SP'and(E%ZHF)sP’ the

relation obtained previously2 is useful. For the usuzl doublet

(s=1), triplet(s=2) and quartet(s=3) radicals, the value of (??UHF)SP

i B
obtained from the relatiocon ,

( Prunrlsp = —5'%";[ ( Funv dse )

is expected to e much smaller than (E%HF)SP and even than (}%EHF)SP
and (fBOS)SP’ considering the magnitude of the exchange integrals
appearing in the denominators given in Table II. Therfore, we

can expect finally the following relation,

| (Frunrdsp | < 1 (Ssosdspl € | (Psenpdsp ! < | (Pynpdsp | (42)

in the first-order uncoupled approximation, Note that the rels-
tion (40) stands on the assumed inequality (39),2nd therefore can
reverse in certein cases,

To verify the relation (42) in the actusal calculations, we
summarized in Table III the spin densities caleulated by these me-
thods.l’l6 A11 the values are calculated y the PPP method with
the same integral values. Among these, the values for FO-SOSP
method are obtzined by the present aﬁthorq As seen in the positions
of negative spin density,where only the SP mechanism is important,
the relation (42) holds satisfactorily. However, for the rositions
where both of the SP and 3D mechanisms sre important, the relaticn

expected from Eq. (42) and from the equality of f., for these four

methods does not always holds, This is perhaps due to the crude-

ness of the uncoupled approximation. Note that the last relation
= = &
Sa = F Surr T 3 Fpupr) PTOPOSEd by Amos and Woodward = from the exa-

L0
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. 3 i 1 2ltore
ination of the numerical results obtained for the several alter
HANAatic : -

sant hydrocarbon redicals can be rewritt=n by using Eq. (41) as,

fa = ?—L(fuﬂr- + Pemr) = (Fuynp)sp * i-(f“"':)sf’ 432

' { 8 i : vdrocerbon radicals
which states that, at least in the alternant hy arb .

the soin density calculated by the Full CI method vith the PEP

=nproximation can generally be approximated by taking half of the
P contribution of the UHF spin demsity. However, this relation

seems not to hold generally. See, for example the data given by

Meyer.

V. ACCURACY OF THE EYPECTATION VALUES OF ONE-ELECTRON CPERATORS
USING ORBITAL MODEL

In this section, we exemine the order of magnitude of the
resgidual errors of the expecteticn vslues of one~-electron operators
calculated by using orbital model. Although there have been many
15

studies on this subject, almost all of them are concerned with
the accuracy of the expectation values of the spin~independent one
electron operators using the RHF wavefunction for closed-shell
electronic systems. In the followings, we first examine the
errors of the orbital model in the closed-shell electronic systems.

fur mein interest lies in the finite perturbation theory(FPT)o7’8

Ihen, we proceed to examinethe errors in the SEHF method, The

i

' H. - 3 - .
My sical meaning of the result is disscussed in the next section.

Io besin with, let us write the true waveiunction % as
Y= (v pX)/ Gt 24 <4150 KXY )E @)

Lz



where 950 is the approximate wavefunction and X is the correction
term to it., Here, X is taken to be nonorthogonal to ¢, for
generality. Then, the expectation value of an arbitrary operator

A is given by
(YIALY Y = Aext

(BlAIL S ) + 24 P LAT XY + w2 (XIALX)
bt 2R <P IX> + p2LX(X)

b
(45)

which is rewritten as the followings correct to second order in /uJ

Aot = Agp  + 24 (4| A= Awl| X

+ W2 {XTATXY = 4 (RIXXCHIALXD
t (4 <hIRY> = XX ) Ao |
+ Oy »oooee (46)
where AOO = <& 1AIP> and I is the identity operator. Thus,
if {$,1] A - Apllx) vanishes, the expectation value of A calculated

from the approximate wavefunction ¢5 is correct to second order in

A

V-1, Examination for Closed-Shell Electronic System

In FPT, the Hamiltonian under consideration is

®E = H + AZfom + 22 1/n, (47)
X' = H + A2 fmrs, + 23 /e (48)
> Mou

where H denotes the core-Hamiltonian due to the kinetic plus nuclear
attraction energy. In Egq. (47), the spin-independent one-electron
perturbation, A?fﬂr}), exert to the system. 1In Eg. (48), it is

20, and then spin-correlation do occur in this closed=-

43
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hell system 19 since [SZ, #®"1#0, the wavefunction correspond-
she °

ing to #" need not to be an eigenfunction of SZ, although it must
. U
be an eigenfunction of S , since [Sz’ ®-1=10,

The present interest is the accuracy of the expectation values
of another one-electron operators, %‘ftw and ;f(ms,y s calculated
from the RHF and UHF wavefunctions, R$, and “§, corresponding to the
Hamiltonians (47) and (48), respectively. The Brillouin theorem

for the RHF and UHF wavefunction is given by

RHF: (%8,] %% *$ Py =0,  (See g (3).) (41)
UHF; (3,089 Y8, >=0; (S, 18" "§k:ﬂ> =Q, 0

where qig? is the one-electron excited configuration obtained from
"§, by changing the occupied orbital $ to the vacant orbital ¢ .
Eqs. (49) and (50) states that the correlation correction X in Eq.
(44) vegins from the two-electron excited configurations for both
RHF and UHF wavefunctions. Since A in Eg. (48) is here the one-

electron operator and since X is here orthogonal to P,

» the
matrix element (#,1A-AullX)vanishes for both the RHF and UHF wavefunce-
tions. Thus, the second-order property calculated by using FPT
is correct to second order in the correlation correction for both
the spin-independent and spin-iinear-operators. Since,in the
emall perturbation limit, FPT is equivalent to the coupled Hartree-

Fock perturbation method,l2 the above statement applies also to
this method,

V-2, Examination for the SEHF Method in Open-Shell Electronic System

In the SEHEF method, the correction term X in Eq. (44) may be
witten as

Liy



= Cia O cq' -'qb .?L ..... |
X ?E ia Os &% + EJ%L C"J 0;@1 -+ 5 (51)
where 3;* is a single determinant obtained by changing the i-th
occupied spin-orbital of the single determinant %, of the SEHF
wavefunction (¢, to the vacant spin—orbita} P, P, is chosen

such that
<?a\?i>‘0, (52)

b

where ';oi runs over the all occupied orbitals in §o & é,;:} is the
two-electron excited determinant similarly defined as €*. The
% in Eq. (L44) is here (s%, , the normalization facter of which
is omitted here for brevity. Note that the overlavs (0s3,| 0s 32>

ab
and {0s%,|0s®y ) are not necessarily zerc even if the orbitals
satisfy Eq. (52).21

22

As shown by Kaldor, the generalized Brillouin theorem apply-

ing to the SEHF wavefunction is

(0s 21~ EL1 Os%,> = 0, (53)

where E is the SEHF energy, and I the identity operator. From the
first-order perturbation theory making use of the expansion in terms
of the arbitrary complete set,9 the coefficient Cia in Eq. (51) is

written to first order as

Cia =

= -3 <os§J.";&e-srlo,,%,)/msa-“l ®-EL| 625>
d b

which vanishes from Eq. (53). Thus, the correction term X of Eq.

(51) may be rewritten as

X = 2 Z C[?‘b §f;b + e e (3+)

D] atb
As seen from Eq. (46), if <0s®s)A-Awell ¥) vanishes, the ex~

Pectation value of the operator A calculated from the SEHF wavefunc=

L5



aj
tion is correct to second order in/ﬂ-. However, (05§°|A-R,,I|U,§q,>
does not necessarily vanish even if A is a one-electren operator
(spin-indevendent or spin-linear) and the spin-orbitals % and 50b-

satisfies Eq. (52). This comes from the fact that the overlap

between two space parts of oa-spin and B-spin orbitals does not

necessarily vanish, Therefore, the expectation values calculated

from the SEHF wavefunction include errors to first order in }u.,
Note however that the meaning of }* used for the SEHF wavefunction
inithe open-shell electronic system is utterly different from that
used for the wavefunctions obtained by the FPT or the coupled-Har-
tree-Fock theory in the closed-shell electronic systems, discussed
in the previous paragraph. Although, in the closed-shell systems,
the physical meaning of')A was clear as the correlation correction
due mainly to the binary "collision" of two electronsls, that for
the SEHF wavefunction becomes vague since it includes partly the
effect of "Coulomb hole" within the orbital mocdel, This point is
the main subject of the next section.

Lastly we note that it is nonsence to discuss the accuracy of
the expectation value of the spin-linear operator, obtained from

the UHF and PUHF wavefunctions, because of their defects stated in

Sec, I.2 For the expectation value of the spin-independent opera-

tor, we discussed previously.zw

VI. EXAMINATION OF ORBITAL MODEL FOR THE SPIN-CORRELATION PROBLEM
IN OPEN-SHELL ELECTRONIC SYSTEM

In this section, the features of orbital model of the open=-

shell electronic structure are examined in the light of the

physical visuality of the Sinanoflu's many=-

46
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Our starting boint is the RHF wavefunction.

Electron has two atiributes, namely charge and spin. In the

closed-shell electronic structure, orbitals are determined by the
average coulombic field, where the effect of spin appears only to
modify this field. However, in the open=shell electronic structure
such as in the doublet and triplet states, the effects of spins are
not canceled out. Thus there arises two fields, spin field and
charge field (or Coulomb field). The first is spin selective, al-
though the second isn't, and these two fields always accompany.
In the restricted orbital model, two electrons of different spins
are forced on the same orbital, neglecting the spin-selective cha-
racter of the spin field. Thus, in the electron-correlation pro-
blem in open-shell electronic system, two correlation effects

13 £ 3
f; represents mainly

becomes important, namely §; and ﬁ% .
the orbital spin-polarization effects T in Eq. (7) (spin-origin)
in the present study. Jj and ff are also included in }: , but
are expected to be very small from the Brillouin theorem. 1‘2;‘;

is the sum

A il ~
U'E;l‘ = )C‘.fJ. + u{ﬂ' = o o + o—0 5 (55)

where the first term ;;ﬁ' (that is, the unlinked cluster o o in
Sinanoflu's notation) is mainly the "coupling" of orbital polari-
zation and the second term &.,J ( 0—~——0 ) represent chiefly the
effect due to the binary "collision"™ of two electrons (charge=

13

origin). Note that in the closed-shell electronic systenms,

;; (orbital correction) is very small due to the Rrillouin theorem.
It comes out only from the third order correction, However, in
the open-shell electronic system, j:is usually very important and
is the origin of spin-correlation effects. Eg‘ plays an impor-
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tant role mainly to improve total energy (or the expectation values
an

of the more-than-two electron operator). i is not so important

b
energetically Jt

In the orbital model which is, in other words, the orbital=-
constrainéd variation method, one introduces first rather formally
the orbital correction ﬁ as in Eq. (5) and makesit optimum from
the variational standpoint. Aowever, since the first-order correc-
tion to the wavefunction is determined 'by varying the; inergy correct
to second c>rd«ar,.9 there comes out the coupling term f;f; in the
energy expression. This is seen in Eqs. (4-3) and (A-L) in Appen-
dix. Among these, the most important is j:j"‘g wnich gives the cone
figurations z?m”ﬁ@k:” and g‘g:ﬂak,%u‘@,ﬂ‘tu in Tq.(A-1). However,
these configurations, ‘Qk? and Sgp,;“(u gre also important in des-
cribing the "collision" term a.:j " In other words, these two-
electron excited configuration of desirec spin-multiplicity is also
used tc describe the corrslztion term ‘?Qi s by giving free varia-
tion parameter like’ E"';ZVCJI SE}?;:F y which is rot constrained as
the product of orbital correctionslike %c%\' (Aut)” 552:;3. There-
fore, by the variation of the energy correct to sec:;nd-order in
orbital correction, the effect of the binally "collision" ng‘ is
included effectively through--{;he constrained form ﬁ}: . It is
well known that, like this, we can explain about 85 % ot the -

electron correlation energy of benzene by means of the alternant

; 23,21
molecular orbital method, <ok However, this is not so grateful

in the open-shell electronic £ystems, since the real orbital pola=-

A
rization f; is distorted by the effective inclusicn of ag - In

Other words, if we write the orbital polari

~ forb .. . 7 Y
orbital model as )(; » 1t is distorteqd like, say, j’[‘_orb = fj + 2 “t‘J
v ¢

censtrained variation,

zation ob%ained by the

by the orbital- Since the configuration
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SQH:t is very important also in M , it appears even in the uncoup-
led equations (20) and (29) as K4 1n the denominator ((§5|a€i5§¢§t>
= Kkt)' For example, as seen in Eq. (42), the spin density due

to the SP mechanism in the SEHF method is always larger than that
calculated'by the FO-SOSP method. This point is also seen numerie
cally even if we compare the values of (jEEHF)SP with those calcu-
lated by the full CI method., (See Table III.) Moreover, that the
error in the expectation value of one~electron operator begins with
the first order term in )L , Which is proved rather formally in the
previous section for the SEHF method, seems to support the above
disscussions.

Note lastly that, in the closed-shell electronic systems, the
effect pirely due to £;is very small even in the alternant molecular
orbital method. This point may be clear from the fact that all
the singly excited configuration constructed by introducing .£ is

completely projected out by the projection c>pezl."avd;ar'.'i£+

VII. Discussions

As shown in the previous sections, the orbital model in open-
shell electronic system sacrifices to some extent the orbital pola-
rization correction i; in order to include effectively the correla-
tion effect due to binary "collision® QJ, Since both of these
corrections, 5‘; and ﬁ% s @2re important in open-shell electronic
systems, it seems necessary for the future theories of spin-correla-
tion to include both of these corrections explicitly in a reasonable
way, or to exclude reasonably the effect due to the correlation Qg.

[} LA

In order to keep f.

; from the effect of ﬁgd‘ 3 Meyerﬂ dropped
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out from the projected function of Ed. (A-1) in Appendix the confi-

(18 . A. ﬂ.
curations Sy and (U coming from the coupling Lerm Jife and.

5 Ty
considered only the polarization interaction term P,y (). .
Although he considered only the correction Tk in Eq. (26) in an

approﬁmat'e way, his results were satisfactory in the calculations

of the hfs constants of the first-low atoms, Since in atoms, the
main correlation effect is the intra-shell correlation effect in &g‘,
hig treatment may be justified. However, we doubt wether the con-
figurations sﬂgﬁ and ’&’}:“(U are purely ﬁ‘v; origin and can be
omitted completely. Moreover, from the general treatment presented
here, we found that many other terms than Ty @) arises. The rela-
tive importance between them and the relative weight in their ori-
gins between £ and ﬁ,,J must also be examined if we adhere to
the orbital model.

Taking account of the considerations given hitherto, we may
rather set up more direct method which covers both correlation
effects £ and &’l\?' in the possible simplest, but unconstrained
framework, This point is the problem succeeded by future study.
Howe\fer, it is expected that the multi-configurational SCF treatment

will be hopeful, since, by this method, the expectation value of one-

electron operator is correct ,1_;9 second order in}A defined by Eq. (44).



APPENDIX

Insertion of Eq. (10} into Ea. (7)) gives the unnormalized UHF

wavefunction correct to second order in orbital correction,
: 3 a B8 + V2 292 b ST+ 2T Gy LS
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The configurations 1)~ 3) are the one-electron excited first-oraer
configurations and those of 4)~ 12) are the two-electron excited
second-order configurations. The superscript s denotesthat it is
an eigenfunction of s2 with eigenvalue, —:-( L+ —5)

The UHF total energy correct to second order in orbital correc-
tions is calculated from Eq. (8) by using Eq. (A-1) and the Brillou-
in theorem shown in Egq. (3). [Note that in the energy expression,
the configurations 6) and 9) do not contribute since (sgo Rd @::)
= (SKP,“E'I‘E (3)} 0 . After some manipulations, the energy

correct to second order in orbital correction is given by,
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The energy expression for the SEHF wavetunction is obtained

from Eq= (25)!
ed by using the following relation obtained from Eq. (12),

O%ng = (.s-rz)aa &L

The final‘expreseion is different from Eq. (A-3) only in the terms

As discussed in the text, this is easily calculat-

in which tne coefficients are the product of twe a's, except that
all coefficients change to akt" b, ' and cmt' in the SEHF expre-
ssion, Then, in the following expression , only the first four
terms different from Eq. (A-3) is given, the others are formally

the same as Eq. (A-3).
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CHAPTER 5
CONCLUSION

In Part I of this thesis, orbital theories in open-shell
electronic system are studied laying stress on the spin-correlation
problem, |

In Chapter 2, a method is proposed for separating the spin
density calculated by the UHF method into components due to spin-
polarization and spin delocalization mechanisms, and the validity
of the method is confirmed. By using this method, more profound
understandings than before on the nature of spin density may be
gained because of the physical simplicity and visuality of each
mechanism, This will be exemplified in the actual applications
given in Part 1I, Capter 4. Moreover, since these two mechanisms
depend on the different type of integrals, the estimation of these
integral values and the examination of the computational scheme
becomes more easy. The author believes that this general trearment
has put an end to the previous confusions seen on this subject.

From the study given in Chapter 3, an interconnection between
UHF and PUHF wavefunctions is clarified. Moreover, some of the
general properties of the UHF wavefunction have revealed. Firstly,
the weight of the lowest contaminatiag spin function included in
the UHF wavefunction decreases with increasing spin multiplicity.
Secondly, the annihilation of the lowest contaminating spin function
little affects on the electron density distribution and on the
other physical quantities, the operators of which commute with the
annihilation operator. Thirdly, in the UHF method, the "spin-

appearing mechanisms" (spin-polarization and spin-delocalization)

are clearly divided, and the generalization of the method. to
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separate these contributions is carried out.

From the study given in Chapter 4, an interconnection between

UHF and SEHF theories are clarified. Thus, together with the

results given in Chapter 3, the three orbital thories (UHF, PUHF
and SEHF tﬁeories) for open-shell electronic systems are inter-
connected in conjunction with the first-order sum-over-state
Perturbation wavefunction starting from the RHF wavefunction, The
accuracy of the expectation values of one-electron operators calcu-
lated from these wavefunctions is also clarified for both the closed
and open-shell electronic systems. These results mean physically
that the orbital model in open-shell electronic system sacrifices

to some extent the spin-polarization correction in order to include

effectively the correlation correction due essentially to the two=-

electron correlation phenomena. Since both of the spin-correla-
tion and the two-electron correlation corrections are important in
open snell electronic systems, it seems necessary for the future
theories of spin~correlation to include both of these corrections
explicitly in a reasonable way, or to exclude reasonably the effect

due to the two-electron correlation corrections.
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DOUBLET RADICALS
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CHAPTER 1
INTRODUCTION

As has been known from the early days of the electronic
theory of chemical valency, valence electrons play essential role
in chemical bindings and in other chemical phenomena. Nevertheless,
it was only recently that the semi-empirical SCF-MO method for
valence electron systems have become popular in various studies
of chemistry: After the extended Hiickel theory (Hoffmann, 1963)1
for valence electron systems, the first attempt to extend valence
electron theory to the SCF scheme2 was firstly made by Porple,
gantry and Segal (1965) as CNDO method,3 which has now become
popular in various studies of molecular electronic structure.
This method is based on the zero-differential overlap approximation
which was widely used in the m-electron theories, such as in the
Pariser-Parr-Pople's method.q On the other hand, the valence ele-
ctron §CF-MO method including differential overlap was firstly
developed by Yonezawa, Yamaguchi and Kato in 196?5 although an
application of this method appeared already in 1966.6
The first purpose of this part is to extend the applicebility
of the above method to various._molecular properties, and the second
is to show in actual calculations “he usefulness of the method
Proposed in Part I, Chapter 2 to separate the UHF spin density
into its mechanistic components., The method of calculation and
the values of integrals used in the following chapters are due
basically to the study given in Ref. 5, Small modifications added
to the original method are given in each chapter. Iixtention to
the open~-shell electronic systems? by means of the UHF theory

wWill be described in Chapter 3.
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In Chapter 2 (published in the Journal of the American Chemi-
cal Society, 90, 1239 (1968), and in the Bulletin of the Cemical
Society of Japan, 39, 2788 (1966)), the electronic structures of
carbonium ions are studied by the semi-empirical SCF-MO method
for valence electron systems. The carbonium ions studied are
alkyl cations and some protonated hydrocarbons. It is found out
that the explicit inclusions of c-electrons (not like in w-electron
theory) and of the electron-repulsion terms (not like in the extend-
ed Hiickel theory) are very important for the electron-deficient
Species like cafbonium ions. The change of the ¢ and n electron
Populations with the structural change in alkyl cations, and the n-
type conjugation seen in cyclopropylmethyl cation are also investi-
gated.

In Chapter 3, two studies on the electronic structure of doub-
let radicals are summarized. The main interest lies in their
8pin densities, and the method proposed in Part I, Chapter 2 is
successfully applied .

In Chapter 3, Section 1 (published in the Bulletin of the
Chemical Society of Japan, 42, 2437 (1969), and in Molecular
Physics, 13, 589 (1967)), an extention of the original valence-
electron SCF-MO method? to the open-shell electronic system is
made by means of the unrestricted Hartree-Fock method,7 and this
is applied to the study of the electronic structure of small
doublet radicals. By the inclusion of all the valence electrons,
the empirical McConnell relation for the n-electron radicals
becomes unnecessary, and direct calculation of the hfs constant
becomes possible., Generally, the calculated proton hfs constants
“gree satlsfactorily with experiments, Furthermore, by separating
the calculated 5Pin densities into mechanistic contributions, the
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spin-polarization mechanism is shown important even in the cases
where the spin-delocalization mechanism has been considered

dominant (e.g. ethyl and vinyl radicals). The structure dependence
of the hfs constants and their mecanistic contributions are also
examined., Lastly, the preferable structure of the hydrogenated
pyridine is studied by examining both of the totsl energy and the
hfs constants.

In Chapter 3, Section 2 (published in the Bulletin of the
Chemical Society of Japan, 43, 698 (1970)), the angular dependence
of the methyl group hfs constants is studied, laying stress on the
behavior of the spin-polarization mechanism, since this mechanisnm
is found very important by the study given in Section 1. Origin
of the angular dependence is zlso investigated by applying the
theory given in Part I, Chapter 3.

In Chapter L (published in the Journal of Chemical Physics,
§§, 1305 (1970)), the present valence electron SCF-MO method is
applied to the calculation of force constant of ethylene after a
small modification in the core-repulsion energy. All the diagonal
quadratic force constants in the internal symmetry coordinzate
eystem are calculated and compared with those obtained from vibra-
tional spectra. It is noticeable that this method can reproduce

reasonable potential curves even for the stretching coordinate.
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The Electronic Structure of Carbonium Ions.
Alkyl Catiors and Prctoaated riydrocarbons

Abstract: The electronic structure of alky] cations and some protonated hydrocarbons has been studied by a semi-
empirical SCI MO treatment for valence electron systems. It is found that the inclusion of electron repulsion and
core repulsion terms is essential for the successful investigation of charged species. Good agreements of calculated
ionization potentials of alkyl radicals with experiments are obtained. The electronic excitation energies and oscil-
lator strengths of some alkyl cations are presented; the energy changes in some ionic reactions are calculated, and
the results compare satisfactorily with experiment. The change of ¢ and = electron populations with structural
change in alky] cations is investigated, and the comparison of the electronic structure of CH;* and CH;~ is carried

out. The stable configurations of C;H;* and C;H;* are also examined,

he chemistry of carbonium ions has been developed

extensively in recent years. Until recently, one of
the most general features of carbonium ions was their
transient character. But recently, it has been possible
to capture carbonium ions in the form of stable salts
with very strong acids.?

Theoretical studies of carbonium ions have been
largeh_r limited to conjugated cations and thereby the
behavior of o electrons, perhaps essential for the study
of positively charged species, was left unsolved,

Recently, Hoffmann developed the extended Hiickel
theory? and applied it to some carbonium ions.?
This was the first attempt to treat carbonium jons ex-
tensively, considering all valence el~ctrons of iiie con-
stitutent atoms, and was very instractive. But one of
the shortcomiiigs of this treatment was that the electron

(1) (@) N. C. Denp, Progr. Phys. brg. Chem., 2, 129 (1964); (b
G, A. Olah and C. U, Fittman, Advan. Phys. Org. ’Chem.. 4, 305 ()196§].)

(2} R, Hoffmann, J. Chem, Phys., 39, 1397 (1963).

(3) R. Hoflmann, i6:7. 40, 2480 {1964).

intcraction and nuclear repulsion terms were not taken
into’ account explicitly.

In the present work, the electronic structurcs of some
carbonium ions have been studied with our newly
developed semiempirical ASMO SCF method for val-
ence electron systems.¢ The carbonium ions investigated
are some alkyl cations, such as methyl, ethyl, #-propyl,
isopropyl, isobutyl, and ¢-butyl cations, and some
protonated hydrocarbons, such as protonated methane,
protonated ethylens, and protonated acethylene. We
also examined the electronic structures of some alkyl
anions and CH;~ as a reference.

One of the main purpnrses of this study is to examine
the effects of the electron repulsion term in charged
species. It has been found that the inclusion of electron

(4) T. Yonezawa, K. Yamaguchi, and H. Kato, Bull. Cfa{m. Soc.
Jap., 40, 536 (1967). In thesc calculations, one-center exchange integrals
are fucther considered.  See also H. Kato, H. Konishi, and T. Yone-

zawa, ibid., 40, 1017, 2761 (1967).

| Electronic Structure of Carbonium lons
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repulsion’ is esscntial especially for the successful in-
vestigation of orbital cnergics.

Mecthod and Parameters

The molecular orbitals (MO’s), ¢,’s, are .ta‘ken as a
linear combination of all valence atomic orbitals
(AO'), x:’s, centered on the various atoms of the

molecule. Roothaan’s SCF equation® for a closed
shell molecule is
2Cir(Frs — Srse) =0 (s=1,2, -2 (1)
where
 Frs = Hrs & 2 Pud(rs|tu) — Ya(rt'su)] )
3

Sry = ﬁc,x, dr

(rsliu) = ﬁn(#)x:(#)?— xd¥xv)drdr,  (4)

The atomic integrals appearing in the above equa-
tions are evaluated by the approximations previously
reported.?

The additional improvement introduced in the present
calculations is the inclusion of one-center exchange in-
tegrals with the approximationst

(2s,2pa|2s,2pg) = (25,2pw|2s,2p7) '
&)
= 0.200(2s,2s|2pe,2pa)
and
(2pa,2p|2pa,2pm) = (2pm,2p#|2pm,2p7)
' (6)
= 0.0604(2pa,2pa| 2px,2pT)

_ The Wolfsberg-Helmholtz parameter, K introduced*
n the caleulations of off-diagonal elements of Hrs” in
eq 2issetat 1.1 and 1.08.8 ‘

) Th; total electronic energy (£) of the valence electrons
is written as .

E = Y3 Prs(Hrs + Frs) 0]

and the total energy (W) of the moleoule is obtained by
W=E+ ;ﬁEBIZAZB!RAB (8)

in which the nuclear repulsion energy 3.3 2,7
A-B
calculated by the hoie approximation®

);)ZB:ZAZ:JRM = ;))B:zazn(zsa.zsaizsa,zsn) ®

where Z, and 28, are the core charge and the 28 AO of
the atom, A, respectively.

and that the bond distance between the sp? and sp?
carbons is 1.50 A. The bond distances between g
carbon and a hydrogen atom and between sp? carbons
are taken to be 1.09 and 1.54 A, respectively.

Results and Discussion

In the present paper, we will discuss first the genera]
results on the orbital energies and the electronic transi-
tions of carbonium ions, and then enter into details of
the electronic structures of alkyl cations and protonated
hydrocarbons. '

Orbital Energies, Carbonium ions are electrop-
deficient species compared with radicals or neutral
molecules. Therefore, the destabilization due to the
clectron repulsion decreases in these species. Hence,
the neglect of electron interaction and parametrization
for neutral molecules will lead to too high orbital
energies in carbonium ions. This is the case for the
treatment of carbonium ions by the extended Hiickel
methad. The orbital energics calculated for ethyl
cation and staggered ethane by the extended Hiickel
method and the present method are compared in Table
I. The ionization potentials (/P’s) of ethyl cation and

Table I.. Orbital Energies of Ethyl Cation and
Staggered Ethane

CH;+ ——Stag. GHyq———

Present, Present,

Hoffmana K = 1.1 Hoffmann K = 1.1

LY —10.482 —8.696 3.212 13.917
HO —13.744 —~19.899 —13.763 —12.088
—14.316 -20.222 —13.763 —12.589
—15.295 —~20.690 —14.126 —12.589
—16.070 —~22.677 —15.871 —14.918
—-21,231 —26.765 —15.871 -14.918

—26. 860 ~30.563 —21.873 —18,757
—26.711 —23.001

cthane calculated by the extended Hiickel method are
13.74 and 13.76 eV, respectively, and those calculated
by the present method are 19.90 eV for K = .1, 19.42
eV for K = 1.08, and 12.09eV for K = 1.1,11.42 &V for
K 1.08, respectively. The IP of ethyl cation has

-mever been reported, so far as we know, but it may be

n/Ragis

In the present calculations, it is assumed that the -

.

cationic carbon of alkyl cation is in the trigonal state, 1o

(5) C. C. 1. Roothaan, Res. Mod, Phys., 23, 65 (1951).

(6) H. Hinze and H. H. Jaffé, J, Chem. Phys., 38, 18)34 (1963).

(7) The invarfance of the Wolfsberg-Helmholiz approximation to re-
tation of the basis set in space s easily scen in eq 6 and 7 in ref 4, repre-
senting that Hrr's far 2p,, 29, and 2p, AQ's on the same atom become
cqual regardless of their oricntation in space,

(8) The results obtained by adjusting K 10 1.08
Wwith thosc obtained by K = 1.1, so that we will sh
obtaiped by K = 1.1,

(9) G. Del Reand R. G. Parr, Rev. Mod, Phys,

(10) Recently, Qlah, et al. i
structure of the simple alkyl

are almost parallc]
ow only the resulis

_ 604 (1963).

; !Ltl'b“an'mmll the planar spr-hybridized
cations in solution: G, A, Olah, E, B
Baker, 1. C. Evans, W. §. Tolgyesi, J. 5. McInt ey
7 i Gy W ity ntyre, and L J. Basticn,
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expected to be much larger than that of neutrai molecule,
which is compatible wiih tie present results. On the
other hand, the orbital energies of ethane calculated by
the two different methods do not differ as much as in the
case of the ethyl cation, and the JP calculated by our
method agrees reasonably with the experimental value, !
[1.65 eV. It seems therefore that the extended Hiickel
method may be approximately valid in the calculations
of the neutral molecules, but invalid in those of the
charged molecules such as cations and anions, where the
term representing the electron interaction in eq 2
cannot be neglected.

The orbital energies of methyl cation, methyl anion,
and methane are compared in Table II. The changes of
orbital energies are remarkable and their trends seem
reasontble, for the lowest vacant (LV) and the highest”
oceupied (HO) orbital cnergies correspond to the elec-
tron affinity and the FP of the referring .molecules,
respectively, '

(11) K. Watanabe, J. Chem. Physa 26, $42 (1957). -



Table Il, Orbital Energies of Methy! Cation, Methane,
and Methyl Anion

Tablo.I}f. Calcutated Transition Energies (AE) and
Transition Moments () of Alkyl Cations

CH|+. CH(! cHi-l

K=1.1 K= L1 K=l
Ly -9.661 11.740 18.878-
HO -21.618 —12.671 -0,290
-21.618 ~12.671 -=3.371

-29.053 -12.671 -3.37
20,137 -10.260

The ionization potential of a radical may be set ap-
proximately equal to the electron affinity of the corre-
sponding cation.’?

Pragient = —€“Vesion

But, in the above approximation, a further investigation
should be required to adopt the energy of the LV orbital,
since the LV orbital is not included in the SCF

procedure.
An JP of a radical can also be calculated by

(11)

which is essentially a better approximation of the 7P of a
radical than eq 10, and may be used to check the validity
of the LV orbital energy. The term, W gicats 2P~
pearing in eq 1! denotes the total energy of the re-
ferring radical and is calculated by the relation®?

Wrodieﬂ, - Wanlun + ”’uﬂon (1.2}

The IP's of the alkyl radicals calculated by the above
two methods are compared with the experimental values
in Table 111, where the IP's calculated by eq 11 and 12

IPaiear = -

eation radical

Table L. /P's of Alkyl Radicals and Cations

1P of radical 1P of cation,
K=11 Exptle K=11
CH, 9.661 (9.643)* 9.93 21,168
GCH, 8.696(8.712) 8.78 19.899
n-CyH; 8.377 E.69 18,826
LRCGH, 7.410(7.436) 7.90 19.423
CH, 8.155 ' 8.35 18.523
nCiH, 5.885 7.42 19,513

* A. Streitwieser, Jr., Progr. Phys. Org. Chem,, 1, 1 (1963).,
*The values in parentheses are calculated by eq 11.

are shown in parentheses. It is seen that the /P values
calculated by both methods are very close and agree
fairly well with experiments, and, hence, the validity of
ther_e:l..v orbital energics in SCF procedure may be as-
sured,

Further, the calculated P values of the alkyl cations
are summarized in Table III. The IP’s of alkyl cations
seem not to have been observed and these values should
be checked by experiment. '

The Electronic Transitions, Some calculated transi-

(10):

tion energies and transition moments of varicus alkyl

cations are shown in Table IV. It is seen from the
table that the lowest transitions of alkyl cations are

excitations of the ¢ — 7* type and their intensity will be

rather small.

(I2) N. S, Hush and J. A, Pople, Ml,_ Faraday Sae., 51,901 (1955).
(13} In these calculations, the geometries of 'cations and aniona are
assumed to be the same. : *
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. Type of

transi- 3AE, 'AE, (Q, 3AE, AE, .Q,
Cation tion® . eV eV A . eV v E
CH,* a-r* 2,06 '2.47 0.0 1.56 1.95 0.0 -
CCHer et 3.91 4.07 0.110 3.5! 3.63 0.103
ot 2,27 3.28 0.179 1.78 2.39 0.188
S 4.88 6.04 0.684 4.16 5.07 0,684
wBCH*  o~7* 4.06 4.23 0,095 3.14 3.26 0.040
—x* - 4.99 555 0.526 4.44 4.85 0.451
’ err® 491 5.06 0.170 4,33 4.50 0.181
FCHY o~v* 4,52 4.79 0.088 3.34 3.65 0.085
crT* 4.89 5.17 0.162 3,94 4.24 0.179
—x* 6.41 7.24 0.849 5.32 6.03 0.786
FCHyt a7t 4.57 4.64 0.052 3.69 3.77 0.091
a7 4.71 5.06 0.271 4.01 4.35 0.233 -
A ol 3.28 6.39 0,718 4.28 5.34 0.704
FCHeY  e-x®® . 6.26 6.56 0.002 4.73 5.05 0.010
orr* 7.73 7.79 0.002 6.33 6.37 0.001
w-xt 8.51 9.22 0.779 6.91 7.54 0.739

* «* orbital is LV orbital in every case. o and o, denote the
highest and the next highest ¢-type orbitals, respectively, *The HO
orbital is doubly degenerate.

Table ¥. Some Orbitals of Ethyl
with K = 1.1

(A) HO orbital of ethyl catione

~0.294x>"c; + 0.562%'cs — 0.236(h; — h) — 0.395(h; — hy)
(B) LYV orbitel of ethyl cation®

0.992xq — 0,17dmwes + 0.119(hs + h) = 0.23%h,
(C) Highest =-type orbital of ethyl cation®

0.2007c, + 0.5737rc — 0.226(h; + hy) + 0.452h,

¢ 7 and »’ denots the p# AO in and out of the molecular plane,
respectively, and the numbering of the constitueni atoms are
shown in Teble VII. *The geometry chosen for ethyl cation
causes additional terms due to hyperconjugation, and these are:
—0.0025¢; — 0.0030c: + 0.001scy + 0.001(hs + hy). ® The ad-
ditional terms due to hyperconjugation are: 0.0025cs + 0.0037cz —
0.002scs 4 0.0017¢s ~ 0.001(ha 4+ ha).

Cation Calculated

These circumstances may be understood by referring to
the natures of HO and LV orbitals of alkyl cations. As
an example, the HO and LV orbitals of ethy! cation are
listed in Table V. ~As will be seen in this example, the
HQO orbitals of alkyl cations are the o-type orbitals
consisting of AQ’s lying in the molecular plane, and, on
the other hands, the LY orbitals of alky! cations are the
w-type orbitals which are almost localized on the cat-
ionic carbon atom, -

Referring to Table IV, the strang transitions in alkyl
cations which are expected to be found in the rather
short wavelength region may be due to the excitation of
a electron from the highest m-type orbitals to the LV -
orbitals, The highest w-type orbitals of mono-, di-, and
trimethylearbonium ions are constructed chiefly by the
pseudo-= and -pr AQ’s of the hyperconjugative methyl
groups, as is shown by the example of ethyl cation in
Table V.

Measurements of electronic spectra of alkyl cations
have been made by several investigators but decisive
assignments of the observed spectra to alkyl cations
seem not to have been completed.'* However, the

(14) The ultraviolet absorption of alkyl cations was observed by J.
Roscnbaum and M. C. R. Symons (AMol. Phy1., 3, 265 (1960)) in concen-
trated sulfuric acid and they reported that isopropyl and t-butyl cations
have the absorption maxima at 296 and 293 mu (emwx 6.4 X 109), respee-
tively. -; (The inteasity of absorption was later corrected ta be <20008; se¢
ref {b,) But Deno™ held a different view and suggested that they are
entirely due to 2 mixture of cyclopentenyl and cyclohexenyl cations.

[ Electronic Structure of Carbonium lons



present ealculations may suggest that the observed
spectra of isopropyl cation at 296 mu (4.19 eV) and of
t-buty] cations at 293 mu (4.25 eV) are assigned to the
o = x* transition. .

As shown in the previous paper,* the LV orbital
energy depends comparatively on the Wolfsberg-
Helmholtz parameter, X, and the greater the value of K,
the higher the LV energy. Therefore, the calculated
transition energy for X = 1.1 is Jarger than those for
K = 1,08,% But the calculated transition moment is
little influenced by this parameter, as is seen ip TableIV.

Alkyl Cations. The total electronic energies, nuclear
repulsion energies, and total energies calculated for
alkyl cations are summarized in Table VI. Itis seen in
the table that the structural isomerizations of alk_yl
cations cause only small changes in total energies, in
spite of the rather large-changes in total electronic
energies and nuclear repulsion energies.

Table VI, Total Electronic Energies (E), Nuclear Repulsion
Energies (VRE), and Total Energies (W) of Alkyl Cations

E, W,

» Cation K=11 NRE K=1.1
CH,*e ~287.79 128.67 -150.11
CH,*?» —288.03 129,54 —158.50
CH;+ —802.84 475,38 -327.46
nCyHy+ —1493,10 986,80 —506.29
RCHy* —1482.95 976.58 —506.37
£CH* -2352.73 1657.08 ~695.65
L-CHy* —2328.43 1632.48 —~ 695,95

* Trigonal configuration. * Tetrahedral configuration.

Further, it may be noted thet the experimentally ob-
served order of stability between isomers (i-CyHr* and
-C{H;* are more stable than #n-CyH,*+ and j-CH,*,
respectively) should reflect those of the nuclear repul-
sion energy. Since the resultant isomerization energies
seem rather small compared with experiment, a further
improvement in the present treatment seems necessary,

The calculated populations of some alkyl cations and,
for comparison, those of methane and staggered ethane
are presented in Table VII. It is seen in Table VII that
the charge of the cationic carbon distributes chiefly on
the hydrogens of the adjacent methyl or methylene
groups, and even to those of the terminal methyl group

of the n-propyl cation. The average net charges of the

hydrogen atom in methyl groups of isopropyl and
I-butyl cations are +0.153 and 40.146 for X = 1.1 and
these parallel the observed ©* chemical shifts of — 5.06 and
—4.35 ppm from tetramethylsilane, respectively. The
population of the C-H bond lying in the plane perpen-
dicular to the molecular plane is the smallest in every
case, and it is expected that next fission of a hydrogen
may occur at this bond. It isto be noted that the bonds
between a-carbon and S-carbon are generally the weakest
ones in the molecule, and that the bond population be-
tween the cationic carbon and a-carbon is exceptionally

Olah, et al.,'® also observed a single weak absorpiion maximum around
290 mu with a low extinction coefficient in antimony pentafiuoride solu.
tion of some alkyl fiuorides, and they assigned it to ¢ ~» #* transition,
But Olah and Pittman corrected their conclusion in their regent review
and stated that this absorption is not due to alkyl cation but to im-
"u ls’)r From (6 ciloda
m the calculations carried out for neutral mol

transition encrgies calculated by X = 1.1 may be mmm:gudl?;‘r :ﬂ:
small molecules and those calculated by X = 1.08 for the large mole-
cules, such as isobutyl and t-butyl cations (see ref 4).

Table VII. Atom Bond Populations of Alkyl Cations
Calculated with X = 1.1

——— PFopulation ————,

Alkyl cation Atom Bond
Methyl

(i) the sp* form

+0.261
+0.246
+0.231
+0,236

+0.339
~0.198
+0.180
+0.154
+0.192

40,372
-0.142
-0.212
+0.152
+0.153
- =+0,175
- ~+0.108

+0.362
-0.209
40,135
-+0.137
+0.180
+0.143

40,379
-0.064
-0.206
0,136
+0.172
+0.108

+0.382
-0.231
4-0.134
+0.170

-0.167
+0.042

-0.113
+0.064

C-H 0.724
C-H 0714

:l:_nmn

(ii) the sp? form

0.808 '
0.802
.0.790
0.740

1-2
1-3
2-5
2-7-

Ethyl

0,897’
0.714
0.822
0.812
0.769
0.813 i

=2
23
1~4
1-5 .
2-6
310

H;E-:IJ.—C :g\"‘
T

X3
P
9

-2
1-4
2-8
2-6
27

0.866 -
0,840
0.795
0.790
0.746

Isopropyl
g')“,’!
H~0 He
’\c,..-n

A Y

b _ .
0.%44
0.717
0.3
0.780
0.816

i-2
2-3
-5
2-7
3-8

Isobutyl

CH,
& 1w

)
1-2
2-5
247

0.8%1
0.79%
0.749

~Butyl
LY
Hye=L—C
W o,

Methane C-H 0.788

C-C 0.681 -

Steg. ethane
C-H 0.823

L0 XHO SUNE 0Q90WN= YO UAaN- ROWLE LN <t W —

* Average value.

large, compared with that of the ethane C~C bond.
These parallel the experimentally observed!® bond-
stretching frequencies of C-C and C-H bonds of the
simple alky! cations. In these,; the small bond popula-
tions between the a- and @-carbons of n-propyl and
isobutyl cations interpret the well-known 8-fission rule, "

The change in charge at the cationic carbons with in-
creasing number of methyl groups attached is of special
interest. They are --0.261, <4-0.345, —+0.362, and
+-0.382 for methyl, ethyl, isopropyl, and s-butyl cations,
respectively.'” More detailed analyses of these values
are shown in Table VIII, *® which also includes these of
the populations on a-carbons, It is seen in Table VII!
that the 7 population at the cationic carbon increases
with increasing number of methyl groups linked to it.
This is the same trend as that obtained by Muller and

(16) For example, see B. S. Greensfelder in “The Chemistry of
Petroleumn Hydrocarbons,” Vol, 4, B. T. Brook, ef al., Ed., Reinhold
Publishing Corp., New York, N. Y., 1934, Chapter 27, ;

(17) The corresponding valucs calculated by Hoffmann were +0.609,

40,571, +0.611, and 4-0.692, respectively, and their changes were not
monotonous (see ref 3),

(18) We gave preliminary results on the electronic structure of cyclos
propyimethyl cations calculated by the method which does not include
one-center exchange terms in eq 5 and 6. Therefore, the values pre-
Bented here differ a little from those In our carlier paper: T, Yonezawa,
H. Nakawujl, and H. Kato, Bull. Chem, Soc. Jap., 39, 2788 (1966).



Table VIII. . AO Populations at Cationic Carbons and a-Carbons

Cationic carbon,

, K=11" a-Carbon, X = 1.1

Cation a® T o+w o° T g+
CH:* 3.739 0.0 3.739
CH* 3,512 0.150 3.661 3,152 1.046 4,198
#-CaHo* 3.412 0.216 3.628 3.098 1.044 4,142
i-CaHq* 3.342 0.296.3.638 3,143 1.066 4.209
-CH,* 3.359 0.262 3.621 3.060 1.004 4.064
+-CiH,* 3,225 0.393 3.618 3,140 1.093 4.232
Stag. GHy 3,153 1.039 4.192

s ¢-AO's in this table are the sums of s, pe, and px’ AO's of the
referring carbon atom.

Moulliken,!® so that these delocalization of = electrons
may be attributed to the hyperconjugative effect of the
methyl group. On-the other hand, ¢ electrons behave
conversely compared with « electrons, namely, the ¢
population:at the cationic carbon decreases with increas-
ing number of methyl group: attached to it. This be-

havior of o electrans is reasonable, since an inrease of .

population due to hyperconjugation wii cause a Ie-
crease of ¢ population owing mainly tu the one-center
electron repulsion terms in eq 2.

The behavior of the AO populations at cationic carbon
with increasing number of methyl groups attached is
illustrated in Figure 1, which shows that, in spite of
large changes in ¢ and « nooulations, the change of total
population is surprising'y small. The trend of total
r~pulation reflects that of the ¢ population, but is the
iwverse of that of the # population. Hence it may be
stressed that the usual e pproximation of ¢—= separation
is inadequate in alkyi cations,

Further, Table VIII may indicate that the ¢ popula-
tion of the “trigonal” carbon atom is larger than that of
the adjacent sp? carbon atom. This would be the con-
sequence of larger electronegativity of an sp? carbon than
an sp' carbon.® However, interestingly, the AO
population of the a-carbon in an alkyl cation suffers
little change from those of the sp® carbon in ethane
(Table VIII), so that the comparatively large ¢ popula-
tion of the sp? carbon is due chiefly to the supply from
hydrogens in the molecule. The ¢ and = populations
at the cationic carbon of the n-propyl cation are be-
tween those of ethyl and isopropyl cations, and those of
the isobutyl cation are between those of #-propyl and

isopropyl cations. These facts may suggest the order of
the electronic effect of alkyl substituents on the cationic- -

carbon atom.

The = AO bond populations between cationic carbon
and w-carbon calculated with X = 1.1 are 0.094, 0.090,
and 0,081 for C;H;*, i-C;Hyt, and ¢-CyHyt, respectively,
which shows that the w-bond population decreases wi'i
increasing number of methyl groups !inked to the
cationic carbon. Further, those of n-CsH;yt and i-
CiH,* are calculated with X = 1.1 to be 0.120 and
0.133, respectively.

Protonated Hydrocarbens, Proton Affinities and
Heat of Reactions in Some Tonic Reactions. A proton-
ated hydrocarbon is a proton adduct of a hydrocarbon,
and the energy which is released in this process is the
protun affinity of a hydrocarbon. The calculated total
energies of protonated hydrocarbons are listed in

a élsg N. Muller and R. S. Mulliken, J. Amer. Cher. Soc., 80, 3489
{20) W. Moffitt, Proc. Roy. Scc. (London), A202, 534, 538 (1950).

3.7
3.6
35
3.4 Q.4
o}
3.3 0.3
32 Boz
3] 0_! ™ ~
30 0.0 J_ : .
g I 2 3
Number of methyl groups.
Figure 1. Changes of AO populations at the cationic carbon with

increasing number of meihyl groups attached,

Table IX, which also includes those of the parent hydro-
carbons. Calculated proton affinities of CHy, CyH,,
and CH, are shown in Table X, together with the cal-
culated energy changes for the reactions

CH* — CH,;* + 2H
CH,— CH,* + H
and
CGHy —> GH* + H

Table IX. Calculated Total Energies of Protonated
Hydrocarbons and Their Parent Hydrocarbons

Species K=11 Species K=11
CH;* —192,07 CH, —186.15
CH* CH. ~285.53
A form —327.48 CH. —320.31
A’ form -328.00 CH; —356.79
B form —326.86

GH,*
A form —290.68
B:form —291.19

Table X. Calculated Energy Changes for Some Reactions

Caled,

Reaction Exptl K=11
CH;—> CH:*+ H + ¢ 14.39¢ 13.4—}
CH;* — CHy* 4- ZH 2579 5.72
CH;* —> CH: + H* 4,95 ~ 5.58" 5,02
C.H;* — GH; + H* 223' gg;

+ H* 2 i

- 12.9¢ 15.19

CH; —> CGHt +H 4 ¢

s Reference 21. b Reference 25. ©Estimated value fron? AH-

(CH;Y) = 283 keal/mol.® ¢ Reference 16. *J. L. Franklin and
H. E. Lumpkin, J. Chem. Plys., 20, 743 (1952).

the values shown in Table X, we used the

In calculating o expiscted For

total energy of the most stable conformat
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the referring cation, which will be discussed below,
The agreement with experiment seems satisfactory, and
the more detailed discussions about Table X will be
secn in the corresponding sections which follow.,

Protonated Methane and Its Negative ISOmCl‘-I The
assumed geometry of protonated methane is a trigonal
bipyramid with a carbon-hydrogen bond of 1.05
A.*! - This model may be considered as an adduct of
two hydrogen atoms on both ends of the vacant = AO
of the methyl cation. The calculated atom bond pop-
ulations are shown in Table XI, which indicates that
the three hydrogens (H,'s) of the parent methyl group
are bound more tightly than the other two hydrogens
(Hy's). Interestingly, the charge of the central carbon
is more negative than that of methane, and the net
charge of this cation is comnpletely distributed t. Liyc.o-
gens in molecule.

Table XI.  Atom Bond Populations of Protonated Hydrocarbons
Calculatedwith X = 1.1

‘ Population ———
Protonated hydrocarbon

Atom Bond
Protonated methané
e I -0.348 1-a  0.702
”,"g.—ﬁ, a +0.231 1-b 0.613
" H b +0.328
Protonated ethylene
(i) the A form# 1 +0.060 1-2 0.885
3 -+0.162 1-3.  0.823
o 740233 1.7 0.313
n kK
(ii) the A’ form? 1 +0.028 1-2 0.801
3 +0,168 1-3 0.817
7 +0.274 1-7 0.423
(iii) the B forme 1 +0.034 1-2 0.862
3 “+0.170 1-3 0.815
Y e 7 40252 17 0.310
A
H H
Protonated acetylene
(i) the A form 1 40.120 1-2 1.478
H, 34028 13 0.775
Bl i1, 5  40.285 1-5  0.278
(ii) the B form 1 40,248 1-2 1.288
H 2 40062 1-3  0.743
“Y—C—ii, 3 40268 24  0.752
Ha 4 +0.211
Ethylene C  -0.155 c-C 1.225
s | +0.078 C-H 0.827"
Acetylene L& —0.135 C-C 1.828
H +0.135 C-H 0.794

. * The distance between H- and the center of the C_C bond is 1.2
A. * Thedistance between H; and the center of the C-C bondis 0.8

-

The nature of the carbon-hydrogen bond i pro-
tonated methane is of special interest, and we sum-
marized the calculated AO and AO-bond populations
of CHs* in Table XII, which also includes those of
methane, ethylene, and acetylene. The value of the
ratio of the AO-bond populations, (poc-h)/(sc-h),
in Table XTI, which may be considered to represent the
hybridized state of the referring carbon atom, under-
goes a great change from methane to ethylene, and from

(21) (@) J. R. Hoyland and F. W, Lam e, J. Chem. Phys.
(1962); (b) J. Higuchi, {bid., 31, 563 (1959~ " Fh¥s-» 37, 1066
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Table XII. AO and AO-Bond Populations in CH,, GH,, CH,,
CH;™*, and CH;~ ¢ .

C-H
bond H atom
popula-  popula- (poc-hy
Species sc~h poc=h tion tion - (sg~h)
CH, 0.207  0.581 0.788 0.958 2.81
CH, 0.285 0,542 0.827 0.922 1.%0
C:H, 0.376  0.418 0.794 0.865 1.11
CH,*.
H. 0.164  0.538 0.702  0.769  3.28
Hp 0.186  0.427 0.613 0.672 2.1
CH;~
H. 0.272 0.533 0.805 1.175 1.96
Hy 0.049 0.417  0.466 1.405 8.51

* The values in this table are calcylated with X = 1.1,

ethylene to acetylene. These values of the C-H, and
C-H, bonds in CHg+ are remarkably different from
cach other, although the assumed bond lengths are
1.05 A for both bonds, and it may be concluded that
the s character of C-H,, bond is greater than that of the
C-H, bond.

The LV orbital of CH;* calculated with X = 1.1 is®2

- @"Veme = 0.100sc + 0.552(ha 4+ hag + hag) —

0.889(he; + hpo)

This is bonding between se and h, AO’s but antibonding
between s¢ and h, AO’s. The orbital energy calculated
with K = 1.1is —1.429 ¢V and is extraordinarily higher
than the LV orbital energies of usual alkyl cations and
protonated hydrocarbons (—6 ~ —10 eV; see also
Table III). Also the electron affinity of CH.* may be
expected to be very small,?® and will be the order of
magnitude of those in neutral molecules.?* We ex-
amined further the occupied orbitals of CHy* and found
that all the occupied orbitals are bonding between the
C—Hb bond. .

The proton affinity of methane was observed? to be in
the range 4.95-5.58 eV, and the present calculation gave
5.92 eV by X = 1.1 and 4.68 eV by X = 1.08 as shown
in Table X,

We also calculated the electronic structure of CHg, -
which may be assumed to be a model compound re-
sembling the transition state of the SN2 reaction. The
calculated AO and AO-bond populations and the ratio,
(poc-h)/(sc-h), are also summarized in Table XIL
It may be noted that the difference between the bond
populations of the C~H, and C-H, bonds increases re-
markably from CH;+ to CH;~. This means that the
C-H,, bond becomes much weaker than the C-H, bond
m CHy~. Further, the sc~h bond population is
nearly zero in CHy-, indicating that the C~H, bond in
CHs~ is formed by almost pure p AO of the ceatral
carbon atom, Thus, the Hy,~C-H,, bond of CH;~ may
properly be called a three-center bond. The ratio,
(Poc-h)/(sc-h), of the C~H, bond in CHy~ approaches
to the value of ethylene.

" ézi}ﬂ:li‘g‘; :i?pcrrgf‘ﬁ?:::ﬁoﬁ) -this LV orbital may be checked by the

{23) The cleetron affinity of CHs* calculated by eq 11 is 1,446 eV

and agrees fairly well with the esti cd value s v
orbital energy DJ{’. C;-hf, he estimated value (1.429 ¢V) from the L

; 1(24-) For example, the observed clectron affinity of methyl radical is
N &Y. See also H. O. Pritchard, Chem, Reo, 52, 59 (1953), and
- 8. Hush and J, A, Pople, Trans, Faraday Soc., 51, 600 (1955),

(25) V. L. Tal'rose and i
2344 (1938), sc and E. L, Frankeritch, J. Amer, Chenr. Soc., 80,



The HO orbital of CH;— which corresponds to the
LV orbital of CH+ is

i~ = 0.059¢ + 0.560(hy + hu + o) —
0.884(huy + hu)

and its energy is +6.367 eV, which is very large and
is extraordinarily higher than that of the usual anions,
since the HO orbital energy of an anion may be set ap-
proximztely equal to the electron affinity of the corre-
sponding radical.?* Further, because of the instability
of the HO orbital of CH;~ the total energy of CH,;~
( 87.148 eV) is larger than that of CHgt (—192.069),
and this is also exceptional, referring . « those of aikyl
cations and aniors.

Protonated Ethyienv. Protonated ethylene is an
isomer of ethyl cation and is sometimes postulated to
represent the true configuration of C.H;+.?* In order
to study the stable coufiguration, we calculated the total
energies of protdnaicd cthylenes with some configura-
tions which are shown in Table XI. Tn the A form in
Table XI, the proton adds symmetrically to planar ethyl-
ene. In the B forw, the terminal carbon-hydrogen
bonds are bent in thc {etrahedral angle; in both cases,
the C—C bond lengihs are assumed to be 1.44 A. Asa
first step, the distance from the adding proton to the
center of the C=C bond is assumed to be 1.2 A? and the
resuits with X = 1.1 and K = 1.08 predict that the A
form will be more stable than the B form by 0.61 and
0.52 eV, respectively. When this length in the A form
is varied, the total energy minimum is obtained about
0.8 A (the A’ form in Table XI) by K = 1.1. But this
value may be rather small, and may not rcpreseni the
real configuration of protonated ethylene, since the
approximation introduced in eq 9 may underestimate
the nuclear repulsion energy when the interatomic dis-
tance becomes small.

Comparing the total energy of the A’ form with that of
ethyl cation of the geometry shown in Table VII, the
present calculation may suggest that the stable con-
figuration of C;Hs* will be protonated ethylene type of
the A’ form.

The atom boud poprlations of the A, A’, and B forms
are illustrated in Tabie XI. The charge of the adding
proton is well distrib-.ied, and the bord population ve-
tween this proton and carbon atom . relatively large.
The 7-AO popuiatica of the carbon atom is 0.750 in
the A’ form and is remarkably small, compared with the
value 1.00 for ethylene. Further, the C-C bond popula-
tion of ethylene calcu’ated by K = 1.1 is 1.225. This
bond in prctonated - “ylene is considerably weakened
by protonation.

The proton affin’'v of ethylene and ihe beat of forma-
tion of C;H+ from cthane, which are shown in Table X,
are cal~ulated based on the A’ form which is expected
to be the most stablc form of C;Hs+. The appearance
potentials of CH;* from CH, and of C:H* from CH,
were observed to be 14.39 and 12.9 ¢V, respectively, and
the stabilization energy? of C;H;* relative to CH,* was

a 4;‘% L. G. Conacll and R. W, Taft, Jr., J. darer, Chent. Soc., 78, 5812

(27) See Table X, footnote .
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expeeted to be 1.5 c¢V. But we failed in calculating
the stabilization energy of C;Hj*, and this is due to the
overestimation of off-diagonal core Hamiltonian
matrix elements (ffrs in eq 2) by the weight K. %%

Protonated Acetylenie. Protonated acetyienes of two
configurations, symmetrical and unsymmetrical, il-
lustrated in Table XI are considered, In the A form,
the distance between the adding proton and the center
of the C-C bond of acetylene is assumed to be 1.20 A,
in the B form, one of the terminal carbons is assumed to
be in the sp? state, and C-C bond lengths of both forms
are assumed to be 1.27 A, As shown in Table IX, the B
form .vhich may be regarded us the product of the de-
hydride reaction of ethylene is expected to be more stable
than the A form by 0.514 eV, and this is the same trend
as reported by Hoflmann.? However, both methods
involve some approximations, and further investigations
would be necessary to draw a final conclusion.

The atom bond populations of protonated acetylene
are shown in Table XI, which shows also that the net
charge of the adding proton distributes in the molecule.
Further, the atom population of the sp carbon in the B
form is remarkably small and this is due to the small
value (0.115 by K = 1.1) of the x#'-AO population of
this carbon atom.

The LV and next LV orbitals of the B form are?®*

Lv
09957’y ~ 0.114w"¢c, — 0.248(hs — hs)
Next LV
0.7427¢; — 0.902%¢,

and their orbital energies are —8.58 and —7.05 eV,
respectively. These results may suggest that the pro-
tonated aceylene of the B form has two stable unoccupied
orbitals, one of which lies in the molecular plane and
the other lies in the plane perpendicular to the molecular
piane.

The proton affinity of acetylene cstimated from the
observed heat of formation of C;Hj* is 5.93 eV and is
less than the observed value for ethylene. The cal-
culated proton affinity of acetylerc, based on the B
form. is 5.67 eV 2nd is ~ 20 less than the calculated
value of ethylene, as shown in Table X. The agree-
ment of the calculated value with the estimated values is
excellent.

Acknowledgment. The caiculations were carried
out on an HITAC 5020 E computer at the computation
center of the University of Tokyo, whom the authors
wish to thank.

(28) By improving the overestimation of off-diagonal mrc_H:m_\il-
tonian matrix clement, we succceded in calculating the stabilization
cicrgy.  Namely, the appeacance potentials of CHa* from C'i and
of C:Hs* from C:H, are calculared by the improved method as !3.4_1-3
and 12.40 ¢V, re_peciively, More dutal's about this improveniunt will
tre published in the near future. . L

(29) In the LY orbital, the group orbital (hs — hs) is antbonding
with #'g, and bonding with = ’ce. .

(30) The JP of the vinyl radical was observed to be 9,45 ¢V: A.__G.
Harrison and F, P. Lossing, J. Amer. Cient. Soc., 82, 519 (1960). wut

the obscrved configuration of vinyl radical is diflereat from that of the
B form in the present calculation:  R. W. Fessenden and R, H. Schuler,

J. Chem. Phys., 39, 2147 (1963).
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The =-Type Conjugation in the Cyclopropylmethyl Cation

Tte high conjugative ability of the cyclopropyl
croup with an adjacent z orbital has been estab-
lished cxperimentally’> and theoretically.2-%> For
the cyclopropyl derivatives, Walsh predicted that
this conjugation would be most effective when
these compounds were in a “bisected” conforma-
tion (I in Fig. 1). Recently his prediction has
been confirmed by Pittman and Olah through their
NMR measurements.?

In the present paper. we will treat quantitatively
the clectronic structures of the two conformers,
“bisccted” (I) and “non-bisected” (IT) (see Fig.
1), of the cyclopropylmethyl cation with our newly-
developed semi-empirical ASMO-SCF method.®
The geometry chosen for the cyclopropyl group is
the same as that in cyclopropane, while the C,—Cs
bond distance (in Fig. 1) is assumed to be 1.50 A.

Fig. 1. The configurations of * bisected ™ (I} and
* pon-bisected ™ (II) conformers. In the I form,
the atorns H,, C; and the terminal CH, group
are on the same plane, and in the II form the
C;-H, bond is perpendicular to the plane of
the terminal CH; group.

TasLe . TwE atoM AND AQ ROND PGPULATIONS
IN CYCLOPROPYL GROUP
Compound Ci-C: pi-p: Ci-Hy p,-h
Bisected (I) 0.585 0.309 0.847 0.523
Non-bisected (II) 0.650 0.378 0.785 0.464
Cyclopropane 0.651 0.367 0.839 0.539
1) C. U._Pittman, Jr, and G. A. Olah, J. Am.

Chem. Soc.. &7, 5123 (1965).

2} A. D. Walsh, Trans. Faraday Soc., 45, 179 (1949).

3) C. A. Coulson and W. E. M ]
T offitt, Phil. Mag.,
4) R. Hoflmann, /. Chem. Phys., 49, 2840 (1964);

Tetrahedron Letters, 43, 3819 (1965).
5t T. Yonezawa, K. Yamaguchi and H. K
This Bulletin, to be published; Abstract of the sy::f:g:
sivcm on Molecular Structure, Osaka (1966), p. 49.
bc. In Rl;-f. bitis !tal;‘:d that the encrgy, ifference
tween these two conformers i
B - 10 kcal./mol. FREE gt be luger tian
7i

The calculated total energics show that the [
form is more stable than the Il form by 0.813 ¢V,
The z atomic orbital (AQ) population of the C;
atom is 0443 in I and 0.280 in II. As 10 the
atom bond population between the C; and C;
atoms, the values are 1.015 in I and 0.924 in 11,
while the # AO bond populations are 0.203 in I
and 0.113 in II; other # AQO bond values ob-
tained by the same method include 0.425 in ethyl-
ene, 0,114 in the ethyl cation, and —0.022 in
cthane. Accordingly, it may be concluded that
the m-conjugation in the I form is quite strong
and that it contributes greatly to the stabilization
of the I form,

The atom bond populations of C,-C; and C,~-H,
are collected in Table I, together with the cor-
responding values in cyclopropane. The table
implies that the values of C,-C; in the II form and
of C;~H, in the I form do not suffer much change,
compared with the values in the cyclopropane,
while remarkable changes do occur in C,-C,
in I and in C,~H, in 11, Further, in Table I, the
sum of the AO bond populations between the three
p AQO’s belonging to the C, and C,; atoms, denoted
by p;-p; in Table I, and the value between the
po AQ of the G, atom and the Is AO of the H,
atom (p,,-h) are also indicated. Hence, the
following conclusion may be drawn; the large
changes in the atom bond population of C;-C; in
I and of C,-H, in II are mainly caused by the
changes in p;-p; in I and in p,;-h in IL. As
may be seen in Fig. 1, the p AO of the G,
atom conjugating with the vacant # AO of the
C; atom also participates in the C~-C bonding in
the I form and in the C-H bonding in the II form.
Accordingly, the above-mentioned changes are
largely due to the interactions between the p AO
of the C, atom and the vacant = AO.

From the above discussions, it is clear that the
stabilization in the I form arises mainly from
z-type interaction between the vacant 7 AO of
the sp? carbon and the z-like AQ’s in the ring
carbons.

The transition energies for the first excitation
may be evaluated as 6.60 eV. and 5.04 ¢V., and
the oscillator strengths as 0.054 and 0.015, for 1
and II respectively. These transitions may be
attributed to the intramolecular charge transfer
from the cyclopropane ring to the vacant = AO
of the sp? carbon.
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Semi-empirical Unrestricted SCF-MO Treatmecnt for Valence Electron

Systems. I.

Application to Small Doublet Radicals

A semi-empirical SCF me.hod for valence electron sysiems including a differential overlap

previously pronuted by the present authors is here extended to molecules with an open-shell struc-
ture. The unrestricted Hartree-Fock method is applied, and the one-centre and part of two-
centre o—n-type exchange repulsion integrals, playiig an essential role in spin-density calculations,
are included in the calculations. The calculated spin densities are divided into the mechanistic
(spin-polarization and spin-delocalization) contributions. The spin-polarization mechanism is
shown to be important even in case: where the spir delocalization mechanism has usually been
considered to be dominant (e. g., eihy! and vinyl radicals). The calculaied spin densities of #-
electron radicals (methyl, ethyl, allyl, and trazs-butadienyl anion radicals) and of g-clectron radicals
(vinyl, formyl, NO,, CO,~, CN) are discussed. Their /fs constants and mechanistic contributions
are calculated; for the methyl and vinyl radicals th=se are shown to be strorgly angular-dependent.
The calculated potential curve and the Afs constants of the vinyl radical lead to the CCH. angle,
#~135°; furthennore, the H, and Cpg A/t constants are shown (¢ be negative. Cencrally, the
calculated proton kfs constants agree satisfactorily with the experimental data and with other
calculations except in the case of the formyl radical. The atomic dipoles of some 7-electron radi-
cals are calculated, and some interesting features comimon to all the a-eiectron radicals studied

are found.

Recently semi-empirical SCF mcthods for valence
clectron systems have been generally applied:® to
calculations of certain physical and chemical

1) a) J. A. “ople, D. P. Santry cnd G. A. Segal,
J. Chem. Phys., 43, 2129 (1965). %) J. A. Pople and
C. A, Segal, #4, 44, 3289 (196-). <) J. A. Pople,
D). L. Beveridg~ wad 7. A. Dobosb, i¥id., 47, 2026 (1967).
' 1. A. Pople, D. L. Beveridge and P. A. Dobosh
J. Am. Chem. So-, 99, 4201 (1965).

2) N. M. Atherton and A. Hinchlif’e, Mol. Phys., 12,
549 (1967).

3) T. Yonezawaz, H. Konishi and H. Kato, This
Bulletin, 41, 1031 (1968).

4) a) T. Yonezawa, K. Yamaguchi and H. Kato,
“hid., 4@, 535 (1967). b) T. Yonezawa, H. Konishi
and H. Kato, ibid., 40, 1071 (1967). ¢) H. Kato, H.
Konishi, H. Yamabe and T. Yonezawa, ihid., 4@, 2761
(1967). d) T. Yonezawa, H. Nakatsuji and H. Kato,
J. Am. Chem. Soc., 90, 1239 (1968).

5) a) T. Yonezawa, H. Nakatsuji, T. Kawamura
and H. Kato, This Bulletin, 40, 2211 (1967). b) T.
Yonczawa, H. Nakatsuji T. Kawamura and H. Kato,
Mol. Phys., 13, 589 (1967).

?

-

1

propertics of molecules. We have previonsly
proposed a semi-empirical SCF method including
differential overlaps for valeuce eleciron syTtems
and applied it to varicus ciosed-shel! molerniesd)
Here, we exicnd thiz metiind te molorvles with an
open-shell structure. As in the preliminary reports,”
the unrestricted Hartree-Fork (UHF) method® is
applied. Siace the URF wave function is not an
cigenfuncticn of the spin-squcred operator, §%, ihe
lowest contaminating spin furriions are annihilatc”
after energy minimization.

The spin density calculated by the UHF mcthod
originates from two main mechanisms, the spiu-
polarization (SP) and spin-deiocalization (SD)
mechanisms.  In order to clarify the nature of the
spin-density, thesc mechanistic contributions are
6) J. A. Pople and R. K. Nesbet, J. Chem. Phys., 22,
571 (1934).

7) a) T. Amos and G. G. Hall, Proc. Roy, Soc.
(London), A263, 483 (1361). b) A. T. Amos, Mol.
Phys., 5, 91 (1962), ¢) T. Amos and L. C. Snyder,
J. Chem. Phys., 41, 1773 (1964). d) L. C. Snyder and
T. Amos, ibid., 42, 3670 (1965).



separated by the method icported previously.™
In g-elect:on radicals, the SP mechanism is
dominant and is reduced 10 small o—x-type election
repulsion integrals. In the present calculation,
the one-center and part of two-center a-g-type
exchange repulsion integrals are included, although
the latter was neglected previously.®

The method is applied mainly o the spin-density
caleulations of m-clectron radicals, such as the
methyl, ecthyl, allyl, and s-trans-butadienyl anion
radicals, and of some o-electron radicals, such as
vinyl, formyl, NO,, CO,~ and CN radicals. The
mechanistic contributions to the spin density are
separated, and some interesting features of spin
density are revealed. Lastly, the dipole moments
of the g-clectron radicals are analyzed.

Method

An unrestricted wavefunction for a system with
£ a-spin and q B-spia clectrons has the form:

Gune = [92(Da(l)- p3(P)a(h) LB+ 1)B(p+ 1) -

¢h(n)Bn)], (1)

where n=p+¢. For the doublet radicals considered
here p=g+ 1. The molecular orbital is expanded as a
lincar combination of all the valence atomic orbitals
(VAO’s), y,, of tl:= constituent atoms:

vy = .“;:C't'rzr
and:
?f = ZCﬂb- (2)

The unrestricted SCF equations of the LCAO
approximation are:

FeCy = G

and:

FACf = fscf 3

in the usual potations.®

Estimation of Integral Valens. One of the
main features of the unrestricted SCF theory is
its inclusion of spin correlation, thus enabling us to
calculated negative spin densities. In the case of
n-electron radicals, the spin densities appearing in
the g-type AQ’s are due to the g-n-type spin-
polarization mechani-m.?"19 In order to study these
radicals, the following exchange intc zrals are con-
sidered in the calculations:
(8) The cne-conter exchange - pulsion integrals**
are cvaluated by the approximate relations:4")
8) ay T. Yonezawa, H, Nakatsuji, T. Kawamura
and H. Kato, Chem. Phys. Letters, 2,454 (1968). b) T.
Yonezawa, H. Nakatsuji, T. Kawamura and H. Kato,
J. Chem. Phys., in press. €) H. Nakatsuji, H. Kato
and T. Yonewxw., ibid,, in pres:,
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b aps — QL yiss| pp
and: .
(b0’ pp") = 0.011Z(ppl pp), (4)
where s denotes the 25 AQ.
(b) A part of the two-center g-n-lype exchange
repulsion integrals is appraximated by the following
semi-emipirical estimation:

{I‘UT,\:"fff,\'}-uwui‘!'myirh-:r - A't’lﬂ_{;ﬂﬂ_t)ﬁl-uur
(ﬂ_\'ﬁ_"‘\‘ﬂ_"ij’)w—mi—rmpirir‘nl o k(ﬂ_l’f_['{ﬂ_lﬁ.\’_:'Shn-r (-I)
(v lyvye) = (v luxvae) - (v fpyvy ) 12

where % is a hydrogen 1s AO, where g is a 2y,
2pa or 2pn AQO, and where X and ) denote the
first-row elements of the periodic table. The value
of the parameter, £, is chosen so that the calculated
proton spin densitics of the methyl and ethyl
radicals obtained before annihilation may reasonably
he compared with the experimental results; the
value is equal 1o 0.58 throughout these calcula-
tions.*> For the 25 AO spin density of the carban
atom, the above two-center g-m-lype exchange
repulsion mategrals are .ot so important as are
those for the proton spin density,**

Note that many other two-center a-n-type
electron repulsion iniegrals are omitted. However,
the parameter £, introduced in Eq. (5), may effec-
tively include these neglected integrals for the
proton-spin density in the C-H bond;*¢ this
assumption will, however, break down for hetero-
polar cases such as for the N-H and O-H bonds,

9) a) H. M. McConneli, J. Chem. Phys., 24, 7G4
(1956). b) H. M. McConnell and D. B. Chesnut,
ibid., 27, 984 (1957); 28, 107 (1938). ) H. M. McCon-
ncll, ibid., 28, 1188 (1958). d) §. I. Weissman, ibid.,
25, 890 (1956),

10) M. Karplus and G. K. Fracnkel, J- Chem. Plys.,
35, 1312 (1961).

** The inclusion of one-center exchange repulsion
integrals destroys the invariance! of the Mulliken
approximation, since (pp/p'p’) = (ppipp) — 2(pp’Ipp’).
Therefore, the one-center exchange repulsion integrals
are included in the method after the Mulliken approxi-
mation for (rs/tu) is completed, and the term —=2(pp'(pp")
is introduced as a correction to (£p/b’p’). Thus, the
present method is invariant to rotation around local
atemic axis.

- *2  The ratios of the adopted one-center exchange
integraly to the theoretical values calculated froim Slater
AO’s are 0.51 for (pt'[pt’) and 0.58 for {(sp/sp).

*¢ For the methyl radical, the contributions of the
one- and the two-center ¢--type exchange repulsion
mr*g.ralx ar: —C.0787 1. -0.0512 for the proton-spin
de.nnty, and 0.1788 and —0.0301 for the carbon 25 AQ
spin-density (before annihilation),

% 'I_‘hc contribution of the g-n-type ionic integrals
18 zero if the C-H bond is assumed to be homopolar,
For example, the configuration interaction treatment
of the methyl radical, using the simple MO's based on
the hybrid orbitals, showed that the contribution due
to the two center g-n-type ionic integrals amounts to

only 62, of the total proton si:in density.
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where the omitted u—n type lonic intesrals may
become imj..itant.

The method of estimating all the ‘her integral
values is the same as has been pre. ‘ously reported 4%

Spin-pclarization and Spin-delocalization
Contributions. As has been shown in previous
papers,® the spin-polarization (SP) contribution to
the caleulated spin density at the J position is given
by the following equations for doublet radicals:
s

3
(o},)sp = p (P~

l.-! =y I i — t 2
(ru)sp y (Dl —1.). (t)
(£%,)se is the SP contribution to the spin density,
', calculated by the UHF method, and (p%,,)s,
is the SP contribution to the spin density, p,,,
obtained after annihilation.*® The spin-delocali-
zation (SD) contributions are the same for both
stages (ba and aa) and are approximated® by:

(#')sp — o' — (p')sp. (7)

Estimation cf the Isotropic hfs Constants.
The isotropic proton Afs constant, a, is expressed
approximately by: ag=Agpy,*? while the values
for the first-row nuclei of the periodic table are
given as the sum of the 2s contribution (A4, -
Pytwy) and of the inner ls contribution.

In the present calculations, Ay is regarded as
a preportic-zlity constant determined by “best
fitting” the calculated spin densitic (before an-
nihilation) to the observed hfi .onstants. © Ay is
set equal to 743 gauss throughout this paper. The
2s contribuiion to the ifs constant of the 3C nucleus
is calculated by setting A, =1110 gauss.?V
However, the present method does not give the
quite imporlam contributions 10 Afs constants by

Hercaﬂrr, the spin densitics calculted befor and

after annihilation will be wyitten as {odv. and {o)i;.

:nd the chargc densties, as {@re anb {PDus; {P)va has
the same meanir: ; as the punr in the previous paper.®

*!  For the proton, the &fs constants calculated only
from (pn)ea are compared with the experimental results,
The reasons for this are as follows: As may be scen
from Eq. (6), the SP contributions satisfy the relation:
(%)sp=3(p'sa)s0, while the SD contributions satisfy
{p'oa)sp=(p%a)sp. For example, in the ethyl radical,
the spin density of the H; atom is due to both mechanisms,
while that of the H, atom is due only to the SP mech-
anism. (See Fig. 1 and Table 4.) Thus, p.~1.2p..
for the H, atom and pu.=3p,. for the H; atom. This
example shows that, if the o-n-type clectron repulsion
integrals are so adjusted that p., correlates well with
the experimental values, then p.. correlates poorly with
the observed values in the least-mean-square’s sense.
For a comparison of the spin densities calculated by the
various mcthods, sce the article by Harriman and Sando
(J. Chem. Phys., 48, 5138 (1968)).

11) J. R. Morten, Chem. Rers., 64, 433 (1964).

12) A. L. H. Chung, J. Chem. Phys., 46. 3144 (1967).
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mper Iy AOSIN These contribations are opposit

in sign to those of the "¢ A()'s. 1012

Application of the Method

In this section we will present the results obtained
by applying the above method to three types of
radieals: 1) organic w-clectron radicals. such
methyl, cthyl, allyl, and #ranc-butadienyl anion
radicals; 2) organic a-clectron radicals, such as vinyl
and formyl radicals, and 3) inorganic a-clectron
radicals, such as NO,, CQ,-, and CN radicals. The
geometries and the numberings are illustrated in
Fig. 1. In this section we will first show the
general features common to the three types of
radicals. Seccondly, the characteristic features of
cach type of radical will bc compared with the
cxperimental results, and lastly, the dipole moments
of the g-electron radicals will be analyzed.

General Features. The calculated ionization
potentials and eclectren  affinities are given in
Table 1, together with the expcrimental values.
The calculated ionization potentials are generally
larger than the observed values.

Table 2 gives the expectation values of the
spin-squared operator, 82, before and after the
annihilation of the quartet spin function. The
anmihilation of the lowest contaiminating spin
state yields a sufficiently pure eigenstate of S
If the sextet and higher spin states are neglected,
the UHF wavefunction for doublet radicals may
be written as:

as

¢rane = Cyrathya - Cyroyin

{ane)gf {CI /2) 2 may be

and the relative weight,
calculated by:?

(Gt (Cupa)? = H2um =3

‘ 8
15—4{8uns @

In the last column of Table 2, these valucs are
given: for various radicals; they are less than 2.04
for all the cases studied here.

That annihilation of the lowest contaminating
spin state weakly influences the total charge den-
sities™ is shown in Table 3 for the methyl and
NO, radicals. This fact can be deduced generally.®)
However, the annihilation causes large changes in
the spin-density distributions, as will be shown
below.

Organic rn-Electron Radicals. 1) Methy!
Radical- The geometry, hfs constants, and some
other propertics of the methyl radical have been
examined theoretically!®1912:13) apd experimental-

13) a) M. Karplus, /. Chem. Phys., 30, 15 (1959).

b) D. M. Schrader and M. Karplus. ibid., 40, 1593
(1964). ¢) D. M. Schrader, ibid., 46, 3895 (1967).
d) K. Morokuma, L. Pedersen and M. Karplus, ibid.,
43, 4801 (1968). ¢) D. L. Beveridge and K. Miller,
Mol. Phys., 14, 401 (1968).
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Fig. I. Geometries (L. E. Sutton Ed., “Tables of Interatomic Distances
and Configuration in Molecules and Ions,” Chem. Soc. (London),
(1956) ar 1 (1965)).

Tasre 1. JowsizaTion POTENTIAL (JP) AND ELECTRON AFFINITY (EA) (cV)
P EA

Radical Py e sy

Exptl. __ Calcd Exptl. Caled
CH, 9.86,» 9.95% -10.310 1.1, 1.49 -0.813
GH, 8.67,» 8.78» 10.062 0.9 0.949 —0.690
GH, 8.16," 8.755% 9.202 2.1,% 2.219 0.050
CH,- —0.34» —0.164 — -7.728
GH, 9.459 10.223 — —0.665
HCO 9.82,» 9.88v 9.854 — 0.200
NO, 1.3 9.78» 11.967 2.34," 1.620 2.18
CO,- — 1.820 — —8.041
CN 14.552 15,13 11.307 3.210 0.445

a) R \zvun;’;)r “Tables of Tonization Potentials”, United States Atomic Energy Commission, T1D-
614 :

b) The value cited is the calculated EA of trans-butadienc: N. S. Hush and J. A. Pople, Trans.
Faraday Soc., 51, 600 (1955). ‘

c) F. ;%M:Laﬂ‘erty, *“Mass Spectrometry of Organic Ions,” Academic Press Inc., New York (1963),
P 3

d) :-:92 Pritchard, Chem. Revs., 52, 529 (1953); H. O. Pritchard and H. A. Skinner, ibid., 55, 745

e¢) F. M. Pare, Sm. Combust. 3-th, Pasadena, Calif., 1960, ~ 150.-

) D.T. C. Morris, J. In . Nuci. Chem., &, 295 (1958).

g) J. T. Herron >nd V. H. Dibeler, J. Am. Chem. Soc., 82, 1555 (1960).
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TaBLe 2. Tiilg EXPECTATION VA! ES Oc & . _..dE
AND AGTER ANNIHILATION OF (HE QUARTET
SPIN FUNCTION

=3 e
Radical Before After (_C_!{%.
annihilation annihilation i
Methy)
= 0.0" 0.7544 0.7500 0.0014
6.0° 0.7542 0.7500 0.0014
12.0" 0.7537 0.7500 0.0012
19.47> 0.7529 (. 7500 0.0010
Ethyl 0.7564 ©.7500 0.0021
Aliyl- 0.8584 0.7510 0.0399
(t-Butadiene) ~ 0.7828 0.7502 0.0113
Vinyl
#=120° 0.7880 0.7502 0.0132
135° 0.7892 0.7503 0.0137
150° 0.7906 0.7504 0.0142
180° 0.7922 0.7506 0.0148
Formyl 0.7713 0.7502 0.0071
NO, 0.7563 0.7500 0.0021
CO,~ 0.7529 0.7500 0.0009
CN 0.7562 0.7500 0.0020
a) See Eq. (8).
TaBLE 3. T..AL CHARGE DENSITIES OF THE CH; AND

NO, RADICALS CALCULATED BEFG: '~
AFTER ANNIHILATI |

CH, NO,
T A
Aomic (Dw Du AEE Gw <
2 1.1152 1.1126  25(N) 1.4906 1.4900
e, 205 0.4200 0.4200  2p-(N) 1.0690 1.0686
2py 1.000 1.7900  2p,(N) 0.2588 0.2578
k 0.7611 0.7602  2p,(N) 0.7605 0.7603
25(0) 2.0238 2.0239
2p:(0) 1.5712 1.5712
2p4(0) 1.1459 1.145%
2p,(0) 1.4142 1.4141

Iy' in great detail. In this paper we examine
its structure, force constant, and Afs constants.

In Fig. 2, the calculated potential curve for the
out-of-plane bending of the methyl radical is shown.
The present calculation predicts a planar configura-

14) a) T. Cole, H. O. Pritchard, N. R. Davidson
and H. M. McConnell, Mol. Plys., 1, 406 (1958).
b) G. Herzberg and J. Shoosmith, Cen. J. Plys., 34,
523 (1956). c¢) G. Herzberg, Proc. Roy. Soc. (London),
A262. 2 (Iwil). a4} R. W, Fessenden and R. H.
Schuler, J. Chem. Phys., 39, 2147 (1963). ¢) R. W.
Femenden, J. Phys. Chem., 71, 74 (1967). ) W.L.S.
Andrews and (. C. Pimentel, J. Chem, Phys., 44, 2527
(1966). g D E. Milligan and M. E. | x, ibid., 47,
5146 (1967).
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Fig. 2. Potential curve for out-of-plane bending of
the methyl radical,

tion') and gives a force constant of 0.183 mdyn/A,
which is comparable with the experimental values,
0.2527 in a solid-argon matrix™” and 0.177 in a
nitrogen rmz.ix.148)

Recently, the isotope effects on the f£fs consiants
of the methyl radicals have been reported by
Fessenden;#*) the spin densities on both the proton
and the carbon nuclei have been seen to increase
with an increase in the angic ¢ of Fig. 1. Here,
we will examine the angular dependence of the
spin densities in order to clarify the mechanism of
these angular dependencies. The resulis are sum-
marized in Table 4, while those for the carbon 2s
AO are illustrated in Fig. 3. They predict rea-
sonably weil the angular dependences of the spin
densitics on both the hydrogen 1s and the carbon
25 AQ¥s, which is in accordance with the experi-
ments. Note that as the angle ¢ increases, the
(Psecey)sp Vvalue increases, and that this increase
exceeds the decreasing tendency of (pg,(c))sps UiS.
Fig. 3. For the proton-spin density, the observed
tendency may be explained by the increasing
contribution of the SD mechanism with an increase
in the angle. Note that the SP contribution is
almost constant over the angular range considered
and that the SD contribution is very small, even
in the tetrahedral configuration. )

In Table 5, these isotope effects of the methyl
radicals are summarized and compared with the
experimental valucs,') the temperature effects'

_are neglected and the calculated Afs constants are

averaged over the zero-point vibration, and the
force constant of the 71, radical obtained by
Milligan and Jacox'*) is used for all the isotopical-



TABLE 4. SPIN DENSITIES IN THE METHYL RADICAL
Beforce annihilation After annihilation
Geometry Atomic A~ . -~
o orbital O (#)sp (p)sv ORS (e {pisv
0’ 25(C) 0.1487 0.147 0. 002 0.0510 0.049 0,002
2p:(C), 2p:(C)  0.0115 0.012 0.000 0.0038 0.004 0.000
" 2p,(C) 1.0000 0.000 1.000 0.99%0 0.000 0.999
h —0.0775 —0.028 0.000 —0.0089 —0.009 0.000
6~ 25(C) 0.1523 0. 143 0.009 0.0570 0. 0-!8 0.0y
2p:(C, M(C) 0,017 0.012 0.000 0.0039 0.004 0.000
2py(C) 0.999 0.0l 0.990  0.9897  0.000  0.990
k —0.0270 —0.028 0.001 —0.0084 -0.00Y 0.001
12° 25(C) 0.1622 0.132 0.030 0.0739 0.044 0.030
<p2C), 2p:(C) 0.0126 0.013 0.000 0.0042 0.004 0.00?
254(C) 0.9653 0.003 0.962 0.9635 0001 0.962
h —0.0258 —0.028 0.002 —0.0071 —0.009 0.002
19.47°Y  25(C) 0.1812 0.114 0.0067 0.1052 0.038 0.067
2p2(C), 2p:(C)  0.0145 0.015 0.000 0.0049 0.005 0.000
25, C) 0.9164 0.004 0.912 0.9138 0.001 0.912
k —0.0241 —0.029 0.005 —0.0050 —0.010 0.005

a) This value must be zero by symmetry, and the error results from the approximation used to derive

Eq. (7) (Sec Ref. 8).
b) Tetrahedral angle.

1 | 1
P2s(c)
15 — -
( pzsrca)sp‘“'\
Q -
T
i‘ c ers "‘1 _
.05 | Vi
(p;*_ 4 )‘\"\ ”
f .-""
.w I == | L |
(v} 10 20

¢ (degree)

Fig. 3. {pu(dw and its mechanistic contributions
versus the bending angle ¢ in the methyl radical.
Only the curves obtained bofore annihilation are
given, but the characteristic features are the same
in both stages,

ly-substituted methyl radicals. As Table 5 shows,
the rate of the change in the calculated Afs constants

with an increase in the number of the deuterium
atom is less than that required to explain the

(44

observed Afs constants; this has also been noted
by Morokuma, Pedersen and Karplus.®®) 'Lhe
vibrational corrections to the spin density arc
10.0004 (0.29 gauss) and --0.0156 ~ |- 0.0052
(17.31~5.77 gauss) for the hydrogen ls AO and
for the carbon 25 AO respectively. (See also ‘Table
7.)

i) Euyl, Allyl and Butadienyl Anion Radicals.
In this section, the spin densitics of the ethyl, allyl,
and s-frans-butadienyl au..1 radicals are discussed.
The calculated spin densities and their mechanistic
contributions are summarized in Table 6, while
the proton hfs constants calculated from (o,>,.
are shown in Table 7.

Previously," the micthyl proton Afs constants
of the ethyl radical have been shown to be due to
a major SD contribution and a minor SP contribu-
tion. When we assume the es.perimentally observed
relation’® for the methyl proton hfs constat,
ag=By+ B,cos’0, where @ is the rotational angle
about the C-C single bond, the values of B, and
B, may be calculated as —1.49 and 55.28 gauss
respectively.*®  The average ay value over the
rotational angle, 0, is 26.15 gauss, which may be
compared with the obscrved value,*") 26.87 gauss.

13) a) C. Heller and H. M. McConnell, /. Chem.
Phys., 32, 1535 (1960). b) A. Horsfield, J. R. Morton
and D, H. Whiffen, Mo, Phys., 4, 425 (1961;.

** B, is calculated from the results previoucly reporterd
(Ref, 80,
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TasLE 5. [sOTOPE EFFECTS FOR THE hfs CONSTANT (gaum)
al Aa(BC)®
- s 4 25(C) m——— n
Radical  {onome —— Radical e 12 Caled
Caled  Exptl™ ba ak —— Exptl.”
ba aa
“4CH, -Q.0‘27|. 20.15 23.038 BCH, 0.1518, 0.0562, 0.00 0.00 0.00
CH,D -—-0.0271, 20.17 23.10 BCH,D 0.1515, 0.0558, —0.24 —0.41 —0.52
BCHD, -0.0271, 20.19 43.21 BCHD, 0.1513, 0.0554, —0.50 -0.85 —1.28
1CcD, -0.0272, 20.22 23,299 MCD, 0.1511, 0.05%0, —0.78 —1.33 —2.36
a) 4a(®C)=a(*C)—a(*C in PCH,)
b) Ref. i4e.
¢) The relation, ag=6.514ap, is used.
+TABLE 6. SPIN DENSITIES IN THE l.mvn; ALLYL, AND {rans-BUTADIENYL ANION RADICALS
Radical Atg:mf Before annihilation After annillilalion
e {P)ra (P)sr (P)so (L (p)se (P)sn
Ethyl 24(C,) 0.1614 0.159 0.0029 0.0555 0.053 0.002
284(C,) 1.0001 0.002 0.998 0.9985 0.001 0.998
25(Gy) -0.0123 —0.012 0.000 —0.0040 —0.004 0.000
2p5(Cy) -0.0130 —0.013 0.000 —0.0042 —0.004 0.000
hy, by —0.0345 —0.035 0.000 —0.0111 —0.011 0.000
hy, ke 0.0165 0.003 0.013 0.0142 0.001 0.013
hy 0.0 74 0.020 0.052 0.0593 2.007 0.052
Allyl 2:1Gy) 0.0928 0.099 0.000 0.0335 0.034 0.000
2p5(Cy) 0.6840 0.173 0.511 0. 5686 0.058 0.511
25(Cy) —0.053¢  —0.054 0.000 —0.0175 -0.018 0.000
2p5(Cs) —0.3414  —0.35% 0.015% —0.1043 —0.119 0.015%
hy, by —0.0188 —0.019 0.000 —0.0061 —0.006 0.000
hys by —0.0191  —0.019 0.000 -0.0062 —0.006 0.000
hy 0.0049 0.005 0.000 0.0016 0.002 0.000
Butadie:. ; ! 25(Cy) 0.0674 0.067 0.000 0.0228 0.¢22 0.000
Anion 20:(Cy) 0.5022 0.095 0.407 0.4387 0.032 0.407
25(Cy) 0.0157 0.016 0.000 0.0053 0.005 0.000
2p(Cy) 0.1330  —0.094 0.227 0.1957  —0.03] 0.227
hy, hyy —0.0132  -0.013 0.000 —0.0043 —0.004 0.000
by, hy —0.0125  —0.013 0.000 —0.0041 —0.004 0.000
by, by —0.0070  —0.007 9.000 —0.0023 —0.002 0.060

a) Sce Ref. a) of Table 4.

The allyl radical has been extensively studied
wsing the x-approximation method. The n-spin
densities calculated by the UHF method by
Berthier'™) are 0.812 for 2p,(C,) and —0.619 for
25,(C,) AO, and the projected values'**) arc 0.609
and —0.185 respectively. The corresponding valucs
obtained by the present method are given in Talbe 6.
The SP contribution to the spin density in the
2p,(C,) AO is ~s great as 10—25°,.1*"  The spin

16) a) G. Bei:hier, J. chim, Phy-, 52, 141 (1955).
b) H. M. }icConicil, ;. Chem. Phis., 29, 244 (1938},
¢) C. Heller and T. Cole, ibid., 37, 243 (1962). di D.
Lazdins and M. Karplus, ibid., 44, 1600 (1966).

78

densities on the 2p,(C;) and the h; AO’s are calcu-
lated to be negative and pasitive in sign respectively,
which is in agreement with earlier theoretical
works.1¥)

The electron-spin resonance study by Fesscnden
and Schuler'™ of the allyl radical in a liquid me-
dium showed a slight difference in the Afs con-
stants for the two methylene protons (H; and Hj
in Fig. 1). Ohviously, McConnrll’s relation,*”) ay
=() 40" can not interp: :* this observed difference.
However, the present valence electron treatment
yields a small difference in the spin densities on the
H, and H, nuclei. Therefore, the observed Afs
constants of 13.93 and 14.83 gauss may be assigned



TaABLE 7. ISOTROPIC PROTON /f5 CONsTANTS
hfs Constant (gauss)
Radical Position s
Caled® Expul.h
Methyl (¢=0; H ~—20.43 (~) 23.04
Ethyl H(CH,) -25.63 (=) 22.38
* H{CH,) 26,157 (+4) 26.87
Allyl H,, H, —13.97 (—) 13.93
H;, H, —14.19 (—) 14.83
H, 3.64 (4) 4.06
{-Butadienyl H;, Hy, —9.8; (=) 7.62
Anion H,, H, -9.29 (—~) 7.62
H,, H, -5.21 (—-) 2.79
Vinyl (6=135°) H, 32.5¢  (+) 34
H, 72.37 (+) 68
H, —15.83 E—J) -
Formyl H 38.63 (+)137.0

a) Calculated from {p)w. See footnote **.
b) Refs. l4¢, 18, and 22.
¢) The relation, ag=28B,+ B, cos* 9, is assumed.

to the H, (H,) and H; (H,) nuclei respectively.
This amignment is the same as the one previously
reported.®) However, the recent calculations by
Hinclif”: and Atherton!” and by Pople, Beveridge,
and Dobosh?) gave an assignment orposite to that
‘reported here.  Further exprrme. - vk is
necessary to scttle this point.**

The proton kf- 'cons.ants of the butadieny! anion
radical have been observed by Levy and Myers.!®
The calculated values, assuming the s-frans con-
figuration, are zhown in Table 6. The CH, protons
of butadiene a:. ron-equivalent and different hfs
constants are predictd; this is in contrast to the
observed identical 4f; constants for these protons.!®)

As is well known, the spin densities in the g-type
AO’s of planar ::-electron radicals and in the 2p,(C,)
AQ of the allyl radical are due only to the SP
mechanism. Thercore, the {p),,= 3 (g),, rela-
tion,™ is fairly satisfactory, except for the 2p,(C,)
AO of the allyl radical. *1¢

Organic g-Electron Radicals. i) Vin¥ Radical,
The Afs constants of the vinyl radical have recently
been observed,:1419) and its structure and
the sign of the Afs constant of its a-proton have

17) A. Hincliffc and H. M. Atherion, Mel. Plys.,
13, 89 (1967).

** Recent experiments by Kochi and Krusic (J. Am.
Ghem. Soc., 99, 7157 (1968)) support the present assign-
ment.

18) D. H. Levy and R. J. Myers, J. Chem. P 8
e Bty yers, J hys., 41,

% This exception may be autributed to the rather
large vahe 0 (Ca72)%/(Cyss)* shown in T-ble 2, since the
sssumption user! to derive Eq. (6) ¥ con -, ~ -2 ‘n this

case (e RoA, 1),
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been intensely investigated.?:3*+19:29 Previgusly,s )
we suggested that the #/5 constant of the a-proton
is ncgative in sign. Here, we will examine theo-
retically the structure*'! and the 4fs constanis of.
this radical.

The calculated potential curve with respect to
the bending of the @ angle of Fig. 1 is illustrated in
Fig. 4 The minimum in the potential curve
appears near 135°, the calculated barricr o jnver-
sion:

H, _H H,
C—(: = C—C-
H” ' H7 MH

is 1.6 kcal/mol, which is comparable with the valuc,
~2 kcal/mol, estimated by the ESR technique.!*%

One of the main features of the present method
lies in its consistent applicability to the spin-density
calculations of both ¢- and z-electron radicals. Good
examples in which the g-n-type SP mechanism,
the “bulk” SP mechanism, and the SD mechanism
are all competing with one another are the spin
densities on the a-hydrogen and the a- and f-carbon
atoms of the vinyl radical. None of these mech-
anisms can be ignored. This may be understood
from the fact that the unpaired orbital of this radical

i 1

-300.0

=300.5 | 1

=301.0 — .
90 120 150 180
0 (degree)

Fig. 4. Total energy (eV) on bending of CCH, in
the vinyl radical.

19) E. L. Cochran, F. J. Adrian and V. A. Bowers,
J. Chem. Phys., 48, 213 (1964).

20) a) W. T. Dixon, Mol. Phys., 9, 201 (1965).
b) G.A.PetmandA.D.hvlclachlan,J.ﬁm-
Phys., 45, 628 (1966). c) R.S.Drago and H. Petersen,
Jra J. Am. Chem. Soc., 89, 5774 (1967). d) A, Hinchliffe,
Theorel. chim. Acta (Berl,), 8, 300 (1967). ¢) Y. Ellinger,
(Al.ml!mt. R. Subra and G. Berthier, ibid., 10, 289

" T]wplﬁeutmethndmvdicudnanguhr geomctry
“f_“-h'i’kﬁf- in fair agreement with the experiment; this
will be reported in detail at a later date. '
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at A=135°, calculated with the open-shell restricied
Hartree-Fock (RHF) method,*!'? is

cenr = 0.2848025(Co)) 4 0.334202p-C))
4 0.8630(2p,(C..}) - U.0609(25(Cp))
~0..564(2p2(Cg)) + 0.0368(2p,(Cg))
~0.19100he) +0.27370h) = 0,151 /1.

and is mainly localized in the 2p,.(L,) and 2p,(C,)
AO’s.

The spin densitics and their mechanistic contribu-
tions are given in ‘Table 8 for various configurations
of the vinyl radic1!.  The dependence of the carbon
2y AO spin densiiy on the ¢ angle is illustrated in
Fig. 5, while tbat of the proton spin density is il-
lutrated in Fig. 6.

25 | d
P?S(Cu}
20 F .
15 B, il
. e (Pasica)se
a \:'\"—‘
10 F -
05 1‘-.‘(‘97"%'):::
00
P2s(ca)
; ’ i
05 b *
120 150 180
0 (degree)

Fig. 5. 2s AQ sp’- densities of carbon atoms rersus
the bending of CCH,, in the vinyl radical. Only
the curves obtained before annihilation are shown,
but the characteristic features are the same in both -

stages.

rigure 5 shews that the angu'ar dependence of
the SD contribiotion to the a-carbon 2s AO spin
density is opposite to that of the SP contribution,
and that it detei.aines the dependence of the total
spin density. At 0=135° p,,(C.) is due to the
41679, SD and 59—33%, SP contributions. For
the f-carbon atom, the angular dependence is
exceptionally small and its 25 AO spin density is
always negative.

Figure 6 shows that the spin density on the a-
proton is the sum of the negative SP and the positive

*#12  C.C.]J. Roothaan, Rev. Mod. Phys., 32, 179 (1960).
The estimations of the integral values are the same as
for the present UHF calculations, except that the two
center o-g-1ype exchange repulsion integrals are not
included in the RHF calculation.
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180

Fig. 6. Proton spin densities (ba) versus bending of
CCH, in vinyl radical.

SD contributions. They depend oppositely on the
angle @, and at §=135°, where the minimum poten-
tial lies, the w-proton spin density is due to the
97% SD and --1979%, SP contributions. For the
¢is- and frans-protons, their spin densities also show
a large angular dependence, and they are also due
to both the SD and SP mechanisms. At §=135°,
the spin density of the lrans-proton is due to the
739, SD and 27%, SP contributions, while that of
the cis-proton is due to the 80%, SD and 209 SP
contributions.

The calculated proton /ifs constants at the min-
imum potential (8= 135°) are ay. = 32.54, ag,=72.37,
and ag,=—15.83 gauss (Table 7). These values
agree satisfactorily with the experimental values.
Moreover, as may be seen in Table 8 and Fig. 6,
the calculated proton Afs constants obtained near
0= 135° agree most reasonably with the experimen*al
values, thus lcnding support to the vinyl radical
configuration with §=135°.

Note that the calculated /s constant of the a-
proton is negative in sign.®*) However, recent
INDO calculations by Pople, Beveridge and
Dobosh!?) have predicted the opposite sign. Fur-
ther experimental work, such as with isotope
effects, "} will be necessary to settle this point.
Figures 5 and 6 will be very useful when one ex-
perimentally determines the sign of the a-proton
hfs constant. When the a-proton is replaced by
deuterium, a smaller hfs constant (except for a
constant factor gg/go=6.514) should be obscrved
if ag, is negative, and vice versa.

Let us now comment on the recent theoretical
spin-density studics of the vinyl radical, in which



[abtl B, SPIN DENSITIES IN THE VINYL RADICAL
- . Before annihilation After annihilation
Geomeiry Atomic o Rl =, s S czawe
orbital Livies (o)sp {(7)sp {pina (0)sp - (f)sn ~
Ty eey 0.2251  0.100 0.125 0.1581 0.033 0.125
2:(Cg) ~0.0286 —-0.033 0,004 —0.0063 -0.011 0.004
h. n.0286 (.005 0.024 1.0255 . 002 .04
hy 0.0913 0.024 0,067 0.0752 0.008 0,067
h. —0.0083 —0.039 0.031 0.0175 —0.013 0.031
135 25(C.) 0.2051 0.122 0.083 0.1240 0.041 0.033
25(Cp) —0.0315 —0.035 0.004 —0.0082 —-0.012 0. 004
fie 0,0438 0.009 0.035 0.0381 0.003 0.035
Iy 0.0974 0.026 0.071] 0.0799 0.009 0.071
hy ~0.0213 —0.042 0.021 0.0064 —0.014 0.021
150” 25(C.) 0.1870 0.143 0.044 0.0917 0.048 0.044
25(Cp) —~0.0348 —0.037 0.002 -0.0102 ~0.012 0.002
he 0.0614 0.013 0.048 0.0525 0.004 0.048
I 0.1013 0.027 0.074 0.0832 0.009 (}.074
b, —0.0345 —0.045 0.011 —~.0042 —0.015 0.011
180° 25(C,) 0.1690 0.166 0.003" 0.0583 0.055 0.003%
25(Cg) —0.0384 —0.038 0.000 ~0.0125 —0.013 0.000
fre, b 0.0926 0.023 0.070 0.4774 0.008 0.070
ha —0.0487 —0.050 0.0010 ~0.0153 ~0.017 0.002v

a) See Ref. a) of Table 4.

only the SD contribution was taken into ac-
count.®”2)  For instance, if the SP mechanism
is neg’.cted, the a-proton spin density will be about
+0.021 ((pge)sp shown in Table &), which is of
the same marnitude, but of th- oppcsite ~zn, as
the presen’ result, —0.0213. "hus, even if the SP
contributicn is neglecied, a value which is appar-
ently reasonable in magnitude can be obtained for
the a-proton spin density. Furthermore, neglect
of the SP contribution leads to serious errors in the
calculation of the spin densities even of other protons
and of the carbon 25 AO’s, as is shown in Table 8,
Fig. 5, and Fig. €. This is probably true for other
g-electron radicals as well; namecly, one should
rot neglect th: spin polarization mechanism even
in ag-clectron radicals, especially in AO’s near the
radical-center atomr 3%+207)

i) Formyl Radical. Recently, the results of
a non-empirical UHF calculation of the formyl
radical Afs constants have been reported by Hincliffe
and Cook®” to be in good agreement with the
experimental values.?*®  Howcever, most of the
semi-empirical MO  calculations!?2.20h,00)  pa

21) A. Hincliffe and D. B. Cook. Chem. Phys. Letters,
1, 217 (1967).

22) a) F.]J. Adrian, E. L. Cochran and \". A, Bawers,
J- Chem. Phys., 36, 1661 (1962), b J. A Brivati, N,
Keen and M. C. R. Svmons, J. Chem. Soc.. 1962, 237,
) F. J. Adrian, E. L. Cochlan and V. A, Bowers,
J- Chem. Phys., #4, 4626 (1966
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failed to yield such a large proton Afs constant as
was experimentally observed value, 137.0 gauss.??
As may be seen in Table 9, the present result for
the proton ffs constant is also disappointing. It
is necessary to examine i\ie present result to deter-
mine its failing by comparing it with the result of
the non-empirical calculation.

From the (p)¢, showpn in Table 9 we can see that
the unpaired orbital consists mainly of the 2p,(C2)
and 2,(0) AO’s. This implies that the SP mech-
anism is very important to the Afs constant of this
radical. The nonempirical calculation of the
proton /ifs constant gave 154.58 gauss before an-
nihilation and 133.95 gauss after single ann hila-
tion. The SP and SD contributions calculated
from these values (see Eq. (20) of the previous
report.®™) are 61.89 and 92.69 gauss before an-
nihilation. In the present calculations, they are
~5.94 and 44.58 gauss respectively,  Very large
differences exist in both contributions. ‘The SP
contributions of both methods differ especially
even in sign. The reason for this is perhaps that
a-p-type exchange repulsion integrals other than
those included in the present calculation (especially
the two center ¢~z-type ionic integrals which make
a positive contribution to the proton hfs constant)
¢an not be neglected in this case.

Inorganic g-Electron Radicals. We chose
here, as sample calculations for the inorganic s-
electron radicals, the isoelectronic NQ, and CO,-
radicals, where (he spin densities on the VAO’s
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TABLE 9. SpIN DENSITIES IN THE FORMYL RADICAL

Before annihilation

After annihilation

Atu[uic =

arhival {0y (p)sp (P)sp {Pan (p)sp _—(;ﬂsn
25(C) 0.1603 0.029 0.131 0.1409 0.010 0.131
2p:(C) —0.0169 —0.02] 0.004 —0.0029 —0.007 0.004
20,0 0.5028 —0.014 0.517 0.5124 —0.005 a.517
Zp,((.‘l -0.1118 —0.114 0,02 —0.03% —0.0% 0_002%
h 0.0522 —0.008 0.060 0.0574 —0.003 0.060
25(0) 0.1106 0.109 0.002 0.0378 0.036 0.002
2p2(0) 0.0593 0.020 0.039 0.0437 0.007 0.039
'.’p.,(()) (. 4802 D012 0,408 (4725 U, (M 0.468
2(0) 01310 0. 128 0,003 0.0457 0.043 0.0039

a) S-¢ Ref. a) oi Table 4.

TABLE 10, Sein pensiTiEs INn NO,, CO,—, Axn CN rADICALS
. Atomi

Radical org;:]::? {0 {PsPOun 03> 1a P Experimental

NO, 25(N) 0. 1900 0.057 0.133 {.1522 0.106, 0.097
2p-(N) 0.4576 0.001 0.457 0.4570 0.452, 0.371
2p,(N) 0.0497 0.049 0.000 0.0169 0.019
25(0) 0.0505 0.048 0.003 0.0185 —
2p:(0) 0.3495 0.012 0.337 0.3412 —_—
2p,(0) —0.0250 —0.025 0.000 —0.0082 _—

CO,~ 25(C) 0.2652 0.012 0.253 0.2571 0.14
2p:(C) 0.5421 —0.006 0.548 0.5460 0.66
255(C) 0.0131 0.013 0.000 0.0044 0.08
25(0) 0.0641 0.056 0.008 0.0271 _
2p:(0) 0.2746 0.008 0.267 0.2690 —
2p,(0) —0.0080 —0.008 0.000 —0.0026 e

CN 2+(C) 0.0884 —0.026 0.115 0.1060 e
2¢:(C) 0.3377 —0.003 0.34] 0.3398 ——
2p4(C), 20,(C) —0.0494  —0.050 Q.00 —00in2 5 o
25(N) 0.0376 0.054 0.034 1,055 e
2p(N) 0.4994 0.006 0.493 0.4956 -
2p,(N), 2p:(N; 0.0563 0.056 0.000 0.0191 —_—

a) Ref. 23a.

are assum~d from the anisotropy of the ESR pa-
rameters® and the CN radical, which is especially
interesting in its dipole moment. Table 10 sum-
marizes the spin densities calculated on the various
VAQO’s of the:o radicals, along with those estimated
from the experiments.  The NO, spin densities
theoretically calculated by MeFwen®*) and by

2% a)y  P.W. Atkins, N. Keen and M. C. R. Symons,
J. Chem. Sec., 1962, 2873. b) H. Zeldes and R.
Livingston, J. Chem. Phys.. 35. 503 (1961). o) H.
Zeldes and R, Livingston, ibid., 3/, 3017 (1962). d) D.
W. Ovenall and D. H. Whiffen, Proc. Chem. Soc., 1960,
420. ¢) D. W. Ovenall and D. H. Whiffen, Mol
Phys., 4, 135 (1961). ) J. A. Brivati. N. Keen. M. (.
R. Symons and P. \. Trevalion, Proc. Chem, Soc., 1961,
6.
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Green and Linnctt*®") gave small magnitudes
(0.263 and 0.222 respectively) for the spin density
on the 2p.(N} AO, but the present method gave
Drpzin —=0.457, which isin closer agrecment with
the exprrimental estimations.

Table 10 shows that the present calculation
qualitatively predicts almost all features of the spin
densitics of the isoelectronic NO, and CO,~ radicals.
For examplc, the spin density on the 2p,(N) AO of
NOQ, is smaller than that on the 2p,(C) AO of CC,7,
the delocalization of the unpaired spin to oxygens
is greater in NO, than in CO,~, .

24 oar K. L. McEwen. J. (hem, I'f[l‘j.. 32, 16801
9650, by AL Green and | WL Linnent, Tranc
Faraday Soc., 57, 1 {1961



Note that the 25 spin densitics shown in the last
column of Tahle 10 are estimated from the observed
values without paying any attention to the mner
Is contributions. Hence, these 25 connil ions
cannot be rompared directly w .h the calculated
contributions.

Analyses of Dipole Moments of g-Electron
Radicals. The dipole moment of a neutral mole-
culc may be expressed approximately as the sum
of the atomic dipole (u,,) and the charge dipole
(tcp)- The atomic dipole (x-dicection) of the first-
row atoms of the goriodic table is given by:

Map(y) = —7. 337924(”3:‘,,.;.-':.”

in debye units, and the charge dipole is:
Henlx) = 4.8029F4(Z 41— Na)xa,
if we adopt the Mulliken approximation:

(1,1x12,) =—2!-Srs!(1rlxlx,H (2 xlx 1.

{4 is the Slater exponent, and N, is the atomic
population of the 4 atom. P4p ., is the off-diagonal
density matrix element between the 2s and 2p,
AQ’s of the 4 atom,

The analyses of the dipole moment of vinyl,
formyl, NO,, and CN radicals are given in Table
11; they were obtained by using the values obtained
before annihilation. 5p and uf, are the contribu-
tions to the atomic dipole from all the occupicd
a- and f- spin orbitals respectively. These con-
tributions may be further divided into those due
to the first-row atoms in the molecule. As is shown
in the forth ard fifth columns oi (he table, u3;, due

to the radical center atom (e.g., C, in vinyl) surpas-
ses the g, due to the other atoms and the gy values
of all the constitucnt atoms, “The values of g5 (HO)
in the sixth column give contributions to the atomic
dipole only from the highest occupied (HO) a-
spin orbital. Note that the g5, (HO) at the radical-
center atom makes the dominant contribution
to yip and even to gy, Thus, the most unstable
HO orbital of the g-clectron radical extends con-
siderably out of the molecule from the radical
The direction of the —pfp (1O
of the vinvl radical is 113 from the G, Cp bond.

In NO, and CN radicals, the contributions
due to the charge dipole cancel those duc 1o the
atomic dipole. In the CN radical especially,
these two contributions are almost the same in
magnitude, but reverse in direction, so the
resultant dipole moment is very small.  This
should be compared with the well-known example
of the CO molecule, where its atomic dipole
surpasses its charge dipole and makes it a powerful
ligand in the chemistry of metal complexes.
The calculated dipole moment of NQ, is —1.301
debye, which is too large if compared with the
oserved value, —0.29 debye. However, the above
qualitative discussion will not be altered by more
rigorous calculations.

center atom.

Summary and Conclusions

As has been scen in the previous scctions, the
semi-empirical method for valence electron systems
including differential c.clap can be satisfactorily
extended to systems with open-shell structures,

TABLE 11. ANALYSES OF DIPOLE MOMENTS OF -ELECTRON RADICALS (in debye units)

Analyses of atomic dipole

Radical Atom  Dircetion e Total
Hap" Mip  mip(HO)M  pyp?
Vinyl (9=135) C. % —0.36 0.06 —0.31 —0.31, o
y —0.85 0.16 —0.71 —0.69|  Map=0.68
Ca x 0.6 009 —0.02 024  H=0-2
> 0.01 0.01  —0.01 0.02 =
Formyl C x 0.31 0.36 —-0.13 0.67
> ~1.58 —0.36 -1.09 —1.93 Hap=1.42
0 x ~0.36  —0.55  0.01 —o0.91 H=307
y 023 030 00+  0.53) g
NO,®» N P 1.17 0.32 0.59  .1.49 #ap=0.52
0 x -0.17  —0.31 0.02 —0.48 ”‘;Z:}:gg
CN g A 1.87 0.90 1.03 2.77 ﬂm’l-lsm
2 x ~Lol  —0/63 031  _1.64) oy

a) pyp denotes the contribution to atomic dipole
b) uip(HO) denotes the contribution to atomic d
C) pap = Hxp -+ Mip-

) The experimental value 5 —0.29 debye; C.

gﬂ.m) from all the occupied 2-spin orbitals.
ipole from the highest occupied x-spin orbital.

H. Townes and A. L, Schawlow, “Microwave

Spectroscopy,” McGraw-Hill Book Co., New York (1933).
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The results of the present study are as follows:

(1) The separation of the mechanistic con-
tributions to spin density makes it possible 1o enter
into detailed discussions of the nature of the spin
density; e.g., the spin-polarization mechanism is
shown to be very important even when the spin-
delocalization mechanism has hitherto been con-
sidered dominant (e.g., cthyl and vinyl radicals).

(2) A good correlation between the calculated
Ifs constants and the configurations of radicals
is found for methyl and vinyl radicals. The
geometry of the vinyl radical is rredicted to
be @ ~135° from both the pot-atial cui.c and
the calculated ffs constants. oince there are
many fadicals with known Afs constants, but with

unknown conligurations, the agreement between
the configuration expected from the calculated
potential curve and that expected from the cal-
culated Afs constants is ideal for a rcliable predic-
tion of the configuration of the radical from the
theoretical point of view,

(3) The analyses ol the atomic dipole moments
ol the g-clectron radicals revealed some interesting
For cxample, the highest  occupied
orbilals of these a-clectron radicals make decisive
contributions to the total atomic dipole.

lcatures.

The calculations were carried out on a2 HITAC
5020 E computer at the computation center of the
University of Tokyo.

8L



[Jotes on the E.S.R. spectrum of hydrogenated pyridine

The E.S.R. spectrum of irradiated pyridine has recently been reported by
different authors [1, 2). David et al. and Tsuji et al. obtained almost th'e same
spectra for irradiated pyridine in solid state and confirmed that three kinds of
radicals were produced. The triplet spectrum observed at 77°k was assigned by
both authors to the pyridine cation radical produced by the removal ?f one elec'tron
from the nitrogen lone pair. The singlet spectrum observed at 221°K is ldenuﬁc‘ed
by Tsuji et al. as the pyridyl radical. The spectrum observed at about 200°k,
however, was assigned to different species of hydrogenated pvridine; namely,
David et al. assigned to N-hydrogenated pyridine (N-Py), and on the other hand,
Tsuji et al. to 3-hydrogenz"~d pyridine (C-Py).

Ir order to settle t*is prot...u, we have calculated the electronic structures for
bath N-Py >nd C-Fy radicals. The calculation was carried out by the semi-
empirical unrestricted SCF-MO method, all the valence electrons being considered.
The evaluation of matrix elements was made by the method developed by the
present authors [3, 4], except for the off-diagonal core Hamiltonian matrix elements
[5]. :n actual calculation, we assumed that the hydrogen attaches to the 3-carbon
atom or the nitrogen atom of pyridine with the tetrahedral angle and with the C-H
bond distance of 1-09 4 and the N-H bond distance of 1-032 & fcr C-Py and
N-Fy, respectively.

Tthie total energy was calculated to e —932-25 and — 935-66 ev for C-Py and
N-Py, respectivelyt, and the calculated hyperfine coupling constants of both
hydrogenated pyridines are summarized in the table. The observed coupling
constant (24 G) was assigned by David et al. to 1-hydrogen of N-Py, and by Tsuji
et al. to 8-hydrogen of C-Py. The present calculations seem to support the
assignment by David et al. The coupling coristants calculated for N-Py are in
good agreement with the observed values. The hyperfine coupling constant,
54-6 G calculated for 8-hydrogen of C-Py is almost consistent with the observed
[8] and calculated [9, 10] results for the cyclohexadieny! radical.

We may conclude from the above two reasons (total energy and calculated
hyperfine coupling constants) that the E.S.R. spectrum of the irradiated pyridine
observed at about 200°k may be due to the N-hydrogenated pyridine radical.

It may be interesting to discuss here the electronic structure of N-Py briefly.
The highest occupied orbital (singly occupied orbital in the sense of restricted MO

t The single determinant used in unrestricted Hartree-Fock method is not generally
the < zenfunction of the total spin angular momentum operator, §2, but it might not lead
to serious error for the comp -ison of the total energy of two molecul:- ~omposed of the
samie number of electror - [6].
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Radical Position | a, obsd. (G) a, caled. ()
M
(1) C-Py " N - 213t -
Ky o~ e 7 12 =112 (-10-0)t
Hg 8 24 56-4 —
¢ 2 10 12 -15-2 (=117
Hz N7 TH, 1 - 813 (491
[’_ 12 12 —15-2  (-11-9)
(2) N-Py Hho N 12 9-37 —
b A _He 7 24 24-4 -
8 12 -8:64 (—8-08)
, 2 9 . 5-59  (3-45)
Hg™ N7 “H, 10 12 i =132 (-10:3)
\H,

1 Te proton hyperfine coupling constants are calculated by multiplving 508 ¢ to the
spin density on hydrogen atom, and the nitrogen hyperfine coupling constants are calculated
by the empirical relation obtained by Ward [7].

1 The values in parentheses are calculated from the spin densities on the carbon 7-AQ’s
using the McConnell relation (an = —23-04 pc.).

Calculated hyperfine coupling constants (@'s) of
C-Py and N-Py radicals.
method) of N-Py is;

0-118x — 0-30P,x — 0-41P,x + 0-53(P22c + Pzsc)
+0-1 l(Pza(‘ + P35(1) —0-58P;3¢ —0-24hy + U(U'Ul),

where, 0(0-01) denotes the smaller term, the coefficients of which are in the range
of 0-01 ~0-09.

The remarkable n-type conjugation is assured between the sp3-type AO’s on
the nitrogen atom and the #-type AO’s of the carbon skeletons of N-Py.  Further,
the #-bond population of the C-N bonds in N-Py and pyridine are calculated to
be 0-056 and 0-216, respectively. This shows that the double bond character of
the C-N bonds in N-Py radical decreases remarkably. The C2-Cj bond in N-Py
is, L.owever, strengthened compared with that in pyridine; the m-bond population of
Cs-Cs bond in N-Py and prridine are calculated to be 0292 and 0-743, respectively.

T::e details of this “tudy wiii uc published in the near future.
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Semi-empirical Unrestricted SCF-MO Treatment for Valence
The Angular Dependence
of the Methyl Group Afs Constants

Electron Systems. II.

Since the spin-polarization contribution to the methyl-group Afs constant of the ethyl radical
has been recognized to be important, the angular dependence of the f-proton Afs constants is re-

examined for various radicals.

as being the sum of the following two equations.
Qsn(0) = (By)spcos* @
Qse(8) = (By)sp + (By)sp cos? 0,
where 8D} and SP denote the spin delocalization and spin polarization contributions respectively.
@ is the rotational angle about C-C single bond. A molecular orbital description of the above

angular depenc-nces is also given.

Thus, the observed relation, Q(#)=B,- B, cos® 0, is interpreted

The methyl-group proton kfs constants of aliphatic
and aromatic hydrocarbon radicals have been ex-
tensively studied from both experimental” and
theoretical® points of view. The theoretical studies
of the methyl proton spin densities have been carried
out mainly by two different methods, namely by
the valence bond (VB) and molecular orbital (MO)
methods,” and an interesting view of the spin-
appearing mechanisms was presented by Lazdins
and Karplus.2®) They stated that the methyl-group
proton spin density in the ethyl radical is due to
nearly 60% “‘exchange polarization” and nearly
409, “clectron transfer” contributions. In a pre-
vious MO study*® it was shown that the methyl-

C. Hcller and H. M. McConnell, /. Chem.
Phys., 32, 1535 (1960). b) A. Horsfield, J. R. Mortén
and D. H. Whiffen, Mol. Phys., 4, 425 (1961). ¢) J.R.
Bolton, A. Carrington and A. D. McLachlan, ibid., 5,
31 (1962). d) j. R. Bolton, A. Carrington, A, Forman
and L. E. Orgel, ibid., 5, 43 (1962). ¢) A. Horsficld,
J. R. Morton and D. H. Whiffen, ibid., 5, 115 (19€2).

2) a) A. D, Mclachlan, ibid., 1, 233 (1958). b)
P. G. Lykos, J. Chem. Phys., 32, 625 (1960). ¢) S.Aono
and J. Higuchi, Progr. Theor. Phys. (Kyoto), 28, 589
(1962). d) E. W. Stone and A. H. Maki, J. Chem.
Plys,, 37, 1326 (1962). e¢) K. Morokuma and K.
Fukui, This Bulletin, 36, 534 (1963). f) J. P. Colpa
and E. de Boer, Mol. Phys., 7, 333 (196%). g) D.
Lazdins and M. Karplus, . Chem. Piys., 44, 1600 (1966).
h) Z. Luz, ibid., 48, 4186 (1968).

3) T.H.Brown and M. Karplus, ibid., 46, 870 (1967).

4) a) T. Yonezawa, H. Nakatsuji, T. Kawamura
and H. Kato, Chem. Phys., Letters, 2, 434 (1968). b) T.
Yonezawa, H. Nakatsuji, T. Kawamura and H. Kato,
J. Chem. Phys., 51, 669 (1969).

1) a)
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proton spin density is due to 749, “spin delocaliz-
ation (SD)” and 267, “spin polarization (SP)”
contributions.?

The angular dependence of the B-proton Afs con-
stant on the rotation about the C.-Cjg single bond
has been well established experimentally and is
explained by the relation":

ag = Q.(0)p¢, (M

where p% is the spin density in the 2p., atomic
orbital o' the contiguous n-carbon atom, and where
Q(6) is expressed as:

Q(8) = B, + B, cos*l, (2)
where § is the angle between the axis of the 2p,
orbital and the Cg-H bond, both projected on a
plane perpendicular to the C.~Cg bond. Aono
and Higuchi® studied the angular dependence
of the f-proton Afs constant theoretically by con-
sidering only the spin delocalization (spin-hyperco-
njugation) mechanism; they successfully derived the
Q(6)=B, cos®d relation, where B, is a constant.
However, since the B-proton spin density is in iarge
part due to the SP mechanism, it scems necessary
to examine the angular dependence of the SP
contribution in order to interpret the observed
relation (2).

In the present study, the methyl-proton Afs
constants of the various doublet radicals (cthyl,
n-propyl, methyl-substituted allyl radicals, and
toluene ion-radicals) are calculated by the un-
restricted Hartree-Fock (UHF) method reported

5) J. P. Colpa, E. de Boer, . Lazdins and M.
Karplus, J. Chem. Phys., 47, 3098 (1967).
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THE METHYL PROTON SPIN DENSITY IN THE ETHYL RADICAL

TasLe 1.
UHF spin density
Angle AA
F From
[ Panr Eqrm?z) (P)se 530?3) (P)so Eq. (9) e
0 0.072 (0.072) 0.020 (0.020) 0.05  (0.058)  0.059
15 0.067 0.067 0.018 0.018 0.059 0.049 0.055
30 0.054 0.053 0.014 0.014 0.039 0.039 0.044
45 0.035 0.035 0.009 0.009 0. 026 0.026 0.029
H 0.017 0.017 0.003 .003 0.013 0.013 0.014
75 0.003 0.003 0.000 0.000 0.004 0.004 0.003
90 —0.002 (—0.002) —0.002 (—0.002)  0.000 0.000 -0.001
in a previous study of this series,® and the mecha- I T
nistic contributions to the Afs constants are diveded
by means of the method previously proposed by the
present authors.™ The conclusions are that the .06
SP contribution to the methyl-proton Afs constant
has the angular dependence expressed by: .
Qse() = (By)sp + (By)se cos’d 3) \‘\
and that the observed relation (2) is to be understood 04 , &
as the sum of the angular dependence of the SD F \\
contribution. \.
Qw0(6) = (B))so cos'd #) N\
and that of the SP contribution (Eq. (3)). Thus, DR P, . 5 7
the constants, B’s, in Eq. (2) are expressed as: Tl N
B, = (By)sp el
and: .00 e ~~ 3T
B, = (B))s» + (Byso. (5) h 31 '
Moreover, for the isotropic y-carbon Afs constants, v 80 S
4 (degree)

one may ecxpect the same dependences as those
for the methyl-proton &fs constants. This is cer-
tainly true for the 25 AO spin density of the y-
carbon atom of the n-propyl radical.

In the last section, a molecular orbital description
of the above angular dependences is given. It is
shown that the intrinsic restriction of the UHF
method, compared with the configuration interaction
method, does not much affect the above conclusions.

Resalts and Discussion
Angular Dependence. In Table | the methyl-

proton spin densities in the ethyl radical are given
for the various angles, and then they are illustrated
in Fig. 1. For the total spin density, p,,,, the
relation (2) holds fairly satisfactorily, while for the
SP and SD contributions Eqs. (3) and (4) excellently
represent their angular dependences. The curves
obtained from Eqs. (2), (3), and (4) almost overlap
with the corresponding curves shown in Fig. 1.

6) T. Yonezawa, H. Nakatsuji, T. Kawamura and
H. Kato, This Bulletin, 42, 2437 (1969).

7) H. Nakatsuji, H. Kato and T,
Chem. Phys., 51, 3175 (1969).

Yonezawa, J.

Fig. 1. Angular dependence of the methyl proton
spin density in the ethyl radical.
=3 Punt; -—; {Punt)sp; ==--- » (Punr)se

The cocfficients, B, calculated from the results
shown in Table 1, are given in Table 2.

For the n-propyl radical, the situation is very
similar to that of the ethyl radical. For the p-
proton spin density, the dependences of g,
(Panrdsrs and (o,n)sp on the rotational angle, 6,
is illustrated in Fig. 2. The relation (2) deviates
only slightly from the calculated dependence; this
deviation is mainly due to the SD contribution.
The constants, B, in Eqs. (2), (3), and (4) were
obtained by fitting the calculated curves; they are
given in Table 2.

For the isotropic y-carbon Afs constants of the
n-propyl radical, one may expect the same depend-
ences as those for the methyl proton Afs constants
in the ethyl radical. This is certainly true for the
25 AO spin density of the y-carbon atom. The
angular dependences of the 25 AO spin density and
of the mechanistic contributions are illustrated in
Fig. 3. The curves of this figure are very well re-

" presented by p,,,=—0.00140.018 cos*9, (p,,.)sp=
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Fig. 2, Angular dependence of the f-proton spin density of the

n-prapyl radical.

ey Punt; ~—, (Puhf)SD; - {Puhr}SP:

from Fq. (2)

TaviLe 2. ANGULAR DEPENDENCE OF TIHE
MECHANISTIC CONTRIBUTIGNS?)

Radical By B, (B,)sp (B))sp o3
Fihyl ~1.5 55.4 16.0 39.4 1.000
i-Propyl 0.6 50.00 13.7 36.3 1.000
cis-1-Methylzllyl ~0.5 49.2 21.4 27.9 0.689
trans-1-Methylallyl —0.5 50.7 21.7 29.0 0.694
2-Methylall:1 1.6 44.1 44.1 0,0 —0..45
Toluene anion 4.1 39.1 39.1 0.0 —0.135

1.0 63.4 23.8 39.6 0.383

Toluene cation -
a) The values of B are given in gauss unit.
h) Bn = (BO)SP d

0.005 cos®@, and (o,,)sp= —0.001+0.013 cos*.
Among the methyl-substituted allyl radicals, the
Z-methyiallyl radical is of great interest. Since
the singly-occupied m-orbital of this radical has a
node on the C, atom, the spin density of the methyl
group is expected to be due only to the SP mecha-
nism and to be negative in sign. This is certainly
truc, as Tables 2 and 3 show. Thus, the angular
dependence of the methyl proton spin density of the
2-methylallyl radical is well represented onfy by

The METHYL PROTON SPIN DENSITY OF
THE 2-METHYLALLYL RAD!CAL

"TADLE 3,

UHF spin dev. 2ty

Angle AA
0 fanr (o)se (2)sp Eq’ar)uor:l(a) Pus
0 —0.020 —0.020 0.000 (—0.020 ~0.006
30 —0.515 —0.016 0.000 —0.016 —0.005
60 —0.006 —0.006 0.000 —0.006 —0.002
® —0.00, —0.001 0.000 (—0.001) 0.000

-~--=-, p calculated

i I
015 - .
010 - .
A
‘I
&
005 =, i) =
~. \
™~ "
\\ ’."\
NN
N~
..\\
.000 - N
‘ ] | -
0 30 60 90
8 (degree)

Fig. 3. Angular dependence of the 25 AO spin
density of the y-carbon atom of the n-propy!
ridical.

———, funt; - —s (Gunr, .23 - , (Punt)sw

—s {punr; .
Eq. (8), as is shown in Table 3.

For the other methyl-substituted allyl radicals
(cis-1-methylallyl and trans-1-methylallyl), the situ-
ations are similar to that of the ethyl radical. '_l"_hc
SD contributions to the methyl proton spin densities
of these radicals are nearly 60%, small compared
with those of the ethyl radical (See Table 2). Much
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TasLe 4. THE METHYL PROTON SPIN DENSITY OF FHE TOLUENE 1ON-RADICALR

UHF spin density
Species Al F From :.').‘
p e Dant m2) (o)se Eqrm?a) (P)s0 Eq. (4)

Anion 0 —0.008 (—0.008) —0.008 (-0.008) 0.000 0.000 —0.003
" 30 —0.006 —0.006 —0.006 —0.006 0.000 0.000 —0.002

45 - 0.004 - 0.005 —0.004 —0.005 0.000 0.000 ~ 0.00]

60 —-0.003 —0.003 ~0.003 —0.003 0.000 0.000 0.001

90 0.001 (--0.001) ~—0.001 (-0.001) 0.000 0.000 0.0

Cation 0 0.033 (0.033) 0.012 (0.012) 0.021 (0.021) 0,025
30 0.024 0.025 0.009 0.009 0.015 0.016 0.018

45 0.016 0.016 0.006 0.006 0.010 0.010 0.012

60 0.007 0.008 0.002 0.003 0.005 0.005 0.006

90 —0.001 (—0.001) —0.001 (-—0.001) 0.000 0.000 0.000

as with the above examples, the angular dependences
of the 8P and SD contributions are well represented
by Eqs. (3) and (4). The values of B in these
equations are given in Table 2.

The methyl-proton spin densities of the toluene-
ion radicals are summarized in Table 4. Although
the tolune ions have nearly degenerate symmetric
and antisymmetric electronic states’ with respect to
the C; operation, only their ground electronic
states (the symmetric electronic state for the cation
and the antisymmetric state for the anion) are
calculated for the present purposes. For the
antisymmetric state of the anion radical, its singly-
occupied m-orbital has a node on the l-carbon
(the carbon to which the methyl group is attached);
therefore, the spin density of the methyl proton is
due only to the SP mechanism and is negative,
similar to that of the 2-methylallyl radical. By
referring to Table 4, Eq. (3) is found to apply
satisfactorily. For the symmetric state of the cation
radical, the SD contribution to the methyl proton
spin density is nearly 60%. As is shown in Table 3,
Egs. (2), (3), and (4) hold very satisfactorily. The
values of B in these equations are given in Table-2.
Note that the B, values of the anion and catién
differ greatly.

One conclusion from Table 2 is that the methyl
proton spin densities are composed of a major
(60—75%) SD contribution and of a minor (25—
40%) SP contribution, except for the special cases
of the 2-methylallyl radical and the antisymmetric
state of the toluene anion. Note that the B values
of the 2-methylallyl and toluene anion radicals,
in which only the SP mechanism is important,
deviate greatly from the average B values. Another
conclusion of the present study is that the observed
relation, (2), can be interpreted as the sum of Eqs.
(3) and (4), and that this relation may also hold
for the 25 AO spin density of the y-carbon atom
(as is shown in the case of the n-propyl radical).

Rfe Comstamts. Thc proton Afs constants?

8) Proton Afs constants are calculated by

part by 143 gaum. multiplying
&

°

calculated by assuming the free rotation of the
methyl group are compared with the experimental -
results in Tables 5 and 6. Although the toluene
ions have nearly degenerate electronic states, the.
calculated values given in Table 5 correspond only
to the lower electronic states (the symmetric state
for the cation and the antisymmetric state for the
an:on). For a more rigorcus discussion of the Afs
constants, the thermal and vibronic coupling effects
must be considered,'¥ as Purins and Karplus did
recently.” Note, however, that the inclusion of

TABLE 5. CALCULATED PROTON /ifT CONSTANTY

hfs constant
Radical Position o ——,
Caled.® Exptl.
Ethyl a-H —-25.6 (—)22.38»
pH 26.2 (+)26.87%
n-Propyl a-H —25.3 (—)22.08™
fH 25.6 (+4)33.2w
»-H —1.8 (—)0.38»
Toluene anion®? o-H —9.0 (—)5.120
m-H —9.6 (—)5.45%
»MH —0.1 (—)0.59"
H(CH,;) -3.2 (+)0.79%
Toluene cation® o-H —=2.7 —
m-H -1.1 —
H ~9.1 —
H{CH,) 11.8 —
8) T calculated values are obtained by assuming

free rotation of the methyl group about the C-C

single bond.

R. W. Fessenden and R. H. Schuler, J. Chem.

Phys., 39, 2147 (1963). ,

Only the antisymmetric electronic state is

J- R. Bolton, A, Carrington, A. Forman and

L. E. Orgel, Mol. Phys., 5, 43 (1962).

Snel: the symmetric electronic state is calcu-
ted.

9) a) D. Purins and M. Karplus, J. Chem. Piys.,
59, 241 (1969). b) D. Purins and M. Karplus, J.
Amer. Chem. Soc., 99, 6275 (1968).

b)
<)
d)

)

o



‘TABLE G. FrOTON Bfs CONSTANT OF THE ALLYL
AND METHVL-SUBSTITUTLD ALLYL RADIGAIS

Afs constant
Radical Position :
Caled.”  Exptl.™
Allyl S
1 2 P —14.19 (-) 14.81
H —13.97 () 13.90
H 8 H. 1,28
\C'/'\C/ 3.64 () 4.06
| |
H H,
cis-1-Mecthylallyl
H H(CH,) 16.80 (4 14.01
% (*: i His ~18.87 (—) 14.17
\./1\1?/ H, 4.49 (4) 3.93
H,. —13.89 (-) 14.94
o He H.g —13.64 (—) 13.52
trans-1-Methylally! '
H H(CH,) 17.22 (4) 16.43
H —18.99 (—)12.83
H,
I '/i:\‘%/ H, 3.97 (4) 8.83
Hy, —14.12 (—) 14.78
H H, Hap —13.91 (—)13.83
2-Mcthylallyl
(f“’ H(CH,) — 7.89 (—) 3.19
Hyse —13.97 (—)14.68
H\‘xr./?\gf/”" Hiap —13.74 (—)13.82
H H

a) The calculated values arc obtained by assuming
free rotation of ke methyl group about the C-C
single bend.

b) J.K.Kochi and P.J. Krusic, J. Amer, Chem. Soc.,
90, 7157 (1968).

these cffcets, which arc cxpressed by the weighted
mean of the 4fs constants of thc symmelric and
antisymmetric clectronic states, will improve the
calculated Afs constants of the tolucnc anion.?® '~

Since Fessenden and Schuler'® obscrved the
differ=nt Af3 constants for the terminal methylene
protons of the allyl radical, the observed Afs con-
stants have been assigned theoretically by scveral
investigators.®12-19) This finding was of particular
interest since the well-known McConnell rule cannot
interpret the ob-crved difference. Recently, how-
10) The obscrved £/ constant of t7:c methyl onton
of the toluene aninn is positive in & 1; E. de Bocr and
J. P. Colpa, J. Phys. Chem., 71, 21 (1967).

1) R. W. Fessenden and R. H. Schuler, J. Chem.
Phys., 39, 2147 (1963).

12) T. Yonezawa, H. Nakatsuji. T. Kawamura and
H. Kato, This Bulictin, 4@, 2211 (1967).

13) A. Hinclifie ard H. M. Atherton, Mol Phys..
1789 (1967).

14) J. A. Por'e. D. L. Beveridge and P. A. Dobosh,
J- Imer. Chom. 5., 99, 4201 (1968).
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ever, Koehi and Krvsie!™ settled this assignmom
by observing the At constants of the methyi.
substituted  aliyl radicals: they proved that the
assignment by the present authors™'? was correct,
Here, we calculated 1he proton ifs constants of
these methyi-substituted allyl radicale.  ‘The results
arc summarized in Table 6. The assignments of
the Afs constants of the H,, and H,s protons of
the cis- and frans-1-methylallyl radicals agree with
the cxperimental resultr, although the differences
in the calculated Afs constants of these two protons
arc rather small compared with the experimental
valucs. In the Z-methylallyl radical, the methyl-
proton Afs constanis are calculated 10 be due
only to the SP mechanism and to be negative in
sign. The calculated Afs constants of the H,. proton
of the cis-form and of the H,u proton of the frans-
form arc oo large (absolute valuc) compared with
the cxperimental values,

Origin of the Angular Dependence. Herce,
we shall - a moic +7. - orbital description of
the angular dependences oxpressed by Egs, (2).
(3), and (4). For the present purposce the con-
figuration interaction (CI) treatment may be
most suitable. Az has been shown previous-
ly, the UHF wave-function is cxpressed by the
following ©CI form to a Ffrst-order approxima-
tion:"

Fuhr e A ;;J C"f!e*} V"'{ii*), ‘:‘!)

where the second term is duc to the =pin polarization
perturbation. ¥ is the restricted function com-
poscd of the matural orbitals,49 A and g, of
the UHF wavc-function and ¥ (i*) represcnis
the nermalized singly-cxcited configuration ex-
pressed by the enc-¢lectron jump from A te v

T = A2 A Ay Agfipex
rihT) =

Wz v |l iy il ()
A

2¢4-1 is the number of clectrons in the radical.
The natural orbitals, A, g and v. correspond,
respectively, to the doubly-occupicd, singly-oc-
cupied, and unoccupicd orbitals of the restricted
function, ¥, and arc orthonormal to cach other.?”
Notc that A4 and v, correspond fo the bonding
and antib~ ATag paeer MO of the alternant
molecular orbital method.’®*

From Eq. (6), thc SP and 5D contributions (9
the UHF spin density are given by'®):

(Panr)sp = LT pIF > — g (#)

150 J. K. Kochiand P. J. Krusic. ihid., 80,7157 (1),

16) a) A. T. Ames and G. G. Hally Proc. oy, Sec,
Ser. A. 263, 433 (1961, B) T, Ames and L.C. Snydr,
J. Chemr. Plre, A1, 1773 (1001
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Tapig 7. UHF NATURAL ORBITALS, A AND ) OF THE ETHYL RADICAL

4 H
AO = A . ) T i i B 7(my)
1{e;) 2(ay) (&) 4(n,) 5(7,) 6{o,) t
S Configuration®
¥Y(1C) 0.C00 0.000 0.310 0.000 —0.341 0.000 0.000
Z(1C) 0.000 0.000 0.000 0.038 0.000 0.001 1.600
¥ (20C) 0.000 0.000 0.340 0.000 0.312 0.000 0.000
Z(20) —0.001 0.000 0.000 0.458 0.000 0.C03 0.013
k(5H) 0.167 —0.118 —0.356 —0.307 —0.410 0.082 ¢ 0.115
h(6H) 0.167 —0.118 0.336 —0.307 0.410 0.082 0.115
h(7TH) 0.161 —0.115 0.000 0.614 0.000 ¢.089 —0.229
Configuration®
Y(ich 0.000 0.000 0.310 0.000 —0.341 0.000 0.000
Z(10) 0.000 0.000 0.000 0.038 0.000 0.000 1.000
Y (2C) 0.001 0.000 0.340 0.000 0.313 -~0.003 0.000
Z(2C) 0.000 0.000 0.000 0.458 0.000 0.000 0.013
h(5H) 0.163 —0.116 —0.206 -0.531 —-0.237 0.086 0.198
h(6H) 0.163 —0.116 —0.206 0.531 —0.237 0.086 —-0.198
h(7H) 0.169 —0.119 0.411 0.000 0.474 0.079 0.000

a) Configuration I . .
’_7i——1<
L 4 1
b} Configuration II N 3
7 4

¥y
« *
z

TaBLE B. COEFFICIENTS OF THE SINGLY EXCITED CONFIGURATIONS,
C*c(ii*) OF THE ETHYL RADICAL

Coefficients, C®° (i *)

Geometry*) - —— e e —
11e 22% 33 440 55 66+

Configuration I 0.0013 0.0292  0.0043 0.0049  0.0031  0.0130

Configuration Il 0.0015  0.0202  0.0042 0.0048 0.0032 0.0130

a) See foownotes a and b of Table 7.

and: i~
(Punc)sp =2 $0°(ii‘) <F | p|Foe(ii*) >

- gﬁg Coe(ii®) v, (9)

where p is the spin-density operator.

Now let us enter upon a description of the angular
dependence of the methyl group proton spin density.
In Table 7 the natural orbitals, 2 and x4, of the
cthyl radical, as calculated by the present method,
are given for the two rotational configurations,
and in Tab!c 8 the coefficients of the singly-excited
configurations, C*(&*), arc summarized.® Tablc
8 shows that the coefficients, C*"(ii*), are almost
independent of the rotational angle, 6. Thus, we
have only to consider the angular dependence of
the AO coefficients of the natural orbitals.

The local-group orbitals constructed from the
three hydrogen 1s AO's of the methyl group may
be written as: ’

¢v == "fl - ﬁz -I- ":is

bz =h — by, (10)

¢g =ﬁ1 + h’ - 2&9
¥o is totally symmetric about the rotation, while
¢? and ¢, are the quasi-n-orbitals and are perpen-
dicular to cach other. Thus, the angular dependence
of the coefficients of the one particular hydrogen
ls AO, h, in various molecular orbitals (1) may
be grouped into the following three types:

a-lypc: ai-h,

m-type: by sin -4, (1)

n-type: ¢ cos 0-h,
where a;, b, and ¢, are the AO coefficients of
the molecular orbital, i, at #=90° or at §=0".
In Table 7 the orbitals are divided into the above
three groups. For the z-electron radicals, the

angular dependence of the coefficient of the methyl
hydrogen is, of course, of the n-type. Hence, the
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SD contribution to the methyl-proton spin density
is given by:
(Punt)sp = ¢,° cos*0- (12)
From Eqgs. (9) and (11) the SP contribution is
similarly expressed by:
(ponr)sr = 24/ 2 {37 C*=(ii*) aiars
+ ?7 C*e(ii®) bebrs 5in%d
+ ?_‘,' C*e(ii®) cyces cos'@}

= (go)se + (1)sp cos?0, (13)

where:
(Pa)se = 2V 2 {;" Coe(ii*) ayam + 2; Coe(ii*) bibee}
(e = 23/ 2 (329 CGo(@i®) e — 317 Cii%) b,

T denotes the summation over the n-type orbitals.
Egs. (12) and (13), and the sum of them, correspond
to Eqs. (4), (3), and (2) respectively.

Note here that the conditions for the local sym-
metry orbitals expressed by Eq. (10) (the conditions
for the definite grouping of MO’s by Eq. (11))
are not satisfactorily fulfilled in cases of poor
symmetry,!” and that, in the usual CI treatment,
the transitions other than i—i* (i and i* have,
of course, the same type of local symmetry) must
be included.’® (Compare this with Eq. (6)). In

17) For example, the condition of the local symmetry
expressed by Eg. (10) is already broken in the cthyl
radical (Sce Table 7). However, the relations (2), (3)
and (4) are very satistactory as shown in the previous
section.

18) A. L. H. Chung, J. Chem. Phys., 46, 3144 (1967).

these cascs, Eqs. (12) and (13) may include types
of angular-dependent terms other than cos®@. One
example of the poor symmetry is the n-propyl radical,
where the ~v-ves obio'od by Egs. (2), (3), and
(4) deviate slightly from the calculated curves.
Nevertheless, the relations (2), (3), and (4) arc
still good approximafions to the angular depend-
cnces of the f-proton spin density of the n-propyl
radical (See Fig. 2).

The effects of the inclusion of the i—* (%))
transitions are not certainly determined numerically
by the present study, but they can be estimated as
follows. The i—j* transitions may be grouped into
two groups; one is composed of the transitions where
i and j* have the same local symmetry, and the
other is composed of the transitions where { and
J* have different local symmetrics. By including
the former type of transition, the angular depend-
ence expressed by Eq. (13) is not altered.  Only
the cocfficients may be changed. For the latter
type of transition, which may produce types of
angular-dependent terms other than cos*6, their Cl
coefficicnts, C*(§j*), can be expected from sym-
metry considerations to be very small. Thus, the
inclusion of the i—j* (ixj) transitions will not
much alter the type of angular dependence cx-
pressed by Eq. (13).

One of us (H. N.) wishes 10 thank Dr. T. Kawa-
mura for his helpful discussions. The computation
was carried out by a HITAC 5020E computer at
the Computation Center of the University of Tokyo.
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Calculation of Force Constants of Ethylene by a Semiempirical ASMO-SCF Method

A semiempirial ASMQ-SCF calculation involving all valence electrons was carried out for a number
of nuclear configurations of ethylene molecule. From the variation of the ground-state energy on the change
of various structure parameters, all the diagonal quadratic force constants in the internal symmetry co-
ordinate system were calculated and compared with those obtained from vibrational spectra. A modification
of the Dewar and Klopman's formula including two empirical parameters was used to represent the core
repulsion energy. It gave reasonable potential energy curves for the stretching coordinates.

INTRODUCTION

In the SCF molecular orbital theory involving all
valence electrons, the relative positions of all nuclei in
a molecule are taken into account explicitly on evaluat-
ing the multicenter integrals. This theory provides
accordingly a general and straightforward procedure to
predict the equilibrium structure and the force con-
stants of polyatomic molecules through the calculation
of ground-state energies for a variety of nuclear con-
figurations. The rigorous treatment of this sort of cal-
culation requires, however, so much labor even for the
smallest molecules that the introduction of more or less
approximations is inevitable to reduce the calcuiation
to a tractable size. By using the approximation of the
neglect of differential overlaps, Pople ef al. have formu-
lated a semiempirical ASMO-SCF theory for all valence
electrons of molecules! These authors’ method has
given, in spite of its simplicity, a fairly successful result
in predicting correct valence angles and bending force

constants of a number of simple polyatomic mdle-.

cules.®? The stretching force constants calculated by
this method are too large, however, compared to those
obtained from experimental data on vibrational spec-
tra 34

Since there arc many ways of approximations in
evaluating the atomic integrals involved in the ASMO-
SCF theory, further studies seem to be necessary -in
order to clarify the influence of various approximations
on the reliability of the calculated force constants. It is
also worthwhile to look for any systematic way of

combining the approximations which can predict force
constants and other properties of molecules simultane-
ously. With these points of view, we have carried out a
semiempirical ASMOQ-SCF calculation of force con-
stants of ethylene based on the method of Yonezawa,
Kato, and co-workers which has recently given reason-
able values of orbital energies, ionization potentials,
electronic transition energies, and ESR hyperfine cou-
pling constants®® for molecules similar to those treated
by Pople et al. This method is different from that of
Pople et al. in adopting the one- and two-center elec-
tronic repulsion integrals evaluated semiempirically
and in taking account of differential overlaps. In the
present paper, the calculated force constants are com-
pared with those obtained from the analysis of vibra-
tional spectra and are discussed.

ATOMIC INTEGRALS

Since the detail of the procedure to evaluate the
ground-state energy for a given nuclear configuration
has already been reported,® we outline here only‘ the
evaluation of basic atomic integrals. The overlap inte-
grals, S,,, were taken to be the theoretical va.lue§ for the
Slater AO’s, the effective nuclear charges being 1.00
and 3.25 for hydrogen and carbon, respectively. The
one-center electron repulsion integrals were calculated
by the well-known approximation due to Pariser,’

(1

where I, and A, represent the valence state ionization

 (rrl ) =g =1~ 4,

9



Fic. 1. Internal coordinates.

potential and the electron affinity, respectively, of the
atomic orbital (AO) 7.3 For the two-center electron
repulsion integrals, we used the Ohno approximation,?

(rr | s5) =3[ (a4 R "1+ (a2 Ro2)17], (2)

where R,, is the distance between the nuclei on which
the AO’s 7 and s are centered. The multicenter electron
repulsion integrals were then calculated by the Mulliken
approximation, !0

(rs | ) = {SraSul (rr | 1)+ (rr | un)
F(ss| )+ (s5|wuiq. (3)

Let N, be the number of valence electrons on the
AO 7, and Z, be the net core charge of the nucleus A.
The core Hamiliciinn matrly cliincnts wore thae an-
ekimatsd os

O A 35;:1 (B|rm), (4)
(B[rr)=— ¥B N, (s]|ss), (5)

Uv-r= —1,— (Nr"’ 1) (” l ”)
~ TANL (] #7) - 1= 1) 15
r'#r ‘
and

Heu= 3 Se = P(Za+2Z1) (rr | s5) — (B | r) s
—=(Als)+Hn+H,]), (7)

where 2 is an empirical parameter and is taken to be
1.40.° In Egs. (4)-(7), it is implied that the AQ's
r and 5 are centered on the nuclei A and B, respectively,
and the superscript on ¥ in Egs. (5) and (6) indicates
that the sum is taken only over the AQ’s centered on
that nucleus. The present treatment is different from
the previous one® in the introduction of the one-center
exchange integrals (rr'|rr') evaluated according to

Hinze and Jaffe,* and in the estimatien of the off-
diagonal core matrix elements, Hy, (r=£s), for which
the previous treatmen:® adopted the aporoximation by
Wolisberg and Helmholz!? Furthermore, in order te
use the nonzere (rr’ | ##") without vielatiug iite invari-.
ance of the basic integrals on the rotztion of the co-
ordinate axes for p orbitals, the one-center integral
(rr | #'7") for the two different p orbitals centered on
the same nucleus, e.g., . and p,, was calculated by

('}55?2 | ;bulblf) = (PEPJ i P:P:) —Z(P-ﬁpv | Pl‘-zb:')- (B)

By using the above integrals, the molecular orbital
@i was nhtained through the SCF calculation as the .
linear combination of atomic orbitals xr,

= E Crixn (9)
r

and the ground-state electronic energy F., was calcu-

lated by

Eg= ¥ PuHpt3 L PruPul(rs | tu) —5(rt| su) ],

[ ] lu
(10)
where

e A
Pr=273 CACS, (11

The ground-state energy for a given nuclear configura-
tion is then given by

E= EB|+ E EABnure, (12)

where EAP,,. represents the core repulsion energy be-
tween the nuclei A and B, and the sum is taken over
all possible rairs of nuclei ia the molecule,

CORE REPULSION ENERGY

There have been seversl wavs of catimating the core
remiision enersy in ibe literature. For the x-electron
system, Parr and Pariser interpreted it as due to the
positively charged holes vacated by the = electrons
and evaluated it by the corresponding twe-centsr eiec-
tron repulsion integrals.)® On the other hand, the core is
just a nucleus for hydrogen aud a nucleus surrounded
by 2 €laseq 15 sheli f2- Lrbon i ibe present treaiment,
2ad it scems more reasonable, at first sight, to use
simply the point charge approximation,

E‘ﬂunm: ZAZ&W:,",RAB. (;3)
where ¢ is Uiz lectronic Charge and Rap is the distance
between the nuclei A and B. Scgal and Pople e .
adopted this approsimation and obtained the equilib-
rium bond lengths agreeing well with the sxperiments
for a number of moleenlesd The cuccess of Eq. (13) in
these authors’ method is, however, based on the use of
the one- and twu-center electron repulsion integrals
cvaluated theoretically by the Slater 1s and 25 AG's.
Since the semiempirical evaluation by Egs. (1) and
(2) gives much smaller values to these integrals than
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FORCE CONSTANTS OF

ETHYLENE

TaeLe I. Internal symmetry coordinates.

Symmetry Caordinate Description Tncrement !
o S1= (Arig+Araet-Ary+-Arie) /2 C-H stretching 40,1 A
Se=A4rg C=C stretching +0.05 A
8= (DepatAan+Aps+ Aene) /2 CH: bending +0.1 rad
u Sy=(Argigs+Arying+ ArgraetArass) /2 torsion 0.2 rad
by So= (Aryg— Aryged-Args— Aryy) /2 C-H stretching 0.14
So=(Aena— A+ Aeigs— Avne) /2 CH; rocking 0.1 rad
bru Sr=(Araes— Areu) /VI CH, wagging 0.2/v¥rad
bay So= (Aryu—Arens) /VZ CH: wagging 0.2/vI rad
bau So=(Arn+Aru—Arss—Ary) /2 C-H stretching 0.14
Sio= %dwzu+drpm— Apras— Apna) /2 CH; rocking 0.1 rad
by, Su=(Ary— Ary— Arag+Arg) /2 C-H stretching 0.14
Siz= (Aenia— Aprza— Agras+ Apme) /2 CH; bending 0.1 rad

the theoretical values, the core repulsion energy in the
present method must also be smaller than that given by
Eq. (13), in order that its change on a nuclear displace-
ment be just canceled by the corresponding change of
Ea at the equilibrium nuclear distance. From this
reason we adopted initially an extended form of the
Parr and Pariser’s expression,

EA o= 2 A Y BN, N.(rrlss). (14)
* t
On the calculation of force constants, the equilibrium
structure of ethylene was ipitially taken from Allen
and Plyler’s data.!* From the internal coordinates shown
in Fig. 1, the internal symmetry coordinates were con-
structed in the same way as in the previous analysis of
the vibrational anharmonicity.' These coordinates are
defined to represent the actual changes of the given
structural parameters and are therefore related to the
Cartesian coordinates curvilinearly. They are listed in
Table I together with their symmetries and descrip-
tions® Distorted configurations of the molecule were
then constructed by displacing the nuclei from the
equilibrium positions successively along each internal
symmetry coordinate, in terms of which the increments
were taken as given in Table I. From the ground-state
energies for these nuclear configurations, the potential
energy curve for each coordinate was obtained, and by
fitting it to a polynomial of that coordinate, say Si,
by the least squares method, the quadratic diagonal
force constant,
K.‘.=%(32E/33¢2), [E

was evaluated at the minimum of the calculated poten-
tial. As the polynomial to be fitted, the quartic function
was used in general but the sextic function was also
used for the totally symmetric stretching coordinates,
S 1 and Si.

Generally, the force constants are required by their
definition to be evaluated for the nuclear configuration
corresponding to the true minimum of the potential
function in the muitidimensional space spanned over
all vibrational degrees of freedom. The force constant
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" obtained by the Taylor expansion of the potential func-

tion with respect to a single coordirate satisfies this
requirement in the case either when the Taylor expan-
sion is carried out at the calculated equilibrium con-
figuration or when the contribution from interaction
force copstants to the potential energy is negligibly
small. Since we cannot regard the second of these condi-
tions to be a good approximation, the calculated equilib-
rium configuration is required to agree with the initially
assumed one in order that the first condition is satisfied
without the complicated transformation of the origin
of the coordinate system. On the use of Eq. (14), the
calculated potential minimum was found very close
to the origin for the ¢,CH; bending coordinate (S},
whereas the potential functions for the C=C stretching
(S,) and the a, C-H stretching (S;) coordinates
showed only monotonoug increases on the increase of
the bond distances within the investigated ranges. In
the curvilinear internal coordinate system, the distance
between honded nuclei changes only on the change of
stretching coordinates. Accordingly, the success for the
S: mode and the failure for the §; and S modes in
predicting the correct equilibrium configuration suggest
that the core repulsion energy estimated by Eq. (14) is
appropriate for such comparatively large nuclear dis-
tances as those between nonbonded nuclei but is too
small for such shorter distances as those between bonded
nuclei. With the purpose to obtain reasonable core
repulsion energies for both the cases of bonded and
nonbonded nuclei, we interpolated Eqgs. (13) and (14)
by a two-parameter function,

FAB g = EA EB N, s("' I 55) +[ZAZBQE/RAB
— T4 TBNN,(rr | 55)] esp(—aanRan™), (15)-

where the parameter n was fixed to 1.0, 1.5, and 2.0
after several trial calculations. When =1, Eq. (15)
becomes identical with that proposed by Dewar and
Klopman in the calculation of the heats of formation
of a number of hydrocarbon molecules® In the semi-



1 1 i ';' ||_II I
\ Voo ; i
: ! {
; Lf i ' /
\ bl !
i V. /
Lo IR /
i {o] | '
X ] H |
\ 1 !
". [ !
Lo AL
05 : ; ] ;
\ 1| A
- N A il / -
> h i ’ /
® 1ol o
“ oo ‘ =
l ]l -“.. - -\\-.‘
' L * -::‘w '
-08 T Y 1
‘ ht 3
2 N
S3tag i Sg lJb“ ) S,°£b2“: S|2{lb3“ )
S04 ~02 ©0 02 04 060 02 04 060 02 04 060 02 04 06
rad rad rad rod
Fi6. 2. Potential energy curves for valence angle deformation coordinates: —, E (calculated); - - -, E (experimental) ;
b Fey; ==, Laore:

empirical calculation used in this work, however, rea-
sonable values of the stretching force constants were
obtained, as shown in the following, only for the cases
where n%1. After fixing » to the above values, the
parameter axp Was adjusted independently for each of
the coordinates §; and §; to reproduce the correct
equilibrium bond distances. On using Eq. (15) with
aap fixed so as to reproduce the equilibrium length of
the C-H bond, the contribution from the second term
to EAB,,., was found to be almost negligible at distances
larger than 1.5 A. This result means that the equilib-
rium H-C-H angle obtained from Eq. (14) is not
much changed on the use of Eq. (15) for both the
bonded and nonbonded C- -+ H distances, and that the
difference between Eqs. (14) and (15) is not essential
for the latter. Accordingly, by assuming a similar situa-
tion for the H- - - H repulsion, we simplified the calcula-

tion by using Eq. (14) for EAB,,.. between nonbonded
nuclei.

RESULTS AND DISCUSSION

It has been peinted out that the values of force con-
stants calculated by the polynomial fitting of a poten-
tial curve are affected seriously by the spacing and the
spread of the representative points of the coordinate.*®
In the present calculation, the uncertainty due to this
effect is estimated to be 0.1 and 0.05 mdyn/A for the
C=C and the C-H stretching coordinates, respectively,
0.01 mdyn+ A/rad? for the CH; bending and the CH,

rocking coordinates, and 0.001 mdyn:A/rad? for the
CH, wagging and the torsional coordinates. In Table
11, the calculated force constants for the CH; bending,
the CH, rocking, the CH, wagging, and the torsional
coordinates are shown together with those obtained by
the analysis of vibrational spectra?® For the in-plane
coordinates, the bending force constants K and Kp.a:
were calculated to be larger than the rocking force
constants Ky and Ki,pp, as expected from the experi-
ment, but the agreement between the calculated and the
experimental values of individual force constants was
not so good for K, Kio,m, and Kjz,12. From the diagonal
force constants for the internal symmetry coordinates
in Table II, the interaction force constants connecting
the equivalent internal coordinates are obtained by
the orthogonal transformation of the coordinates given

Tasre II. Angle deformation force constants (in mdyn- A/rad?).

Force constant Experimental® Calculated

Ku (Gg C-Hg bending}

0.765 0.46
Kizaz (b CHy hending) 0. 688 0.50
Kes (81, CH, rocking) 0.319 0.28
Kio.10 (b2 CH, rocking) 0.266 0.10
K37 (biu CH, wagging) 0.0999 0.082
Kss (byg CH; wagging) 0.0735 0.058
Ky (torsion) 0.0685 0.063
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FORCE CONSTANTS

in Table I. The trans and cis interaction constants for
the C-C-H angles, & and %, are defined by the terms
contributing to the potential energy,

ki Adaaddis+ AdinAdae) + ko (ApusAdru~ AdyosAdue) .

From the normal coordinate analysis of ethylene mole-
cule,® it has been established that %, is important but
k, is not, and the origin of this frans interaction has
been an interesting problem for the theoretical predic-
tion of force constants of ethylene. The presently calcu-
lated value of £, (0.07 mdyn- & /rad?) agrees well with
the experimental value (0.065 mdyn- A/rad?), whereas
the calculated £, (—0.11 mdyn- A /rad?) is much larger
in magnitude than the experimental one (0.012 mdyn-
A/rad?) 8 Thus it seems that any detailed discussion
on the interaction force constants requires much more
elaborate treatment than the present one.

The force constants for the CH, wagging vibrations,
Ky and Kg, were calculated to have reasonable magni-
tudes with the correct order, and the calculated and the
experimental values of the torsional force constant Ky
agree well with each other. Since the first derivatives
of any internuclear distance Rxp with respect to the
out-of-plane coordinates S, S7, and S; vanish for the
equilibrium configuration, only the first derivatives of
the core repulsion energy with respect to Rap contribute
to the force constants Ky, K7, and K, whereas both
the first and the second derivatives contribute to the
in-plane force constants. In this respect, the satisfactory
result obtained presently for the out-of-plane force
constants is not surprising because the inadequacy of
the functional form of EAB,,,, (Rap) is supposed Lo be
less manifested in the first derivatives than in the
second derivatives.

Although the estimation of the cubic and quartic
force constants by the polynomial fitting is much more
difficult than the case of quadratic constants, the in-
spection of the energy curves along various coordinates
may offer some information on the anharmonicity of a
calculated potential function. Figure 2 shows the plot
of the calculated potential energy and its components,
£ and Egore, against the four valence angle deforma-
tion coordinates, .S3, S5, Sy, and Si2. The corresponding
potential energies may be evaluated in the first approxi-
mation by multiplying the squares of the coordinates
by the quadratic force constants obtained from vibra-
tional spectra.!® These arc also shown in Fig. 2 for 'the
sake of comparison. For the 2, CH; bending coordinate,
83, cach of £, and Lo changes very steeply near the
equilibrium position, but they almost cancel each other
to give a reasonable energy curve. As expected from the

dominant repulsion between the hydrogen nuclei at

the geminal positions, the potential energy curve shows
the larger curvature in the first quadrant (closure of the
H-C-H angles) than in the second quadrant (opening
of the H-C-H angles). Unfortunately, we cannot check
the validity of the calculated anharmonicity, since the
cubic and the quartic force constants for the valence
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angle deformation coordinates have not yet been esti-
mated from vibrational spectra. For the nontotally
symmetric coordinates, Ss, Sy, and Sy, it is seen that
E,; attains the maximum value at the origin, but is
overcome by the stabilizing effect of Feore to give the
symmetrical equilibrium structurc. In Fig. 3, the experi-
mental and the calculated potential energies and the
components of the latter, Eq and Eeor, are plotted
against the CH, wagging coordina‘es Sy and S Since
the quartic force constants for these coordinates were
estimated to be very small,’¢ we calculated the experi-
mental potential energies in the same way as those in
Fig. 2. From the difference in the change of the inter-
nuclear distances, it is expected that Er, for a given
value of Sy is much larger than that for the same value
of Ss, and the former is in fact more than twice the
latter. However, the sign of F is negative for S77%0
but positive for S50, and the net potential energies
calculated for the displacements along these coordinates
are not much different from each other in agreement
with the experiment.

In contrast to the cases of the valence angle and out-
of-plane deformation coordinates discussed above, the
potential curve along the torsional coordinate of ethy-
lene has been the subject of a number of theoretical
investigations on the electronic structure."** In com-
paring the theory with the experiment, however, most
of the previous authors referred to the torsional force
constant obtained only by applying the harmonic
approximation to the indirectly cstimated fundamental
frequency, 1027 cm™, in the a, species. We constmc%cd
the experimental potential curve in this work by using
the quadratic and quartic force constants ol_al'.nmc-d
from the analysis of the vibrational anharmonicity of
ethylene'® as well as the barrier height for the internal
rotation obtained from the reaction rate of the cis-
Irans isomerization of 1,2-dideuterocthylene.?® This
barrier height has been referred to by Charney el al.



Tance ITI. Parameters in core repulsion energy [Eq. (15) ] and stretching force constants.*

Calculated
Force constant
aan (in A7) - (in mdyn/A) Experimental® n=1.0 n=1.5 n=2.0
ace 1.900 1.844 1.741
Kz (C=C) 5. 861 3.5 4.6 5.8
ach 2.339 2.525 2.650
Ky (g, C-H) 2.658 2.15 2.70 3.35
Kis (1y C-H) 2,777 2.05 2.60 3.25
Ky (Bsu C-H) 2.676 1.95 2.50 3.15
Ky (b C-H) 2.683 2.15 2.75 3.40

® The calculated and the experimental bond lengths are: Ree =1.337 A and Rgg = 1.086 A

in their analysis of the vibrational structure of the ultra-
violet spectrum of ethylene.?”

The torsional potential of ethylene may be expressed
in terms of the coordinate S; as

E(S.z) = V[(I"" CDSSQ)-I-VE(I_ COSZS.:)
+V3(1-‘ COSSSq)

= K-u 542'{' K—wu Sl‘» (16)

The force constants Ky and Ky and the barrier height
B are then related to V3, Vs, and V, by

Ku=3(Vi+4V,+9V3),

K= — (V/244-2V,/34-27V5),
and
B=2(Vi+V3).

From the numerical values Ky=0.0685 mdyn- ﬁ/ rad?,
Kys= —0.0039 mdyn- A /rad, and B=0.4486 mdyn- A,
we obtained V,, V,, and ¥; as 0.2239, —0.02253, and
0.0036, respectively, in mdyn- . The resulting experi-
mental curve is shown together with the calculated
curves for E, £, and Eyor in Fig. 4. As indicated by
the relative magnitudes of the quadratic and the quartic
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Fic. 4. Potential energy curve for the torsional coordinate: —
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force constants, the experimental potential energy curve
is quite harmonic except near the top of the barrier,
and shows an appreciably smaller curvature at the
potential minimum than at the maximum. It is worth-
while to note that the simultaneous fit of the quadratic
force constant and the barrier height also requires a
potential function which is much less anharmonic than
the simple sinusoidal potential which has the same
curvature at the minimum and the maximum. On the
other hand, the calculated curves for E, and E.o.
appear nearly parabolic and sinusoidal, respectively,
and the magnitude of E, increases far more rapidly
than that of Eco-. on the increase of the torsional angle.
Hence the anharmonicity of the calculated potential
function becomes very small, resulting in an excellent
agreement between the calculated and the experimental
energies over a wide range of the torsional angle. The
calculated curve near the top of the barrier is not cor-
rect, however, since the interaction between the ground
and the excited states is not taken into account in the
present treatment.

For the C=C and the C-H stretching coordinates, Sy,
Sz S e, and Sy, Table ITT shows the quadratic
force constants obtained from the vibrational spectra'®

'
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Fic. 5. Potential energy curve for the C=C' stretching coordinate:
— E (calculated) ; - - -, E {experimental},
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and the corresponding constants caleulated in this
work, The parameters aap and » in L. (15) are also
given in Table ITL It is scen that the force constants
attain reasonable values when # is 1.5 and 2.0 for the
C-H and the C=C bonds, respectively, but the equilib-
rium bond lengths and the force constants cannot be
fitted to the experimental values simultancously by
fixing # for the C=C and the C-H bonds to the same
value. The potential curves calculated by using the
best values of # are compared with the experimental
curves in Figs. 5 and 6 for the C=C stretching and the
a, C-H stretching coordinates, respectively. The ex-
perimental curve for the C=C styetching coordinate
represents a Morse-type function,

E(8;) = (Kn/a)[1— exp(—aS) P,  (17)

where the parameter @ is taken to be 2.0 A-1. This
function has been assumed in estimating the cubic and
quartic force constants from the spectroscopic data.'®
The effect of truncating the Taylor expansion of Eq.
(17) at the quartic term becomes so large for S;>
0.3 A that the curve based on a quartic function is
not adequate as the experimental curve to be com-
pared with the calculated. For thela, C-H stretching
coardinate, such the effect of truncation was found to
be small in the range —0.6 A< 5,<0.6 A, and the
experimental curve in Fig. 6 was calculated by the
quartic function

E( Sl) = K11512+Km Sf"—}-K"uSl',

where the value of Ky, was that given in Table 111, and
according to the previous estimation of the vibrational
anharmonicity,'® Ky and Ky were taken to be —2.159
mdyn/A? and 1.007 mdyn/A?, respectively.
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Fic. 6. Patential energy curve for the g, C-H stretching co-
ordinate: —, £ (calculated); - - -, E (experimental).

CONSTANTS

The agreement berween e experimentid arel the
caleulated potential energies througnout the investi-
wated range of the bond fength indicates thit the use of
Fenre including (wo empirical parameter is fairly success-
fui for predicting the anharmonicity of the bond
stretching potential. 1t raay thus be interesting to see
if the parameters used for ethylene can fit also the bond
lengths and the force constants of other molecules,
especially acetylene and ethanc,
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CHAPTER 5
CONCLUSION

* In Part II of the present thesis, the author aimed to extend
the applicability of the semi«empirical SCF-MO method for valence
electron systems to various molecular properties. From the
studies summarized in Chapter 2 and 3, explicit accounts of o-elect-
rons (not like in n-electron theory) and of the electron-repulsion
terms (not like in the extended Hiickel theory) are shown very impor-
tant, o-electrons work generally to relax the localization of
charge in. carbonium ions; the electrons on protons are found most
important for this role. In the studies of doublet radicals,
the empirical McConnell rule becomes unnecessary and direct calculaw
tion of the hfs constant becomes poessible by including o-electrons;
thus, in allyl radical, differsnt hfs constants are obtained for
the two terminal methylene protons, agreeing with experiment.

The explicit inclusion of the eiectron repulsian term is important
in carbonium ions, since there, the electron repulsion energy
diminishes by one electron, comparing with the neutral molecules.
This effect is shown most importsnt in the-orbital energies and
transition energies. The importance of this term in doublet
radicals is obvious since the spin-polarization mechanism comeg
from this term.

From the studies given in Chapter 3, Section 1, the method
proposed in Part I, Chapter 2 to separate the UHF spin densities
into mechanistic contributions is proved useful in the actual
caleulations, From this it is shown that the spin-polarization
(SP) mechanism is important even in cases where the spin-delocali-

zation (SD) mechanism has been considered dominant. In methyl
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and vinyl radicals, their hfs constants and mechanistic contribu-~
tions are shown to be strongly angular dependent, From the exami-
nations:of this dependence and of the potential energy curve, the |
C—G—Ha angle of vinyl racdical is predicted to be nearly 135°, ’
Moreover, for the hydrogenated pyridine, similar treatment predict-
ed its preferable structure to be N-hydrogenated configuration,
From the study given in Chapter 3, Section 2, it is found out
that the cbserved relation, Q(8) = BO + Bl-cosae s for the angular

dependence of the B-proton hfs constant is explained as the sum of

the following two equations,

Qp(®) = (By)gp cos @,

Qgp(€)

where 8 is the rotational angle about C-C bond.

it

2
(BO)SP + (Bl)SP cos™ @,

From the study given in Capter 4, the present valence electron
SCF-MO method is proved applicable also to the calculation of
force constant of ethylene by a small modification in the core-
repulsion energy. Since the core-repulsion energy becomes infinite
when two cores approach, this modification is reasonable. The cal-
culated force constants agree satisfactorily with the experimen-
tal values, Note that this method can give reasonable potential

curves even for the stretching coerdinate.
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PART III
THEORETICAL STUDIES ON
THE ANISOTROPY OF THE INDIRECT NUCLEAR

SPIN-SPIN COUPLING CONSTANT

—— PROBLEMS IN THE STRUCTURE DETERMINATION OF

THE MOLECULE DISSCLVED IN A NEMATIC SOLVENT ——






CHAPTER 1
INTRODUCTION

Since the experiment of Sauve and Englart,l active investiga-
tions of the molecules dissolved in liquid-crystal solvents have
been carried out by the nuclear magnetic resonance (NMR) technique.
Anisotropy of the indirect nuclear spin-spin coupling constant
(Janiso) is one of the informations obtained from the NMR spectra
of the molecule dissolved in a nematic solvent. The relation bet-

ween Janiso and the experimental NMR splitting is illustrated in
Fig. 1.
[ﬁMR spectra in liguid crystal solvantj
?(JAB)anisoj o¢ | Total anisotropic coupling ]
i 1 — [ Direct doupling )
N sensitive
K% % sensitive
insensitive \\ ‘
Mgyt i s]Molecular geometry|

Possible difference originates from;
(i) gas —>» liguid crystal
(ii) molecular vibration
¢1/:7> + NMR
{1/r2> : microwave

<r> : electron diffraction

Fig. 1. INFORMATICON DIAGRAM
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As seen from Fig. 1, the value of (JAB)aniso between nuclear
pair A and B cannot be determined without the supplemental data

on molecular geometry. The reverse of this is also correct. The

data of molecular geometry usually used 1s that determined by the
microwave or electron-diffraction method in gas-phase, which may |
be different from the geometry of the molecule under consideration
by the following two points; firstly, the states are different, and
secondly, the experimental techniques are different, causing dffer-
ences in the vibrational averaging of the internuclear distance, re
In Chapter 2, Section 1 (published in Chemical Physics Letters,
L4, 607 (1967)), a molecular orbital study of the anisotropy of the
indirect nuclear spin-spin coupling constant is given. Since
there was no theoretical study on this subject, the author firstly

formulated three mechanisms important to J by the usual sum-

aniso
over-state perturbation method. They are Fermi-spin dipolar cross
term, spin dipolar term and orbital term. Relative importance of
these mechanisms is investigated,

In Chapter 2, Section 2 (published in Chemical Physics Letters,
6, 541 (1970)), another approach to this problem by the finite
Perturbation method is reported. Since the nuclear spin-spin
coupling is due essentially to the spin-correlation in closed-
shell electronic systemz, the finite perturbation method is useful
as proved in Part I, Chapter 4, This is also the first application
of this method to this problem, From this study, the superiority
of the finite perturbation method to the sum-over-state pertur-
bation method is proved in the actual calculations.

In Chapter 3 (to be published in the Bulletin of the Chemical
Society of Japan), the order of magnitude of (JAB)aniao is exten-
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sively calculated for various nuclear pairs, by using INDO-MO's of
Pople et al.3 From these numerical results and from the experi-
mental examination of the substituent effect on (JGH)aniso in CHax
series,J+ it is concluded that the experimentally estimated value
of the 13C--H coupling anisotropy in CH,F as large as 1890 Hz? is
erronious and that these values still contain some other more
important effects than the electronic cne, such as those given

in Fig. 1. The relative importance of these two effects is diss-
cussed by using the relevant data available at present and then,

it is conecluded that the change in the molecular geometry from gas

state to the solute state in nematic sclvent is the most natural

origin for the differences between the theoretical and 'experimental!

values.
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ANISOTROPY OF THE INDIRECT NUCLEAR SPIN-SPIN
COUPLING CONSTANT

Vari.ous contributions to the anisotropy of the indirect nuclear spin-spin coupling constant in nuclear
magnetic resonance are examined and ordet-of -magnitude calculations are reported for hydrocarbons
and for methyl fluoride.

1. INTRODUCTION

Recently, Krugh and Bernheim [1] reported the existence of very large anisotropy of the indirect nu-
clear spin-spin coupling constants of methyl fluoride dissolved in a nematic solvent. Their results
show that the anisotropy is especially large for the coupling constants between directly bonded nuclei-
(C~F and C—H). In the present paper, the origin of the anisotropy in the indirect nuclear spin-spin
coupling constant is examined and the orders of magnitude of various contributions are calculated for
hydrocarbons and for methyl fluoride with rather crude approximations.

2. ORIGIN OF ANISOTROPY

The Hamiltonian for the indirect nuclear spin-spin coupling in nuclear magnetic resonance spectra

is given by the sum of the following four terms [2}: )
i) Terms due to the magnetic shielding of the direct interaction of the nuclear spins by electron nrt?i-

tal motion.

) - ("’M’IC)A% L VAYB 7o rag [Ua TR)(Tea" T = Up Fep)U” 7], o

b -3 S
xP) = om /) ZATo n (Teax V). : (2)

ii) (Electron-spin)-(nuclear-spin) dipolar interaction term.

Hg = waEk;«A[a(sk- ) Ups T Tor - Sp faThal- (3)

iii) Term due to the Fermi interaction between electron-spins and nuclear-spins.

Hg = (1678H/3) EkyA 8rpa) Spla - @
In the above equations, A and B denote nuclei and  refers to an electron. Since the g;)direct nuclear
spin-spin interaction is a second-order property with respect to the Hamiltonians HY'» A gand Hg, the
various contributions to the anisotropy may be summarized as shown in table 1. Among these contribu-
tions, the Fermi-spin dipolar cross term is expected to be an important source for the anisotropy of
the coupling constant between light nuclei, although this contribution is averaged out to zere when the
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Tabla 1
Origin of the anisotropy of the electron-coupled nuclear spin-spin coupling constant

Orbital
filericiion Fermi Spin dipolar i i
‘ H3 Xy g] g’1
F“""'g{ isotropic anisotropic 0 0
3
' Spin dipolar isotropic and 0 0
Ho anisotropic
Orbital isctropic and i
w{" anisotropic
JE isotropic and
4 anisotropic

molecule is rotating randomly. Moreover, table 1 suggests that the anisotropy cof the H—H coupling
constant should be very small,

Now, it may be useful to develop these contributions in terms of molecular orbital theory, along
similar lines to the treatment of Pople and Santry [3]. By resorting to rather crude approximations
((i) use of a single determinant wavefuncticn, (ii) LCAO MO approximation and (iii) retaining only one-
center integrals). the Fermi-spin dipolar cross term is written as

(238
\KAB Jaa *
2 3 oCC unocc 3 1 .
= -(64785/15)[(sp | &(£p) [sA) O™ )BZ} §3 (AE;j)" CisAstA(chPaBCjPaB'Eﬁ Cipg g Cngy) *
3 OCC unocce 3 -
+ (sgl8(rg)|sg)r-3)s ? ? ( AE,'_*J')'IC,-SB Cisp(2Cip,a Cipya 2% Cipga CjPBA)]' (5)

where p,a denote the 2p, atomic orbital (a is x, y or 2) of the A atom. 217 means the sum over the di-
rections x, y and 2 except . The other notations 2re the same as Fople and Santry's [3) Further, if
the average excitation energy approximation and the assumption of the orthogonality of the basic atomic
orbitals are made, one obtains

28\, _ - (2P :
(K 23). = (6182/15)(s4 | & ry) [8,) - D)p3am) ! ("324%3 “CePlos pse * (6)
+ (sgl o(rp)| BBN’""”AE’__AE"I (ngﬂpaA ‘El'iprPﬁA) I
where |
oce
Pepran = & 2Cis Cinyg - :

The other contributions shown in table 1 can also be formulnted as above, but they are not given here
for want of space. From the above eguationg and table 1, the Fermi-spin dipolar cross term is ex-
pected to make the dominant contribution to the anisotropy of the X—4 coupling constant, where X is a
nucleus other than a proton.

3. APPLICATIONS

Now it may be necessary to estimate the order of raagnituda of zach contriliution shown’'in table 1.
Although the anisotrepies of coupling constants of kydrocarbons sre oot yet known, these are of basic
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-3 20 Table 2
Results of KAB fem™" x 10°7) for hydrocarbons (directly bonded) 3+ b)

Isotropic, (KApligo © Anisotropic. (K, -K,)zp
Bond Cale. Expt!. Cale.
in Fermi- .
Fermi fp Orbital  Total ' Bty
dipol spin Orbital Total
polar dipolar dipolar
—-~C-—H 44 0.0 0.0 44 41.8 11 0.0 0.0 11
=C—~H 58 0.0 0.0 58 52.3 10 4.0 0.0 10
=C~H 87 0.0 0.0 87 83.1 7.6 0.0 0.0 7.6
Cc—-C 56 1.3 0.0 56 45,6 29 1.9 0.0 31
c=C 97 1.0 -12.4 86 89.0 34 -1.9 18.7 51
C=C 219 3.0 0.0 224 225.9 38 -10.1 54.0 112

a) The molecular axis is parallel with the bond.
b) The values of AEare 15 eV for Fermi and Fermi-spin dipolar cross terms and 10 eV for the other contributions

(see ref. [3]).
¢) Sce ref. [3].

interest from a theoretical standpoint. Some approximate calculations of these are summarized in ta-
ble 2. In these, we assumed i) homopolar bond, ii) localized sp3, sp? and sp hybrids respectively for
carbon in single, double and triple bonds, iii) zero overlap integrals and iv) average excitation energy
approximation (eq. (6)). The values of the average excitation energies, AE are 15 eV for the excitations
concerning s~AO (Fermi and Fermi-spin dipolar cross terms), and 10 eV for the other excitations con-
cerning only 2p-AQ's [3]. The one-center integral values are summarized in table 3.

Table 3
One-center integrals (auy V)
Nucleus (50 °6(ry) isy) 3 A
H 0.550 D) 0.0
& 2,767 1692
F ) 11.966 T.0406
a) Ref. [3].

b) Slater orbital with 2 = 1.2.

Table 2 shows that the Fermi-spin dipolar cross term is a very important source for the anisotropy
of the coupling constant, although the orbital coptribution becomes important for the coupling between
triply -bonded carbons. Furthermore, the anisotropies of the C—H couplings are expected to be smalil
compared to the isotropic couplings, while those of the (singly, doubly, and triply bonded) C=C cou-
plings are comparable in magnitude to their isotropic couplings.

At present, methyl fluoride is the only compound for which the anisotropy of the indirect nuclear
spin-spin coupling has been observed [1]. Since the anisotropy in the indirect nuclear spin-spin cou-
pling was obtained by subtracting the direct coupling from the observed total anisotropy, some uncer-
tainty of the experimental value still remains owing to the uncertainty of the geometry and of the an-
harmonicity in vibrationof the methyl fluoride [1]. Thus, an order-of-magnitude calculation of the ani-
sotropy of the indirect nuclear spin-spin coupling constant may be useful. The various contributions to
the anisotropy are calculated by using the MO's obtained by the CNDO ‘2 method [4], without making the
average-excitation-energy approximation (eq. (5)). The results are summarized in table 4 with the iso-
tropic coupling constants obtained by the same approximate method.

Table 4 shows that the Fermi-spin dipolar cross term is an important source for the anisotropy.
For the C—F coupling constant, both the isotropic and anisotropic cpuplings are small if compared with
experiment. (This is mainly due to the large value of the calculated 3AF;_; .) The ratio of
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Table 4
Results of Kop (em~3 x 1020) for the methyl fluoride with CNDO/2 method

£ a
Isotropic, (KaB)iso Anisotropic, (K - K,)ap

Caled. Exptl. Calcd. Exptl. ©

A—B

Soi Fermi- Spin

Fermi PIN Orbital  Total epin P Orbital  Total

dipolar dipolar polar
C—F -20.6 3.5 -0.9  -18.0 -56.99 37.2 6.1 -1.1 42.2 246 %46
C—H  24.4 0.0 0.0 24.4 49.27 -3.6 0.0 0.0 -3.6 626 +43
H—F 0.79 0.0 0.0 0.79 4.10 -1.2 0.0 0.0 -1.2 -1.6 + 4.8
H—H 0.37 0.0 0.0 0.37 -0.80 0.0 0.0 0.0 0.0 0.0

a) The direction of the molecular axis is parallel with the C—F bond.

) Ref. [1].

(K, - K, )cF/(KcF)iso iS -2.3 for the calculated values and -4.3 0.8 for the experimental ones. For the
C—H coupling, the calculated anisotropy is too small to compare with experiment. Moreover, within
the present approximations, it is expected to be minus in sign if the molecular axis is taken to be par-
allel to the C—F bond. Thus, at present, it seems necessary to examine more carefully both the ap-
proximations introduced in the present calculations (see the next section) and the experimental values,
For the coupling constants between non-directly bonded nuclei, the calculated anisotropy is small as
may be expected from eq. (6). The anisotropy of the H—H coupling constant is expected to be zero with-
in the present approximations.

4, DISCUSSION

The large anisotropy of the C—H coupling constant of methyl fluoride reported by Krugh and Bern-
heim [1] cannot be interpreted from the present calculations. Of the previous approximations (section
2). the cre-center integral approximation seems most drastic. Then we examined the effect of the two-
center integrals of the type, (2s(C)|6(ry)|sy), (2p4(C)|a(ry)|sy) and (2p,(C)|&(ry)|sy). The correc-
tion due to these two-center integrals to the anisotropy of the C—H coupling is only 2% of the one-
center contribution.

It should be emphasized that the figures given in table 4 are results which are very sensitive to the
approximations introduced in the molecular orbital calculations and are therefore subject to considera-
ble error. It seems necessary to use more reliable molecular orbitals. such as non-empirical molecu-
lar orbitals, and a more refined method. Further experimental study, especially for hydrocarbons,
would be very valuable from the theoretical standpoint *.

The authors thank Dr. A, Imamura at the National Cancer Center Research Institute, who kindly car-
ried out the CNDQ/2 calculation on methyl fluoride. They also thank Professor A.D. Buckingham, who
kindly informed them that he and his collaborator, I. Love, have also reached very similar conclusions
io the present ones.

* Experimental values of the anisotropy of 13c—H indirect spin coupling constants in some methyl derivatives have
recently been obtained by the present authors. The manuscript is now in preparation.
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ANISOTROPY OF THE INDIRECT NUCLEAR SPIN-SPIN COUPLING CONSTANT,
II. TREATMENT BY THE FINITE PERTURBATION METHOD *

The finite perturbation methed is applied to the calculation of the anisotropy of the indirect nuclear
spin-spin coupling constants. For CH3F, all the elements of the calcuiated 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 ¢lectronic 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 if 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 experimenta! studies of high resolution nuclear magnetic resonance (NMR) spectra in nem-
atic solvents {g].

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

i)} an electron orbitel-nuclear dipole interaction

(a) -3 3., . . ) ]
Hy = lalp/c) A% L 78787 ea”knlUa T (Tea Tre) -y 1ap) g Tpa))s

(b) = /s '3 i
% = (@pri) Ek ST G A

ii) a magnetic dipole interaction

& . . 8
§y =268 I v 35y 1) Uy 0pnpa Sy 75l

iii) a Fermi contact interaction
Hy = (16781/3) 2 v Ad(rpa)Se-1a.
Ak
These one electron operators mﬁfbe grouped into two classes: a spin independent operator, %y, and
spin linear operators, g and 3. In the FPM, when the perturbation belongs to the Farmer type, we
use the restricted Hartree- Fock (RHF) wavefunction since WTHSCF) is expressed to first order as a

sum of the unperturbed wavelunction WIT and the singly excited singlet wavefunctions [eq. (1)} This
point may easily be understood from the Orillouin's theorem.

* part 1] of ref. {i] which is hereafter ealled Poper L
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f f L3 ;

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 pr_evmus_study
[8], the same can be done more easily by using the unrestricted Hartree-Fock (UHF) method, since

1
‘Iluhf—‘l';f+§C£1Ti}+..., IT:'>= ]...Rivi;,g(oﬁfﬁﬂf)--- by (2)

where |T,-) is the triplet function. Thus the UHF method is applicable o 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 L) Among those sources, we formu-
late here the Fermi-spin dipolar interaction term rather fully along the line of the FPM. 'I_‘akmg the
fixed magnetic dipoles pp and up oriented along the z direction, the total hamiltonian is given by

Qf=9(0+#Ang+£lBng;__ (3)
where

. -5 -3 4

L % (368, 7oA 25 a7ka ™ Sk kAl &

Hy (1678/3) % 6(r pB)Spz - (5)

In the FPM, the zz-component of the reduced {:ouplirig constant tensor Kap (the coupling constant per
unit magnetic moments) can be written as

(Kaplzz = { -E'%A (¥(uy, 0) :7’5 T‘-I"UJA, 0) ;‘]u A=0" (6)

where ¥(ua,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 cperator for ¥( EAs 0) is

core o -1
F1) = 27775(1) + %, () +§1 ;@7 5= Py )

where ¥; is the UHF spin orbital. On practical calculation, we adopted the one-center integral approxi-
mation for the atomic orbital (AQ) matrix elements of Py and ng_ Then we obtain from eq. (6) the fol-
lowing;

(Kyp
The spin density at the sg AO, pgpgp(kA) is calculated by adding the small quantity ka to the diagonal
prA. ZP}JA 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 ks 2t 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 pstB(hA) with respect to the added perturba-
tion #5. The xx-, yy- components of the coupling tensor K pp are derived similarly by rotating the
¥.y,2 suflixes, Note that the same interaction can be obtained by interchanging the termns pa¥, and
Hpg “g in the above treatment, In this case, the result becemes

2. -3 .2 3 1 i <3
)zz = (167/15) 3 ¢ >ASB{U)[EQSBEBUIA)J};A~O' hA = (2_/3},’?;_1A{:V' }A_ (8)

Lo

- e 23 2 Y
(Nap)l.z = (16 15)..,6‘2f} ‘AS%(D)IV ;h—é(Qp_;.AZA(hg) - p’\.A'rAUzB) =Py pv A{H B}) _I‘IEBTO .

. 9
sz (8 3)=8u B‘qf-j"-m' (9)
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where hy is added lo the diagonal sg element of the #® matrix and is subtracted i
d £t 1e [r
the corresponding S-element. % the same e from
The other spurces 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
KR is given by,

) 2, <3 , -3 2
(K g lge = (/25870 ) & )B[ﬁ;pnainv’m)_lharﬂ

+ (0/258%0°% 7Y —ﬁ—pg el o) i an-=
A a[ahAz B°B AZ]AZD

2, -3 -3 [ 2
A N }B[Ek;(nga‘fa{km"p’lB’?BU‘Aa}"’r;Bt:B("As])]hA3=0-' 10

hay =ty = (3/5)13#&(1"3)‘;. LT (2/5);3;1A§-'3) .

where the suffixes (¢, 7 and ¢) appearing in the right-hand side of eq. (10) correspond to (2py, 2py and
Egi,v). IPractica.léﬁ, th; ab:zve three te rrt}s‘.g in eq. { 12«‘)\? are calculated separately. That is, p?iBF»BU'* j,l) is
calculated by adding 2A1 (-2A1) to the {4 d £ 4 and F‘é‘ ) elements, tnfha2) b
adding kA2 (-#A2) to the FEy ¢s and FE E; ﬁv‘%i EA gty Aqi}%lementsé,'nénd the third fecrjra;; P 4
20t gt gk A3) - pypyR(RA3) - PURE B(hAg) is calculated in the same way as in the Fermi-spin dipolar
cross term [eq. ?B%] For the orbital term, the RHF method is employed and # 5 becomes imaginary [9].
2, -3 -3 0 * = -3, .
(K plee = 168707, ¢r )B[é"ﬂfm(? cf,,Bc,-;B(hA)) }&A:o, By = 200,00,
where h g is added to F{apny and -hpa to FpyCa
In the present communication, the above treatment is applied to the calculation of the coupling con-
stants of CHgF and the results are summa.izad 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 1. The values in pareatheses are thuse calculated by the method reported in paper L 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 pot negligible. As shown by Pople, McIver and Ostlund [5], the agreement cf the calculated isetrop-
ic C-H coupling constant with the experimental value becomes fairly satisfactory in this FPM treatment.

Tahble 1
Results of Jag a} (Hz) for the directly bonded nuclei in CH3F with INDO MO's

Isotropic (FaB)iso

A-B Fermi Spin dipolar Orbital Total Exptl. B
C-H 147( 79) 0(0) o[ 0 145{ 75) 145.8
C-F - 97i-99) 15(9.4) ~15(-6.3) 97(- 86) -161.9

AniSOLropic (J“ b JJ.].‘\B c)

R, A"

Fermi o . - by
- 15 Orbita Totat Expti, 2
A-B Spin dipolar Spin dipolar ital D
C-H - 19¢{~11) 040) 0 0) 19(- 11 1400 £ 130
o8l 119) PEATLRESS S

C-F 208¢ 94) 26(16.2) 27( 4.5)

SR e ——

a) Jag = (/217 aYBKAB-
b) Ref. [6].
¢} The axis is chosea to be parallel with the molacular 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 L A
gimilar 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
anisotrepy, 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 signg
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. '

Mere details of the present method and fuller examinations of the coupling anisotropy will be pub-
lished in the near future.
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PART III, CHAPTER 3

FULLER EXAMINATIONS OF

THE ANISOTROPY OF THE INDIRECT NUCLEAR

SPIN-SPIN COUPLING CONSTANT

——— PROBLEMS IN THE STRUCTURE DETERMINATION OF

THE MOLECULE DISSCLVED IN A NIMATIC SOLVENT —






Anisotropy of the Indirect Nuclear Spin-Spin Coupling Constant
III. Problems in the Structure Determination of the Molecule

Dissolved in the Nematic Solvent.

Introduction

1
*’Q)active

Since the experiment of Saupe and Eaglart,
investigations of the molecules dissolved in the ligquid-crystal
solvents have been carried out by the nuclear magnetic resonance
(NMR) technique.3"5) In these, the chemically fundamental data
such as the molecular motion and the molecular geomeiry in
liguid phase are now more and more accumulated, in addition to
the more detailed knowledges of the NMR parameters than those
availeble by the usual NMR measurements in isotropic liguid
vhase. However, some troubles exist in the determination of
molecular geometry.- Namely, .in order to calculate molecular
geometry (more strietly, ratios of the geometrical parameters)
from spectral splittings one needs the value of The anisotropy
of +the indirect miclear spin-spin coupling constant (J),3’6)
and the most frequent assumption has been To neglect the

anigotropy of the indirect coupling constant. However, the

. N . 2 2 iy i £45 A5 mnetin
molecular geometries obtained under this assumption have SOmMEUlles

e ) .
differd slightly from those obtained by the other measurements of
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gas phase molecules (e.g. electron diffraction method, microwave
method etc.).6'7) On the other hand, if one assumes that the
geometry obtained by the other measurements in gas phase can be
used without any corrections, one may ca.culate the anisotropy of
the indirect coupling from the spectral splittings. This
treatment, however, has sometimes given extremely large anisotropy.S)
To settle these situations, one must clarify the following
préblems. (1) Is the assumption that the anisotropy of the
indirect coupling is nearly zero valid? (2) If this assumption
is valid, why the geometry obtained by the NMR in liquid crystal
solvent differs from those given by the other measurements in gas
phase such as the electron diffraction or microwave techniques?

9,10

The main purpose of this series of investigation is to

settle the first problem above fromthe theoretical standpoint.

9)possible origin of the anisotropy of

In Paper I of this series,
the indirect coupling constant has been examined with the,
molecular o6rbital (1MO) method. ’Among these, Fermi-spin dipolar
cross term is shown to be an important source of the coupling
anisotropy between singly-bonded nuclei. For doubly and triply
bonded nuclei, orbital ferm is also found to make important
contribution. However, for the directly bonded 13C-—H coupling
in CH3F, the calculated anisotropy was too small to compare
with the experimentally estimated value as large as 1890 Hz,

obtained by assuming the microwave geometry.sa} Similar results

10

were also obtained in Paper II of this series ’by the more

o o i - — o -J\._I_) - - " I}
refined *treatment, by Barfield with the valence-bond method

2)

C - 1 L o
and more recenvly, by Buckingham and Love by the similar

molecular orvitel treatment.
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In the present paper, we exanine further ithe a2bove prodvlems

(1) 2nd (2). In the next section, the theoretical pacizround of
the coupling anisotrppy is cescrived triefly and then it is azppliec
% : - . S = 13
to.the various molecules vy using the INDO ¥0's of Pople et al..

h o]

Zspecially for the directly bonded jC-H coupling aniso.ropy, tae

Z
e~ e ) 5 a9 e <+ = T . d) .- - -~
substituent effect in the ~~CH.X serlesl' will be {ully discussed.
-
Vem bra 3 “ -1-3 1z ‘{-’- . : X
from this a conclusion aboul the C=Z colling arisctropy will
p

oe deduced. Another important aspect invoked experimentally is
£} s o ] - . . 8b-6d) - ;
ne coupling anisotropy between F-F nuclei. Then we turn

t0 this problem at the end of this section. In +the last seection,
we examine the above problem (2). The implicatian o
problen is itwofold; the vibrational eifect anc the effect due to
the structural change from gas phase to the sol gtate 11 =

nematic solvenv. The relative importance of these two possible

effects is exanined.

Theoretical Background

Tne imporiani part of the theory of the anisoTrop]
indirect nuclear spin-spin coupling nas already glvan in Faz
of this seriec and more recently by Zuckingham and Love wi
the similar molecular orbital treatment. Then we ¢ly summarize
here the important aspects relevant to the £ollowing discussions.

As shown in Paper I, the anisotropy of the indirect coup
originates from the three mechanisms: Permi-spin dipolar cross Term,
spin dipolar term aﬂﬁ orbital term. In these, the Fermi-spin
ross term is averaged out to zero when a molecule 1s ran-

dipoler oI
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comly rotating.l5J These contributions can be developed in terms

of the molecular orbital theory, along similar lines to the treat-
) . . .
nent of Pople and Santrylé. For notational convenience, we intro-~

duce a reduced coupling constant KﬁB defined by

K, = (en/Bl05) Jp (1)

First we set the following three approximations (Level A approxima-
tion). (1) We use the sum~over-state perturbation method, making
the:single Slater determinant built up from the SCF MO's as zero-th
order wavefunction. An improvement over this sum-over-state
perturbation method may be achieved by using the finite perturbatioan)
(coupled Hartree—Fock185 method, wnich was the content of Paper II
of this series. | —(2J LCAC~-MO approximation. Actually the INDO
SCF-MO's expanded by all the valence atomic orbitals (a0's) will
be used. (3) One-~center integral approximation. This approxi-
mation may be crude especially for the coupling tensor between
directly bonded nuclei. However, since all the Hamiltionians
considered here (Eqs. (1)-(4) of Paper I) lay siress on the electronic
structure in the viecinity of nuclei, and since we use the INDO MO's
based on the zero-differential overlap approximation {theoretically
based on the orthogonalized 30'3195, this approximation may be
approved.g} Note that under this approximation, the anisotropy
of the coupling constant between two protons becomes zero, which
mey be justificd from the study of Barlfiold.- '

The elemenis of the coupling tensor obtained under the

Level A approximation are given, for example, for the Fermi-soin

dipolar cross term as;
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-1 ovhcr contributions sre summarized in Appendix. In Bg. (2),
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5,(0) = (s, [§ (”"A)/Sﬂ) » 8, and P, are the s~type A0 and 2p; AO

(Ais X, ¥y or z) centered on the atom A. 52’ means the sum cver
=)

vae directions x, y and z except o . The other notations ar

e 16)
vxe same as Pople and Santry's.

o

In the following applications we use the eguations obtained

;ne Level A spproximeziion. However, it is sometimes

~
o)
.z

3
(@]

b
CJ_

convenient o seiv further approximations, which enables us to

ineEne simsiidied "chemical picture™ zbout the mechanisms of the

cgur ling saversctions. These further approximations added to
e vel A approximation are ag follows.

(4] Aversse excitation energy (4Z) appro xlratlon.gr 21)

LS
-

(5] Zero-differential overlap (ZD0) approximation.

his level of evproximaficn as Level B

ck

Eercafter we call

rosroximaiion, where the elements of the coupling tensor for the

Fermi-spin Gipolar cross term becomes

~
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-SSP DIJ

(K 5P 0y = erBY 605, (0)<r3>, (342)7(2P%, 1, ‘f‘x,: Pearss )

+ [interchange term of A snd B

(3-a)
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(ot §)

+ [interchange term of A and BJ
(3=b)

The other contributions are summarized in Appendix. In Eq. (3),

Psppys Genotes the bond order between s, and 275 AO's.

)

Pabis = 2 205, Cip,

When the localized AC's illustrated in Fig. 1 are introduced,

the chemical picture of the coupling mechanisms

becomes clear. Namely, each contribution to the ¢ -element of

the coupling tensor, (JAB)mr becomes proportiocnal to the

following (sums of) squares and/or products of the AQ bond orders.

i 2
[Permi term] oC ol

; : 5 2 . 5
EFermlnspln dipolar cross termj oC P“d’ +[1ntercnange term]

a . =2 z
=C j‘?a’-f’ + 2{ M’*Pﬁﬁ/)‘#?'%g”(})m’—h%é’)

: Y T T
pin digpoler term J

N I T o
Croitel tem j o Pm/ Pez/

w

=1

Fig. 1. Localized AO model.
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These eguations may be considered as shovwing the

"width" along which twe nuclear nmoneats interact. Noie, hovever,

that although this chemical picture is very intuitive, it sometimes

constants between nuclei in polar bond.

Thus, in the following avplications, we use the Level 4
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approximation. THe bpasic MNO's ar

e and his co-workers. In Table 1, the values ol the

-

of Poo

‘-7 * P = - 1
one-center integrals, SA{O) enﬁ.<I'J>A used in the cadlculations

[ ]

3 . - \a)
Table 1 . One-center integrals (a.u.)

Nucleus s,(0) <r“3>A

0.0

1

4
O
AN
N
O

22

1.692

Q
(48}
=3
On
=3

3101

v
N
~
~
®)]

F 11.966 7.546

&5, R. Morton, Chem. Eevs. 64, 453 (1564).

later orovital with Z=1.2.

Results and Discussions

A-H Counli

s

o T o T = 5 a3 - 57 4+ Tt o o
In this section, we discuss the results obvtained Lor %l

=1
=

X-H couplings, where X is the nucleus other than the provon.

is secen from Des. (2), (A-1)-(A-3), the sources of the isotropic



end arnisotropic couplings between X and H nuclei are only Fermi

and Fermi-spin dipolar cross terms resveciively, under the one-

0

enter integral approximaticn.
To begin with, it mey be useful to see the general ITrends

in %he coupling tensors of the C-H bonds. In Table 2 the

Table 2 Directly bonded 130—H coupling tensors (Hz) calculated

for methare, ethylene and acetylenea}

. b o
Holecule Fermi~ Fermi-spin dipolar Total dy = dy,
- . I'd N o 2 TN
Iethane 22.0 0, 0 86.5 0 o -
64.6 0 -11.0 0 0 53.0 6] 550
\ O o -112.0Ll 0 o 53.6
- N - N
Ethylene 16.4 =0.8 0 ¢h.6 -0.8 O
80-1 -0-8 -8-1 O "“O-S 72‘0 O 2A-5
Lo o -8.iJlo o 720
hcetylene (12,0 © o J153.9 o o
41.9 | 0 =6.0 O 0 1%5.9 0 | 18.0
Lo o -6.0J)l 0 0 135.9

ol Terlso!’“
al Td\rr"“ .
The x-axis'is parallel with the C-H bond. In ethylene, the

molecular plane is on the xy-plane.

b}The experimental values of the isotropic coupling comstants are

125.0, 156.2 and 249.0 Hz respectively for methane, ethylene and

acetylena.
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covpling tensors of the directly bonded 130—1 nﬁciei in
methane, ethylene and acetylene are summarized. The ﬁgxes of
these tensors are all parallel with the C-H bonds. From Table
2 , we find the followings: 1) The sequence of change from
methane to acethylene_reflects those expected from changes in
hybridization for both Fermi and Fermi-spin dipolar cross terms.
This agrees with the previous results in Paper I calculated with
the Level B approximation by using the localized AC model.
2) For the isotropic couplings, the calculated values are almost
the halves of the experimental values. This disagreement nay be
due to the togiarge velue of the excitation energy calculated
by the INDO method and to the neglect of the self-consistency
requiremenﬁzz)in the present verturbation treatment. An
improvement of the latter defect can be achieved by using the
finite perturbation method, as shown by Pople, lMcIver and OstlundIV)
and as discussed in Paper II of this series. )

in Teble 3, the calculated isotropic and anisotropic
coupling constants between X-H nuclel in CH3Y (Y = H, CHB’ By Ly
CN, NC and OH) are summarized. As seen from this table, the
calculated coupling anisotropies between non-bonded nuclei are
very small in magnitude, comparing with those between directly
bonded nuclei. This is not always true as will be seen later for
the P-F couplings. Note that in the present epproximation the
coupling anisotropy between two protons becomes Zero.

As seen in Paper I and II of this series, the present

-

result of the T3C-H coupling anisotropy of CH,F is also 00

: . 82)
small to compare with the experimentally estimated value,

obtained by using its gas phase microwave geometry in The
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Table 3 . X-H couplings in the methyl derivatives.

(T ds O
Molecule Nucleia} . XH7is0 SRR ; Szz
Exptl. Calcd Bxptl. Calcd
O H, oy 124.92  57.8 — -8.7
(Fo-n) . 0.3 — 03
o, 36-m 125.0”  64.6 _— -9.9 —

| a

CH5CN 36 g 136.0°  s8.9 —50% -8.7 _0.1009%
(+5n-g) ~1.759"  -0.2° o 2.1
(Pom)  -10.0% 1.4. — 1.1

d

i OH 1301 141.0°  68.9 - -10.7%  0.0050%

CH,NC 130m 145.28 647 1088 —9.8  0.0997%
(+3c-n) ~0.1 ., 18
LB £y ~401 . i
( IV"'H) 3.8 —0.6 . ( +l42 "'O-j

| . . .

CE5F 136 g 148.8"  75.2 18907  -11.0 . 0.0166>

+130

(19-m) 46,3> 7.3 18Y 9.0

_ +54 1

CE, I 6 g 151,43° 5555 — 0.03239

LS

a) - - 2
The nuclei in parentheses are non-bonding.

® N.-Muller and D. E. Pritchard, J. Chem. Phys. 31, 768, 1471 (1959).

®*W. McParlane, Mol. Phys. 10, 603 (1966): G. Englart and A. Saupe,
Mol. Cryst. 8, 233 (1969).

7A. Saupe, G. Englart and A. Povh, Adv. Chem. Ser. 63, 51 (1967).
e

d

Free rotation about the C-0 bond is assumed.
D y. McFarlane, J. Chem. Soc. 1967, 1660.

&y, Spiesecke, Z. Naturforsch. 23a, 467 (1968).
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Table 3, continued

ht
C. 8. Yannoni, J. Chem. Phys. 52, 2005 {1970).

: 1 S

T. R. Xrugh and R. A. Bernheim, J. Axm. Chem. Soc. G1, 2385 (19€69).
.) s n
g, 1. Miller, L. C. Aamodt, 6. Dousmanis, C. H. Townes, and J.
Kraitchman, J. Chem. Phys. 20, 1112 (1952).
xr 5 . .

I. Morishima, A. Mizuno, H. Nakatsuji, and T. Yonezawa, Chem.

Phys. Letters, to be published.

2
J_-awito = Jr~ J1, where 4 yeans the modeculan symm€+146 RHTS .

enalysis of the NMR spectrum. Similar results to ours were

)
1 and by Buckingham and Lovela).

also obtained by Barfieldl
These discrepacies bqﬁween fheories and experiments seem to be far
beyond the accuracy of these calculated values. MNoreover, fuller
examinations of this discrepancy are now possible, since the
substituent effects to the diredftly bonded lBC—H coupling
anisotropies in the methyl derivatives are obtained by analysing
their NMR spectra with exactly the seme way 2s in CHBF.14; They
are also given in Table 3 .

First, let's examine the substituent effect on the isotropic
lBC—H couplings, (JCH)iso. T'rom the experimental values of the
isotropic coupling constants, we can estimate the order of
magnitude of the change in the electron distribution near the C-~H
bond induced by the substituent change. It is 2-6%. The same
order of change is also reproduced by the INDO }MO's, although
their absolute values are rather small and the details of the
sequence are erroneous. On the other hand, the order of magnitude
0f the substituent effect on the coupling anisotrory, (JCH}aniso
estimated from the experimental analyses is extraocrdinarily large
and is far beyond the usual concept of the substituent effect on
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the electronic structure. In fact, in order to expﬁajn thisg
substituent effect, extraordinarily large change in the electronic
structure near the C~H bond must be supposed to accampany ws=ida the

substituent'change. However, Ihis contradicts clearly tc the

above order of change seen in the substituent effect on the
isotropiec couplings. Whereas, the calculated substituent effect
on the coupling anisotropy is the same order as those on the
experimenstal and calculated isotropic couplings.

From the above discussions, we rezchcd to the conclusions

B 13
that the experimentally estimated values of the Al

C-H coupling
anisotropy given in Table 3 still contain some other more
importent effects than the electronic one and therefore that
the experimentally assumed 13C-H coupling anisotropy of CHBF
8a)

as large as 1890 Hz iz erronious. Then, the next problem is

"whet are the more important effects?" This problem will be examinec
in the next section. Note lastly that the substituent effect

%0 the experimentally assumed values of the coupling anisotropy
 almost _ . _ |
1§Aparallel with that to the orientation parameters SZz in the
nematic solvens.

X-X' Couplings | '

In this paragraph we discuss fhe results obtained for the X-X°'
couplings, where all the terms can contribute to the coupling
tensor. The calculated values of these contributions for the
C-C coupling tensors of ethane, ethylene and acethylene are
summarized in Table 4. The principal x-axis is parallel with
the C~C bond. From this table, we find the followings: 1) Feor

anisotropy, tne Fermi-spin dipolar cross term contribute almost
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Table 4. Calculated 130—13C cotipling tensors

(Hz) of ethane, ethylene and acetylene

a)

bond.,

28
€l

)

In ethylene, the

12 contribution to the

The contributicon to the

1. Lynden-Bell and N.

rnisotrop J
% = [‘Yr XX

he tencurs are diagonal, where one of the princir

molecular plane is on the xy-plane.

isotropic coupling constant.

- (J
( yy

+3,,)/2.

Shepeard, Proc, Roy. Soc, A269, 385 (1962).

Molecule Fermi  Fermi-spin dipolar Spin dipolar Orbital Total (JCC)iso
h_%x 22 *x vy 7% vy JYy Exptl.b)
Ethane 6.6 8.4 -4.2 -4.2 0.9 0.2 2.2 22103 =153 1.3 34.6
0.02 (12.7)¥ 0.4 (0.7) -0.8 (1.5) 6.2 (14.8)
Ethylene 20.8 9.6 -4.8 -4.8 0.0 1.3 3,0 1.6 ~16.3 -1.5 1.0 17.5 67.6
ks 0.0 (14.4) 14 (-2.2) -5.4 (8.9) 16,8 (22.7)
b Acetylene  56.1 9.5 =4.7 =4.7 0.2 6.4 6.4 -8.3 -8.3 100.6 49.5 171.5
0.0 (14.2) 4.2 (-6.2) 6.1 (43.2) 66.5 (51.1)
ﬁ’?

Ml axes {xna:is) is chosen parallel with the C-C



portant rapidly Irom etaane to acetylene. Tnus, Fermi-
c2in dipolar cross term is dominant in ethane, both Fermi-spin
L20lar eross term and orbital term are equally important in
rlene. This
point may easily be understood from the chemical picture
obtained by the Level B approximation. 2) Differens from the
cases of the C-I bonds, the magnitudes of the anisctropic
couplings are comparable to those of the isotropic ccuplings in.
these C-C gond cases. 3) Although the calculated isotropic
coupnlings are small comparing with the experimental values

(this is mainly due to the too large values of ‘aEiéﬁ), note
that even for the isotropic couplings, orbital coniributions
are not negligible for ethylene and ascetylene.

In Table &, vhe calculated isotropic and anisotropic
couplings between X-X' nuclei in the O3v-symmetry molecules are
sunmarized. For the couplings between directly bonded nuclei,
tl.e above mentioned features seen in the C-C couplings apply
without exceptions. IHowever, the calculated value oI the
13C-F coupling anisotropy is still small comparing with the

experimental value,aa)although the value of 207 Hz is obtained

in Paper IIlO)by the finite perturbation method. For the
coupling constante between non-bonded nuclei, their anisotropies
are very small compering with those between directly bonded
nuclei for the compounds shown in Table L[ . However, this is
not always true especially for the F-F couplings, which are the

content of the next paragraph.
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621

Table 5. X-X' coupling constants in the methyl derivatives. (Hz).

Isotropic, (JXX')iso Anisotrovic, (JXX'?aniso
Molecule  X-X' - Caled Exptl. Caled. Exptl.
Spin Fermi- Spin ;
Fermi dipolar Orbital Total spin dipolar Orbital Total
dipolar
i, et 66 o 0.7 6.2 346  12.7 0.7 1.5 14.8  com
o g P09 -99.2 9.l -6.3  -96.0 -161.9” 93.5  16.2 b6 1lh.2 700 +
130%
cien sty 1.8  -1.9 0.2 -0.3 -17.59 -11.0 3.7 227.7  =35.1  =mm
13 13¢  15.3 0.3 0.5 15.2  s57.3Y 6.7 0.1 1.9 18.7  —m-
(13150 ® 0.0 -0.2 0.0 T 0.6 -0.2 0.8 0.0 <o
cigne  nitc 105 -1.7 0.3 8.5 5.8 -10.5 3.4 25,5 02,6 w--
13c.1% .2.3 -0.3 0.4 -2.2  -10.7%)  .9.2 -0.3 il DB s
1313y 4o 0.0 0.1 Tull s 1.1 0.3 1.1 2.5 e

A} R, n. Lynden-Bell and N. Sheppard, Proc. Roy. Soc. A269, 385 (1962).
B¢, R. Krach and R. A. Bernheim, J. Am. Chem. Soc. 91, 2335 (1969).

© ., MoFarlane, Kol. Phys. 10, 603 (1966).



Table 5, centinued

D ¥, Frei and H. J. Bernstein, J. Chem. Dhys. 33, 1216 (1963).
e) my - : :

The nuclei in parenthesis are non-bonding.,
f’l. Morishima, T. Yonezawa, and K. Goto, to be published.

8y, McFérlane, J. Chem, Soc. 19674, 1660C.

h
ISCqu 13C15N

e

Coupling . tensors of the Nolecules Including Fluorine Nuclel

In the previous section, we saw that the coupling
anitropies between non-bonded nuclei are very small in magnitiude

comparing with those between directly bonded nuclei. However,

this is not generally true. Ixperimentally, Snyder and Andersonsa’

pointed out that the anisotropy of the fluorine coupling in
¥ &

&

hexafluorobenzene might be considerably large. Similar suggestions

were alsc given for symm-tetrafluorobenzene,Sb)for 1s3,5-

trifluorobenzene,ab)for l,l—difluoroethylenerJand for tetra-
fluoroethylene.Bg)

Thus we calculated here the coupling anisoiropy of the
ceveral fluorine containing molecules and found that the F-F
coupling anisotropy is indeed large inasmuch as they are non-
bonding and interestingly that the orbital term is the very
important mechanism and in some cases makes decisive contribution.
Moreover, the orbital and spin dipolar terms are very imporiant

even to the isotropic F-T couplings.



First, let's. consider the coupling tensors of CH.? and CH.P

which are given in Teble € . The folleowin: points a.e remarkables

1) For the C-T couplings, the anisotropy becomes larse (absolute
value) by sie fluorine substituition from CH.F to CH. ¢2 chiefly
. 3 Z v

Al

due to the increase in the orbital contribution. 2) The F-F
ccunling anigotropy is very large comparing with the H-F coupling
anisoiropy i CH3P shovwn in Table 4. This is mainly due to the

extremely large contribusion of the orbital term. 3) Even in

o
o

the calculations of the isotropic counlings, the spi polar

f\)

i
end orbital fterms can never be onmitted in these cases. 3
fact, the chanze in the isotropic C-F coupling constants ITrom
CH.T %o CH2F2 canno’d be explained without orbitel contributions.
Loreover, the exper*mental positive sign of ths F-T coupling

constant of CHQFZ cannot be understood unitil-both of the spin
divoler and orbital contribvusicns are inciuded.
Nex%t, let's compere the n:lculated coupling tensors of the

various difluoroethylenes shown in Table 6 , from wiich we notice
the followinss: 1) For the C~C couplings, the lsotropic Fermi
contributicon becomes very large comparing with that of ethylene
given in tzble 4. This point may be understocd from tae s-

electron donaiing power of the [luorine atom The otner

contributions are essentially the sam2 in magnitude as those in

ethylenc. 2) For the P~F coupling tensors, the orbital

contributions are indeed very large. Note furthermore that the

soin divolesr contribution is also important in the geminal P-F

coupling in 1,1-difluorcethylene. Tac importance of these mechanisig

4 o 5 o - g i } + Yol
is proved by comparing tvhe calculaved 202 €Xpe imental isotrovic

1in~ constants. Namely, the sign o’ the geminal F-F coupling



Fo oo |

Table § . Calculated coupling tensors (Hz) of the fluoromethanes and diflueroethylenesa{

) Fermi Fermi- Spin digpolar - Orbital Total Yie0
Molecule DNuclei spin dipolar myotl,
CH,F c-r 62.3 0 o Yfe0.3 0 ¢ Y[-3.2 o o Y[-19.8 o 0
-99.1 [0 -31.1 0 0 4.1 © 0 -72.7 0 0 -133.9 0 | -161.9%
0 0 =31l.1 |0 by 1 0 0 -?.7- 0 0 =133,9
0.0 (93.5) 9.5 (16.2) - 6.2 (1.6) -95.8 (114.2)
CH,F, G -F, 67.1 11.8 o )[12.5-1.1 o [’-o.h 2.6 o [-16.1 A0
-95,3  |11.8 -32.2. 0O 0.4 1.1 © ~0.7. =l.4 0 11.4 =127.7 0 | -234.8%
- o o -an.glo o 2.8 L o G =39,9 ~167.4
F_,;*Ca{‘ 0.0 (100.7) 5.4 (10.6) -13.9 (20.3) ~103.7 (131.5)
\HH Fo-F, 32,3 -0.7 0 ] ([s3.9 3.6 0 )[-24.4 11.6 -42,1  14.5 O
~103.9 |-0.7 32.3 0o ||123.6 46.0 © 7.1 =31,0 24.9 -56.6 0O \i +(150)®)
| o 0 =65.1L1] C 0 9.2} © o 286.1 1,26.5+J

0 (48.7) 36.4 (26.3) 76.9 ( 159.0 9.2 '~77.0)
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Tabls 5,

cis—~

T w
CP_LIEA 2

et

continued
FS-FL} 2 121
13.4 |35.5
0
Cq=C, {10.2
30.6 0
L 0
A '
ul F3 I 509
-70.7 | 48.6
i
Lo
Fy-F, 27,9
L LW O
n

35.5 © 9.2 -3.4 0 [ 92.7 95.6 0O ~58.1
11.8 © -0.8 7.7 0 65.6 -118.2 0 130.3
o -23.3)Lo0 - l 0 ~7.74L 0

0.0 (13.1) 4.2(7.5) -72.9 (=29.3)

0 o Yo -0.1 ¢ 1.7 «2.1 © 42.5

-5.0 0 i\o ok U 2.1 -10.7 © 2.2

0 ~5.2) {0 2.6 L o o) -0.8J | ©

0.0 (15.3) 1.2 (~1.8) -3.3(7.5)

48.6 0 5.0 7.1 ¢ -12.6 1.0 O - 542

3.6 7.9 © { 0.6 -10.,9 O 52.7

-36.,0J {0 © 1.8 L 0 0 -7.50L ©

0.0 (=8.9) 3.7(2.0) =103 (~3.4)

0 | 0 <10 «847 0 f-aq.a ~42.1 0 SECTAR)
46.L O 3.7 ~6.5 © I h2.i 119 0 145.8
0 -18.5 Lc o 11.2'. 9 o 32.7,L o

0.0 (~41.9) 1.2 (-3.4) -2,6 (~%0.0)

127.8
-85.3

1 -~ ) 8%
-22.3

=55.2 («=4,3)

"'202 0
15.9 0
0 2«2

28.5 (21.0)

56.6 o .
-31.8 0
o -115.9]

~77.3 (=10.1)

“1+5.8
100.8

o
0 ~18,78)
~ 81.4) .

47.6(~125,1)
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cannot be understood until both of the spin dipolar and orbital
contributions are included. This was alin secen in CH2F2 above.
Thus, this point may be generalized to the F-F couplings in Cizg
fragment. - Likewise, in trans-C2H2F2, the orbital term is the

dominent mechanism, which gives large negative coniribution

surpassing the small positive contributions due to the Fermi axd

spin dipolar mechsnisus. In cis-OPHEFg, the calculated contributions
to t*e isotropic F-F coupling due to the spin dipolar and orbital
terms are very small end almost cancell to each other, resulting the
positive coupling constant due chiefly to the Fermi contact term.
However, in this case, the calculated sign contradicts to the experi-

mental negative sign. For the F-F coupling gnigotropies, orbital

term is the most Fu0 - rtant mechar..m, although Fermi-spin dipolar
cross term is still important. The spin dipolar term seems less im-
portans in this case. Ameng the isomeric CZHEFZ’ the calculated
anisotropy is large for cis- and 1,l-difluoroethylene. That of the

trans-02H2F2 is small by cancellation.

Tastly in Table 7 ., we summarized the coupling tensors
obtained for mono- and di-fluorcacetylene, The following points
are remarkable: 1) For the C-C couplings, the isotropic Fermi
contribution increases from acetylene (Table 4) tc mono- and
Gi-7? roroacetylene. This is dug tc the s—-elcctron donating
power of the fluorine atom. The other contributions are essentially
the same in magnitude as those in acetylene. 2) For the directly
bonded C-I coupling &i1icsotropies, the Fermi-spin dipolar cross

term is the dominant mechanism, while for the non-bonded C-F

]

coupling anisotroplies, orbital term is the most important

s she P-T coupling, the orkital texrm is the

mechanism. 3)

oo
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Table T . Calculated coupling tensoréi(Hz) of the mono- and di-fluoroacetylene.
Fermi~ :

i Tisenl Nucleib Fermi spin dipolar  Spin dipolar Orbital Total Jiso Janiso

XX yy& XX vy’ X¥ yyC> XX yycj
CHF =0 714 2.7 ~4.8 0.4 5.6 30.3 =5.5 111.7 66.6 81.7 45.1
C-F -C4,8 12?7.5 -63.8 9.1 -1.6 -16.1 -12.5 55.8 -142.6 =76.5 198.4
C-K 153.7 10,7 ~£.3 0.0 0.0 0.0 0.0 l6h.p 148.5 15%3.7 16,0
Q (CF)  -13.1 6.0 =2.0 -1.2 8.4 50.0 -22.1 36.7 -34.8 -10.0 71.5
CoFy C~-C 101.3 8.1 4.0 0.6 B 29,3 =4,0 139.,2 92,8 112.3 3l bk
(Wt -69.9 146.8 -=73.4 9.6 -1.3 ulé,ﬁ ~6.6 69.2 ~151.2 =77.7 220.3
(C-F) -21.2 15.2 7.6 0.2 7.9 43,6 -11,3 37.8 ~22.3 8.9 70.1
(F-F 17.7  =1.3 0.6 <30.6 =i,l 76.6-173.6 62.5 -159.3 =85.4  221.8

A The mclecular awis is parallel with the x-coordinate,

b

<)
II ik J
L7 ¥y -

The nuclel in parenthesis are non-bonding,



dominant mechanism for both isotropic end anisotropic coupliﬁgs,
as was seen in the F-F coupling of trans—02H2F2. -

Although too much confidence cannot lay on the details of‘
the numerical values to this level of approximation, itV may

safely be concluded for the molecules studied here that the

anisotropies of the F-I' coupling constants are exceptlonally
.21rge inasmuch as they are r<n-bonding, and that the orbital
term is the most importani wecbanism, =2lthough the Permi-spin
dipolar cross term is still important. Note furthermore that
the orbital and spin dipolar terms are very important even to
the isotropic I'-F couplings, and in scme cases, they (especially
the orbital term) make the dominant contributions over' the

Fermi term as exemplified abowe.24)

The Implication of the Discrepancy veiween Theory and
Experiment

'Now, we return to the Loon coupling anisotropy. From
the above section, it becomes clear that hé experimentally
estimated anisotropies of the 3O-H couplings of the methyl
derivatives still contain soume other more important effects than
the electronic one. Then, whiat are the more important effects?
To examine the implication orf this proulem is the purpose of
this section.

First, let's examine aow the experimental value of'the

anisotropy of the indircct caupling constant is determined.

It is calculated from the spectral eplitting (AIJ)CH obtained
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by the NMR measurement in nematic sclvent Ly using ibe following

formula for the G3v—symmetry molenulos;B)
. 2 .
(or) aniso 2{(‘:”) dou ~ Wemdigo = LJ.E’/ (5520 (5)

where Szz is the orientation narametor of txe molecular z-axis
with respect to the applied magnetic field (z-sxis is parallel
with the molecular symmetry axis) and DCH is the anisotropy due
to the direct coupling thrcugh nuclear-spin dipole—diﬁ?e
interaction. To cbtain Szz for the comppounds listed in Table
3, one assumes that the anisotropies of the indirect counlings

6 : : - : © ava 4
2 72 This 1s fully jusbtified

7%

from the precant study and frem that of Rerfield. ™™ Noreover,

between non-bonded Erotons are zZero.

v 25D ; ; ; ; :
Krugh and Bernheim Z examined the effects vl the isotropic coupling

constant, (J...). due %50 the zelvant change ond to the solvent

phase change from the oo %ic Yo iae isotropic phases and they
reached to the conclusinon thai thege effects shnould not be

major factors influencing their final resulis. Then, the mozt
important should bLe the value ol ﬂc:, on whish ths value of
le-H-coupling anisctyopy depends sensitively through Eq.

To obtazin the valueg ¢f (”bﬁ‘ﬂhjco given in Table 3, Da., values

were caleoulated from the goo jhase moleculsr ger
determined by the microwave technicue. Howc ver, since the MR
measurements of these molecules were carriea ount in thelr

Ty : ' o 1 ; iy ie e Flie T e < 7 -\
solute states in the nematic solvenis, tae Jpy velues in Bg. (5.

must correspond to this stats and to this meaihod cof mrasurement,

eand then some correcbions to the mierowave geometri=s

necessory. Now designate this correction ssd . (The suffix K

Aia

Taw =

mezns a special molecule i), which is given by,



Ay = [NMR geometry in the solute state in nematic sélvent]
~ [Microwsve geometry in the gos phasej (8)

Then, the "apparenit" substituent effect on (JCH)aniso given in
Table 3 is now reconsidered as representing the substituent
effect essentially on ZKM. Possible origins ofzjm are twofold:
() The effect due to.the molecular (harmonic and anharmonic)
vibrations.Td’ 8a, 25) In NMR, the measured value is approximately,
say,@:l/r3>, while in the microwave spectroscopy, it is

) ,
2$.227 M s the effect (a) may become impor-

appreximately €1/r
tant.26’ (r is the intermuclear distance and & Ymeans the
statistical average.)eT} (b) The effect due to the change in its
molecular geometry (more rigorously the change in the molecular
potential function) from its gas state to its solute state in
nematic solvent.7a’7c) In the following we examine the relative
importance of each effect above.

First, let's examine the effect (a) above. If we assume
that the orientaetion parameter S,, is independent of the Internsal
molecular vibration,s)and that the anisotropy of the indirect
H—H coupling constant is negligible, then we obtain the following

equation for methyl derivatives;zg)

7y o W emI /> ~2</ 78 >) + ECen)amiso
il (4/2r)<1/rg,>

(7)
where (TCszand (THH)ZZ are the total anisotropic couplings
obtained from the NMR spectra in nematic solvent. Tog and Ul
are the distances between two nuclei and { >means the vibrational

average. Since the valueg of (JCH) given in Table 3

aniso ©
are calculeted by using the To gstructure determined by the

L4C



. : , . . ; ok 26a
mlcrowave tcchnique, it is convenient to introduce the notation; )

_ s oml1/n
ry =L
As & special case, r é is apnrowim=tely the T structure obtained
26a) 26

5 : : ; 2 a
by the microwave technigue, Ivers aand Stevenson gave the

expansion of Ty

- &> _UFn) .2
Pen=re [1+ F a2 XZ> 4 =eemee ]

where r, is the equilibrium distance and x is the displacement

coordinate (x = r - re). From Eg. (12), we obtain

Q’ro(m‘w-)*‘j’_'<x2,> IS ( ?)

which shows that, when we use the Ty struciure desvermined by the
microwave technigue in Do. ( 7.), the main correction due fo the
molecular vibration comes only from the haimonic one, and thus
we can eliminate the effect of anharmonicity %o first
approximation. Note that the values of r_s ig slways shor#e;
than tha. of T e

For polyatomic molecules the displacement coordinate.xi
introduced above is given vy 2 l-onear combination ¢l the normal

coordinates Qk;26b)

Xs: =
By virtue of the separability o normal co:irdinat

harmonic oscillator treatment, thc mean-square amplitude,

(x12> iz given by,zéb)

2 — 2
(%370 = 2 L,2<Q¢ >,

1y1



where the mean-square amplitude of a normal vibration,<‘Qk2)

is given by26b)

h hcVy

‘2 —_
Q2 = g2 % 2T (11)
> 35&*« (T —>0; zero=point vibration).

In Eg. (11) Y is the wave number given in em™~ unit, T the

Vg of the methyl
29)

absolute temperature. The values of Lik’

halides were summarized by Overend and his coworkers.
Now let's consider the effect of harmonic C-H stretching

@]
297 By including these

and H-C~H bending vibrations separately.
correction terms given in Eg. (9 ) to Eq. (7 ), we find that

the value of the first term (DCH vart) in numerator becomes
smaller and the value of the denominator becomes larger.

(Note that both of these denominator and numerator of Eq. (Y7 )

are positive.) Then, both of these corrections make the resultant

value of (J larger than the uncorrected one.30) Thus,

CH>aniso
the effect of harmonic vibration does not interpret the

discrepancy between theory and experiment seen in CHBF and CH3I.
Moreover, this effect cannot explain the substituent effect to

(J given in Table 3. In fact, since the value ofly (V)

CH)aniso
is more sensitive than that of Ly (J,) +to the substituent

change,gg)we can expect that the most important change induced
by the substitution is the change in the correction term to
(1/r§H) in the denominator of Bg. (7). From the values of the

29)

wave number, this correction term (positive) is larger in

3231 than in CH3F, and then the resultant correction (positive)
31 than in CHBF.

This is reverse to the substituent effect shown in Table 3 .

e 49 - o - . K3 T
1 alue o . a T
to the wval £ (UCH)anlso s larger in CH
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The effect of anharmonicity in molscuisr vibration is not
80 clear as that of the harmonic vibration, eince the experimental
anharmonicity constants are not fully known, at preseant, for
these compounds. However, since we cen eliminate this effect
approximatély in the &above treatment, and sirce the values of
the "apparent” anisotropies of the l3C~H coupling constants of
the methyl derivatibes given in Table 3 &are most sensitive to
QLD
the change in the H-C-H angle, the effect ¢f anharmonicity and
the substituent effect o it will not be so large as to bs able
to explain the large change shewn in Table 3 . Thus, we believe
that the effect (a) cannot interpret the discrepency between
theory and experiment shown in Takle 3 . Similar opinion was
also reported k@rSackmann?b)in vi3 recent FMR study of the
molecular structure of allene in & nematic solvent. He stated
that the shortness ¢ the C-C bond relstive to the C~H bond in
comparison with the electron &iffraction value cannot be
tompletely explained o the basis of the meolecular vibration.
Next, we enter the exumination of the second effect (o)
above. It shouid be nched firss that the essentially important
chemical and/or physicsl solve.at-~solute intzreactions must exisy

in the solute state of the methyl derivativas in nematic solvent.

are ed

This is obvicus from ths Fzub what tuuse 'Jleculengriené on an
average with thelr symmolry atos parallel with the lorngitudinal
axes of the mematic solvent rolacuies. HaM2 Ly, Sad wleocos. o
parameter Szz indicat: esscrbially fthe strensth ol the solvent-
solute interaction. ivon this, we find in Table 3 an

approximate parallelism wvetween the values of the "apparent®

anisctrory (essentially propoitions uoil chove) and the values



of Szz‘1+) At present, the experiments showing this kind of
parallellismBl)are so few that we cannot stress too much to

this finding. HowevVer, if this finding is *true more generally,

it will give a positive support to the importance of the effecf
(b). Thus, from the above finding and from the discussions

given hitherto, we believe thatithe effect (b) should be the most
netural origin oféﬁm above. There zre further supports toc the
above conclusion: Snyder and Meiboom32}found the distortion of
molecular geometry in a nematic solvent for neopentane and
tetramethylsilane, snd similar result was also found for teramethyl-
tin.33) There are some experimental results showing that the
molecular grometries change from their gas phases to taeir molecular
crystal vhases. TFor example, the I-As-I1 valence angle in A813

is 100.2° + 0.4°(electron diffraction)Bg)in its ges phase and is
102.0° + 0,17 [X-~ ray)Bj)ln its crystal phase. Similar differences

are also fournd for Asqu,36)SbC£137 and SbI3.38) The rotational

potential curves of haloethanes chenge from gas stoie to liguid

39

vate, and in biological systems it is well known that the

conformation of high polymer changes from solvent to solvent.
For methyl derivatives, the most probable change in molecular
geometiry from gas state to the solute state in nemetic solvent

may be a change in the H-C-H valence ang;:lea-,l““'J

40)

since this change
is most sensitive to the value of the “apparent" anisotropy

shown in Table 3, and since the energy necessary to this orden of

41

cnange will easily be compenszted by the van der Waals forces

and by the other interaction energies. 78, 7e)
If the above conclusion is correct, the next svep will be

the fuller exeminetion of the implications of “he effect (v)
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above. This will lead us to clarify the relationship between
the molecular geometry in a solvent and the nature of the

42~44)

solvent-solute interaction. Thig is certainly an interesting

field to chemists and physicists.

‘ APPENDIX
Hereafier we abbreviate 2'Put’-/% AO as {){A (elz x,.7 or z),
since only the 2p AC's apvear in the following equations.
(i)} Spin dipolar term
(2) Level A approximation
(Kpe™ he = = (#5425 ) <Tp <rp 5 ;ﬁe (CaFeg)” [4 (2, oy
" F S G5 ) 2 ity Sty = T Cegy Cidy)
Tz ity Giga + Coda Sy )€ ngs Ciotg * Ciag Ciggd]  (A-a)
(K™ Jd@ = - (12@"/25) KIrop<rg Z Z (34Eisg)” [ (4Coqy Ciota

btp)
P - 22 CLJA%JA}<CWK5 08 CL‘PE Cjog 3+ (Coaty Crpy

C‘cg,, ~jon ) (F Cipp Gap = 2 5%;) Cidy Gt ? T 3 (0 Gy
t ey ) CCegs Sy + Crgp <ap ] (A 1=b)
(L) Tavel B e, proximation
(Kip™Ju = (2p7/a5) (ripy <r¥pg (%4E)”
% [2 (4 Fyuy + Pfgfﬂ"’ Paare) T T Pryg (P?afﬂ* Poge) = 2 (2P°¢s?a
t2Bars T 2 Fyse + 2 P = Pt - Pa;%gs > + T (R P+ Pl Pt

tKam)we = (6pas) (rp <r o (FAET) [4 (Byoy P T ¥ ’:?APB F“ﬁ?a(é e
(el 63
¥ ors Fanga ot + Fouls Foaga) - 2 (Rysy Bopoty + Paga Py
t Rule Bats + Phs Péops 2] (A.2=b)
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(ii) Orbital term

Under the one-center integral approximation, the contribution
coming from Jffu of Eq. (1) of Paper I becomes zero, and then we
have only to consider the contribution coming from }&“J of Eq. (2)

of Paper I.

(a) Level A approximation
oce Val

UK, L})M = 1ba" <20, ‘Z % (AEp) ity Ciau-Ciin)
x(CitsCiro-Cita Cifgau (A.3-a)
WKiug s = 1467224 <120 20 2046 D™ (Ciy S = Cup Gy
X ity Cias—CidpCiars) (A3-b)

(b) Level B approximation

(K D= BB 041225 CAET (B g, P = Pours Py (A4 -a)
(/KA,E;””)OQG = 3{32<F"3>A {r, (%E)-/(%Aag Fode™Ba, Fals ) (A4 - b)

Note that, although the tensor due to the Fermi-spin dipolar
cross term is symmetric, those due to the spin dipolar and
orbital terms are not necesgsarily symmetric. For isotropic
Fermi contribution, i1ts tensor is ‘diagonal end is given in

16)

Bqs. (3.3) and (3.6) of Pople and,Sanfry's paper  ~Tfor the Level

A and Level B approximat.ons, rccopectively.
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54 Por CHBF, the increass in the H-C-H angle about 1° is necessary
in order to settle the discrepancy betwesen theory and

experimental estiinetion. For CHBI, it is about 20'. PFor the

3 T -7 - f L ¥
molecules for which 3he wvalues of the ‘JCH)'niso in Table 3

are negative, the dzsrorss i the H-F-H 2ngle is necessary. (Ref. 19

o order oi change in the H~C-H

The energy necesszry tn ihe apove

angle is less than Z0-+ 20 czlori

"'J

08 .
4Z)Saupe, Englert and Povh -h=i. Ta, Tc, Th) studied the molecular
geometry of CHBGN dissolved in the three nematic solventsland
observed slight differenccs in the H-C-H angle. They inter-

pletved these differencez o« dus to the differences of fhe

profonating abilities of these solvents.
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43}In the stﬁdy of the molecular structure of CH3CN dissolved
in the nematic solvents, Englert and Saupe (Ref. 7a) obtaineﬁ\
the C-N bond length considerably shorter than its microwave
geometry, and they suggested a possibility that this change
night be.caused by the solvant-solute interaction such ag the
interaction of the polasr - bond with the electric reaction
field induced by the nem=tic solvent molecules.

44*From this standpoint, ths change of moledular geometry from
gas phase to the molecular crystal phase is very interesting.
However, the data which snadle us to examine fully the nature
of the inftermolecular intezaction from this point of v;ew are
very limi%d at r.:cent, (Private communication from K. Osaki,

. Professor of Pharmaceutical 3cience, Kyoto Univ.,..)



CHAPTER 5
CONCLUSION

The investigation summarized in Part II] makes a stage in the
growing current of the NMR studies of the molecules dissolved in
nematic solvents.

From the studies given in Part III, the impotant mechanisms
to the anisotropy of the indirect nuclear spin-spin coupling cons-
tant is firstly clarified; Fermi-spin dipolar cross term is found
important for every nuclear pairs studied, orbital term is import-
ant for the multiply bonded nuclear pairs such as C&C in acetylene,
and for the fluorine-fluorine coupling constants, and spin dipolar
term is less important.

From the comparative calculations by the sum-over-state per-
turbation method and by the finite perturbation method, the superi-
ority of the finite perturbation methoed is proved in the actual
calculations of the isotropic indirect nuclear spin-spin coupling
constants. This is a natural consegquence of the study given in
Part I, Chapter 4.

However, both of these calculations cannot explain the extra-
ordinarily large 13C-H counling anisotropy of CH,F as large as 1890
Hz obtained experimentally by Krugh and Bernheim. Then, in Chap-
ter 3,is examined the substituent effect on the anisotropy of the

13C-H couplings in CHgX series. From this, it is concluded that

13
the experimentally estimated values of the C-H coupling aniso-
tropy in CHSX series are erronious and that these values still
contain some other more important effects than the electronic one.

The implication of these important effects is analyzed and examined
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by using the relevant data available at present, and then it ir
deduced that the change in:the molecular geometry from gas state to-
the solute state in nematic solwvent:is the wost natursd origin:

for the defferences between theoreticel.and.'experimental’ valuez.

For the directly bonded C~-X couplings (ﬁ is ¢, N or F},
their anisotropies are not always megligible. They are in the
Same order in magnitude as their isotropic. couplings. The
Coupling anisotropies between the ﬁoﬁ:bonded =X nﬁclei'ssems
negligible in magnitude.

For the F-F couplings, their anisotropies are exceptionally
large inasmuch as they are non-bonding and the orbital term is
& very important source of anisotropy. Furthermore, even to the
isotropic F-F couplings, the orbital and spin dipolar terms are:

vVery important and scometimes make decisive contributions over Fermi

contact term.
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GENERAL CONCLUSION

In the studies summarized in this thesis, the author have
intended to have some insights on the electronic phenomena in atoms
‘and molecules from theoretical standpoint.

From the studies given in Part I, the interconnections of the
orbital theories for open-shell electronic systems; the unrestricted
ﬁartree-Fock theory, the projected ﬁnrestricted Bartree-Fock theory
and the spin-extended Hartree-Fock theory, are clarified in con-
junction with the first-order sum-over-state perturbation method
'starting from the restricted Hartree-Fock wavefunction. The spin-
correlation effects included in these theories sre compared by
using their first-order spin densities. The accuracy of these
wavefunctions in the calculation of the expectation values of the
one-electron operators is also investigated for both closed -and
open-shell electronic systeans. These results wmean physically
that the orbvital medel in open-shell electronic systems distorts
to some extent the real spin-correlation correction, in order to
include effectively the correlation correction due essentially to
the two-electron correlation phenomena. Since both of the spin-
correlation and the two~electron correlation corrections are im-
portant in the open-shell electronic systems, it seema necessary
for the theories of spin-correlation to include both of these
correlation effects explicitly in a reasonable framework, or to
exclude reasonably the effect due to the two-electron correlation
corrections, This seems to provide a key to the future theoreti-
cal study on the spin-correlation phenomena in open-sheli electre-

nic systems.
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In the course of this study, the author found a simple method
to separate the UHF or PUHF spin density into the mechanistic.
contributions due to spin-polarization (SP)} and spin-delocalization
(SD) mechanisms. By using this method, more profound understand-
ings than before on the nature of svin density may be obtained
because of the physical simplicity and visuality of each mechanism,
This is exemplified in actual applications given in Part II, Chap-
ter 3, The author also believes that this general treatment may
Put an end to the previcus confusions seen on this subject.

From the studies given in Part II, a semi-empirical SCF-MO
method for valence electron systems developed in the laboratory
to which the author belongs is proved to be useful in the studies
of the electronic structures of carbonium ions and doublet radicals,
and even to the calculation of force constants of ethylene after
small modifications in core-repulsibn energy. The impertance of
the explicit inclusions of o-electrons and of the electron repul-
sion terms are found for these subject. Furthermore, the theore-
tical results obtained in Part I are successfully applied in the
study of the hfs constants of doublet radicals, and threw a new
light on this.subject‘ For example, it is shown that the SP
mechanism is important even in the cases where the SD mechanism
has been considered dominant. The angular dependence of these
mechanisns is also clarified,

From the studies given in Part 1II, the important mechanisms
to the anisotropy of the indirect nuclear spin-spin coupling
constant are firstly clarified; Fermi-spin dipolar cross term is
found important for every nuclear pPairs studied, orbital term is

important for the multiply bonded nuclear pairs and for the
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fluorine=-fluorine ccuplings, and spin dipolar term is leas impor-
tant. Secondly, from the comparative calculabtions by *the two
methods, namely by the sum-over-state perturdation method and by
the finite perturbaticn method, the superioritiy of the finite
perturbation method is proved in the actual calculation of the
isotropic indirect coupling constants. Tnis 1s a natural consequ=
ence of the theoretical stuay given in Fart I, Chapter 4. However,
boih of these cazlculations cannot explain the extraordinarily large
lSC-H coupling asnisoiropy of CHSF agz large as 189 Hz obtained
experimentally by Krugh and Bernhelnm, Lfter the destailed examina-
tions of tne substituent effects ¢n the anisotropy in CHBK series
and of the geometries used in evaluating the 'experimentsl’ aniso=

tropy, it is suggested that the uolecular gecnetry may differs

slightly vetween in its gas state and in its sclute state in nematic

2

solvent, From this study, it is expected that by means o iie

NMR study of the molecul

@

dimsolved in a nematic solvent, one
may obtein the molecular geometry corresponding to that state.
This is certainly an intsresting pzint in the future study on the

nature of the solvent-sclute interactions in liquid.
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