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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 determinant 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 «@-spin orbi-
tals and the ¢ B-spin orbitals and we assume p > ¢
without loss of generality. The unitary transfor-
mation of the unrestricted molecular orbitals
(MO's) gives the corresponding MO's, X; and N5
which are closely related to the natural orbitals,
A, vand u:

_ 2,z . .
xl.—xi(l-Al.) + VA, i=1,...,q;

* To avoid confusion, see ref. [2], we give a provision-
al definition of the spin delocalization and spin pola-
rization mechanisms used in this communication. The
former means the spin density appearing mechanism
due to the singly occupied orbitals of the best re-
stricted total wave function and the latter is defined
as that due to the correlation between electron spins.
This definition of the SP and SD mechanisms is identi-
cal with that used by Colpa and de Boer.
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_ A2y L : .
; —)xl.(l Al.)~2 Vi i=1,...,q;

Xf:lJ'l'y i:q*'l,---,]?; (1)
where

AZ.=(1-:Q-)%/\/§, Jxmdr=15;.

Using eq. (1), we can rewrite the UHF single de-
terminant as the following for doublet radicals

p=q+1)

VYyHF =

- Attt c5fuse h oSt L il h L ()
2 2 2 2 2 2 2 2

where

rf
VL= [AjangBrgangf. . AganBupal  (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 Cif ~ 1> Cie, cie, and by neg-
2 2 2

lecting the doubly excited configuration \I,iie and
higher terms, the spin density of the UHF method
at the position 7 can be written as *

i
Punr = P
+ ZCiepl(rfﬂ ses) + 2C§epl(rf%|se%). (4)

2 2

(cf%|rf3) +

From the following relations [4]

* The spin density operator and the spin squared oper-
ator do not commute.
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Spin polarization and spin deloc:l?z):ii})n in the calculated spin density
Radical ?);%IR;CI (Punf)sp (Pynflsa (paa)sp (Paa)sa Pynt
Methyl 2Sc 0.147( 99)* 0.002( 1) 0.042( 96) 0.002( 4) 0.000
H -0.028(100) 0.000( 0) -0.009( 100) 0.000( 0) 0.000
Ethyl 2Scq 0.159( 99) 0.002( 1) 0.053( 95) 0.002( 3) 0.000
2Sc,, -0.012(100) 0.000( 1) -0.004( 100) 0.000( 0) 0.000
Hg -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
Hj. Hy 0.014( 28) 0.040( 74) 0.005( 11) 0.040( 89) 0.041
H, -0.002(100) 0.000( 0) -0.001( 100) 0.000( 0) 0.000
Vinyl 2Sco 0.122( 59) 0.083( 41) 0.041( 33) 0.083( 67) 0.081
0 = 135° 2S¢ -0.035(111) 0.004(-11) -0.012( 146) 0.004(-46) 0.004
He 0.009( 21) 0.035( 79) 0.003( 8) 0.035( 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-(pi)sp/piand 100'(pi)sd/pi. respectively.

«f?CZe = Cze; pz(rf%| sed) = «f_2—pz(rf—§|se§) ,

eq. (4) reduces to

€ er%|se%) (5)

pUHF =p (rf |rt3) +3~/—C
and similarly, the spin densities after single an-
nihilation (p,q,) and after annihilation (paq) are

(3]

= pl(rfk|rtd) + 2v2 C5°p (rfh|sed), (6)
asa 2

P
i

- —p(rlerfz)+¢‘cSe ‘efs]sed). (1)

p
Referring to eq. (3), it may be clear that the first
terms of egs. (5) - (7) represent the contributions
due to the SD mechanism and the second terms
represent approximately those due to the SP me-
chanism. It may be noteworthy, however, that
the unpaired orbital we mean is the natural orbi-
tal, u;, in eq. (1) and that the \I/ée in eq. (2) in-
cludes only the limited configurations like
|>\ | based on the natural orbitals, and does
not 1ncfude those expressed as |x; — vj [(i #5) [3]-
The natural orbitals A, u and v are not identical
but closely similar to the best restricted orbitals
as 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 eqs. (5)-(7), we obtain the results

(pUHF sp ~ z(PUHF paa) (8)

(pasa)sp = pUHF - paa’ ©)
i i i

(paa)sp = %(pUHF - plaa) ’ (10)

where (p{IHF) is the SP contribution to the spin
density calcula ed with the UHF method and

i
Pgeq) sp @ (p
respectively. The SD contrlbutlons are, there—
fore, written in common as

(09)sa =o' - (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

p are those to p and p

_ 3 _
pUH zp 3P (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-type atom-
ic orbitals of the methyl 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
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Table 2
Spin densities calculated before and after annihilation
of the quartet spin functions

Radical &t&r:;ilc* [N Paa
Methyl 2Sc 0.1487 0.0510
H -0.0275 -0.0089
Ethyl 2S¢y 0.1514 0.0555
28c, -0.0123 -0.0040
Hg -0.0345 -0.0111
Hy -0.0345 -0.0111
Hs. Hg 0.0538 0.0442
H, -0.0020 -0.0007
Vinyl 2Sca 0.2051 0.1240
6 = 1350 *** 2Scf -0.0315 -0.0082
He 0.0438 0.0381
Ht 0.0974 0.0799
Ha -0.0213 0.0064
* HgHg Hq H,
;/\C 2—Ci_ i, Ht/\c 3 _\Cga/\Ha

** To compare with the experimentally observed 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 summarized in table 1. Moreover,
the spin density calculated by the RHF method
(pRH ) may be regarded as a reasonable meas-
ure of the validity of the SD contribution obtained
by the above method * and therefore, the values

* Egs. (8) - (11) are correct only when the contributions
due to the higher terms neglected in eq. (4) are neg-
ligibly small.
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of pryF are given in the last column of table 1.
It may be seen that the SD contributions calculated
by the UHF method agree reasonable with those
obtained by the RHF method. In the ethyl radical,
the spin densities on H5 and Hg atoms are due to
25 -10% SP and 75 - 90% SD 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
a-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 type calcu-
lations [7, 8] of the vinyl radical, where only the
SD mechanism is considered, have some doubt
as 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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