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Classical spin alignment in radical reactions is studied by the GSF-HF wave function in H3 model system.
The GSF-HF wave function introduces a simple classical picture of electronic spins directly and leads to the

classical Heisenberg model.

The instability of various spin alignments is studied on the GSF-HF electronic

energy surface. In compensation for the classical spin freedom, the GSF-HF method does not satisfy quantum
mechanical spin-symmetry. The GSF-HF wave function is analyzed with a projection operator constructed by

a full-CI wave function.

The electronic spin alignment in molecules takes an
important role in free radical reactions. Its dynamic
behavior is also studied by the CIDEP in spin exchange
reactions.l’ The spin structure is one of the typical
quantum mechanical properties and it is difficult to have
a simple classical picture. Interesting theoretical inves-
tigations have been carried out by Yamaguchi et al.2—%
They discussed the spin alignment in the radical reac-
tion with a simple spin picture based on the classical?
and quantum® Heisenberg models. Koutecky et al. also
discussed the change of spin alignments in reactions by
the VB-CI wave function.®> Both of these theoretical
studies, however, employed exchange integrals as pa-
rameters and the ratio of exchange integrals was taken
as a reaction coordinate. The change of spin alignments
was discussed along this ratio which was not evaluated
explicitly.

In this paper we study the electronic spin align-
ment in radical reactions using the generalized spin
function®” HF (GSF-HF) and the full-CI wave func-
tion. The GSF-HF wave function introduces a simple
classical freedom about the spin alignment in molecules
and leads directly to the classical Heisenberg model.
The mechanism of spin alignment in classical picture
is studied along the explicit change of molecular struc-
ture with an ab initio calculation. The stationary and
instability conditions of the spin alignment are also in-
vestigated on the GSF-HF energy surface. The GSF-HF
wave function, which does not satisfy the quantum me-
chanical spin-symmetry, is analyzed by the projection
onto the full-CI manifold.

1. GSF-HF Wave Function

1.1. GSF-HF Wave Function and Spin Angle.
The electronic wave function is represented as an anti-
symmetrized product of spin orbitals. For each spin
orbital ¢;, we adopt a simple direct product of a spatial
orbital ¢; and a spin function o; as

¢ = pio;. (1)

The spatial orbitals are orthonormalized. o; is a gener-
alized spin function (GSF)®" defined as

#This paper is dedicated to the late Professor Hiroshi Kato.

oi = {cos (m:/2)} o + {sin (n:/2)} B, )

where 7; is a mixing parameter of a- and 3-spin com-
ponents. Here the coefficients of linear combination are
constrained to be real. The GSF-HF wave function can
be obtained by optimizing the spatial and spin mixing
parameters variationally:

wGSFHE _ 1 (1)¢a(2) -+ gn (W) 3)

The electronic energy of the GSF-HF wave function is
(WGSF'HF|H| WGSF-HF)

= Zh, +(1/2) ZZ [Ji; — (1/2) K
{1 + cos (1: — 771)}] (4)

where H is the total electronic Hamiltonian. h; is the
one-electron integral and J;; and Kj; are the Coulomb
and exchange integrals.®) In Eq. 4, the energy term
which depends on the spin mixing parameters is

N N
E({n}Yicin) = —(1/4) Z#Z Kijcos (i —m;).  (5)

This has an exactly analogous form to the classical two-
dimensional Heisenberg model® and (7; —7;) can be
considered as the relative angle between classical elec-
tronic spin vectors at the 4 and jsites. in such a case,
the spin mixing freedom 7; in the GSF may be consid-
ered as a tilted angle from the a-spin. We call n; as
a spin angle hereafter. To obtain this classical picture
about the spin structure, we should admit the follow-
ing restrictions for the GSF-HF wave function. First,
the spatial orbitals are required to be localized to in-
dividual atomic sites and each of these orbitals should
be occupied by only one electron. This is necessary to
keep a simple picture of one-electron on one-site model.
Second, the exchange integrals in Eq. 4 are always pos-
itive because of the orthogonality of spatial orbitals®
which is also necessary to derive a simple energy expres-
sion. So the most stable electronic state which the GSF-
HF wave function can describe is the high-spin excited
state where each orbital is occupied by one electron as
described by Eq. 3.

1.2. Instability of Spin Alignments. Based on
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Fig. 1. Contour map of the weight for the quartet state
of H3 system in the GSF-HF wave function. The spin
angle 73 is fixed to zero. The pure quartet state is
assigned as A. B is the minimum (maximum) weight
of the quartet (doublet) state.

H3

Fig. 2. Geometry of Hs reaction system. a: The
isosceles triangular approach in Cs, conformation; b:
the colinear approach.

the electronic energy formula [Eq. 4], the stationary and
instability conditions of the spin alignments are studied.
The stationary condition for the spin angle 7; is

OE/0m; = (1/2) Y Kijsin (3 —n;) = 0. (6)
J(#1)
The second derivative of Eq. 4 constructs the Hessian
matrix whose components are

O’E/on® = (1/2) > Kijcos (n; —n;), (M
J(#1)
0°E/0nidn; = —(1/2)Kijcos (s —n;), (i # j)
and the instability of the spin alignments at stationary
states is studied by solving the eigenvalue equation for

this matrix. For the N-spin system, we have N spin
angles. The electronic energy given by Eq. 4, however,
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depends only on the relative spin angles and the Hes-
sian matrix has at least one zero-eigenvalue whose eigen-
vector does not change the relative angles between the
electronic spins.

1.3. Spin-Symmetry of GSF-HF Wave Func-
tion.  The classical spin freedom of the GSF breaks
the S2 and S, spin-symmetry in the GSF-HF wave func-
tion. The mixed spin-symmetry is analyzed by the spin
projection operators with the closure relation:

2N

1=3"le:)(ei, (8)

1

where |6;) is the orthogonalized N-spin eigenfunction
and satisfies

5%|@:) = Si (Si +1)|63), 9)
3:16:) = 8.,|6s), (10)

in unit of 2. The GSF-HF wave function is decomposed
into each spin state by Eq. 8 as

2N

where the integration is carried out over the spin. The
expectation value of 52 in the state described by the
GSF-HF wave function is

(8 = 3 5i (5 + 1)(6 pOSFHFy (19)

For a particular case of 3-spin system, <S52> is

(5)* = (3/2{(3/2) + 1}
X [cos® {(m — m2) /2} + cos” {(m — ns) /2}
+ cos {(1s —m) /2}] /3
+ (1/2){(1/2) + 1}
x [sin® {(n1 = 12) /2} + sin® {(n2 — 1) /2}
+ sin® {(ns —m) /2}] /3, (13)

and the doublet and quartet states are mixed. The mix-
ing weight of these two states in the expectation value
<5?> depends on the spin angles. The contribution
from the quartet state is maximized when the spin an-
gle satisfies

m=1mn =ns, (14)

for instance, and there is no contribution from the dou-
blet state. The pure double state, however, can not be
constructed in the GSF-HF wave function. One of the
spin angles which lead to the maximum weight (75%)
of the doublet state or the minimum weight (25%) of
the quartet state is

m = (4/3)m, n2 = (2/3)7, and n3 = 0. (15)

Figure 1 shows the weight for the quartet state in Eq. 13
along the spin angle coordinate when 7; is fixed to zero.
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Fig. 3. Spin alignments at stationary states in the isosceles

triangular approach. The states assigned with the same

numbers (1 or 2) are degenerate energetically at each geometry. Exchange integral is K =Kj3=Kp3 from Coy
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Fig. 4. Spin alignments at stationary states in the co-
linear approach with the approximation K;3=0.

Table 1. Electronic Energy of Stationary States in
Isosceles Triangular Approach® (in au)

Type of Ry/A
stationary
state 2.0 1.0 V3/2 0.5 0.0

™ —2.26181 —2.54085 —2.57627 —2.57471 —1.80155

ILIT®  —2.25200 —2.52570 —2.55979 —2.55483 —1.78271

VY —2.26000 —2.52728 —2.55979 —2.54959 —1.76611
V,VI®  —2.25198 —2.52432 —2.55773 —2.54944  —

a) Ry isfixed to 1.0 A. b) Minimum state. c) Tran-
sition state. d) If K12<K /2, the spin alignment is the
maximum state. If Kj2=K /2, we have one positive eigen-
value and two zero-eigenvalues. If Kij2> K /2, the spin
alignment is the transition state. e) If Kio=K/2, we
have one positive eigenvalue and two zero-eigenvalues. If
Ki2> K /2, the spin alignment is the maximum state.

2. Spin Alignments and Energy Surfaces in Hg
System by GSF-HF Wave Function

The insertion and abstraction reactions are typical
free radical reactions® and we investigate the spin align-
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Fig. 5. Contour map of the electronic energy of Hz system by the GSF-HF wave function in the isosceles triangular
approach. Spin angle 73 is fixed to zero and R;=1.0 A. The unit of the energy is au and the spacing of contour lines
'is 0.002 au. a: R2=2.0 A; b: R2=1.0 A; c: R2=v3/2 A; d: R,=0.5 A; e: R,=0.0 A.

ment in these reactions by the GSF-HF wave function.

Table 2. Electronic Energy of Stationary States in As a simple model of three-electron three-site system,
Colinear Approach® (in au) Hs3 molecule is studied. The STO-6G minimal basis
' set® is used with the scale factor 1.24. Three atomic '
TYI{e of Ry/A orbitals are orthogonalized by the symmetric orthogo-
stationary nalization procedure and localized well to each atomic
Stateb) 20 15 1.0 0.5 site. The spatial orbitals ¢; in the GSF-HF wave func-
Ic) —2.18556 —2.26725 —2.32299 —2.15791 tion are fixed to these orthogonalized atomic orbitals.
IIIII a) _ggggi _gggggé “zgggg‘; _giigg The stationary and instability conditions of the elec-
v _ 2’ 17647 — 2' 95781 —2‘31261 _2'14437 tronic energy are studied in terms of the spin angles.
: : . . 2.1. Reaction Path. The geometry of the model
a) Ry is fixed to 1.0 A. b) Minimum state. c¢) Max-

2 - system for the insertion reaction is shown in Fig. 2a.
imum state. d) Transition state. H; and H, constitute a single chemical bond and Hj
comes down vertically in C,, conformation. This reac-
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Contour map of the electronic energy of Hs system by the GSF-HF wave function in the colinear approach.

Spin angle 73 is fixed to zero and R;=1.0 A. The unit of the energy is au and the spacing of contour lines is 0.002
au. a: Ro=2.0 A; b: Ro=1.5 A; ¢: R,=1.0 A; d: R;=0.5 A.

tion path is called as an isosceles triangular approach
hereafter. Figure 2b shows the abstraction reaction
and Hj attacks the hydrogen molecule along the H;—Hj
molecular axis. The reaction path in Fig. 2b is called
as a colinear approach.

2.2. Classification of Spin Alignments in Rad-
ical Reactions.  Along the isosceles triangular ap-
proach, the instability of spin alignments is studied.
The model system has (5, symmetry and the exchange
integral is K13=Ks3=K. The spin angles which satisfy
the stationary condition are determined by

sin (m —m2) =sin (n2 —ms) =sin (ns —m) =0. (16)

When K<2Kj,, the following spin angles also satisfy
the stationary condition,

cos (m — m2) = (1/2) (K/K12)* — 1,
cos (2 — m3) = —K/ (2K12) , a7
cos (3 —m) = —K/ (2K12) .

The instability conditions at these stationary states are
obtained by the diagonalization of Eq. 7. They are sum-
marized in Appendix Al. Figure 3 shows the spin struc-
tures which satisfy the stationary condition Eq. 16 or
Eq. 17. The spin alignments are classified from type
I to VI. Type I, which is a high-spin state, is always
the most stable state because of the positive exchange

integrals. Types V and VI are torsional spin states and
the most unstable states. They are degenerate energet-
ically. Types II and III are transition states and they
are also degenerate. The spin structures of V and VI
depend on the exchange integrals and these stationary
states disappear when K becomes larger than the twice
of K12~

The stationary condition for the electronic energy in
the colinear approach is

sin (m — n2) = sin (g2 — n3) =0, (18)

with the approximation Kj3=0. The instability condi-
tion is also summarized in Appendix A2. In Fig. 4, type
I (the high-spin state) is again the most stable state.
Type II has the maximum energy and types III and IV
are transition states. In comparison with the isosceles
triangular approach, the spin structure is rather simple
and there is no large change of spin alignments along
the reaction.

2.3. Electronic Energy Surface of GSF-HF
Wave Function. The states which satisfy the station-
ary condition for the electronic energy were analyzed in
the previous section. Here we show global electronic
energy surfaces of the GSF-HF wave function.

Figure 5 shows the electronic energy surface of the
GSF-HF wave function against the spin angle coordi-
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Fig. 7. Electronic energy curves of H3 system by the

full-CI wave function with R;=1.0 A. The numbers
I in the figure represent the indices for the full-CI
eigenvectors ¥;C!. a: The isosceles triangular ap-
proach; b: the colinear approach.

nate. The bond length R; between H; and Hs is fixed
to 1.0 A and the spin angle at the approaching Hs site
is also fixed to zero for simplicity. The spin types in
Fig. 3 are again assigned in Fig. 5 and their electronic
energies are give in Table 1. When Hj is far from the
H;-H, molecule, the energy is determined by the rel-
ative spin angle between 7; and 7,. In Fig. 5a, the
energy changes as a function of (7; —72) approximately.
Type IV has a local triplet-spin structure at H;~H, site
and is more stable than the spin types II and III as
shown in Fig. 5b. Figure 5¢ shows the case of the equi-
lateral triangle. Types II, III, and IV are degenerate
energetically. Here, types V and VI correspond to the
spin angles which have the maximum weight of the dou-
blet state as shown in Fig. 1. In Fig. 5d, types II and
IIT become more stable than type IV and the energy
crossing occurs at the equilateral triangle geometry. In
Fig. be, the stationary states which have the torsional
spin alignments (types V and VI) have disappeared.
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The GSF-HF energy surface in the colinear approach
is shown in Fig. 6. The bond length R; of H;-H,
molecule is fixed to 1.0 A and the spin angle at the
approaching Hj site is fixed to zero again. Here Kij
integral is not neglected. The electronic energies at sta-
tionary states are given in Table 2. Figure 6a is the
case of R;=2.0 A and the energy is determined mainly
by (1 —m2) as in Fig. 5a. As Hj site approaches, the
feature of the energy surface does not change so largely
in comparison with Fig. 5 and there is no large spin
rearrangement in the colinear approach.

3. Full-CI Wave Function

3.1. Full-CI Wave Function and Electronic En-
ergy. In Sect.2, we studied the electronic energy sur-
faces of Hz system by the GSF-HF wave function. The
GSF-HF wave function, however, does not satisfy the
quantum mechanical spin-symmetry. Moreover, we re-
quired the spatial orbitals to be localized at individual
atomic sites. In this section, a full-CI wave function for
Hj system is studied. The full-CI wave function satis-
fies the pure spin-symmetry and does not have a unitary
dependence in the mixing of orbitals, although it is dif-
ficult to have a simple classical spin picture. Here, H3
system is treated again with STO-6G minimal basis.?
In this case, the full-CI wave function is equivalent to
the extended HF wave function.¥ The full-CI manifold
consists of 20 spin-symmetry-adapted CSF’s. In the fol-
lowing, 10 CSF’s which have positive s, eigenvalues are
given explicitly:

&1 = [p1p203 {2008 — (B + Bea) a} / V6|,

B; = |lp1p2003 (B — Ba) o/ V2,

P53 = |lp1p10208]],

P4 = ||prp103080,

Ps = ||lp2p2010B0|, (19)
P6 = ||p2p203080 |,

P7 = ||pspaprafe,

Ps = ||pspaprafal,

B9 = ||p102003 (2B + B + Bacr) V3|,

P10 = [|prp293000]],

where 1, @2, and @3 are orthogonal spatial orbitals lo-
calized to individual atomic sites. The CSF’s from &,
to ®g belong to the doublet spin state and the CSF’s
@y and P19 are the quartet state. Other 10 CSF’s
{®'1}1=1,10 are constructed by the interchanging the
a- and S-spin components in { @7} ;-1,10. Then we have
20 CI eigenvectors in total, { #;°T};_; 10 for positive 3,
eigenvalues and { ¥’} ;_; 1o for negative 3, eigenval-
ues. ¥;T and ¥';CT are degenerate energetically. Fig-
ures 7a and 7b show the electronic energy curves for the
isosceles triangular approach and the colinear approach,
respectively. The H;—Hy length R; is fixed to 1.0 A
as in the GSF-HF case. The numbers assigned to CI
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eigenvectors are also shown for states with positive S,
values. In Fig. 7a, there are crossings of energy curves
at the equilateral triangle geometry and interchanges of
electronic states occur. In Fig. 7b, the energy curves
are rather simple compared to Fig. 7a. The small elec-
tronic energy barrier along the colinear approach in the
ground state, estimated by the VB-CI with effective ex-
change parameter,® is not found in this case and our
result is consistent with Yamaguchi’s work.®

3.2. Analysis of GSF-HF Wave Function. A
projection operator is constructed by the full-CI wave
function. The GSF-HF wave function is partitioned to
correct quantum mechanical states. The closure rela-
tion for the 20 CI eigenvectors is

10 10
1= Z I W[CI>( WICI, + Z ' WIICI>< W’ICIL (20)
I I

The GSF-HF wave function is partitioned as

10
' WGSF—HF) — Z I W]CI)< SpICII WGSF—HF>
I
10
+ Z l W’ICI>( W’ICIl WGSF-HF)’ (21)
IO'I oI 10 c1
= D2 Wil &™) + 3 WP,
I I

where W and W'y are the weight of the CI eigenvectors.
From the normalization, we have
10 10
SWrE+Y WP =1. (22)
I I
In the isosceles triangular approach, we have six sta-
tionary spin alignments as discussed in Sect.2.2. The
GSF-HF wave function with type I spin alignment cor-
responds correctly to the pure quartet spin state and is
identical with the CSF &;9. It does not mix with other
CSF’s from the spin-symmetry and constitutes one of

the CI eigenvectors by itself. Spin alignments IT-IIT and
V-VI are degenerate sets, respectively. Then the GSF-



3182

Katsuhisa OHTA and Ryousei KAWA-AI

50 a
40
= 9 N
(3
2 304 /
@ 1
o
~
o~
= 20 "
4 S 6
104
3 7
02
T 1 T ¥ ) 1]
00 10 20 3.0 40 5.0
Ry /angstrom
2
50 b
40
= 9
(7]
e 30-
a8
~ 1!
N
3“‘20"8'
104y ¥
2
7
06
T T

T 1
2.0 3.0
R2 /angstrom

0.0 1.0

4.0 5.0

[Vol. 66, No. 11

50 c
y
40 \
= 1
9 9
2 304
[}
o
~
~N
= 20 2
6
10
7
0-.

T T T 1 1 T
0.0 1.0 2.0 3.0 4.0 5.0
Rz /angstrom

Fig. 9. Weight of the full-CI eigenvectors in the GSF-HF were function for the colinear approach. The numbers I and
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HF wave functions with spin alignments II, IV, and V,
are analyzed. Their W;? are shown in Figs. 8a, 8b,
and 8c, respectively. The variation of the weight in
Fig. 8a or Fig. 8b is rather complicated and it is hard
to assign the GSF-HF electronic structure to a specific
CI vector. The spin alignment type II corresponds to
Baa spin function and IV corresponds to GBa. These
are parallel to the change of the CI coefficients for the
CSF’s &, @3, g, 9’1, and &'y as shown in Appendix
A3. Figure 8c is the case of the torsional spin alignment
type V and the GSF-HF wave function again represents
heavily mixed state. Figures 9a, 9b, and 9c are the case
of the spin alignment types II, ITI, and IV, respectively,
in the colinear approach. These figures show again the
difficulty to extract the dominant character of the GSF-
HF wave function from the CI vectors.

4. Summary

The GSF-HF wave function gives a classical picture
for spin freedom and its energy expression leads to the

@' ;C! respectively. a: Spin alignment

classical Heisenberg model. From the first and the sec-
ond derivatives of the GSF-HF energy along the clas-
sical spin freedom, the stationary and instability con-
ditions of spin alignments are studied. As typical rad-
ical reactions, the isosceles triangular and colinear ap-
proaches in Hj3 system are studied by the ab initio
method. In the isosceles triangular approach, the tor-
sional spin alignment state disappears as the reaction
proceeds. In the colinear approach, there is no large
change in the spin alignments. The partition of the
GSF-HF wave function with the full-CI wave functions,
however, shows that it is difficult to find a specific CI
vector which has the dominant character of the GSF-
HF wave function except for the high-spin state. The
GSF-HF wave function is therefore a highly mixed state
of quantum mechanical states although it provides a
bridge between the simple spin picture in the classical
Heisenberg model and the quantum mechanical wave
function straightforwardly.
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Table 3. Instability Analysis in Isosceles Triangular Approach

Type Eigenvalue Eigenvector
A=0 w=(1/v3, 1/v3,1/v3)
¥ X=Kn+K/2 w=(1/v?2, -1/v2, 0)
A3=3K/2 uz=(1/v6, 1/v6, —2//6)
A1=0 wm=(1/v3, 1/v/3,1/V3) A=(Kf+3K*)'/?

I do=(—Ki2+A4)/2  ux=(sgn®{1/3—(K12+3K)/6A}'/?, {1/3+ (3K —K12)/6A}/?, —(1/3+K12/3A)"/?)
Aa=(=Ki2—A)/2  uz=(—{1/34+(K12+3K)/6A}'/?, {1/3+(K12—3K)/6A}'/2, (1/3—K12/3A)*/?)

A1=0 w=(1/v3, 1/V/3, 1//3) A=(K%,4+3K?)'/?
II®  do=(—Ki2+A4)/2 u=({1/3+(3K—K12)/6A}"/?, sgn® {1/3—(K12+3K)/6A}'/?, —(1/34+ K12/34)"/?)
As=(—K12—A)/2  us=({1/3+(K12—3K)/6A}"/?, —{1/3+(K12+3K)/6A}'/*, (1/3—K12/3A4)"/?)

A1=0 u1=(1/\/§, 1/\/51 1/\/5)
VY X=Ki2—K/2 ur=(1/v2, —=1//2, 0)

As=—3K/2 us=(1/v6, 1/V6, —2/1/6)

=0 w=(1/v3,1/V3, 1/V3)

V,VIY Ao=K?/4Ki2—Ki2 w=(1/v2, —=1/v2, 0)
)\3=—3K2/4K12 'u.3=(1/\/(_3, 1/\/6, —2/\/(_5)

a) Minimum state. b) Transition state. c) If K12<K /2, the spin alignment is the maximum state. If K12=K/2, we
have one positive eigenvalue and two zero-eigenvalues. If Kj2> K /2, the spin alignment is the transition state. d) If
Ki2=K /2, we have one positive eigenvalue and two zero-eigenvalues. If Kj2> K /2, the spin alignment is the maximum
state. e) If K;22 K, sgn=1. In other case, sgn=—1.

Table 4. Instability Analysis in Colinear Approach

Type Eigenvalue Eigenvector
A=0 wm=(1/v3, 1/V3, 1/V3) A=(K?—K12Ka3+K35)'/?
1® Ao=(Ki2+Kaz—A)/2 w=({1/3+(2K23—K12)/6A}/2, sgn® {1/3—(K12+K23)/6A}2, —~{1/3+(2K12—Ka23)/6A}'/?)
Aa=(K124+Ka3+A)/2 us=({1/3+(K12—2K23)/6A}/2, —{1/3+(K12+K23)/6A}/2, {1/3+(K23—2K12)/6A}/?)

A1=0 wu=(1/v3, 1/v3, 1/V3) A=(K%—K12K2s+K33)'/?
I Ao=—(Kio+K2s—A)/2 ua=({1/3+(2K23—K12)/6 A}/, sgn?® {1/3—(K12+K23)/6A}/2, —{1/3+(2K12—K23)/6A}'/?)
As=— (K124 Ko3+A)/2 us=({1/34+(K12—2K23) /6 A}"/2, —{1/3+(K12+K23) /6 A}/, {1/34+(K23~2K12)/6A}/?)

A1=0 wm=(1/v3, 1/V3, 1/V3) B=(K{,+K12Kas+K25)'/?
II® Ap=(K12—Ka23—B)/2 us=({1/3—(K12+2K23)/6B}'/?, {1/3+(Kos—K12)/6B}'/?, —{1/34 (2K12+ K23)/6B}'/?)
As=(K12—Ka3+B)/2 us=(—{1/3+ (K12+2K23)/6B}'/2, {1/3+ (K12—Ka23)/6B}'/?, {1/3—(2K12+ K23)/6B}"/?)

A1=0 wu=(1/v3, 1/v3, 1/V3) B=(K{,+K12K23+K33)"/?
IV Xo=(—Ki2+K23+B)/2 up=({1/3—(K12+2K23)/6 B}*/?, {1/3+(K23—K12)/6B}'/?, —{1/34+(2K12+K23)/6B}'/?)
A3=(—K12+K23—B)/2 u3=(—{1/3+(K12+2K23)/6B}1/2, {1/3+(K12-—K23)/GB}1/2, {1/3—(2K12+K23)/GB}1/2)

a) Minimum state. b) Maximum state. c¢) Transition state. d) If Kj2=Kp3, sgn=1. In other case, sgn=—1.

The present research is supported in part by Grant- A2. Instability Analysis in Colinear Approach.
in-Aid for Scientific Research on Priority Area “Theory  The eigenvalues and eigenvectors of the Hessian matrix Eq. 7
of Chemical Reactions” from the Japanese Ministry of  are summarized in Table 4 for the colinear approach with

Education, Science and Culture. the approximation Ki3=0.
A3. Wi and CI Coefficients. When each of the spin

angles in nx (n is an integer), the classical spin alignment
corresponds to a simple product of spin functions, o and 8.
A1l. Instability Analysis in Isosceles Triangular  For the case of three spins, the spin alignments (, 0, 0) and
Approach. The eigenvalues and eigenvectors of the Hes- (m, m, 0) correspond to the spin functions Baa and (8«
sian matrix Eq. 7 are summarized in Table 3. Each of spin respectively. The non-zero overlap integrals between these
alignments has one zero-eigenvalue at least. The minimum  spin functions and CSF’s given in Eq. 19 are
state has two positive eigenvalues and the maximum state
has two negative eigenvalues. The transition state has one (lprp2p3Baall|@1) = ~1/V6,
negative and one positive eigenvalues. (lprp2psBaall|B2) = —1/V2,
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(lprp203Bac|| @e) = 1/4/3,

and

(lorp2p3BPall| #'1) = 2/V6,
(lerp2p3BPall|#'s) = 1/V3.
Then the weight of these classical spin alignments changes

in parallel with the coefficients Ciy or C'1y for these CSF’s
in CI eigenvectors as

Wi = (lprp203Bacl|| 1)
= —(1/V6)Cr1 — (1/v2)Cr2 + (1/v/3)Cro
and
W't = (lp1p2038B8||| ¥'1°)
= (2/vV6)C'11 + (1/v/3)C'r9.
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