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Electronic structures of low-lying states of cyclobutadiene, trimethylenemethane (2), and tetramethylene-
ethane (3) are studied by the unrestricted Hartree-Fock (UHF) theory. Characteristics of electronic correlations,
called dynamical spin polarization effect, in these molecules are well described by corresponding orbitals and spin
density structures of low-lying UHF solutions. The spin polarization of ¢ electrons is found to be relatively small

but not negligible for quantitative discussion.
solutions with different spin density structures.

The two low-lying singlet states of 2 are described by two UHF
The fact that the singlet UHF state of 3 lies a little below the

triplet UHF state is explained by the difference in the spin polarization of the bonding # electrons between the

singlet and triplet states.

multiplicity of ground states of hydrocarbon diradicals.

Two rules are given which predict the spin structure of low-lying UHF states and the spin

These rules are applied to 1,1,2,3,3-pentamethylene-

propane and 1,3-dimethylenecyclobutadiene, which confirms their validity.

Recent theoretical studies on cyclobutadiene (1) and
trimethylenemethane (2) have revealed the importance

of correlation effects in determining the spin multiplicity
of ground states and the stable geometry of low-lying
states of hydrocarbon diradicals. Borden! showed that
a strong correlation effect in 1 causes a violation of
Hunt’s rule and makes the ground state singlet. This
effect was also shown to make the equilibrium geometry
close to a square. These results are in agreement with
experiments.?) As for 2, Yarcony and Schaefer II1I32
and Borden3® pointed out that the correlation of the
two nonbonding (NB) electrons much reduces the energy
difference in the singlet state between the planar
geometry and the geometry with a methylene group
orthogonal to the remaining allyl group.

These results indicate that in order to understand
electronic properties of hydrocarbon diradicals, it is
necessary to clarify correlation effects involved. As
pointed out by Borden? and Kollmar and Staemmler,
the most important correlation effect in diradicals is
similar to the spin polarization effect in free radicals.
They called it the dynamical spin polarization effect.
Therefore, the unrestricted Hartree-Fock (UHF) theory
is powerful in analyzing the correlation effect. In this
paper, we apply the UHF theory to three diradicals 1,
2, and tetramethyleneethane (3). We show that the
corresponding orbitals and the spin density structure
in the UHF theory well describe the dynamical spin
polarization effect in low-lying states of the molecules.
Concerning 3, the singlet state is predicted to lie a
little below the triplet state. From results for 1, 2, and
3, we derive simple rules to predict the spin multiplicity
of ground states and the spin structure of low-lying UHF
solutions of hydrocarbon diradicals.

UHF calculations were made with the INDO approxi-
mation® using the computer program written by
Takahashi and Igawa which uses the direct optimization

method developed by Igawa and Fukutome® and is
capable of calculating UHF solutions and their insta-
bilities of any types. We use the notation proposed by
Fukutome? for the types of UHF solutions and their
instabilities.

Analysis of a Simplified Model of
Diradicals with Two Electrons
in Two NB MOs

Before performing all-valence-electron UHF analyses,
we examine in this section UHF solutions for a simple
model with two degenerate NB MOs ¢, and ¢ of
different symmetries in a spatial symmetry group. In
the model, there are one triplet state (¥r) and three
singlet states (¥s;, ¥ss, and ¥g3) which are represented
as

V1 = (Paba—PaPa)/n/ 2 O,
Vs = (PaPa—Fndn)/a/ 2 Os,
Uy = (¢A¢A+ ¢B¢B)/«/7@s,
Vs® = (PPt ¢B¢A)/\/7@s,
Or = (af+Pa)// 2, O =(af—Pa)/s/ 2.
Their energies are given by
Ep = 2K + (AA|BBy — (AB[BA),
Eg = 2K + y — (AB|BA),
Eg = 2K + 7 + (AB|BA),
Eg, = 2K + (AA|BB} + (AB|BA),
where
(ABIAB = |d1426,(1)$a(1)$4 () (2) i
and we assume that the single particle energies of ¢,
and ¢z are equal to K and that <AA[AA>=
<BB|BB>=y. By the relation
y > CAAJBB) > CAB[BA) >0
the energetic order of the states except ¥y, is determined
as

ES2 > ERHF > ESI > E’l"

where RHF means the restricted HF state [@,a,9.8]
with the energy Exur=2K-+y. The energetic position
of ¥, depends on the extent of the differential overlap
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Fig. 1. The correlation diagram of low-lying states of
diradicals against the extent of the differential overlap
between the two NB MOs.

between ¢, and ¢s. Let’s consider two extreme cases.
When the overlap is nearly complete, <AA|BB> is
nearly equal to y, so that ¥g,; is higher than the RHF
and nearly degenerate with ¥s,. ¥g and ¥y also are
nearly degenerate. When ¢, and ¢ are disjoint,
< AA|BB>> is much smaller than y, so that ¥, is lower
than the RHF and nearly degenerate with ¥y. ¥g;, s,
and the RHF are also nearly degenerate. By connecting
these extreme cases we obtain dependence of the
energetic order of the four states on the overlap of ¢,
and @y as shown in Fig. 1. It is found that in the two-
electron model the ground state is always the triplet
state. In the two extreme cases, however, the singlet
state lies close to the triplet state, so that the enegetic
order is possible to change in the all-valence-electron
model. Figure 1 shows that in the case of the inter-
mediate overlap the two singlet states ¥'s; and ¥, may
lie below the RHF. In the following, we examine how
the two singlet states are described by the UHF theory.

First we obtain the UHF solution emerging from the
instability of the RHF. The four instability matrices
(ST, 3ST.)" of the RHF are 1 x 1 dimensional in the
model and are given by

IST, = 2(a—b), 'ST_ = 38T, = —25,

8ST_ = —2(a+b),

a = (AB[BAY, b = (y—(AA|BBY)/2, a,b>0.
Because the 3ST._ instability matrix has the lowest
negative eigenvalue, we consider this instability. The
3ST. instability of the RHS indicates that there is an
axial spin density wave (ASDW) UHF solution
(ASDW]1) lower in energy than the RHF. The orbitals
of ASDWI, which is a real DODS solution, are a spin
polarized mixture of ¢, and ¢z

ASDWI = |¢by,, ¢1_B|, ¢1s = cos O¢p,=sin Oh,
and the energy is given by
Exspw1 = Egup — (a+b) sin® 20.

Espw; has a minimum at §=45°, so that we obtain

P12 = (Pat6s)/n/ 2,

Eyspwi = 2K + (y+<AA[BB))/2 — (AB|BA).
The wave function of ASDWI is expanded as

FTau—Y1)/V72,

showing that the singlet component of ASDWI1 is &g,.
Next we examine the stability of ASDWI1. The four
instability matrices (A.M.)? of ASDWI are 2x2
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dimensional in the model and are given by

2a, 2b 2a, 0
o B - (5 2),

2b, 2a 0, 2a
A= (0T

The lowest eigenvalue of the A, M, instability matrix is
Therefore, if

a—b<0 which is the same condition as Eg.<Eg,
ASDWI is A, M, unstable, that is, ASDWI is unstable
for a spin unflip excitation and there is another ASDW
solution (ASDW2) lower in energy than ASDWI.
ASDW2’s orbitals are determined by the eigenvector

2(a—b) with the eigenvector (_{)

(_ %) of the A, M., instability in the following form

ASDW2 = [gi.a, ¢1.B|, Pi. = cos ¢y, tsin Og),,,
Yo =1 = (¢A—¢B)/‘\/—2—>
Do =1, = (¢A+¢B)/'\/—2—1
and the energy is given by
Eyspwe = Exspwr + (a—5) sin? 26.
E sspws has a minimum at #=45°, so that we obtain
D1+ = Pas 1 = —¢s, E spwe = 2K + (AA|BB>-
Cleraly the singlet component of ASDW2 is @,

Last we examine the stability of ASDW2,
instability matrices of ASDW2 are

The

2, 2 2, 0
AM, = (Za, 2:) e (o, 2b)’
A= (L)

Therefore, if b—a<0 which is the same condition as
Ey<Eg, ASDW2 is A M, unstable. We can show
similarly that the UHF solution arising from this
instability is ASDWI.

The above results show that ASDW1 and ASDW2
well describe the two low-lying singlet states (¥'s; and
¥;) which involve strong electronic correlations. The
stability relations among the three HF solutions, the
RHF, ASDWI1, and ASDW2, are summerized in Table
1. We note that in the two-electron model, if Es,>(<)
Eg;, ASDWI1 (ASDW2) is always unstable, but that
this is not necessarily the case with all-valence-electron
calculations. This situation is also shown by the second
scheme in Table 1.

TABLE 1. POSSIBLE INSTABILITY RELATIONS AMONG
THE THREE HF SOLUTIONS OF DIRADICALS

8ST. AM,

Enpe>Eg>Egy, RHF — ASDWI ——, ASDW2
aST.

(Egup >Egi~Eg, RHF —— ASDWI, ASDW2)
8ST. A.M,

Egur >Eg>Eg, RHF —— ASDW! «— ASDW?2
aST.

Eg >Egyp >Eg, RHF — ASDW]

UHF Calculation on Cyclobutadiene

We performed an all-valence-electron UHF calcula-
tion on 1 by varying the C-C bond length (R) from



December, 1981]

1.61 A to 1.31 A. The other geometrical parameters
are fixed as shown in Fig. 2a. In the geometries the
RHF 7 orbitals are a bonding (B) # MO (¢,), two nearly
degenerate NB 7z MOs (#,, ¢5), and an antibonding
(AB) m MO (4,):

61 = (at+xe+2+x0/2 G2 = (utXa—Ys—xa)/2
P = (=Xt As—X0)/2, Ba= a—Xa—Xa+24)/2,

where y; is the 7 atomic orbital (AO) of the i-th carbon
atom in Fig. 2a. The MOs ¢,—¢, are of by, by, bgg,

X
H H | _H
H\ l 35~ H \C2
<:I3——’cl1\ rte
—_— R=141 A Cl- -y
C4——C2” A Ney” :
7/ —R AN
H H | l |
I H H
(a) (b)
Y
H l H
/
H—C5 \ 53——

H

(c)

Fig. 2. Geometries used in the calculations for 1, 2, and
3. All the C-H bond lengths are fixed to 1.1 A,
the C-C bond lengths, whose values are not indicated,
to 1.41 A, and all the H-C-H angles to 120°. 1 has
the D,, and D, symmetries at R R’ and R=R’. respec-
tively. 2 has the Dy, C,,, and C, symmetries at §=0°,
90°, and 6+0° and 90°, respectively, and 3 has the D,,,
D,y, and D, symmetries at §=0°, 90°, and 00° and
90°, respectively.

and a, symmetries in the Dy, point group, respectively.
As R is varied, the MOs ¢, and ¢, cross at square
geometries, so that there are two RHF ground states
with different occupancies of the 7 MOs: RHF1=
($1)%(9,)? and RHF2=(¢,)%*(¢;)®>. RHF1 and RHF2
are the RHF ground states in the regions R>R’ and
RIR, respectively. Near the square geometry they
become 38T unstable. Because the differential overlap
between the two NB MOs is complete, this case corre-
sponds to the last scheme of Table 1 and an ASDW
solution, ASDW1, emerges from the instability. ASDW1
connects smoothly RHF1 and RHF2. The correlation
diagram of the # MOs and the adiabatic potentials of
the RHFs and the UHF solutions are shown in Fig. 3.
This shows that ASDWI is the HF ground state near
the square geometry and that the triplet ASDW solution
is higher in energy than ASDW!1 in contrast to the two-
electron model. The equilibrium geometry of the singlet
ground state obtained from ASDW1’s potential becomes
very close to the square one in contrast to the rectangular
equilibrium geometries of the RHF’s potentials. These
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Fig. 3. The correlation diagram of the Hiickel type =
MOs (a), and the adiabatic potentials of the RHFs,
ASDWI1 and the triplet ASDW (b) of cyclobutadiene.
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Fig. 4. The = corresponding orbitals and the spin
density structure of ASDWI (a) and the spin density
structure of the triplet ASDW (b) of cyclobutadiene.
The carbon 7 AOs with positive MO coefficients are
represented by white circles and those with negative
MO coefficients by shaded ones. The radii of the
circles are proportional to the magnitudes of the MO
coefficients. The spin densities with positive and
negative z components are represented by up- and
downward arrows, respectively. The magnitudes of
the spin densities on carbon and hydrogen AOs are
the same for all the C-H units except their signs.

features stem from the correlation effect which becomes
important as the square geometry is neared.
In order to analyze the electronic correlation in



3654

ASDWI1, we show in Fig. 4 the 7 corresponding orbitals
and the spin density structure of ASDW]1 at the equilib-
rium geometry. The spin density structure of the triplet
ASDW is also shown for comparison. The excitations
contributing to the 38T._ instability which produces
ASDW!I from the RHF have the B,, symmetry. There-
fore, the n excitations ¢,—¢; (or ¢,—¢,) and ¢, —¢,
contribute to the instability. Consequently, not only the
NB 7 orbitals but also the B & orbitals are spin polarized
as follows:

1. = €08 010y 7t=sin 6,0, ¢y, = €05 O,P,7tsin 6,0,

The o orbitals are also spin polarized, but to a smaller
extent than the m orbitals, due to the ¢ excitation with
the B,, symmetry.

The triplet ASDW is obtained with the trial wave
function

= Icorc, o1, 9.8, $.a, ¢sa',

where core represents the doubly occupied RHF ¢ MOs.
After the SCF procedure, the z orbitals remain un-
changed but the core part is spin polarized with the
corresponding orbitals retaining the same symmetries
as the original RHF o orbitals.

The spin polarization of the B n orbital ¢, appears
only in the singlet state. Its physical significance is as
follows.) The splitting of the B & orbital occurs in such
a way that ¢, overlaps ¢,. more than ¢,; as shown in
Fig. 4. Such coherent splittings of ¢;. and ¢,. reduce
the Coulomb repulsion between the electrons of opposite
spins because they are localized to different regions.
The electrons of the same spin localize to the same region
but this does not enhance the Coulomb repulsion
between them because the Pauli principle prevents their
close encounter. In contrast to the singlet state, the spin
polarization of the B 7 electrons is not induced in the
triplet state because the spin density of the NB # elec-
trons is uniform in the triplet state. The spin polariza-
tion of the B & electrons which operates only in the
singlet state makes the singlet ASDW lower in energy
than the triplet ASDW.

Next we discuss on the spin polarization of the ¢
electrons shown in Fig. 4. The spin polarization of the
¢ electrons is induced in such a way that the ¢ spin
densities on a carbon atom and that on adjacent
hydrogen atom are arranged in the same and opposite
directions, respectively, compared to that of the =
spin density on the carbon atom. This enhances the
exchange interaction between the ¢ electrons and the n
electrons on each carbon atom and reduces the Coulomb
repulsion between ¢ electrons. The magnitude of the
o spin polarization is relatively small. However, its
effects are not so small as can be neglected in quantitative
discussion.

UHF Calculation on Trimethylenemethane

We preformed a UHF calculation on 2 by rotating a
methylene group out of the plane of the remaining allyl
group. The other geometrical parameters are fixed as
shown in Fig. 2b. At the planar geometry, the RHF #
MOs are a B # MO (¢,), two degenerate NB n MOs
(¢g, #3), and an AB w MO (¢,):
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Fig.5. The correlation diagram of the Hiickel type

MOs (a) and the adiabatic potentials of the RHF,
ASDWs, and the triplet ASDW (b) of trimethylene-
methane. The A M, instability domain of ASDWI
is also indicated. The region out of the domain
corresponds to the second scheme in Table 1.

#1 = ay; + b(o+xs T2/ 3> $2= (ts—xa)/a/ 2
s = (2pe—22— x4/ 6>
ba= —bys + a(let+xs+xs)/a/ 3, ax~b=0.7.

The MOs ¢, and ¢, belong to the a3 (b) symmetry and
@, and ¢, to the ¢” (a and b) symmetry at the planar
Dy, geometry (nonplanar C, geometry). In the process
of the internal rotation, the two NB MOs remain nearly
degenerate (¢, lies a little below @;) as shown in Fig. 5a.
The LCAO expression of @, is unchanged while the
main AO component of @5 turns out to be the p robe
perpendicular to the twisted methylene group. There-
fore, in the rotation the differential overlap between
the two NB MOs varies from medium to nearly zero.
This situation corresponds to the left half side of Fig. 1
and the first and second schemes of Table 1. Therefore,
two singlet UHF states exist below the RHF. The UHF
adiabatic potentials are shown in Fig. 5b. This calcula-
tion shows that the ground state is triplet and that its
equilibrium geometry is planar. On the other hand,
the lowest singlet UHF state (ASDW2) has the orthogo-
nal equilibrium geometry. These results are in agree-
ment with other calculations® and experiments.® It
should be noted that at the planar geometry the two
singlet states which are approximated by ASDW1 and
ASDW?2 are degenerate and belong to the E’ representa-
tion of the Dy, point group. The calculated energies
of ASDWI1 and ASDW2 at the planar geometry are not
exactly the same. However, the gap is very small and
much reduced compared to the value in the RHF
calculation of the two state.3°)

In order to analyze the electronic correlation among
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Fig. 6. The corresponding orbitals for the B 7 electrons
(A) and for the NB z electrons (B), and the spin density
structure on the 7 AOs (C) and on the ¢ AOs (D) of
ASDWI (a), ASDW2 (b), and the triplet ASDW (c) of
planar trimethylenemethane. The numerals in (C)
are the magnitudes of the spin densities. 'Those on
the ¢ AOs are either 40.01 or +0.02.

the three UHF states, we show in Fig. 6 the z corre-
sponding orbitals and the spin density structures of the
UHTF states at the planar geometry. The 3ST- instability
which connects the RHF with ASDWI has the B
symmetry in the C, group. We adopted the C, symmetry
because the RHF with the occupancy (¢;)%(#,)2 of the
7t MO:s is of symmetry adapted only to the C; group.
The excitations ¢,—¢, and ¢,—¢, with the B symmetry
contribute to the instability. Consequently, the NB
orbitals in ASDW]1 are spin polarized in the following
manner:

s = €08 01 P,tsin 0;(cos O3 —sin O,0,).
After the SCF procedure, ¢, also is mixed into ¢,.
because it has the same symmetry as ¢; and ¢, in the C,
group.
ASDWZ2’s orbitals are adapted to the C, symmetry
and not to the Dy, one because its trial wave function

|core, @1t 618, P, B3P
has the C, symmetry and not the Dy, one. Therefore,
®1, 5, and ¢, with the same b symmetry are mixed
in ASDW2 after the SCF procedure, but ¢, is
unchanged:
- = cos 0405 + sin O5(cos 0,0, sin 0,6,),
i~ = cos 5_@; — sin 0;5_(cos O5_¢,—sin b5_gs),
1+ = €08 05, @y — sin 05, (cos O, P35 —sin O, By)-

The ASDW2’s orbitals ¢j_ and ¢5- have large MO
weights on x; and x, AOs and ¢’ does on y; and x,
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AO:s so that electrons with different spins are caused to
localize in different regions.

The triplet ASDW’s orbitals are adapted to the Dy,
symmetry because of the Dy, adaptation for the trial
wave function

|core, @i, 18, Po, Pyex|.

Therefore, only ¢, and ¢, with the same a; symmetry are
mixed in the triplet ASDW

¢ts = cos 04 @y sin 0. By
By the spin polarization of ¢i. a negative spin density
appears on the central carbon atom.

We note that the spin structures of ASDW2 and the
triplet ASDW are similar to those of the singlet and
triplet GVB wave functions obtained by Davis and
Goddard I11.39)  The forms of the orbitals of ASDWI
and ASDW?2 are retained in the process of the rotation
because the system has the C, symmetry throughout the
process. The change in the spin polarization effect in the
triplet ASDW also is small.

Next, we clarify the difference between ASDWI1 and
ASDW2. As mentioned above, ASDW2 is adapted
to the C, symmetry, so that its spin structure is also
invariant to the C, spatial rotation. The spin structure
of ASDW!1 is invariant not to the C, rotation but to
the joint C, rotation of space and spin. This difference
between the symmetries of the spin structures means
that the singlet components of ASDW1 and ASDW2
belong to different C, symmetries as shown by Ozaki.®
In fact, the singlet component of ASDWI has the A
symmetry but that of ASDW2 the B symmetry.

UHF Calculation on Tetramethyleneethane

We performed a UHF calculation on 3 by rotating
the two allyl groups around the central C-C bond. The
other geometrical parameters are fixed as shown in
Fig. 2c. At the planar geometry the RHF 7 MOs are
two B w MOs (¢;, ¢,), two nearly degenerate NB # MOs
($3, P4), and two AB = MOs (g5, 9):

¢ =a(at22)/v/ 2 + POt rat 25+ 26)/2,

$o =2 (u—x2)/W/ 2 + D' (tatta—As—6)/2;

b3 = L= Aa+Us—%)/2 $a = (a—Xa—Xs26)/25

Ps = —b(X1t+x)/a/2 + alas+xat2s+%6) /2,

g = =D (1—22)/"/ 2 + @' (s +Xa—2As—6) /2

ax~b’~0.8, b~a'~0.6.
The MOs ¢;—¢, are of bgy, bag, big, 2y, byy, and by
symmetry in the Dy, group, respectively. In the process
of the rotation, the two NB MOs remain nearly degener-
ate and cross at about §=40° as shown in Fig. 7a. The
crossing occurs due to the spiroconjugation effect.l®
Therefore, there are two RHF ground states with the
occupancies RHF1=(9,)%(¢,)%($;)? and RHF2=
(6,)2(#2)%(¢,)2. RHF1 and RHF2 are the RHF ground
states in the regions §<{40° and 6>>40°, respectively.
The differential overlap between the two NB MOs is
nearly complete throughout the rotation process, so
that this case belongs to the last scheme of Table 1 and
there is only a singlet ASDW state (ASDWI) below
the RHF. The adiabatic potentials of the RHF and
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Fig. 7. The correlation diagram of the Hiickel type MOs

(a) and the adiabatic potentials of the RHFs, ASDWI
and the triplet ASDW (b) of tetramethyleneethane.

UHF states are shown in Fig. 7b. Our calculation, like
a previous one,!9 shows a rather small energy change in
the rotation. The singlet ASDW]1 is found to lie a little
below the triplet ASDW everywhere and has a very
shallow potential minimum at about §=>50°.

Next we examine the electronic correlation between
the singlet and triplet ASDW states at the planar
geometry. The 3ST. instability which connects the
RHF and ASDWI has the B,, symmetry. Therefore,
the excitations ¢,—9,, ¢,—¢;, and ¢,—@, with the B,
symmetry contribute to the instability. Consequently,
all the orbital pairs are spin polarized as

» = €0s 0,¢,sin 0,0, ¢5. = cos 0,0,tsin 0,8;,
@52 = €O O3¢5sin 0,0,

The triplet ASDW’s orbitals are adapted to the Dy,
symmetry because its trial wave function

|core, gia, §1B, s, Pof; P, Bacr|
has the B,, symmetry in the D, group. After the SCF
procedure, ¢, and ¢, with the by, symmetry and ¢,
and ¢, with the by, one are mixed in the triplet ASDW
to yield
@iz = cos Oy Pytsin Oy, b5, hy = cos 05y Pptosin b5, Pg.

The difference in the spin polarization of the B # MOs
between the singlet and triplet ASDW states is that in the
singlet ASDW it is produced by the mixing of the
second 7 LUMO to the second z HOMO and of the
third # LUMO to the third # HOMO, while in the
triplet ASDW by the mixing of the third x LUMO
to the second # HOMO and of the second # LUMO to
the third # HOMO as shown in Fig. 8. As a result,
the spin polarization of the second z HOMO is larger
in the singlet ASDW, while that of the third x HOMO
is larger in the triplet ASDW. Because the second =&
HOMO is spin polarized more easily than the third
one, the spin polarization effect in the singlet ASDW
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Fig. 8. The corresponding orbitals of the NB z MO (A),
second # HOMO (B) and third x HOMO (C) of
ASDWI (a) and the triplet ASDW (b) of tetramethyl-
eneethane. The spin density structures on the 7z AOs
and ¢ AQOs are also shown in (D) and (E), respectively.
The numerals in (D) are the magnitudes of the spin
densities. Those on the ¢ AOs are either 4-0.01 or
+0.02.

is a little larger than that in the triplet ASDW. This
explains why the singlet ASDW lies a little below the
triplet ASDW.

The above UHF analysis indicates that the ground
state of 3 is singlet and that a triplet state lies close to
it. The result is in accord with the ab initio CI calcula-
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tion by Borden and Davidson.)) This suggests that
the ESR signal of 3 which was observed at the boiling
point of nitrogen!? may be attributed to a thermally
accessible triplet state. This prediction can be checked
by measurement of the temperature dependence of the
ESR signal. However, no such experiments have been
carried out and the correctness of our prediction is left
to be tested.

Simple Rules to Predict the Spin Multipli-
city of the Ground State and the Spin
Structure of Low-lying UHF States
of Hydrocarbon Diradicals

The above results for 1, 2, and 3 show that the UHF
theory gives the ground state of correct spin multiplicity.
It should be stressed that all the ground states of 1, 2,
and 3 have alternating spin structures. The results
also show that the spin structure of the all-valence-
electron UHF calculation is different from that of the
two-electron model in such a manner that the weak
spin density on an atom adjacent to the atom with
large spin density is always antiparallel to the adjacent
largest spin density. The preference of the antiparallel
spin coupling manifested in the UHF results is consistent
with the valence bond picture and seems to have a
general validity. By generalizing these results, we can
predict the spin multiplicity of the ground state and the
spin structure of low-lying UHF states of hydrocarbon
diradicals as follows.

Put spins on carbon atoms in alternating directions
and if the number of the up and down spins in the
alternating spin structure are the same with each other,
the ground state is predicted to be singlet, whereas if
their difference is two, the ground state is predicted to
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Fig.9. Two NB MOs (a), the predicted spin structures
of ASDWI (b) and the triplet ASDW (c¢’), and the

result of the all-valence-electron UHF calculation (d)
of 1,1,2,3,3-pentamethylenepropane.
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This rule is much simpler than, but as
11)

be triplet.
effective as, the one proposed by Borden and Davidson.
The main aspect of the spin structure of low-lying UHF
states is determined by the two-electron model. The
all-valence-electron spin structures are obtained by
modifying the directions of the weak atomic spin
densities so as to make them antiparallel to the adjacent
large spin densities.

To demonstrate the general validity of these rules,
we apply them to 1,1,2,3,3-pentamethylenepropane (4)
and 1,3-dimethylenecyclobutadiene (5).  First we
consider 4. The two NB MOs (¢, and ¢g) obtained
with the Hiickel Hamiltonian are shown in Fig. 9a.
The figure shows that the differential overlap between
them is nearly complete, so that there are a singlet
ASDW (ASDW1) and a triplet ASDW below the RHF.
The spin structures of the NB electrons of the two states
are shown in Figs. 9b and 9c. Modifying the weak spin
densities so that they are made antiparallel to the
adjacent large ones, we obtain Figs. 9b and 9¢’. There
appear no spin densities on the two central carbons
(4 and 5) in Fig. 9b because of the symmetry of the spin
structure. The weak spin density on carbon 4 in Fig. 9¢’
is made negative so as to be antiparallel to the adjacent
one. The alternating spin structure corresponds to the
triplet state of Fig. 9¢’, so that the ground state is
predicted to be triplet. We show in Fig. 9d the UHF
results, which confirm our rules.

Next we consider 5. The overlap between the two NB
MOs (¢4 and ¢g) shown in Fig. 10a is medium, so that
there are two singlet ASDWs (ASDWI1 and ASDW2)
and one triplet ASDW below the RHF. The spin
structures of the two NB electrons in the three states
are shown in Figs. 10b, 10c, and 10d. Modifying the
weak spin densities so that they are made antiparallel
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Fig. 10. Two NB MOs (a), the predicted spin structures
of ASDWI (b), ASDW2 (c’) and the triplet ASDW (d”),
and the result of the all-valence-electron UHF calcu-
lation (e) of 1,3-dimethylenecyclobutadiene.
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to the adjacent large ones, we obtain the spin structures
shown in the right side of Figs. 10b, 10c, and 10d. The
spin structure of Fig. 10b is unchanged because of its
symmetry. The spin structure of Fig. 10c is possible
to be modified in two different ways, but Fig. 10c’
shows the feasible one because the terminal carbon atoms
have the largest spin densities. The alternating spin
structure corresponds to the triplet state in Fig. 10d’,
so that the ground state is predicted to be triplet. We
show in Fig. 10e the UHF results, which also confirm
our rules.
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