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Diradicals are molecules possessing a pair of nonbonding 
molecular orbitals (NBMO's) that are occupied by a total of 
two electrons. One series of diradicals, in which the NBMO's 
occur in fully conjugated T systems, is comprised of the 
[4«]annulenes. Cyclobutadiene (1) is the first member of this 
series and the one that has received the most attention, both 
theoretical and experimental.1 Another type of fully conju
gated hydrocarbon diradical consists of those molecules for 
which no classical Kekule structures can be written.2 In this 
series trimethylenemethane (2) is the prototype and also the 
molecule that has been most studied.3 

O X 
1 2 

In this paper we use a PMO approach4 to show that conju
gated diradicals result from the union of two odd alternant 
hydrocarbon (AH) fragments at a node in the NBMO of at 
least one of them. The PMO approach is a useful one for di
viding diradicals into two classes. In one class the Huckel 
NBMO's can be chosen so that they are confined to different 
sets of carbon atoms, as is the case in the [4«]annulenes. In the 
other class, to which 2 belongs, the Huckel NBMO's cannot 
be so confined. This classification is shown to be of great utility 
for predicting the important differences in the effects of elec
tron repulsion in the two classes of diradicals. These predictions 
are compared with the results of ab initio SCF and full -ir space 
CI calculations on one molecule from each class. 

PMO Analysis of 1 and 2 

The TT systems of cyclobutadiene (1) and trimethylene
methane (2) can be analyzed as resulting from the union of an 
allyl radical (3) with a carbon bearing a p-7r orbital (4), as 
shown in Figure 1. The existence of a pair of NBMO's in both 
1 and 2 emerges clearly from this analysis. Since 3 and 4 are 
odd alternant hydrocarbons (AH's), each possesses an 
NBMO.4 The union of these odd AH fragments to give both 
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1 and 2 takes place at a nodal plane of the NBMO of 3. Con
sequently, the degeneracy of the NBMO's of 3 and 4 is not 
lifted by their mutual interaction in either mode of union. The 
noninteraction of the NBMO's of the fragments does not, 
however, by itself assure the survival of two NBMO's in 1 and 
2, for the p orbital of 4 does interact with the bonding and the 
antibonding MO of 3. Nevertheless, the pairing theorem45 

guarantees, at least at the level of the Huckel theory, that these 
latter two MO's of 3 have coefficients of the same magnitude 
at each carbon and energies that are equally spaced about the 
energy (a) of the NBMO. This fact is sufficient to ensure that 
the interaction of the p orbital of 4 with these two MO's of 3, 
while lowering the energy of the bonding MO and raising that 
of the antibonding MO, leaves an MO at the nonbonding level.6 

An orbital interaction diagram is shown in Figure 1. 

Figure 1 shows that the ir systems of 1 and 2 can both be 
analyzed in terms of interactions between the same MO's of 
3 and 4 and that both 1 and 2 are diradicals. The diagram also 
illustrates a difference between 1 and 2 that results from the 
two modes of union of 3 and 4. Union of 4 to the two terminal 
carbons of 3 results in a stronger interaction between the p 
orbital of 4 and the bonding and antibonding MO of 3 than 
does union of 4 to the central atom of 3. Consequently, the 
bonding and antibonding MO's of cyclobutadiene lie respec
tively at lower and higher energies (a ± 2/?) than the corre
sponding MO's in trimethylenemethane (a ± 31Z2/?).7 How
ever, a difference between 1 and 2 of much greater significance 
is in the form taken by the NBMO that arises from the three-
orbital interaction in the two different modes of union. 

In both 1 and 2 this NBMO results from the p orbital on 4 
mixing in the bonding MO of 3 in an antibonding fashion and 
the antibonding MO in a bonding fashion. Application of the 
pairing theorem shows that the amount of mixing of these two 
MO's into the p AO is equal. Moreover, since the pairing 
theorem requires that the magnitudes of the coefficients of the 
AO's in these two MO's be the same, mixing of these two MO's 
into the p orbital of 4 results in a cancellation of their contri
butions at the carbon atom(s) in 3 where union with 4 occurs. 
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Figure 1. Orbital interaction diagrams for the PMO analysis of cyclobu-
tadiene (1) and trimethylenemethane (2) in terms of the union of allyl (3) 
with a carbon bearing a p-rc orbital (4). The normalized coefficients in the 
MO's are: a = V2, * = 2"'Z2, and c = 6~1/2. 

Consequently, the net contribution of 3 to the resulting NBMO 
is confined to just the carbon atom(s) not bonded directly to 
4.8 The mixing of the IT orbitals of 3 and 4 to give the MO's of 
1 and 2 is shown graphically in Figure 1. Alternatively, the 
NBMO's of 1 and 2 can be obtained directly from the rule that 
in each NBMO of an AH the sums of the coefficients of the 
starred atoms about each unstarred atom must vanish, and vice 
versa.4b Whatever method is used to obtain the NBMO's of 
1 and 2, they differ in that the NBMO's of 1 can be confined 
to different carbon atoms, while those of 2 cannot. This dif
ference is of paramount significance when the effects of elec
tron repulsion in the open shell ir systems of 1 and of 2 are 
considered. 

Effects of Electron Repulsion in 1, 2, and Related Diradicals. 
In cyclobutadiene (1), if the two open shell electrons occupy 
different NBMO's, because the MO's can be confined to dif
ferent sets of atoms, these two electrons need never appear in 
the same AO. Consequently, in the wave function for the lowest 
singlet state of 1 there are no high energy ionic terms corre
sponding to the simultaneous occupancy of the same AO by 
these two electrons. In fact, when differential overlap is ig
nored, this state and the lowest triplet are accidentally de
generate.9 When differential overlap is not ignored, the triplet 
lies slightly below the singlet; but the important effect in cor
rectly resolving the accidental degeneracy of these two states 
is the correlation between the electrons in the NBMO's and 
the two electrons that occupy the lowest x MO. When, through 
CI, this effect is properly included, the singlet is found to lie 
below the triplet, even at a square molecular geometry.10 

In contrast, in trimethylenemethane (2), because the Hiickel 
NBMO's cannot be confined to separate sets of atoms, the 
triplet lies below the lowest singlet, since in the former state 
the Pauli principle keeps the two unpaired electrons from si
multaneously appearing in the same AO." In fact, singlet wave 
functions constructed from the Hiickel MO's for 2 contain 
ionic terms of sufficiently high energy that the SCF wave 
function for this state utilizes a different set of MO's, sacri
ficing some of the bonding (in the Hiickel sense) of the triplet, 
in order to reduce the Coulombic repulsion between the open 
shell electrons.11 Indeed, the optimum MO's for the planar 
singlet are essentially those for the noninteracting fragments, 
allyl (3) plus p (4).12'13 

The PMO analysis that allows the deduction of the forms 
of the NBMO's in 1 and 2 can easily be extended to other 
conjugated diradicals whose 7r systems can be dissected into 
those of an odd AH interacting with a carbon atom bearing a 

D - b » 

Figure 2. PMO analyses and NBMO's of 5 and 6. The normalized coef
ficients in the MO's are: a = 3 _ | / 2 , b = 2 - 1 ' '2 , and c = 1O-1/2. 

p-7r orbital.8 Again, two types of diradical ir systems can result 
from union between these fragments. If the union occurs at two 
carbons with opposite signs in the NBMO of the odd AH, 
[4«]annulenes or alkenyl derivatives thereof are obtained.14 

Like cyclobutadiene, these molecules have NBMO's that are 
confined to different sets of carbon atoms. Consequently, these 
molecules are, like 1, expected to use the same set of MO's for 
both the lowest singlet and triplet state, and, before CI is in
cluded, these states are anticipated to be degenerate when 
differential overlap is neglected. On the other hand, if the union 
occurs at a nodal (inactive)43 carbon atom in the NBMO of 
the odd AH, alkenylogs of trimethylenemethane are obtained. 
Like 2, their NBMO's have atoms in common, and molecules 
with this type of ir system are expected to have the triplet below 
the lowest singlet in energy and to use different optimal sets 
of MO's for these states. 

The two different types of union between pentadienyl and 
a carbon atom, which lead, respectively, to 5 and 6, are shown 
in Figure 2 as concrete illustrations of these general consid
erations. The NBMO's of these molecules are also shown. 
Since the NBMO's in each molecule are degenerate at the 
Hiickel level, any set of orthonormal linear combinations is also 
an acceptable set of NBMO's. However, one set may lead to 
a more facile analysis of the effects of electron repulsion than 
another. For instance, in Figure 2 the set of NBMO's chosen 
for 5 shows that they can be localized on two different groups 
of atoms. In 6, however, no such set of Hiickel NBMO's can 
be found. The pair shown in Figure 2 for 6 was chosen because 
it suggests the localization of the half-filled MO's in the lowest 
singlet state of 6 into those of two allyl radicals. This local
ization should be favored over that into pentadienyl plus p, 
since the Hiickel energy of two allyl radicals is 6a + 5.656/3 
vs. 6a + 5.464/3 for pentadienyl plus p.15 

Indeed, the TT systems of both 5 and 6 can be dissected into 
two allyl radicals, as also shown in Figure 2. The analysis for 
the effects of their union is essentially the same as that for the 
union of 3 and 4 to give the T systems of 1 and 2. The only 
difference is that the lowest and highest ir MO's of 3 now in
teract with not just the one w orbital of 4 but with all three ir 
MO's of the second allyl radical. This mode of analysis also 
leads to the conclusion that the ir system of 5 belongs to the 
same class as that of 1, while the ir system of 6 is of the same 
type as that of 2. 

1,3-Dimethylenecyclobutadiene (7). The T system of 1,3-
dimethylenecyclobutadiene (7) can also be analyzed in terms 
of union of either pentadienyl plus p or two allyl radicals. The 
•K system of 7 differs from that of 5 and 6, however, in that 
union in either mode of dissection occurs at two nodal (inac
tive) carbon atoms, as shown in Figure 3. Generalization of the 
previous discussion of the consequences of union at one inactive 
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Figure 3. PMO analyses and NBMO's of 1,3-dimethylenecyclobutadiene 
(7). The normalized coefficients in the MO's are: a 3~1 /2 , b = 2"1''2, and 
c= 10- ' /2 . 

Figure 4. Orbital interaction diagram for the PMO analysis of 1.3-di-
methylenecyclobutadiene (7) in terms of the union of cyclobutadiene with 
two carbons, each bearing a p-ir orbital. The normalized coefficients in 
the MO's are: a = %b = 2"l<'2, c = lO"1''2, and d = 2Cr1/2. 

carbon, rather than at two active carbons with equal and op
posite coefficients in the NBMO, suggests that the NBMO's 
of 7, like those of 2 and 6, have atoms in common. The Hiickel 
NBMO's of 7, shown in Figure 3, are in accord with this ex
pectation. Therefore, it can be predicted that 7 has a triplet 
ground state and that the optimum set of MO's for the lowest 
singlet will differ from those of the triplet.16 

There are, however, several features of 7 that make it of 
interest for more detailed theoretical study. The NBMO's of 
7 indicate that in the lowest singlet state orbital localization 
will occur, not as suggested by the dissection into pentadienyl 
plus p or into two allyl radicals, but as implied by the name of 
the molecule. Figure 4 shows the 7r orbital interaction diagram 
for the union of two methylene groups at C-1 and C-3 of cy
clobutadiene (1). The in-phase combination of the two meth
ylene p orbitals has bm symmetry in Z)2A, the group to which 
7 belongs. Consequently, it mixed with both ^i and t/̂  of 1, 
which have the same symmetry. The pairing theorem again 
guarantees that an NBMO results from the mixing6 and that 
the contribution of the cyclobutadiene ring to this NBMO 
occurs exclusively at C-2 and C-4.8 The out-of-phase combi
nation of methylene p orbitals has big symmetry and can mix 
with the NBMO of 1, ^3, that also belongs to this representa
tion of £>2A- The mixing produces two MO's, which can be 
described respectively as the out-of-phase combination of two 
bonding and two antibonding ethylenic ir MO's. The remaining 

NBMO of 1, ̂ i, is of b3g symmetry and consequently remains 
unchanged in 7. 

The three-orbital mixing in the b ]u manifold, anticipated 
at the level of Hiickel theory, is, with the inclusion of electron 
repulsion, also expected to occur in the lowest triplet state of 
7. However, in the lowest singlet, in order to keep the electron 
in the b]U NBMO (2biu) away from the electron of opposite 
spin in b3g, the mixing should, to a large extent, be "turned off 
by the Coulombic repulsion between these two electrons. The 
MO's of b2g symmetry, in contrast, should remain essentially 
the same in both states. 

In order to test these predictions, we have carried out SCF 
calculations on 7, using an ST0-3G basis set.17 An arbitrary 
geometry18 for 7 was assumed with all C-C bond lengths 1.41 
A, 1.09 A C-H bond lengths, 90° internal and 135° external 
angles for the ring, and 120° bond angles in the methylene 
groups. The spin-restricted open shell SCF method of David
son19 was used to calculate the MO's and energies of the lowest 
triplet and singlet of the same (B2J symmetry in 7. The results 
are shown in Table I. The triplet is calculated to lie 41.3 
kcal/mol below the singlet at this geometry.18 

The TV MO's of the triplet are close to those expected from 
simple Hiickel theory, except in the biu manifold. The NBMO 
of this symmetry (2biu) in the triplet has coefficients at C-2 
and C-4 that are larger in relative magnitude than those in the 
Hiickel NBMO, and a corresponding reduction in these 
coefficients occurs in Ib]11. These changes are favorable in the 
triplet because the other NBMO (b3g) spans C-2 and C-4. In 
the triplet the electrons in 2b]u and b3g have the same spin; 
therefore, they never appear simultaneously in the same AO. 
Thus, an increase in the magnitude of the coefficients at C-2 
and C-4 in 2biu causes little increase in Coulomb repulsion 
energy. The change in these coefficients in 2b] u does, however, 
make possible the corresponding reduction in Ib]11. The re
duction in,the coefficients at C-2 and C-4 in lbiu decreases 
electron repulsion in the triplet, because this MO contains an 
electron with spin opposite to the one in b3g. 

Table I also reveals the expected localization of the MO's 
of bju symmetry in the open shell singlet. The lowest b lu MO 
in the singlet is essentially ^1 of cyclobutadiene, and roughly 
95% of the electron density in 2b]U is localized on the two 
methylene carbons. However, also as expected, the bonding 
b2g MO remains virtually unchanged in going from the triplet 
to the singlet. Therefore, unlike the case in trimethylene-
methane (2),12-13 rotation about the bond to either methylene 
group, although more difficult in the triplet state, remains 
energetically costly in the singlet. 

At the ab initio level the two "nonbonding" MO's no longer 
have the same energy. Since they are not degenerate by sym
metry,20 there is no reason why they should be so in energy. The 
degeneracy at the level of simple Hiickel theory is a result of 
its neglect of nonnearest neighbor interactions and, probably 
even more important, electron repulsion. SCF calculations 
place I . ,. (lb,u)2(lb2g)2(2biu)2) 40.3 kcal/mol below | .. . 
(Ib]u')

2(lb2g')2(b3g)2), where the primed and unprimed MO's 
differ because of the different orbital occupancy for the two 
highest energy ir electrons. 

Although it is therefore possible that a closed shell (1A8) 
might be lower than the open shell (1B2U) singlet state, the 
lowest of these two ' Ag wave functions still lies 30.9 kcal/mol 
above 'B2u. Nevertheless, since the 2b]u and b3g MO's are 
degenerate at the Hiickel level, it is to be expected (vide infra) 
that, in order to satisfactorily describe the lowest closed shell 
singlet, a two-configuration wave function of the form 

* = C , | . . . ( lb,u)2(lb2 g)2(2biu)2) 
-C2|...(lb,u)2(lb2g)2(b3g)2> (1) 

will be necessary, in which the ratio of C]/ci, as well as the 
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Table I. Coefficients at Each Carbon Atom in the Occupied r MO'sof 3B2U ('B2U) l,3-Dimethylenecyclobutadienea 

MO 

Ib111* 

lb2g* 

2b,/ 

b3g< 

C-I 

0.413 
(0.404) 
0.454 

(0.45!) 
0.043 

(0.001) 

C-2 

0.303 
(0.407) 

-0.445 
(-0.171) 

0.731 
(0.731) 

C-3 

0.423 
(0.404) 

-0.454 
(-0.451) 

0.043 
(0.001) 

C-4 

0.303 
(0.407) 

-0.445 
(-0.171) 
-0.731 

(-0.731) 

C-5 

0.258 
(0.052) 
0.468 

(0.472) 
0.556 

(0.690) 

C-6 

0.258 
(0.052) 

-0.468 
(-0.472) 

0.556 -
(0.690) 

" SCF energies: 3B211 = -227.6964 hartrees (1B2U = -227.6361 hartrees). * Doubly occupied MO. c Singly occupied MO. 

MO's, are optimized. Such wave functions can be obtained by 
multiconfigurational (MC) SCF calculations. However, recent 
experience with calculations on methylene, using this type of 
wave function for the lowest singlet, suggests that it may tend 
to give an artificially low, closed shell singlet energy, when 
compared with open shell singlet and triplet wave functions, 
obtained by single configuration SCF calculations.21 There
fore, we compared the energies of 1Ag, 'B2U, and 3B2U by using 
the MO's of the triplet to carry out full ir space CI calculations 
for all three states.22 This approach, moreover, has the virtue 
of including the energy differences that arise from correlation 
of all the ir electrons. Differences between states in the corre
lation of open and closed shell electrons can have important 
effects on the relative energies of the states in open shell ir 
systems.10-23 

The full 7T space CI calculations on 7 show the triplet to be 
ground state (E = —227.8140 hartrees) with the open 
shell 'B2u state now 29.9 kcal/mol above it and 'Ag another 
9.3 kcal/mol higher still in energy. As is the case in trimeth-
ylenemethane,12b'c the CI expansions for both singlet states 
of 7 contain sizable contributions from configurations involving 
one-electron excitations of the type interdicted by Brillouins' 
theorem24 for SCF-MO's. This fact shows that the MO's of 
the triplet, which were used in the CI, are not the SCF-MO's 
for either singlet. Thus, both the ab initio SCF and CI results 
fully confirm the qualitative expectations, based on inspection 
of the Huckel NBMO's for 7.37 

Tetramethylenethaiie (8). Like 1,3-dimethylenecyclobuta-
diene (7), no classical Kekule structures can be written for 
tetramethylenethane (8),25 and 8 too can be dissected into two 
allyl radicals, as shown in Figure 5. Unlike 7, however, the 
union in 8 takes place between the inactive carbon of each allyl 
radical, rather than between an inactive carbon of one and an 
active carbon of the other. Consequently, at the level of simple 
Huckel theory, the NMBO's of the two allylic fragments do 
not mix with each other nor with any of the other MO's. Thus, 
the Huckel NBMO's of 8 can be taken as those of the isolated 
fragments. Since these NBMO's are clearly confined to sep
arate sets of atoms, 8, like 1, is anticipated to have a singlet 
state that, at the SCF level, is approximately degenerate with 
the triplet, and these states are expected to use a common set 
of MO's. 

It must be noted, however, that these localized NBMO's are 
not eigenfunctions of the symmetry operators in the D2h point 
group to which planar 8 belongs. Linear combinations of the 
localized NBMO's must be taken to obtain MO's that trans
form as irreducible representations of D2h- In the planar 
molecule the in-phase combination of localized NBMO's lies 
slightly below the out-of-phase,27 due to nonnearest neighbor 
TT interactions between the allylic fragments, which simple 
Huckel theory ignores. The question then arises, which set of 
NBMO's should be used in classifying 8, the localized set that 
confines the nonbonding electrons to different sets of atoms, 
or the delocalized set, which has the correct symmetry prop
erties? 

Figure 5. PMO analysis of tetramethylenethane (8), in terms of the union 
of two allyl radicals, and NBMO's of 8. Normalization requires a = 

A similar type of question can be raised in cyclobutadiene 
(1). Consider the MO's for rectangularly distorted 1 as it ap
proaches a square geometry. At a rectangular geometry, where 
t\i and /-34 are the short bond lengths, the MO 

lies below 

\p2 = Ol + <t>2 - 4>3 - </>4)/2 

iA3 = Oi - 4>2 ~ 4>i + <t>4)/2 

(2) 

(3) 

As a square geometry is approached, the use of a CI wave 
function of the form 

* = c. H2)-c2\ ^2) (4) 

becomes increasingly important for the singlet. The physical 
reason for this fact is that, as a square geometry is approached, 
little TT bonding is gained by placing both electrons in \p2, and 
having both electrons in the same MO results in substantial 
Coulombic repulsion between them. The effect of the second 
term in the wave function on decreasing the Coulombic re
pulsion energy can easily be appreciated by looking at the limit 
of a square geometry, where, by symmetry, c\ = C2- The wave 
function, ^ , can then be rewritten as 

* = ( | . . . ^ 2 2 > 2\ - . ^ 3 2 » / 2 ' / 2 = ( | . . . W 2 

+ hnti - fo)p) + 1 . . . (h - hnti 

+ \...te"W))/2x/2 (5) 
where 

+r = Oi ~ 4>i)l2x'2 (6) 

(7) 

Thus, CI increasingly restricts these two electrons in the lowest 
singlet to different sets of atoms, until at a square geometry 
their confinement is complete. Although both the primed and 
unprimed MO's are, from the point of view of symmetry, 
equally valid choices for square cyclobutadiene,29 in terms of 
giving the most readily interpretable wave function for the 
singlet, the primed set of MO's is certainly the better of the two. 
Indeed, if the unprimed set of MO's were chosen for the 
classification of the ir system of 1, one might erroneously 
conclude that, since these NBMO's span common sets of 
atoms, the -K system of 1 belongs to the same class as that of 
2. 

This illustrates a potential pitfall in using the Huckel 
NBMO's of a diradical to classify it, rather than dissecting it 
into two odd AH fragments and determining their mode of 
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union. If the Hiickel NBMO's have atoms in common, one 
must take care to form orthonormal linear combinations of 
them in order to see if the resulting MO's can be confined to 
different sets of atoms. Linear combinations of the unprimed 
NBMO's of 1 in eq 2 and 3 can be so localized, since their sum 
and difference yields the primed set of NBMO's in eq 6 and 
7. In contrast, in molecules like 2,6, and 7 no orthogonal linear 
combinations of the Hiickel NBMO's can be found that are 
confined to different sets of atoms. Since localization is clearly 
possible for the Hiickel NBMO's in 8, this diradical belongs 
to the same class as 1, rather than to the class containing 2, 
despite assertions to the contrary in the literature.26 

As noted above, only at geometries of 1 where the C-C 
bonds all have the same length do c\ and c2 in eq 4 have exactly 
the same magnitude; consequently, only at such geomet
ries can it be accurately said that in the lowest singlet state one 
electron is localized in \p2' and the other in ^3 .2 9 3 0 Of course, 
at nonsquare geometries there is no MO degeneracy, and 1 is 
not truly a diradical. Similarly, in 8 only at some nonplanar 
geometry do the symmetry combinations 

4A = W2-M/*/2 
(8) 

(9) 

of the localized allyl NBMO's, fa and \p?, have the exact same 
energy.27 Consequently, only at this geometry do the coeffi
cients, Ci and Ci, in the normalized two-configuration wave 
function for the lowest singlet state of 8 

* = c,| . . . ^ s 2 ) ~c2\ . . . ^ A 2 ) (10) 

have the same magnitude, so that the nonbonding electrons 
each occupy one of the localized allyl NBMO's. In eq 10 the 
wave function for the electrons in ^s and I/A may be rewritten 
in terms of the localized NBMO's as 
C,|0S2> - C2|^A2) = (C1I(^2 + ^2,)2) _ C2](^2 

-M2))/2= [(C1- C2)(I^2
2) + \h'2)) 

+ (C, + C2)(I^2 '*3) + |*2'a*2fl»]/2 (H) 

The relative magnitudes of c\ — c2 and c\ + c2 are thus in
dicative of the extent to which in planar 8 these electrons each 
occupy a separate, localized, allyl NBMO and also of the ex
tent to which planar 8 may, strictly speaking, be called a di
radical. 

Since the nonnearest neighbor x interactions in planar 8 that 
cause \ps to lie below I/A are relatively small, it seemed rea
sonable to expect the magnitude of c\ + c2 to be much greater 
than that of c\ — c2. To confirm this expectation, we carried 
out ab initio calculations on planar 8, using the same bond 
length as in 7 for the C-C bonds within each allylic fragment, 
1.50 A for the bond joining the fragments, and assuming 120° 
bond angles about each carbon. The values of c\ + c2 and c\ 
— C2 can be obtained from the coefficients in the CI expansion 

for the lowest singlet state of 8, using either the localized allyl 
or delocalized symmetry NBMO's to form the CI matrix. We 
carried out calculations using both sets of NBMO's. 

The delocalized symmetry NBMO's were obtained from an 
SCF calculation on the triplet state of 8, despite the fact that 
the MO's were required to have, rather than D2h, only C2v 
symmetry with the C2 axis along the unique C-C bond. All the 
7T MO's are listed in Table II, labeled by the representation of 
C2V to which each belongs. Note that lb] and2b] are not just 
the in- and out-of-phase combinations of the x bonding MO's 
of each allylic fragment, because of the mixing between the 
bonding MO of one fragment and the antibonding MO of the 
other. The normalization coefficients of ^s and I/'A differ be
cause of the net difference between them of 0.019 in nonnearest 
neighbor T overlap integrals. The greater positive overlap of 
this type in \ps (Ia2) is responsible for its orbital energy being 
computed as 6.8 kcal/mol below that of ^A (2a2). 

Also shown in Table II are the localized allyl NBMO's. They 
were obtained from an SCF calculation on the lowest singlet, 
in which two electrons were constrained to occupy orthogonal 
a2 MO's.31 This singlet is calculated to have the same SCF 
energy as the triplet to within 0.01 kcal/mol. As expected, the 
doubly occupied MO's (lbi and 2bi) found by the SCF cal
culation on the singlet are identical with those that emerged 
from the calculation on the triplet. The very small amount of 
derealization in the NBMO's of the singlet is a consequence 
of the orthogonality requirement, since the totally localized 
allyl NBMO's in planar 8 are not orthogonal to each other, 
because of the nonzero -K overlap between them. 

Full 7T space CI calculations were carried out for the singlet 
and the triplet, using both the localized and delocalized 
NBMO's to form the CI matrices. Diagonalization of the 
matrices formed from either set of MO's gives the same energy. 
At the CI level the singlet (E = -228.9794 hartrees) is cal
culated to lie below the triplet by 5.3 kcal/mol. Previous 
semiempirical IT electron calculations on planar 8, including 
extensive (but not complete) 7r space CI, have also shown that 
these two states are close in energy but found the triplet to lie 
lowest.28 

Although the lower energy of the singlet at the CI level can 
in part be attributed to the possibility of the double occupancy 
of I/'S in this state, greater nonnearest neighbor bonding in the 
singlet cannot be totally responsible for its lower energy. Given 
the difference of only 6.8 kcal/mol in the orbital energies of 
î s and I/'A, the occupation number of i/s would have to be 
nearly two and that of Î A zero, if this effect were to account 
for the singlet-triplet energy difference. This would require 
Ci in eq 10 to approach 1 and c2 to approach zero, which would 
give a ratio of Ci + C2 toci — c2of 1. Our CI results indicate 
that this is not at all what obtains, for both sets of CI calcula
tions on the singlet give Ci + C2 = 1.238 and c\ — C2 = 0.066. 
The ratio of covalent to ionic terms of nearly 20 to 1 in the wave 

Table H. Coefficients at Each Atom in the ir MO's of Triplet (Singlet)" Tetramethylenethane6 

MO 

I b 1 ' 
2b,' ' 
3b , d 

4b , << 

I a 2 " 

2 a 2
e 

C-I 

0.242 
0.366 
0.454 
0.369 
0.504 

(0.716) 
0.509 

(0.004) 

C-2 

0.470 
0.399 

-0.474 
-0.741 

C-3 

0.242 
0.366 
0.454 
0.369 

-0 .504 
(-0.716) 
-0.509 

(-0.004) 

C-4 

0.242 
-0.366 

0.454 
-0.369 

0.504 
(-0.004) 
-0.509 

(-0.716) 

C-5 

0.470 
-0.399 
-0.474 

0.741 

C-6 

0.242 
-0.366 

0.454 
-0 .369 
-0.504 
(0.004) 
0.509 

(0.716) 

" The singlet and triplet SCF calculations lead to the same set of b, MO's. b SCF energy for both states = -228.8389 hartrees. c Doubly 
occupied MO. d Unoccupied MO. e Singly occupied MO. 
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function for the two electrons in the highest occupied MO's 
reflects the near degeneracy of ^s and ^A and justifies the 
appellation of diradical for planar 8. In addition, this ratio 
suggests that nonnearest neighbor bonding, resulting from 
double occupancy of \ps in the singlet, can play only a minor 
role in causing its energy to be lower than that of the triplet. 
Indeed, when c\ — ci is set equal to zero by omitting | . . . fc2) 
and I . . . \p2'2) from the CI expansion for the singlet, the energy 
of this state is computed to be only 0.4 kcal/mol higher than 
when these configurations are included. 

Another contributor to the lower energy calculated for the 
singlet at the CI level is an effect invoked several years ago by 
Dewar32 in an ingenious attempt to explain why triplet tri-
methylenemethane (2) prefers a planar geometry but the 
corresponding singlet does not. Dewar argued that if one 
considers 2 as resulting from union of an allyl radical with a 
carbon bearing a p-x orbital, then the p-ir orbital on the central 
carbon of the allyl radical contains some spin density of the 
opposite sign from that possessed by the unpaired electron in 
its NBMO. In triplet 2 the electron in the p orbital on the lone 
carbon also has spin opposite to that induced at the central 
carbon, so ir bonding between these two carbons can occur. In 
contrast, in the singlet the spins in the p-x orbitals at these two 
carbons are the same, so x bonding between them cannot occur. 
However, since negative spin density only appears in MO 
calculations at the CI level, the effect invoked by Dewar does 
not explain his own SCF results.32-33 Nevertheless, the effect 
described by him does exist in 2 at the CI /eue/.12b-c 

The same argument, applied to planar 8, predicts greater 
ir bonding between the central carbon atoms of the allylic 
fragments in the singlet than in the triplet. In fact, the ir bond 
order between these carbons, calculated from the CI wave 
function for each state, is greater in the singlet (0.179) than 
in the triplet (0.135).34 Configuration interaction of the type 
that correlates the two electrons in the NBMO's with those in 
the bonding TT MO'S thus does appear to play a crucial role in 
making the singlet the calculated ground state of planar 8. This 
is another feature that 8 shares with cyclobutadiene,10 in ad
dition to a degenerate (or nearly degenerate) lowest singlet and 
triplet state at the SCF level and a common set of MO's29 for 
both states. 

Starred and Unstarred Atoms. Diradicals 1 and 8 have still 
another property in common. They are both AH's4,5 with equal 
numbers of starred and unstarred atoms. This is another fea
ture that sets them apart from 2 and 7, which are also AH's, 
but in which the starred outnumber the unstarred atoms by 
two. As shown in Figure 6, molecules 5 and 6 are similarly 
differentiated. The fact that molecules belonging to the cy
clobutadiene (1) class have the same number of starred and 
unstarred atoms, while molecules of the trimethylenemethane 
(2) type do not, is no accident. Rather, as shown in the Ap
pendix, it is a necessary consequence of the fact that the Huckel 
NBMO's of the former class can be chosen to have no atoms 
in common, whereas those of the latter cannot. When the 
number of starred and unstarred atoms in a diradical is equal, 
one NBMO can be confined to the former set and the other to 
the latter set of atoms. However, when the starred outnumber 
the unstarred atoms by two, the Huckel MO's are both con
fined to atoms of the starred set. 

Nevertheless, even if the Huckel NBMO's of a diradical 
both span the starred set of atoms, there still exists the possi
bility that they can be localized to different atoms of this set. 
This will occur when a diradical can be analyzed as resulting 
from union of two odd AH's at an inactive carbon of each, 
provided that in one and only one of the odd AH fragments the 
inactive carbon belongs to the same (starred) set as the active 
carbons of the NBMO. An example of such a molecule is 
1,1,2,3,3-pentamethylenepropane (9). Note that in this di
radical the starred outnumber the unstarred atoms by two; 

2 6 7 

Figure 6. Starred and unstarred atoms in 1, 2, 5, 6, 7, and 8. 

nevertheless, the NBMO's can be taken as those of two isolated 
allyl radicals. 

a O1, a * I, * 

-a -a * * 

a = 2'm 9 

Conclusions 
Although just counting the number of starred and unstarred 

atoms in an AH diradical does not provide an infallible method 
for determining whether its Huckel NBMO's necessarily have 
atoms in common, the zero sum rule for NBMO's in AH's can 
always be used to find the NBMO's directly. Alternatively, the 
molecule may be divided into two odd AH fragments and the 
mode of their union analyzed to see whether it involves (a) two 
active atoms (with equal and opposite coefficients in the 
NBMO) of one fragment with an active carbon of the other, 
as in 1; (b) an active carbon of one fragment with an inactive 
of the other, as in 2; or (c) two inactive carbons, as in 8 and 9. 
No matter which method is chosen to ascertain whether the 
Huckel NBMO's necessarily span common atoms, it is clear 
that such a classification is of the utmost utility in determining 
the electronic properties of diradicals. It should be noted, 
however, that such a classification may not lead to the correct 
prediction of the ground state of every diradical.35 For instance, 
the effects of CI23 and/or geometrical distortions9 can cause 
a singlet to become the ground state of large molecules with 
a half-filled pair of MO's that are degenerate at the most 
symmetrical molecular geometry, even if these MO's have 
atoms in common. Nevertheless, by determining whether the 
Huckel NBMO's necessarily span common atoms, it is always 
possible to deduce whether the triplet and corresponding open 
shell singlet state of a diradical use the same set of orbitals. This 
determination can be crucial to the correct understanding of 
the differences in the chemical behavior of these states.12'13 
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Appendix 
The localizability of the NBMO's of diradicals onto disjoint 

sets of atoms may be investigated by using some properties of 
the nonzero parts of the adjacency matrices for the starred and 
unstarred atoms in AH's. This approach draws on recent work 
by Hall.36 

Suppose the atoms in an AH are starred so that, as is cus
tomarily the case, the number of starred atoms, n, is greater 
than the number of unstarred atoms, m. The Huckel equation 
for an AH can be cast in the form 
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(12) 

Here Asu is the nonzero part of the adjacency matrix for the 
starred atoms, in which 1 is entered in a row, corresponding 
to a starred atom, and column, corresponding to an unstarred 
atom, if the atoms are nearest neighbors. Otherwise, zero is 
entered, which is why two blocks of the full adjacency matrix 
in eq 12 are zero, since in an AH each starred atom has only 
unstarred atoms as its nearest neighbors and vice versa. Aus is 
the nonzero part of the adjacency matrix for the unstarred 
atoms, which is just the transpose of Asu; cs/ and cu,- are re
spectively the coefficients of the starred and unstarred atoms 
in the (th MO; and e, is the orbital energy, relative to a, in units 
of /3. Equation 12 can be divided into two separate matrix 
equations 

(A s u) (Cu/) = (Cs/)*/ (13) 

(Aus)(cs,0 = (cUi)ti i = 1 . .. m (14) 

Multiplication of the first of these equations by (Aus) and 
substitution from the second into the right-hand side of the 
resulting equation gives 

. 2 7 = 1 tvi (AUs)(ASu)(Cu,) = (Cui)ti 

Similarly 

(Asu)(Aus)(cs,) = (csi)(,-
: i = 1 . . . n 

(15) 

(16) 

The rank, r, of any matrix (A) is the number of linearly inde
pendent rows (or columns) of (A) and is also equal to the 
number of nonzero eigenvalues of (A)(A1") and (AT)(A), where 
(AT) is the transpose of (A). Moreover, the nonzero eigenvalues 
of (A)(AT) and (AT)(A) are identical. Therefore, for each 
distinct nonzero eigenvalue, «,2, of (AUs)(ASu) with associated 
eigenvector (cUi), there is an identical eigenvalue of (ASU)(AUS) 
with associated eigenvector (cs,). This suffices to show that 
the eigenvalues of (12) are ±e/, with associated eigenvectors 

H a n d ( C s ' ) 
\Cui/ \-Cui7 

and thus constitutes an alternate proof of the pairing theo
rem.4-5 

In addition to the r nonzero eigenvalues of (AUS)(ASU), there 
are m — r with e,- = 0, whose eigenvectors can be seen, from 
eq 15, to span only the unstarred atoms. Similarly, there are 
n — r eigenvalues of (Asu)(AUs) with e,- = 0, whose eigenvectors 
span only the starred atoms. Urn — r = n — r = 1, then there 
are two NBMO's one of which is localized on the unstarred 
atoms, while the other is confined to the starred atoms. As 
pointed out in the text, the NBMO's are so localized in cyclo-
butadiene (1). In this molecule m = n = 2 and 

<*->-(! I) (17) 

so r = 1. Thus, m — r = n — r = 1, as expected. Similarly, in 
tetramethylenethane (8) m = n = 3 and 

(Asu) = (18) 

so r = 2. Thus, again, m — r = n— r= 1, and the existence of 
two NBMO's, confined to different sets of atoms, is predict
ed. 

In diradicals where the NBMO's are both confined to atoms 
of the starred set, it is still possible that the NBMO's can be 

localized to different atoms within this set. To see if this is the 
case, it is useful to look at (Aus), the matrix whose elements 
multiply the unknown coefficients of the starred atoms in eq 
14. A sufficient condition for localizability of the NBMO's to 
disjoint groups of atoms is the existence of two pairs of columns 
in (Aus) that are disjoint. For example, in trimethylenemethane 
(2), where m = 1 and n = 3, 

(Aus) = (1 1 (19) 

so r = 1, m — r = 0, and n — r = 2. Thus, there are two 
NBMO's in 2, both confined to the starred set of atoms. The 
NBMO's of 2 cannot be localized onto different atoms of this 
set, since the columns of (Aus) in eq 19 cannot be partitioned 
into two pairs that are disjoint. The same is true of the columns 
of (Aus) for 1,3-dimethylenecyclobutadiene (7), where again 
m — Z-=O, n — r = 2, and 

(Au5) - (J 1 1 0\ 
1 1 1/ 

However, for 1,1,2,3,3-pentamethylenepropane (9) 

(20) 

(Aus) = 
/ 1 

0 

\o 

1 

0 
0 

1 
1 
1 

0 
0 
1 

0 
0 
1 

and the columns can be partitioned into pairs (1,2 and 4,5) that 
are disjoint. Consequently, despite the fact that m — r = 0 and 
n — r = 2, the NBMO's of this molecule can be chosen so that 
they have no common atoms. 
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of the first excited singlet. Whether the lowest rubrene 
(5,6,11,12-tetraphenylnaphthacene) triplet possesses sufficient 
energy to undergo this process has long been questioned.3-6 

Despite electrochemiluminescence studies4 that seem to in
dicate that rubrene does yield delayed fluorescence, direct 
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Abstract: An absorbance transient assigned to the lowest rubrene triplet can be sensitized by energy transfer from flash-excited 
anthracene or benzophenone. In acetonitrile this transient showed a first-order lifetime of 80-120 ^s. Delayed fluorescence 
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energy of the rubrene triplet by using various electron acceptors as quenching agents. The results are consistent with a triplet 
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