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Abstract: The potential energy surface for D2, 1,3-dimethylenecyclobutadiene (DMCBD) has been explored by ab initio MO
calculations, including full =-space CI. The minimum energy geometries of the lowest triplet (3Byy) and the two lowest singlets
(1Ag and 'By,) have been located. The triplet is the ground state, and !Ag is the lowest singlet. However, near the 1B,, mini-
mum 'Ag and !B, are accidentally degenerate. As a result of the proximity of the two singlets in this D,y region, a by, molecu-
lar distortion to Ca, symmetry is found to be energetically favorable, not only at points where 1A, and !B, have the same ener-
gy but also at the !By, minimum. Consequently, this “minimum” is really a saddle point on the 'A; potential surface, whose
only global minimum is that of 'Ag. The important features of the potential surface can be reproduced by a two-state model
that would appear to provide a general description of both first- and second-order Jahn-Teller effects.

The diradical, 1,3-dimethylenecyclobutadiene
(DMCBD), is a target for synthesis in several laboratories. In
a recent paper! we pointed out that this molecule belongs to
a class of diradicals in which the two Hiickel nonbonding MOs
cannot be confined to disjoint sets of atoms, Consequently, the
triplet (*B5y) is anticipated to lie below the lowest open-shell
singlet (1B5,), and the MOs for the two states are expected to
be different.! The difference is most pronounced in the by,
manifold of MOs, which contains the nonbonding MO (2by,)
whose coefficients are not determined by symmetry. In the !B,
state the 2b,, orbital is much more localized to the two exo-
cyclic carbon atoms than the corresponding Hiickel MO. This
localization keeps the single electron in 2by, away from the one
of opposite spin in bsg, which is confined by symmetry to two
ring carbon atoms. As a consequence of the localization of 2by,,
1by, is confined largely to the ring carbon atoms; in fact, it
resembles closely the lowest MO in cyclobutadiene. In contrast,
the by MOs in the triplet are much more delocalized. The
doubly occupied 1b, MO is almost identical in both states,
consisting essentially of an out-of-phase combination of two
ethylene bonding MOs. The bonding in the !B, state may,
therefore, be crudely represented by the two resonance struc-
tures in 1. The bonding in By, being more delocalized, is
harder to represent pictorially.

A

1 2

In addition to the 'Bj, configuration, in which 2b;, and big
are singly occupied, there exist 'A, configurations in which
each nonbonding MO is doubly occupied. As discussed pre-
viously,' the two configurations mix to give a low-lying 'A,
state of the form

1Ag =].. . 1bf,1b3,2b3,) —c]. .. 1b3,1b3b%,) (1)

This two-configuration wave function largely localizes one
electron at each of the two ring atoms not adjacent to an exo-
cyclic methylene group. Thus, the bonding in the A, state may
be approximated by 2.

The similarity between the two lowest singlet states in
DMCBD and trimethylenemethane (TMM) is apparent in
comparing 1 and 2 with the representations of the bonding in
the lowest singlets of TMM.2 However, there are some im-
portant differences between the molecules. In TMM the
Hiickel nonbonding MOs are degenerate by symmetry; in
DMCBD they are only accidentally degenerate. Indeed, as
discussed previously,! the degeneracy of the nonbonding MOs

0002-7863/78/1500-3299$01.00/0

in DMCBD is lifted in going beyond the simplifications of
Hiickel theory. Consequently, the two configurations in eq 1
have unequal coefficients (¢ s 1). Moreover, the absence of
degenerate representations from the D, point group, to which
DMCBD belongs, means that there is no fixed set of geome-
tries at which !B, and 'A, must have the same energy. This
contrasts, of course, with the situation in TMM where the two
lowest singlets are required by symmetry to be degenerate at
all D3, geometries, since together they form a basis for the 'E’
representation of the D3, point group.

Because of the lifting of the Hiickel degeneracy of the two
nonbonding MOs in DMCBD, we expected that 'A, would lie
below !B;,. However, at the assumed geometry (all C-C bond
lengths set equal to 1.41 A) where we carried out our initial
calculations,! we found the reverse to be true. This suggested
that at some set of points intermediate between this geometry
and the 'A; minimum, a crossing of the !By, and ! A, states
would be encountered. Our interest in the behavior of potential
surfaces around such points of intersection,># coupled with
a desire to locate the *Bj,, By, and 'A, minima and to es-
tablish their relative energies, led to this study.

Results and Discussion

D»j, Geometries. SCF calculations were carried out with Dy
symmetry constraints, using an STO-3G basis set,’ for the
lowest 3By, and !B, configurations, as well as for the two 1A,
configurations in eq 1. The resulting MOs were used to form
matrices for complete w-space CI calculations. The results of
such calculations should be independent of the set of # MOs
used; however, the results will depend on the electron distri-
bution in the o core, which is established at the SCF level. It
was found that SCF calculations on either 'A, configuration
gave the worst CI energies, even for the lowest lAg state. This
was not surprising since an adequate 'A, wave function re-
quires two Slater determinants (eq 1), and it was anticipated
that a single determinantal 'A, SCF wave function would
probably contain a severely distorted o core. The MOs from
the *B,, and 'B,, SCF calculations gave the same CI energies
to within 0.0001 hartree for the 3B, state and also for the !B»,
state. Nevertheless, the MOs from the B, SCF calculation
gave a slightly better CI energy for the A, state than those
from the !By, SCF. Consequently, only the CI results using
the MOs from the triplet SCF calculations are reported
here.

In order to find the minimum energy geometry for each
state, the C-C bond lengths internal and external to the ring
were varied. A standard geometry about the methylene groups
was assumed with the C-H bond lengths fixed at 1.10 A and
the H-C-H angles at 120°. The four-membered ring was kept
planar, but the effect of changing the ring angles from 90° was
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Figure 1. Effect of a by, distortion on DMCBD.

Table I. Optimized D,, Geometries and CI Energies

Energy,
State Fint, A Pty A kcal /mol ¢
3By, 1.471 1.374 0
1Bsyy 1.451 1.427 352
'Ag 1.506 1.342 23.6

a Relative to 3By, E = —227.8257 hartrees.

investigated at a point near the ' A, minimum. For distortions
of the ring angles by £5°, the energies of all the states in-
creased. However, some asymmetry was noted in the energy
changes, the increases being largest when the bond angles at
C-1 and C-3 were widened to 95°, moving these two carbons
closer together. This asymmetry is probably due to the fact that
the doubly occupied 1by, MO is strongly antibonding between
these two carbons. The 'A, state showed the largest asym-
metry. Cross-ring = bonding between C-2 and C-4, which are
moved apart on opening the angles of C-1 and C-3 t0 95° and
brought closer on decreasing these angles to 85°, would be
expected to be strongest in this state. The asymmetry in the
energy increases on ring bond angle changes of +5° indicated
that the optimal angles were not exactly 90° and, moreover,
were different for different states. Nevertheless, it was also
clear that the C-1 and C-3 ring bond angles for all the states
were within the range 91 + 1°, so that it seemed pointless to
carry out the rest of the geometry optimization with different
angles for each state. Keeping all the bond angles at 90° for
cach state allowed a single SCF calculation on *B,, to be used
to generate the CI matrices for all three states. From the CI
energies the optimal internal and external C-C bond lengths
were found for each state, assuming quadratic potentials to
obtain the last significant figure. The results are shown in Table
I.

The optimized geometries for the two singlet states are
consistent with the depiction in 1 and 2 of the bonding in them.
The internal and external C-C bonds in 'B,, are nearly the
same length and about halfway between the lengths of double
and single bonds. The external bonds in 'A, are about the
length of double bonds, although the internal ring bonds are
slightly shorter than expected for pure single bonds. This
shortening suggests that in ' A, there is actually some weak
bonding between the ring carbon atoms, analogous to that
found between the central and the symmetry equivalent pair
of carbons in the ' A, state of TMM.2 The bond lengths in the
*B,, state are intermediate between the corresponding ones
in the two lowest singlets, but slightly shorter than the nu-
merical average of those in the singlets. In this respect a parallel
with TMM is again noted.

Inspection of Table I shows that 3B,, is the ground state of
DMCBD and that the energy of the 'A; minimum is, indeed,
lower than that of the 'B,,. However, at the 'B,, minimum the
'A, state lies 3.8 kcal/mol above 'B,,. Therefore, these two
states must have the same energy at some set of D, geometries
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Figure 2. Schematic potential surface for 'A; DMCBD as a function of
Aand L.

between the 'A, and !By, minima. By varying the internal and
external C-C bond lengths, the points were located at which
the two states are accidentally degenerate. The points were
found to lie approximately on a straight line passing through
the geometries (internal, external) = (1.450, 1.408 A) and
(1.460, 1.418 A). Calculation of the energy of points along this
line showed that the minimum energy occurred at (1.458, 1.416
A). This point also lies on the straight line joining the 'A, and
IB,, minima. At this point the energy of the two states is only
0.3 kcal/mol above that at the ' B,, minimum, but a pathway
through this point is not the lowest energy route from the 'By,
to the 'A, minimum.

Distortions to C, Geometries. Group theory shows that a
distortion of by, symmetry is capable of mixing states of A,
and B,, symmetry. The effect of this distortion is to lengthen
both C-C bonds to C, and to shorten those to C4 by the same
amount, as shown in Figure 1. This reduces the symmetry to
(5, with the twofold axis passing through C-2 and C-4. Both
A, and By, in the Dy, point group correlate with A of Cs,,
which is why mixing can occur between them. Since at (1.458,
1.416 A) 'A, and 'B,, are degenerate, mixing between these
states should be linear in a b,, distortion coordinate and pro-
vide a lower energy pathway from the ' B, to the ' A, minimum
than one that preserves D,; symmetry. This is illustrated
schematically in Figure 2. A parallel is noted with the Jahn-
Teller effect,® which in TMM lifts the symmetry enforced
degeneracy of the 'A; and ' B, components of 'E’ by allowing
them to mix.? In fact, the by, distortion that lifts the accidental
degeneracy of 'By, and 'A, in DMCBD may also be consid-
ered a first-order Jahn-Teller effect.

In order to investigate the Jahn-Teller effect in DMCBD,
we studied b, distortions as a function of two parameters. One
of these, A, is the magnitude of the b,, distortion (Figure 1).
The other, L, defines the D»;, geometry along the line joining
the 'A, and 'B,, minima.

Some care had to be taken in relaxing the D,, symmetry
constraints on the wave functions for it sometimes happens
that, on reducing the symmetry required of an SCF wave
function, solutions of broken symmetry appear at undistorted
geometries.2# This can introduce discontinuities into the cal-
culated energies. For example, when only C,,. symmetry is
required of the DMCBD wave function, the 'B,, SCF solution
might be expected to be unstable at D>, geometries where 'A,
is lower in energy. The 'A, wave function in eq 1 can be fac-
tored! as
Ag =|...1b63,1b3,(2b1, + Ve by)

X (2bjy = Ve bag)(aB — Ba))  (2)
In C5, symmetry this becomes an open-shell ' A| wave func-
tion

Ay = |... 1b}1a32b,3b;(aB — Ba)) (3)



Davidson, Borden, Smith | Potential Surface for 1,3-Dimethylenecyclobutadiene

Table II. Effect of C,, Distortions on the Lowest Singlet State
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Fint Fext ARA)=0 0.01 0.02 0.03 0.04
1.458 1.4164 —227.76914 —227.7719 -227.7738 —227.7747 —227.7747
1.451 1.427% —227.7696 —227.7705 =227.7718 —227.7725 —227.7723
1.506 1.342¢ —227.7881 —227.7878

2 Crossing of ! Ay and !Byy. ® 1By, minimum. ¢ 1Ay minimum. ¢ Energies in hartrees.

which has the same form as that assumed by the !B,, SCF
wave function when the symmetry imposed on the MOs is re-
duced to Cy,.. Therefore, in regions where 1A, lies below !B,
a Cy, constrained open-shell SCF calculation would probably
converge to the ' A, SCF wave function. Since this SCF wave
function has a different ¢ core than that for 1B,,, the CI energy
for the !B,y state would not be the same as that computed with
a Dy, symmetry constrained SCF calculation on !B,,.

The occurrence of this phenomenon was verified at the Dy
geometry (internal, external) = (1.460, 1.370 A). Unless ¢ =
1, the factorization in eq 2 requires that 2b; and 3b, ineq 3 be
allowed to be nonorthogonal. Therefore, a nonorthogonal SCF
program was used, with only C,, symmetry imposed on the
open-shell 1A wave function. The resulting MOs are shown
in Figure 3. As can be seen, the 2b; and 3b; MOs are mirror
images of each other; so the SCF wave function does, in fact,
have 'A, symmetry in D,,. The SCF energy was —227.6960
hartrees, lower by 0.0656 hartree than the Dy, symmetry
constrained !B, solution.”

When the MOs from the nonorthogonal open-shell SCF
calculation were used to carry out full w-space CI, as expected,
1B,, was found to be significantly higher in energy than when
the MOs from D, symmetry constrained !B, or 3B,, SCF
calculations were employed. Surprisingly, however, the CI
energy of ' A, was also found to be slightly higher than when
3B,y SCF MOs were used. Obviously, the set of ¢ MOs from
the D5y constrained ?B,, SCF calculation must be more ap-
propriate for the 'A, CI wave function than those from the
nonorthogonal, C,, constrained, SCF calculation on the
open-shell LA state. Since it was also found that triplet SCF
calculations gave the same set of MOs, whether the calcula-
tions were carried out with D5, or C,, symmetry constraints,
the lowest triplet was the obvious configuration to use to define
SCF MOs for CI calculations at C,,. geometries.

Table 11 lists some of the CI results for DMCBD at C,
geometries. For the series that begins at the minimum energy
Dy, geometry where ' Ay and 1By, are degenerate (1.458,1.416
A), for small A (<0.01) the drop in energy appears linear in
A, as expected. At larger A a second-order term with positive
coefficient is evident, leading to a minimum at A = 0.035 A
and a net energy lowering of 3.6 kcal/mol upon distortion. The
optimized distorted geometry suggests that the wave function
here may be roughly described as that for a pentadienyl radical
plus an electron localized in a p orbital (3).

At the 1By, minimum (1.451, 1.427 A) the two D, states
are not degenerate. Therefore, the initial drop on distortion to
C», symmetry appears quadratic in A, as expected of a sec-
ond-order Jahn-Teller effect.® The energy drop on distortion
is 1.8 kcal/ mol at an optimum A = 0.033 A. Although the
optimized 'By,D3, geometry is a relative minimum in the
coordinate L, it is obviously not a minimum in A. Thus, the
By, “minimum” is actually a saddle point on the lowest 'A,
(C2;) potential surface. This is illustrated in Figure 2. The A,

+ .27 + .27
0 0
.93 c 0 .93
+ +
2b, 3b,
+ .1 + .ug
42 ‘.ua
.13 ? °
+ —
1b; 10,

Figure 3. The four lowest # MOs of 'A; (*Ag in Doy symmetry) DMCBD,
obtained from an SCF calculation in which 2b; and 3b; were allowed to
be nonorthogonal.

minimum does, however, represent a true global minimum, as
indicated by the third line of Table I, which shows an energy
increase on distortion from (1.506, 1.342 .Z\).

A Generalized Treatment of Jahn-Teller Effects. We have
found that the complicated behavior of the energy as a function
of A and L in DMCBD can be reproduced by a simple, par-
ametrized, two-state interaction model. Consider two states,
A and B, with energies given by

HAA(A,L) = EA(O,L) + kAAZ (4)
HBB(A,L) = EB(O,L) + kBAZ (5)

In DMCBD EA(0,L) and Eg(0,L) correspond to the energies
of the D,y 1A, and !By, states. The energies of the unmixed
states, A and B, are assumed to increase quadratically with A,
since their energies must, by symmetry, be even functions of
A. The off-diagonal element that mixes A and B is, as required
by the Jahn-Teller theorem,5 assumed to be linear in A.

Hap(A) = kaA (6)

For the sake of simplicity we have assumed H g to be inde-
pendent of L, although this certainly need not be the case.
Diagonalizing the two-state interaction matrix gives

E=(Ex+ Eg)/2+ (ka + kp)A2/2
 ([(Ea = En) + (ka = kp)A212/4 + k3pa2)'/2 (7)

Immediately one can see that the sum of the roots will increase
with A in exactly the same manner as the average of diagonal
elements. Therefore, if the lowest root decreases in energy with
A, the upper root will increase much more rapidly. This is
shown in Figure 2 and was evident in our calculations on not
only DMCBD, but also a variety of other molecules.2*

Further discussion of eq 7 is simplified by assuming that k o
= kg. At a point in L where states A and B are degenerate,
whether by symmetry (TMM) or by accident (DMCBD), Ea
= Eg = Ey, and the lowest root of eq 7 is

E=E0+ kAAZ—kABA (8)
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For small A the linear term will dominate, but at large A the
quadratic term will. A minimum will occur at

A=kAB/2kA 9)

If kA is much larger than k o, then the minimum will occur
very close to the undistorted geometry. We encountered such
a case in TMM where for very modest ¢’ distortions of the bond
angles from Dj3; symmetry, the energy of both components of
'E’ was found to increase.?

Even if for some value of L the two states, A and B, are de-
generate, at other undistorted geometries E o will not equal Eg.
Then, assuming E5 < Eg, for small A the lowest root of eq 7
may be written

E'= (Ea+ En)/2+ kad? = 2 (Ep = Ep)

X (1 4 4k3gA2/(Ex — Eg))1/2
=Ea+ [ka—k3s/(Ep— EA)]AZ+ ... (10)

A similar expression has previously been derived for the sec-
ond-order Jahn-Teller effect.® Equation 10 shows that whether
distortion lowers the energy of E o depends on the sign of the
term in brackets. Obviously, the closer Eg is to E 4, the greater
the likelihood that distortion will be energetically favorable.
When distortion is favorable, the energy lowering will initially
be quadraticin A. The value of A at the energy minimum, as-
suming that this does not occur at A = 0, may be obtained by
differentiation of eq 7. This gives

| 7kig (Ea— Ep)*\112
A=4-—-(=2=—-—2  —~
2<k,§ i, ) (an

In the specific case of DMCBD a satisfactory fit to the
calculated potential surface near the D5, crossing was obtained
with the parameters ko = 4.0 hartrees/Az, kg = 5.2
hartrees/Az, and k,g = 0.34 hartrees/A. It is not surprising
that the quadratic force constant for by, ring bond distortion
in the 'A, state is smaller than that in !B,y; for, as indicated
by 1 and 2, the ring bonds in the former state are weaker than
those in the latter. In a molecule like DMCBD, where ko =
kp, eq 9 and 11 become rather more complicated. However,
for small A eq 8 changes only in the replacement of k5 by (ka
+ kg)/2, and eq 10 remains the same. Equation 10 shows that
in the region where E o < Eg distortion will lower the energy
only if

(Eg — Ea) < kip/ka (12)
Using the above values of k s and k 4, distortion is predicted
to result in energy lowering for values of (Eg — E ) <0.029

hartree. At the Dy, geometry (1.465, 1.405 A) 1B, lies 0.0066
hartree above 'A,. Therefore distortion is expected to be en-
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ergetically favorable; and, in fact, the energy drops 1.7 kcal/
mol at an optimum value of A = 0.34 A. However, at the 'A,
minimum, 'By, lies 0.0456 hartree above 'Ay; so distortion is
predicted to be energetically costly, as the last line of Table 11
shows it to be.

Conclusions

There are three reasonable ways to confine two electrons of
opposite spin to disjoint sets of atoms in DMCBD.? These
modes are crudely portrayed in structures 1-3., The wave
functions whose bonding is represented in 1-3 all lie on the
same singlet potential surface. The Dy, 1B,, wave function
corresponding to 1 is a saddle point, while the 'A, state cor-
responding to 2 is the only minimum. Wave functions with
bonding of the pentadienyl plus p type (3) provide pathways
of lower energy from the saddle point to the minimum than
routes that preserve Dy, symmetry. The important features
of the potential surface can be reproduced by a two-state model
that should provide a generally valid description of Jahn-Teller
effects engendered by crossings (first-order effects)® and near
crossings (second-order effects)® of potential curves.
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Since the & system of DMCBD can be constructed by union of those of two
allyl radicals, this suggests another possible localization. The required
distortion is b1g in D2, symmetry. It mixes 'Ag with a state of 'B1g symmetry.
The lowest such state differs from By, only by the replacement of the singly
occupied 2by, MO by 2byg. Although 2bzg is an out-of-phase combination
of two antibonding ethylene © MOs, 1B1g is, nevertheless, relatively low
in energy, lying about 45 kcal/mol above 1Ag at the equilibrium geometry
of the latter. The reason for the energetic proximity is that, by symmetry,
2byg is zero at the two ring carbons to which the unpaired electron that
occupies bag is confined. We have found some geometries quite far from
the 'Ag minimum at which 'Ag approaches By in energy. However, at
these D, geometries the lowest energy wave function is 'Byy; therefore,
we have not bothered to investigate the possible b1g distortion that would
mix 'Ag with B4 and lead to a wave function resembling that for two allyl
radicals.
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