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Ground- and Excited-State Correlations in Bond Rupture
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Abstract; Semiempirically based molecular orbital configuration interaction ground- and excited-state correlation diagrams
are generated for the bond ruptures in cyclobutane, water, ammonia, hydrogen peroxide, and hydrazine. All calculations con-
firm the topicity rules of Dauben, Salem, and Turro. It is shown, however, that the diagrams have some deceptive features with

regard to correlations to Rydberg states.

Introduction

We will demonstrate that valence orbital level semiempirical
self-consistent field configuration interaction (SCF-CI) cal-
culation can be used to elucidate some of the correlative fea-
tures of the potential energy surfaces for ground and excited
singlet and triplet state bond rupture reactions. We will also
analyze some of the deceptive features of such valence level
correlations. The kinds of diagrams we will generate are the
computational counterparts of the topicity rules formulated
by Dauben, Salem, and Turro.!

We will deal specifically with certain cross sections of the
surfaces for ruptures of CC, OO, NN, CN, NH, and OH single
bonds. Although the calculation of all these surfaces is ob-
tainable by current ab initio methods, only a few have been
reported.2 More importantly, it is common practice for various
investigators to report only portions of surfaces for a few states
of the molecule under study. Rarely is the reader given a total
view of the interrelationships between various states of spec-
troscopic and/or photochemical interest and the ground state.
We will attempt to do that here. The major goal of the work
presented here is to confirm the topicity rules and to prepare
the methodology for larger molecular systems for which good
quality ab initio SCF-CI calculation of excited-state surfaces
is presently too expensive. We have previously reported por-
tions of the singlet surfaces on NH3;, N;Hy,3* and H,0,.3b

Method of Calculation

A. Parametrization. The calculations presented here used
the Eaker-Hinze parametrization for all bonds except CC and
00.4 This parametrization retains most of the features of the
CNDO/2 approximation but changes the resonance terms, Spq,
and the electron-other-core term, V. In the CNDO/2 ap-
proximation, ¥V, = Zp(aa|bb), Z, is the core charge on atom
b as seen by an electron in one of the orbitals on atom a, and
(aa]bb) is the two-centered electron-electron repulsion inte-
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gral, The Eaker-Hinze approximation is (in atomic units)
Vab = Zo| (1 — @)(aa|bb) + a(Ruwp2 + 1/p,9)7"/2| (1)

where R,y is the distance between atoms a and band p, is the
Slater orbital exponent for atom a. Eaker and Hinze found a
best fit value for o of 0.3143 in calibrating their multiconfig-
uration (MCSCF) calculations to a number of physical ob-
servables. However, we found their parametrization not sat-
isfactory for the OO bond energy in H,0; (caled, after CI. 155
kcal/mol; exptl, 51).° Likewise, their parametrization yielded
a computed enthalpy for the cyclobutane - 2 ethylene reaction
of about —70 kcal/mol (after 60 X 60 CI) whereas the ex-
perimental value is +18.5 We chose to superimpose on the
Eaker-Hinze parametrization that of Das Gupta and Huzin-
aga.’

Vao = Zy(1 + Be~CRab)(aa|bb) (2)

For the case of the OO bond, B = —0.069, C = 1. For the CC
bond B = 1.294 07, C = 1.872 04. In the case of carbon the
resonance terms were also slightly modified: 8,5 = —0.5404
au, B3p = —0.3985.

It should be stressed that the use of either eq 1 or 2 is without
theoretical justification. However, our parametrization, or that
of the previous workers, does not differ from the classical
CNDOQO/2 term for ¥, by more than 2% in the region where
R.p is greater than 1 A 8 Using this parametrization the OO
bond in H;0, has a dissociation energy of about 45 kcal/mol.2°
The cyclobutane — 2 ethylene reaction has a calculated en-
thalpy of +4 kcal/mol at the 60 X 60 CI level. This latter value
is deceptive because it is dependent on the amount of CI, be-
coming more exothermic as the level of CI is increased.®
Likewise, the parametrization in H,O, was not directly ap-
plicable to large-size peroxides. However, the use of eq 2 allows
the enthalpy of a particular reaction to be calibrated to the
experimental value after which the rest of the surface can be

© 1978 American Chemical Seciety
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Flgure 1. Topicity 2 bond rupture in cyclobutane: CC and CH bond dis-
tances kept constant at 1.54 and 1.08 A, respectively. RHF-CI, restricted
Hartree-Fock at about 94 X 94 level. UHF, unrestricted Hartree-Fock.
RHFO, open-shell restricted Hartree-Fock (see text). Given are the major
configurations.

computed with greater confidence. Because the V,, terms are
numerically large, only small parameter variations yield large
computed changes in the enthalpy of a particular reaction.

B. SCF Techniques. Although Eaker and Hinze applied their
parametrization to a MCSCF technique,* we choose the
classical route of obtaining an SCF closed shell solution fol-
lowed by a separate CI mixing of the various same symmetry
ground and excited singlet and triplet states. The CI treatment
was limited to between 50 and 110 configurations. Both single
and the various types of double excitation virtual states were
used in the CI calculation. The configurations were selected
on the basis of their importance at the dissociation limit rather
than at the ground-state equilibrium geometry. The closed-
shell SCF calculations were generally stable out to about 2-2.5
A. At all geometries the off-diagonal elements of the SCF
energy matrix, e;;, were computed'® and included in the CI
treatment.

A standard UHF treatment of one of the triplet states was
also performed.!! Finally, an open-shell Nesbet-type!2 SCF
calculation was also performed in the diradical region of the
cyclobutane ring opening surface.

Finally, it is pointed out that the degeneracy of the singlet
and triplet no* states for certain planar configurations of the
molecules dealt with here is an artifact of the CNDO meth-
od.

Results and Discussion

A. General Considerations. The following discussion of
specific molecules will deal with the cases having topicity
numbers 2, 3, and 4. As shown by Dauben, Salem, and Turro,'
these cases will yield respectively one, two, and four pairs of
diradical states. For the hypothetical molecule A:B, composed

L3(A: + B); YA + :B)

9| = singlet radical pair; 3 = triplet radical pair.

of radical fragments A and B, joined by a ¢ bond and also
containing 0, 2, and 4 nonbonding electrons in the ground state,
Table I can be constructed.

Since the topicity numbers are just the total number of
available valence radical sites, the number of radical pair states
shown in Table I merely reflects the possible combinations of
the occupations of those sites by either one or two electrons.
Since the calculations presented here are done at the valence
orbital level, it will be found that the radical pair states will
correlate directly with only theoretical valence states of the
molecule. However, the theoretical situation is more compli-
cated in that most of the actual excited states for the simple
molecules dealt with here are Rydberg in character. Even at
the semiempirical level a correlative treatment of molecular
Rydberg states would require adding additional diffuse higher
energy basis orbitals of the proper symmetry. In the cases of
topicity 3 and 4 we will deal with this issue carefully and show
that in some circumstances the valence orbital calculations give
the proper symmetry information for correlative purposes. In
some other cases some aspects of the calculation are deceptive.
The cases in which proper information is given merely result
from the fact that certain Rydberg molecular orbitals will
evolve directly into valence molecular orbitals with geometry
change. The symmetry rules for such an evolution between
Rydberg molecular states and valence or Rydberg radical
states have already been dealt with in the case of the united
atom treatment of polyatomic molecules.!3

For those interested in making a comparison between the
known ground-state bond dissociation energies and those
calculated here, the experimental values are OH(H,0),5 119
kcal/mol; NH(NHj3),!4 110; NN(N;,H,),!'4 71; OO(H,»0,),°
51; and CC(C4Hyg, ring opening),'s 63. It should be stressed
that whatever the magnitude of our values these are artifacts
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of both the parametrization and the amount of CI included in
the treatment. Because of this we will stress the correlative
features of the diagrams. From this point, it can be stated that
all the calculations were in accord with the topicity rules and
followed our expectations based on symmetry considerations
alone.

B. Topicity 2 CC Bond Ruptures. The CC bond ruptures in
ethane and cyclobutane ring opening to give the tetramethylene
diradical were studied. Figure 1 shows various features of the
latter case. The simplest closed-shell MO-CI theoretical view!6
of the CC bond rupture involves discussion of only the ¢ and
o* CC bond rupture orbitals. Four states are generated from
various orbital occupations. These are the ground-state singlet
diradical pair, 'Y = 1/v2(62 — 6*2); the triplet diradical pair,
3y = 3g¢*; and two zwitterions, Z,(!o0o*) and Z, {same com-
position as 'y, with a positive phase). In the C,,. point group
ring opening shown in Figure 1, these states would correspond
respectively to symmetries 'A |, 3B, !B,, and 'A,|. As can be
seen from the CI compositions given in Figure 1, the simple
view of the singlet and triplet diradical states is adequate at the
large CI level. However, the CI compositions of the lowest
energy excited 'B; and 'A, states do not correspond to the
classical Z) and Z, states. In the !B, state, the HOMO (mostly
terminal carbon localized) does play the role of the departing
MO. A number of non-LUMO CC and CH antibonding or-
bitals play the role of accepting MOs. Thus, while there is some
charge transfer character to this state, it is not the classical Z,
state. Likewise, the lowest energy excited !A) state is not
configurationally related to the Z, state. There is a higher
energy 'A state which does have a configurational composi-
tion which would qualify it as being a Z; state,

The case of CC bond breaking in ethane, not shown di-
agramatically, is similar to that of cyclobutane in that the S
and T, diradical states are nearly degenerate at large CC
distances. More importantly, the excited singlet surfaces lie
at least 5 eV above the diradical surface. Thus, as expected
from the topicity rules, there is no close approach of the ground
and excited singlet states along the CC coordinate,

There are several additional interesting features in Figure
1. The large CI (94 X 94) estimate of the lowest triplet state,
3B,, is energetically identical with the much simpler UHF
estimate. Thus the UHF calculation contains the same cor-
relation energy as the more expensive CI calculation. Finally,

the simple open-shell Nesbet-Salem estimate of the triplet
(single determinate) and the singlet (2 X 2 CI) energies were
only 10-15 kecal/mol above a more complete 94 X 94 CI
treatment of the closed-shell MOs. It was found, however, that
in order to make a marriage between closed-shell and open-
shell CI surfaces a nearly equivalent large CI treatment was
necessary. Truncating the CI calculation at a low level, as has
been done for certain portions of the ab initio surface of the
cyclobutane ground-state ring opening,!” was found to be in-
adequate. However, the 2 X 2 CI surface mimics the behavior
of the more complete surface. It may be that a low level CI will
pick up the necessary information to characterize the impor-
tant features of certain portions of some kinds of sur-
faces.!8:19

C. Topicity 3 Bond Ruptures—Water and Ammonia. Figures
2 and 3 show the valence state correlation diagram for bond
ruptures in H>O and NHs. In the case of water, A = OH(%r);
B = H(2Sp). It is the double degenerate character of the OH
radical which controls the topicity number. For correlation
purposes the w-orbital sequence in the degenerate pair of
OH(?r) can_be thought to be w2, and m,m.2'3 corre-
sponding to A-and A: of Table I. An insertion of the H- atom
in the =, orbital will produce configurations A:B and A:B,
respectively. The former configuration is the ground state of
water; the latter is a no*(!3B)) excited state at C, symmetry
(A”, Cs). The correlation in Figure 2 shows clearly the de-
generacy of the excited- and ground-state surfaces at the di-
radical limit. This diagram is also correct at the Rydberg level,
since the lowest excited state (n, 3s) is of the same symmetry.20
This is true because there is an orbital correlation, 3s < ¢*
(both a’ symmetry), along the bond rupture coordinate.

The situation with NH3 is more complicated since NH bond
rupture can occur in a coplanar or nonplanar fashion.3 The
ground state of the amino radical NH,(2B)) has a configura-
tion o2m = A: whereas the first excited state (A ) has a con-
figuration ow2 = A.. Thus, insertion of the H atom in a coplanar
mode into the NH, ground state will produce an A -:B excited
state configuration. Therefore the B, excited state of NH, will
correlate with the ground state of NHj for this coplanar re-
action coordinate. This is shown clearly in Figure 3. For non-
planar NH bond rupture of NH; both the ground and the
lowest energy and excited singlet states have the same sym-
metry (A’) and there will be no ground-excited state crossings.
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As in the case of H,O, the lowest excited singlet-triplet states

of NHj are Rydberg
H,O0, Figure 3 show
rect.

Comparison of Fi
initio calculations2d

in character (n, 3s).2d However, as with
s that these states are correlatively cor-

gure 3 with the planar excited state ab
of Runau et al. shows that the surfaces

shown for 'A; and 'B; may be deceptive. However, the 3A,

surface is not decept

ive; it is a required feature of the triplet

rupture of the NH bond having a 3oo* configuration at large

NH distances. In spe

ctroscopic terms, this surface will corre-

late with a high energy triplet in-plane (n, 3p) Rydberg state.
Runau et al. argue that a second low-energy 'A| Rydberg state

will attempt to corre
this may be the origi

late with the 2A, state of NH, and that
n of NH;* fluorescence (2A| — 2B,) in

NHj photolysis. However, the 2A | state of NH, correlates

directly with the gro

und state of planar NHj. Likewise, the

excited singlet counterpart of the 3A| state is the above-men-
tioned Z, state which could be Rydberg in character at long
distances and correlate with a Rydberg A of NH,. In con-

clusion, all the featur

es shown in Figure 3 appear correlatively

correct with the exception of the 'A; and !B, states for planar
NH rupture and the third 'A’ state in the nonplanar rup-

ture.
Some comment m

ust be made on the role of CI in our cal-

culations vs. the current ab initio treatments of Rydberg states.

Our Figures 2 and 3

show that the no* states have a major

double excited component (noo*2) at long distances whereas

the ab initio calculati

ons on NH;32b4d indicate essentially single

determinate character for the n3s Rydberg state along the bond
rupture coordinate. Part of the discrepancy results from the

fact that our CI b

asis functions were constructed from

ground-state MO function rather than SCF excited-state

minimized functions

. In addition, the restricted atomic basis

set in the MO functions forces the excited state to be written
using o and o* orbitals. This, in turn, permits the writing of
resonance structures of the type A:|-B < *A.|:B~. This would

require CI to remove

the contaminating ionic structure at the

intermediate or the dissociation limits. In addition, the 3s or-

bital, being spatially
problem.

large, will avoid some of this correlation

Finally, one of the most deceptive features of the calculations
presented here is that they cannot differentiate between the
known preference?! for photochemical rupture of OH and NH
over CO and CN bonds in alcohols and amines. Although not

shown here, our computations indicate no correlative prefer-
ence for NH over CN rupture in the no* state of methylamine.
Although no such ab initio surfaces have yet been generated,??
the recent calculations of Wadt and Goddard?? show that in
the sequence water, methanol, and dimethyl ether, the 3s or-
bital avoids the electron-rich methyl group region while not
avoiding the electron-deficient H atom region. Thus it is easy
to speculate that even if CO and OH rupture are correlatively
similar, the excited-state CO rupture surface will have an en-
ergy barrier.

D. Topicity 4 Bond Ruptures, Hydrogen Peroxide and Hy-
drazine. Portions of the singlet surfaces of H,O; (C,y) and
N>H4 (D, and C») have already been reported with regard
to their significance to the ground- and excited-state chemis-
try.3 The possibility of a multisurface correlation for the OO
rupture in H,0O, was discussed as long as 50 years ago?4 and
is included in the correlation tables of Herzberg.!? However,
we have found no comment on its significance in the publica-
tions on peroxide photochemistry or in peroxide-connected
chemiluminescence.3® Figure 4 shows that there are four sin-
glet and four triplet states which correlate with two ground-
state OH radicals. Their symmetries and configurational
compositions are what one would expect from valence orbital
arguments. No ab initio surfaces on H,O; have been reported.
The ab initio spectra calculations of HOCI?? indicate that the
lower excited states are valence in nature, described by a pro-
motion of an electron from a nonbonding into the OO anti-
bonding orbital. Recent calculations on H,O; (C, symmetry)26
indicate Rydberg character for the S; and S, states, their
symmetries being identical with those shown in Figure 4 (S,
(A;n3s0%); S, (B; ny3so*). As with our S; and S; states both
these Rydberg states will correlate with two OH ground-state
radicals. Since these ab initio calculations did not include
doubly excited configurations they will not generate our S3(A)
doubly excited valence state. The ab initio calculations also
predict a low-lying (A; n;3sc) state which could correlate with
the two ground-state OH radicals after an avoided crossing
with an even higher lying A state (our S;) of the valence type
shown in Figure 4. Thus Figure 3 must be considered partially
deceptive with regard to the higher lying excited-state corre-
lations. The fact that three singlet and four triplet excited states
of the proper symmetry must eventually correlate with the two
OH ground-state radicals remains. However, while all our
valence excited states are repulsive in nature, some of the upper
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Rydberg states may be nonrepulsive in the region of the equi-
librium geometry of the ground state of H,O,.

Another deceptive feature in Figure 4 is the bonding nature
of the UHF triplet. While it is commonly recognized that a
UHF computation may not select the lowest energy triplet,2’
the false nature of the UHF surface shown in Figure 4 (and
also found in the case of NoHy) is more fundamental in nature.
Such a false surface will be encountered when one is attempting
to break a symmetrical three-electron bond. Even a UHF
function may have ionic components, in this case of the type
A:|-A < *A.|:A~. These ionic components cannot disappear
unless the radical partners are asymmetric by geometry or
electronegativity.

Because of the number of geometrical variations the problem
of the correlation diagrams in N,Hy is more complex than in

the case of H,O». However, at the dissociation limit there must
be four singlet and four triplet surfaces. The generated radical
pairs are not all degenerate as was the case in H,O5. In the case
of Dy, hydrazine, there will be two ' A, surfaces of different
energies having configurations A:A and A::A at the diradical
limit. There will also be, at the diradical limit 'B,, and 'B,,
states having different linear combinations of the configuration
A-A. Two triplet states will also have the same symmetries
while two others will be 3B3,. We have shown all the correla-
tions for these states in Figure 5 except the higher energy
3B3,.

The major complication in the Dy, surface of N;Hy is the
interaction of two ground-state NH; radicals (o7 + o27) in
a manner which places four o electrons in the same spatial
region. This is a highly repulsive configuration. The symmetry
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of this pathway, 'A,, is the same as that for the bonding in-
teraction of two excited NH;* radicals (ow2 + ox?). In the
CNDO approximation only a barely avoided crossing occurs
for these two states because of the neglect of orbital-orbital
exchange terms on the same atom (K, = 0, the off-diagonal
element in the Cl matrix between the two most important
configurations). This is only a partial artifact of the CNDO
approximation, since the term will be smaller than normally
encountered in avoided crossings of virtual states having
electrons all occupying the same spatial regions.

The bond rupture in planar D5, hydrazine is unusual in that
an orbital inversion for the ground-state SCF solution occurs
along the reaction pathway passing from o2n,2n,2 to either
0%0*2n,2 or 620*2n)2 at the diradical limit. Neither this orbital
inversion nor the configuration of the diradical pair function
used causes difficulty if a sufficient number of the proper vir-
tual states are used in the Cl treatment. As seen from Figure
5, the surfaces make a perfect marriage across the orbital in-
version point without a discontinuity. In the case of the C,
configuration (Figure 6) no orbital inversion occurs and the
evolution and type of Cl functions found are fundamentally
no different than found in the ruptures of H,O and NHs.

No ab initio calculations of either the surfaces or spectro-
scopic states in hydrazine are published. We can anticipate that
low-lying Rydberg states of the type n\3sc* (B,,) and n,3sg*
(Byp) will have the same general correlations as valence states
of the same symmetry shown in Figure 5 since 3so* <> ¢* for
the NN bond. However, the possibility of a low-lying 3s (a;)
orbital would also generate two low-lying states of the same
symmetry. Thus, the actual ab initio low-lying excited-state
surfaces for Dy, rupture will be much more complex than in-
dicated by Figure 5, possibly containing several avoided
crossings between Rydberg states of the same symmetry.
Therefore, Figures 5 and 6 are essentially more deceptive than
the case of H,05. All we know is that with NN rupture three
Rydberg states of planar hydrazine must eventually degenerate
into valence states and give valence state diradical pairs. Fi-
nally, the actual route of photodecomposition of N,H, gives
NH, not NN, bond rupture.2® While we found computationally
that NH rupture occurred without a significant barrier,3* we
tend to believe, as with methylamine (vide supra), that the
explanation rests in the nature of the Rydberg orbitals rather
than any valence state arguments. However, the photoexci-
tation of tetraphenylhydrazine yields prompt NN.bond rupture
followed by an extraordinarily slow rate of radical-radical
recombination.?® The radical pair recombination may be
stimulated by infrared excitation of one of the radical pairs,
an event which is only easy to understand by the examination
of Figures 5 and 6 if ground-excited state surfaces approach
one another.

Conclusions

The most general conclusion is that the correlation diagrams
computationally generated here are better than we would have
expected from our general prejudice against semiempirical
calculations. In fact, we see no methodological barrier pre-
venting the inclusion of Rydberg-type orbitals at the semi-
empirical level and the generating of semiempirical surfaces
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of the same correlative value as much more expensive ab initio
calculations. We would tend to be pessimistic about any details
of surfaces or the order of spectroscopic states generated here
or by such a fashion. Personally, we learned a great deal about
the correlative features of the bond rupture events studied here.
From a photochemical viewpoint it is evident that surface
touching-crossing can computationally occur in topicity 3 or
higher conditions. These conditions arise with all the inter-
combination of bonds between the elements of C, H. O, and
N except between CC and CH in the hydrocarbons and HH
in Hj. Thus, the crossing of excited singlet- and ground-state
surfaces is a general event in bond rupture reactions.
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