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Dissociation of the Ethylene Cation: Mechanism of
Energy Randomization

Sir:

We wish to discuss the validity of statistical theories of uni-
molecular dissociation under conditions which correspond to
photochemical excitation at very low pressures. We have de-
termined! by ab initio calculations the reaction paths of the

ethylene cation for its two low-energy dissociations (reactions 1
and 2).

C2H4+ - C2H3+ + H (AP =13.22 e\,)2 (1)
CHt — CH,* +H, (AP=1314eV?  (2)

Since the threshold energies? of these two reactions fall within
the second band of the photoelectron spectrum of ethylene, we
1nvest1gated in detail the dissociation mechanisms of the ground
(X B,,) and first excited (A ’B;,) states of C,H,*. (Higher
electronic states were shown' to undergo facile radiationless
conversion to the ground state by internal rotation.)

Calculations were done with a simple Dunning (3s2p) GTO
basis set either at the open-shell SCF level or with intermediate
configuration® MOs and a relatively small CI (200500 CSF).
Point calculations were done for the most important structures
with and without polarization functions (3d. and 2py) added to
the AO basis set and with larger CI matrices (~2500 CSF).
Results are given in Figure 1. Details of the calculation will be
published elsewhere.!

The reaction path of process 2 was found to consist of a sequence
of several steps connected by several bottlenecks. Some of these
steps are adiabatic and therefore can be studied by conventional
statistical theory (RRKM?*3 or QET®). Others involve nona-
diabatic interaction and thus require an extension of these theories.

What we wish to point out here is that the presence of all these
bottlenecks compels the system to fulfill various requirements and
hence compels it to visit a large fraction of phase space. Therefore,
the more complicated the reaction path, the more likely it is for
a statistical theory to be valid.

Consider (Figure 1) the fate of a molecular ion created in the
A ?B,, state with an energy higher than 13.22 eV. Inmally, the
Franck-Condon principle allows the ion to receive energy in three
vibrational modes:” »; (sym CH stretch), », (CC stretch), and v,
(CH, scis). The potential-energy surfaces are such that high
barriers exist in every direction except along the stretching motion
of a single CH bond. This corresponds to the excitation of a local
CH stretching mode, i.e., a linear combination of four CH normal
modes: vy, vs, vy, and vy;. Production of C,H,* fragments is thus
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Figure 1. Folding-screen representation of the reaction paths of C;H,*.

Solid lines, 2A” states; dashed lines, 2A” states; dotted lines, no symmetry
at all. Energy scale in eV.

accounted for. However, the potential-energy surface of the A
?A’ state is crossed (at point C of Figure 1) by that of the ground
state (X 2A” for these nuclear conﬁguratlons) which correlates
with a higher asymptote. Thus, at the crossing point C, the system
has to decide between heading toward the asymptote of channel
1 or cascading to the ground state X. The crossing point C is in
fact a conical intersection® and the competition is controlled by
the amount of internal energy which goes into internal torsion.
The larger the angle of twist, the more likely the internal con-
version to the ground state, as shown by our calculations of the
nonadiabatic coupling matrix element.! Hence, energy must flow
into the torsional vibration », for reaction 2 to proceed. We find
that energy barriers prevent direct dissociation of ground state
X in its usual CH,CH," conformation according to reaction 2,
either by 1,2 or by 1,1 elimination. Its only possibility is to undergo
a hydrogen shift (via a hydrogen-bridged structure already con-
sidered® by Dewar and Rzepa) and to isomerize to the ethylidene
structure CH;CH™ (°E state in the Cj, point group). This requires
excitation of CH bending modes (v, vg, v19, and »;,). In order
to proceed further and give rise to reaction 2 by 1,1 hydrogen
elimination, the system must leave the 2A” state and switch to
the 2A’ surface. This is possible if doubly degenerate skeletal
vibrations of the CH;CH™ structure are excited, because in the
degenerate 2E state the system experiences nonadiabatic interaction
(Jahn-Teller effect). Finally, our calculations indicate the presence
of a very low (=~0.13 eV) energy barrier for the last step (at point
M of Figure 1), but it was also observed that the more accurate
the calculations, the smaller the barrier. Hence, the barrier might
very well not exist at all.

In summary, we see that experimentally observed reactions in
C,H,* can occur only if energy is redistributed among many
molecular normal modes. Something approaching energy ran-
domization comes about naturally, first, as a result of the multistep
nature of the reaction path, and secondly as a result of the presence
of nonadiabatic processes. The latter factor is particularly in-
teresting and reveals novel aspects on the problem of intramo-
lecular energy transfer. Dissociation of the ethylene cation should
be amenable to statistical treatment.

Reactions 1 and 2 have previously been studied by the qua-
si-equilibrium theory of mass spectra® with some success.!?
However, this theory usually assumes fast electronic relaxation
to the ground state. This is indeed the case for the upper electronic
states B and C as a result of internal rotation! but not for state
A, because the conical intersection between states X and A (point
C of Figure 1) acts like a railway switch: electronic relaxation
and dissociation take place with comparable rates. Therefore,
the success of these calculations must be considered as somewhat
fortuitous.

The present discussion of energy randomization raises a number
of questions which deserve further consideration.

(1) How general is our explanation? Detailed calculations of
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reaction mechanisms are not yet very numerous. We note that
the dissociation mechanism of the formaldehyde cation was also
found®® to be controlled by conical intersections. This provides
an indication that our discussion might be valid in the case of small
polyatomic ions. For large polyatomic ions, electronic relaxation
is probably fast, but vibrational randomization is not expected
to be complete. Sufficient data are not available for electronically
excited neutral molecules although substantial progress has been
made in the analysis of the reaction mechanism of excited form-
aldehyde.!!

(2) Is energy fully randomized? In spite of a tendency toward
energy randomization, the share of energy received by each degree
of freedom need not agree with statistical predictions.

(3) Assuming that a statistical treatment is reasonable, are
current theories of unimolecular reactions applicable? The
conditions of validity of transition-state theory have been discussed
by Pechukas et al.'? in terms of the properties of the potential-
energy surfaces. They showed that a proper definition of the
transition state requires careful consideration of the shape of the
equipotentials. We cannot apply this criterion, since we did not
calculate these contour maps in our work (only the reaction path
is so far available). Moreover, the extension of this criterion to
multidimensional potential-energy surfaces is not obvious. A
detailed knowledge of the potential-energy surfaces is also required
to carry out the normal mode analysis along the reaction path
suggested by Miller et al.!3

It seems to us, however, that the most urgent task is to in-
corporate nonadiabatic coupling (which provides novel and in-
teresting features) into conventional transition-state theory. This
has been done for spin—orbit interaction by Zahr et al.;'* RRKM
theory is recovered as a limit case. An extension to the case of
conical intersections (point C of Figure 1) is in progress in this
laboratory.
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Photochemical Transformations. 29. Stereochemistry
of Photorearrangements and Photosolvolyses in Some
Dibenzobicyclooctadiene and Benzotricyclooctene
Systems!

Sir:

Photosolvolyses and the photochemical Wagner-Meerwein
rearrangements accompanying them upon irradiation of certain
bridged ring systems containing aromatic rings and good nu-
cleofugal groups have been of interest in this laboratory for some
time.I™* We have recently’* described our results on the ho-
mobenzyl allylic epimeric pairs 1-C1/2-Cl and 1-OMs/2-OMs,
which show remarkably little difference between epimers in
photoreactivity or in product formation in their photorearrange-
ments to 3 isomers or in their photosolvolyses to 1 species.
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In contrast, we now report data on homobenzyl, but nonallylic
systems, which do have stereochemical requirements for photo-
reactivity and preferences for reactions in that (a) the excited
chromophore must be anti to the nucleofuge and (b) the major
migrating ring is that syn to the nucleofuge. Although these results
were not anticipated, a recent report® on the 2-benzonorbornenyl
system 4 describes a similar large anti preference for photo-
reactivity.

Irradiation at 254 nm of the trans dichloride § in acetic acid
gave, as major products, the rearranged dichlorides 7-Cl and the
corresponding chloroacetates 7-OAc in about 75% yield, while
compounds 8-Cl and 8-OAc were produced in about 25% yield.
7-Cl and 8-Cl photosolvolyze more slowly than they are formed.
Irradiation of the cis dichloride 6 gave the same products, but in
a reverse ratio. Thus the major products of photorearrangement
and photosolvolysis are the result of syn migration, rather than
those of the clean anti migration seen® in ground-state solvolyses.

That the photorearrangements are not radical processes may
be inferred from the accompanying photosolvolyses and from
experiments in which the radical chain’ reductions of 5 and 6 with
tri-n-butyltin hydride gave identical (approximately equal)
amounts of 7-H and 8-H.

The stereochemical requirements of the photoreactions are
revealed to a greater extent with compound 9. Irradiation in acetic
acid at 300 nm (5 is transparent at this wavelength) led to 10
epimers as the major products. Thus the chlorine anti to the
excited dimethoxybenzo chromophore leaves, while the (unsub-
stituted) ring syn to the nucleofuge migrates, opposite to the
ground-state solvolysis which gave 11 acetates as the sole observed
products.

Stereochemical requirements were also seen in the photo-
reactions of 12 and 13 chlorides and methanesulfonates. Irra-
diation of 12 at 254 nm in aqueous acetonitrile gave efficient
photorearrangements to the benzylic isomers 14 and photosol-
volyses to 14-NHCOCH; and 14-OH. Despite irradiation times
20-50 times longer, the epimeric compounds 13-Cl and 13-OMs
were photoinert (except for the formation of small amounts of
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