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In contrast to the wealth of available information con-
cerning pressure effects on thermal reactions in solution,!
little is known about such effects in photochemistry.
Fortunately, this picture has begun to change in recent
years.? In one review, attention has been called® to an
experimental difficulty that must be appreciated if
mechanistic conclusions are to be drawn for photochemical
reactions from high-pressure observations. The basic
problem is that one must be able to guarantee equal light
availability in all parts of the unstirred solution.

There are two common ways in which such experiments
may fail in this necessity. First, because of the mechanical
weakness of the high-pressure windows, apertures are al-
ways small, generally 3-7 mm in diameter. The optical
cells inside can be—and often are—of much larger diam-
eter; this means that only a small fraction of the solution
is receiving radiation at any time. One possible solution
of this problem is to use light baffles at the far end of the
pressure vessel to scatter the radiation throughout; another
is to use an optical cell the diameter of which matches the
aperture. The investigator who now finds that he can
irradiate only a small amount of solution may be tempted
to use high concentrations and/or a vessel and cell of
extended length. But this defeats the purpose of guar-
anteeing uniform exposure as the forward part of the so-
lution absorbs the light, leaving the farther portion in
darkness even though it is formally in the light path.

These complications do not play a significant role in
those experiments where only product distributions are
measured and used to draw conclusions.* However, there
are several reports now in which the time dependence of
a single product concentration is recorded. In some of
these, a pressure-induced retardation occurred, closely
resembling the decrease in diffusion rate as measured by
the effect of pressure on viscosity, and the conclusion was
drawn that diffusion was controlling the reaction. While
these conclusions may well be correct, where the experi-
mental descriptions do not guarantee uniform light access,
one must entertain the alternative possibility that the
diffusion control may have operated at the macroscopic
rather than at the chemical level. We record an experi-
ment here to make this point. In it, norbornadiene (N)
is irradiated in toluene solution with benzophenone as
sensitizer (S), to give quadricyclane (Q); the concentration
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Figure 1. High-pressure vessel: (1) body of the vessel (130 X
130 X 130 mm); (2) fused quartz; (3) optical cell (sample solution);
(4) cell holder; (5) window plug.

is measured as a function of time and pressure.

Experimental Section

The vessel and cell® used are shown in Figure 1, the combination
permits irradiation of the entire solution. The vessel was ther-
mostated at 25 °C and connected to a hand-operated Hikari
Koatsukiki KP-3A pump and a Naganoseiki NKS-5000 Bourdon
gauge; the hydraulic fluid was a 2:1 (v:v) mixture of glycerin and
ethanol. The pressure range employed was from 0.1-150 MPa
(1 MPa =~ 10 atm). The norbornadiene, quadricyclane, toluene,
and benzene used (the latter as internal standard) were distilled
and the benzophenone was crystallized from hexane prior to use.
The presence of oxygen was minimized by means of extensive
nitrogen bubbling. Analysis was done by means of GLC; use was
made of a Hitachi 164 F with a 1-m column at 70 °C and Bentone
34 + DDP on Uniport KA (5 + 5%).

Partial molar volumes were determined with the relation

M, d(1/pm)

Vo= —— + -
2= - My(1- Wy aw,

where the subscript 2 represents the solute, V is the partial molar
volume, M the molecular weight, p,,, the density of the solution,
and W the weight fraction. Plots of the reciprocal of the density
vs. the weight fraction of the solute were approximately linear;
V, at infinitive dilution was determined by extrapolation to zero
concentration.

(1)

Results and Discussion

When the concentrations of N and S are both 0.22 mol
kg™!, one observes that Q is formed at a rate that is es-
sentially first order in N at all pressures examined. The
thermal reverse reaction at 25 °C is too slow to interfere;
pseudo-first-order rate plots were linear with correlation
coefficients in excess of 0.99. When the rate constants are
plotted against pressure, the curve obtained can be fitted
toln k = a + bp + cp?, and the pseudo activation volume
at zero pressure estimated by means of the equation AV*
= -RT (6 In k/6p)r = =bRT. The value obtained equals
+18 cm® mol™.

Since the photoisomerization of N proceeds® via the
steps I-V, it would at first glance seem reasonable to at-
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tribute the adverse pressure effect to diffusion-controlled
competition between steps III and IV. Indeed, the rate
constant for the energy transfer process can be expressed
in terms of the Debye equation

kq = 8RT/3000n @

where 7 is the viscosity. This equation is usually employed
for viscous solvents such as glycerin, but it has been ap-
plied to nonviscous solvents like hexane (y = 0.3cp at 25
°C) as well; for instance, Dubois and Van Hemert” evalu-
ated first excited singlet lifetimes of naphthalene and
benzene derivatives in n-hexane this way in spite of the
low viscosity. At 30 °C, the viscosity of toluene increases
experimentally with pressure to 150 MPa,? and a value for
AV*, can be estimated from these data: it equals +17 cm®
mol™. The two volume terms are therefore equal within
the margin of error of +2 ¢cm® mol™, and diffusion control
is strongly implicated. Nevertheless, the inference that
step IV is rate controlled is wrong: since kg ~ 101 M1 g7,
the lifetime of the triplet 7(38¥) ~ 10® g in deoxygenated
solutions, and [N] =~ 0.2 mol kg™, the fraction of 38*
quenched by N must be very close to unity.

The key feature is this experiment is of course the high
concentration of S. The toluene cut-off occurs at about
270 nm; at longer wavelengths, the extinction coefficient
of S averages® about 60 at the main emission lines of the
mercury source (313 and 366 nm). We furthermore found
the absorption spectrum of S to be unaffected by pressure.
With a concentration of S at 0.22 mol kg!, virtually all of
the useful light is absorbed in the first millimeter or so,
and the N in the bulk of the solution must diffuse into this
thin layer in order to be sensitized. Indeed, in experiments
in which this concentration was lowered to about 0.001 mol
kg, the pressure dependence of the pseudo rate constant
vanished.

A final word about the reaction volume, found as the
difference between Vg (94.9) and Vy (102.6) to be about
-8 cm® mol™.. This net contraction is not reflected in an
enhanced conversion rate under pressure. Since molecular
shapes and dipoles are not affected significantly by such
modest pressures,'” absorption spectra generally do not
change very much.!! The chemical bonds in the excited
state are usually somewhat longer than in the ground state,
and there are polarity changes in many instances as well.
These changes are at the basis of Ubbelohde’s proposal!?
that hydrostatic pressure may well affect the reactions of
photoexcited molecules much more than thermal processes;
however, this suggestion has thus far not been borne out
experimentally. The reason for this is probably that it
essentially ignores the Franck-Condon factor: the changes
in volume follow the absorption step. It may be assumed
that the overall volume decrease in the present instance
arises during the rapid and irreversible cascading steps and
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the effect of pressure on these steps is not revealed by the
pseudo kinetics.

In conclusion, we have shown by means of the sensitized
photoconversion of norbornadiene into quadricyclane un-
der high pressure that the diffusion control often observed
in such experiments may be ascribable to macroscopic
diffusion rather than to impeded motion at the molecular
level.
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The main question which is addressed in this paper is
the effect of changes in shape of a molecular anion on its
electric response to the environment, with particular ref-
erence to its stability. This is an important problem be-
cause it is known that the interactions of an anion with
its environment (e.g., the solvent) control the chemistry
of anionic species.!?

In this computational study we have chosen four isomers
of CgHg?, all of which have been prepared®* and their
relative stabilities reported.5 We also provide evidence for
a factor which contributes to the lower stability of the
“linear” dianion 2 (Figure 1), in comparison to 1, as shown
by experiment. It is noted that the problem of relative
stability of cross and linearly conjugated dianions has been
subjected to considerable theoretical and experimental
research.®61° Here a novel point of view is contributed
to this discussion.

The response of a molecular anion to its environment
is monitored by the average electric polarizability, «, and
the second hyperpolarizability, v.1%12 Several authors have
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