fluorescence.!'12 The entropy difference between the
singlet and triplet n—7* states can be estimated from eq
1, where Ir and Ip are the relative intensities of fluo-

I AH AS ke
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rescence and phosphorescence and kg and kp are the
rates of radiative decay from the singlet and triplet
state, respectively. Using kg = 1.4 X 105sec™! ¥ and
kp = 1.6 X 10%2sec—,1* AS = — 3.5 euis obtained which
gives AF = 5.4 kcal/mol at23°. The calculated equilib-
rium constant at 23°is 1 X 10—*and checks well with the
observation that at this temperature fluorescence com-
prises ~107% of the total emission (Figure 1). The ab-
sence of prompt fluorescence in the spectra is demon-
strated by the disappearance of the fluorescence band at
low temperatures and the fact that in the presence of
sufficient concentration of a triplet excitation acceptor
to intercept more than 909 of benzophenone triplets,
the relative intensity of fluorescence to phosphorescence
remains unaltered. Approximated positions of delayed
fluorescence bands for several aromatic ketones are
given in Table L.

The presence of significant concentrations of S!
molecules in equilibrium with T! molecules can be of
great photochemical significance. T! states may serve
as reservoirs of excited molecules whose photoreactions
proceed from S!' states. Effective reaction rates will
then depend on the Boltzmann population of S! and
should be strongly temperature dependent. For mole-
cules with small S!-T! energy gaps, quenching of a
photoreaction by triplet excitation acceptors need not,
as has been generally assumed, signify that the reactive
state is the triplet of the donor. Clearly; the mecha-
nisms of many photoreactions require reexamination.

The Lifetime of Benzophenone Triplets in Solution.
Much of the chemistry of benzophenone triplets has
been studied in benzene!s or carbon tetrachloride!® so-
lutions. The lifetime of benzophenone triplets in these
solvents is therefore of considerable interest, and, in the
case of benzene, has been the subject of several investi-
gations.2!5> Stern-Volmer quenching constants of the
emission at 23° were obtained with naphthalene as
quencher in benzene and benzil as quencher in carbon
tetrachloride (benzophenone, 5 X 10—% M). Lifetimes
of 8.4 X 107% and 1.1 X 10—* sec for benzophenone
triplets in benzene and carbon tetrachloride, respec-
tively, were calculated using the value of k, reported in
ref 2.

The quantum yield of benzophenone phosphorescence
in benzene at room temperature has been estimated at
2 X 10-4Y An experimental value of 1.1 X 10—3 can
be inferred from the results in ref 2.1 Qur measure-

(11) Similar observations have been described for benzil: C. A:
Parker and T. A. Joyce, Chem. Commun., 1421 (1968),

(12) The relatively large intensity of the activated emission eliminates
the alternative explanation that it originates from a higher vibrational
energy level of the triplet state.

(13) N. J. Turro, “Molecular Photochemistry,” W. A. Benjamin,
Inc., New York, N. Y., 1965, p 48,

(14) J. G. Calvert and J. N. Pitts, Jr., “Photochemistry,”” John Wiley
& Sons, Inc., New York, N. Y., 1967, p 297.

(15) P. J. Wagner, Mol. Photochem., 1, 71 (1969), and references
cited therein,

(16) C. Walling and M. J. Gibian, J. Amer, Chem. Soc., 87, 3361
(1965).

(17) H. L. J. Backstrom and K. Sandros, Acta Chem. Scand., 14,
48 (1960).
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ments give emission quantum yields of 1.6 X 10-% in
benzene and 1.5 X 10~2in carbon tetrachloride (benzo-
phenone, ~5 X 10-% M). The radiative lifetime of
benzophenone triplets at 77°K in alcohol-ether glass is
6.4 X 10~%sec.'* Since ~10% of the emission at 23°
is delayed fluorescence, the effective radiative lifetime
should be ~5.7 X 10—%sec. Using the actual lifetimes
obtained from this work, the expected quantum yields
are 1.5 X 10~% and 1.9 X 10~2 for benzene and carbon
tetrachloride, respectively,!? in excellent agreement with
our observations.

Reversible hydrogen abstraction from the solvent has
been suggested as the path for rapid decay of benzo-
phenone triplets in benzene.!* Although benzophe-
none is photoreduced in pure benzene, the hydrogen ab-
straction rate is too slow to contribute significantly to
the decay rate.?! We propose that a major decay pro-
cess may involve formation of an adduct diradical as has
been suggested for the interaction of acetophenone
triplets with alkenes.?%2® The lifetime of benzophe-
none triplets in carbon tetrachloride is smaller than that
in perfluorocarbon solvent.! The contributions of im-
purity quenching and/or external heavy atom effect
in determining the decay rate in carbon tetrachloride re-
main to be assessed.
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High Resolution Nuclear Magnetic Resonance of
Solid Perfluorohexane
Sir:

Temperature dependence in the structure of high reso-
lution nmr spectra provides a well-known source of in-
formation about thermally activated molecular rate
processes in solution.! Similarly, the temperature de-
pendence of wide-line nmr spectra provides useful, if
less detailed, information about the motions of mole-
cules in crystals and polymers. We wish to point out
that a new class of multiple-pulse nmr experiments? is
capable of being employed in a similar spirit, with re-

(1) C. S. Johnson, Jr., ‘“‘Advances in Magnetic Resonance,” Vol. I,

Academic Press, New York, N. Y., 1965, p 33,
(2) U. Haeberlen and J. S. Waugh, Phys. Rev., 175, 453 (1968).

Communications to the Editor



412

ABSORPTION { ARBITRARY UNITS}

. L 1 1 ! | ! I
.l 1 2 3 4 5 é 7

FREGUENCY OFFSET , kHz ( ARBITRARY ZEROES)

Figure 1. 1°F nmr spectra of solid CeFy, at 200°K: (a) normal
spectrum, from Fourier transformation of Bloch decay, showing
restricted molecular rotation in situ; (b) multiple-pulse spectrum
under the same conditions, showing lack of ring inversion.

sults that could not always be obtained by high resolu-
tion or wide-line methods, separately or together.

As an example, we consider perfluorocyclohexane.
From a previous high resolution study? it is known that
the spectrum of C¢Fy; in solution at low temperatures
consists approximately of an AB quartet, reflecting the
presence of distinguishable interacting axial and equa-
torial fluorines (8 18.2 ppm, J = 284 Hz). As the tem-
perature is raised, a characteristic collapse to a single
line occurs, indicating a rapid interconversion of con-
formers.

In Figure l1a we show the wide-line °F spectrum of
solid C¢Fy, obtained at ~200°K by Fourier transfor-
mation of the Bloch decay, using a pulse spectrometer
operating at 54.0 MHz. A barely resolved Pake dou-
blet¢ is seen. While a detailed analysis of such a spec-
trum is difficult, the splitting appears to be consistent
with a dominant dipolar interaction between geminal
F nuclei in 2 molecule which is rapidly rotating or re-
orienting about its ‘“sixfold” axis. (Just below this
temperature the spectrum rapidly broadens to a width
consistent with a rigid lattice.)

We guessed that the mechanism of such a reorienta-
tion might involve a jump through 60°, accompanied by
a chair-chair conformational flip to restore the mole-
cule to harmonious packing with its neighbors. This
is apparently not the case: the molecule rotates
(through 1207?) as a rigid entity. That this is so is evi-
dent from Figure 1b, which shows the spectrum ob-
tained by Fourier transformation of the envelope of a
multiple-pulse decay (WAHUHA spectrum) in solid
C¢F1: at the same temperature. (This experiment em-
ployed a four-pulse cycle described elsewhere,® with a
cycle time of 21 usec and a 90° pulse width of 1.1 usec.)
Suppression of the dipolar broadening reveals the same
AB quartet observed by Tiers® (§ 17.5 = 1.5 ppm, J =
310 = 40 Hz). This shows that the molecule, as it ro-
tates more rapidly than 6 X 10¢ sec™l, is undergoing
axial-equatorial interchange Jess rapidly than 1 X 103
sec™ 1,

At higher temperatures the AB structure collapses:
at 0° one sees a single line of ~300 Hz width. This is
greater than our experimental resolution, indicating that
AB collapse is not yet complete: the barrier to axial-

(3) G.V.D. Tiers, Proc. Chem. Soc. London, 389 (1960).

(4) G. E. Pake, J. Chem. Phys., 16, 327 (1948).

(5) J. S. Waugh, L. M. Huber, and U. Haeberlen, Phys. Rev. Lett.,
20, 180 (1968).

equatorial interconversion may be very slightly greater
in the solid than in solution.

No convincing evidence of a °F chemical shift an-
isotropy appears in any of our spectra, a situation which
we find puzzling.
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Oxidation by Metal Salts. VI. A New Chemical
Method for the Generation of Aromatic

Radical Cations

Sir:

Aromatic radical cations have been prepared by
various techniques, but these have generally been
limited to polynuclear aromatics having very low oxida-
tion potentials.»? Attempts to prepare the less stable
radical cations of simple alkyl-substituted benzenes in
solution by chemical oxidations have been relatively
unsuccessful. It is the structure of these radical cations
as determined by electron spin resonance spectroscopy
that is most crucial in testing the various theoretical
treatments of aromatic radical ions.

We now wish to report a new chemical oxidation
method which, combined with a rapid mixing flow tech-
nique, permits the detection and characterization of
aromatic radical cations. The chemical reaction in-
volves the oxidation of the aromatic hydrocarbon by
cobaltic ion, a process postulated to involve radical
cation intermediates.® Pure trifluoroacetic acid was
used as the solvent and ligand in order to increase the
oxidation rate and stabilize the radical cation inter-
mediate. In a typical procedure, 10—% M solutions of
the hydrocarbon in trifluoroacetic acid and cobaltic
acetate in trifluoroacetic acid were rapidly mixed in a
flow cell at room temperature. The total flow rate was
usually in the range of 15-50 ml/min. By this tech-
nique, the esr spectra of hexamethylbenzene, penta-
methylbenzene, and the various tetramethylbenzene
radical cations were obtained. Radical cations derived
from less alkylated aromatics such as 1,3,5-tri-z-butyl-
benzene and p-di-z-butylbenzene were also observed
successfully.

The esr spectrum of the hexamethylbenzene radical
cation in trifluoroacetic acid was similar to that re-
ported for the radical cation prepared in sulfuric acid.*3
The spectrum consisted of at least 13 evenly spaced lines,
with a hyperfine splitting constant of 6.45 G.¢ One
carbon-13 splitting of 2.2 G was also observed. The
average line width (measured between points of maxi-

(1) Reviewed by G. Vincow in “Radical Ions,” E. T. Kaiser and L.
Kevan, Ed., Interscience Publishers, New York, N. Y., 1968, p 151.

(2) A. Reymond and G. K. Fraenkel, J. Phys. Chem., 71, 4570
(1967); D. L. Allara, B. C. Gilbert, and R. O. C. Norman, Chem.
Commun., 319 (1965); 1. C. Lewis and L. S. Singer, J. Chem. Phys., 43,
2712 (1965).

(3) E. 1. Heiba, R. M. Dessau, and W. J, Koehl, Jr., J. Amer. Chem.
Soc., 91, 6830 (1969).

(4) R.Hulme and M. C. R, Symons, J. Chem. Soc., 1120 (1965).

(5) M.K. Carter and G. Vincow, J. Chem. Phys., 47, 302 (1967).

(6) Estimated errors of splitting constants are =0.05 G.
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