through a square-root function, and the small positive
deviation at higher temperatures is thought to be real.

The fact that the magnetic moments reported for the
europium complex are slightly below that expected for a

= 5/, system may be a consequence of a slight shift in
the g value. Such a shift has been noted for the 4f7
Gd?*+ ion in metallic gadolinium and attributed to an
interaction of the core electrons with the conduction
band electrons. !

Further studies of the magnetic susceptibility and
electron spin resonance of these and similar complexes
are in progress.

(11) M. Peter, et al., Phys. Rev., 126, 1395 (1962).

Gerald R. Feistel, Thottakara P. Mathai
Department of Chemistry, Saint Louis University
St. Louis, Missouri 63156

Received March 11, 1968

Enhancement of Biacetyl Luminescence by Deuteration®-2
Sir.

The mechanism of radiationless transitions between
electronic states has been the subject of considerable
theoretical® and experimental® study. Since nonradia-
tive, rather than radiative, transitions are lifetime deter-
mining for many molecules of photochemical interest,’
knowledge regarding the detailed nature of how one
electronic state passes radiationlessly to another elec-
tronic state is crucial for the proper understanding of
photochemical efficiencies.

Available theories emphasize either the intramolecu-
lar®®= or the intermolecular’® effects which determine
the rates of radiationless conversions. It is theoreti-
cally®®%2 expected, and experimentally found,*® that
the substitution of deuterium for hydrogen lowers the
rate constant for radiationless transitions substantially,
but has only a minor effect on radiative rates.” How-
ever, this effect has not been observed in the condensed
phases for any molecules if the states undergoing radia-
tive interconversion are similar in energy.” Essentially
all of the data published to date pertains to the effect of
deuterium substitution on organic molecules in rigid
media.” Since biacetyl emits both fluorescence® and

phosphorescence® even in fluid solution,¥!! we have

(1) Molecular Photochemistry, VII; paper VI: N, J. Turro
and D. S, Weiss, J. A4m. Chem. Soc., 90, 2185 (1968).

(2) The authors gratefully acknowledge the generous support of this
work by the Air Force Office of Scientific Research (Grants AFOSR-
1000-66 and AFOSR-1381-68), and the National Science Foundation
(Grant NSF-GP-4280). We also thank Mr. C. K. Luk of Columbia
University for assistance in the measurement of phosphorescence life-
times.

(3) (a) G. W. Robinson and R. P. Frosch, J. Chem. Phys., 37, 1962
(1962); (b) ibid., 38, 1187 (1963); (c) G. W. Robinson, ibid., 47, 1967
(1967); (d) M. Gouterman, ibid., 36, 2846 (1962); (¢) W. Siebrand, ibid.,
44,4055 (1966); (N E. F. McCoy and I. G. Ross, Australian J. Chem., 18,
1589 (1965).

(4) (a) R. E. Kellogg and R. G. Bennett, J. Chem. Phys., 41, 3042
(1964); (b) J. D. Laposa, E. C. Lim, and R. E. Kellogg, ibid., 42, 3025
(1965); (c) G. W. Robinson, J. Mol. Spectry., 6, 58 (1961).

(5) N.J. Turro, Chem. Eng. News, 84 (May 8, 1967).

(6) (a) M. R, Wright, R. P. Frosch, and G. W, Robinson, J, Chem.
Phys., 33, 934 (1960); (b) E. F. McCoy and 1. G. Ross, Australian J.
Chem., 15, 573, 591 (1962); (c) C. A. Hutchinson, Jr., and B. W. Mag-
num, J. Chem, Phys., 32, 1261 (1960).

(7) W. Siebrand, “The Triplet State,”” Cambridge University Press,
London 1967, p 31,

(8) L. S. Forster, S. A. Greenberg, R, J. Lyon, and M. E, Smith,
Spectrochim. Acta, 16, 128 (1960).

(9) K. Sandros and M. Almgren, Acta Chem. Scand., 17, 552 (1963).

(10) H. L. J. Backstrom and K. Sandros, ibid., 12, 823 (1958).
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selected this relatively unique case to study how radia-
tionless processes are affected by deuteration, both
internally and externally.

Tables I and II present our findings on the lumines-
cence of CH;COCOCH; (1-H) and CD;COCOCD;
(1-D) under various conditions.!? The measured life-
times agree with those in the literature, being higher
than those previously!? reported for 1-H at 77°K and
approaching the highest values reported in fluid solu-
tion.'* We thus feel that adventitious quenchers are
not playing a significant role in our measurements.

TableI. Deuterium Enhancement at 77°Ke
Biacetyl Tps rp(deuterated),
concn, M msec msec
0.10 2.40 3.32
0.05 2.48 3.35
0.01 2.42 3.41
0.005 2.57 3.30
0.058> 1.91 2.78
0.058¢ 2.05 2.82

o In 5:5:2 ether:isopentane :ethyl alcohol glass unless otherwise
stated. ®In 3:1 ether:isopropyl alcohol. ¢1In 3:1 ether-d,:iso-
propyl alcohol-ds.

Table II. Deuterium Enhancement at 25°

Biacetyl T ro(deuterated),

concn, M msec msec
0.05¢ 0.46 0.49
0.05 0.46 0.61
0.01« 0.45 0.62
0.01? 0.53 0.77
0.0035e 0.50 0.70
0.005° 0.56 0.82

e In benzene. * In benzene-ds.

Salient features of our data are the enhanced fluores-
cence and phosphorescence of 1-D over 1-H in CeH,
and the enhanced phosphorescence of both 1-H and 1-D
in C¢Ds.  An increase in fluorescence is not expected
for the Si(n,7*) »> Ty(n,7*) crossing of biacetyl, be-
cause these states are separated in energy!® by only 10
kcal/mole. Nonetheless, the fluorescence intensity of
biacetyl increases by 5077, upon deuteration in EPA at
—198° and by 2097 at 25° in benzene. An intermolecu-
lar deuterium enhancement of luminescence has not
been previously observed for an organic molecule in
solution and is surprising. ‘"'

We have corroborated the enhancement of fluores-
cence of 1-D or 1-H by direct lifetime measurements?

(11) H. L. J. Backstrom and K. Sandros, ibid., 14, 48 (1960); 16, 958
(1962); 18,2355 (1964).

(12) Fluorescence and phosphorescence spectra were recorded on an
Aminco-Bowman spectrophotofluorometer, using 10-mm o.d. Pyrex
tubes as cells, Phosphorescence lifetimes were measured with the
following system: stroboscopic light source, a Corning CS-7-39
glass filter, the sample, a CS-3-71-filter (or 0.25-m monochrometer),
an RCA XP1010 photomultiplier tube, and an oscilloscope with camera
attachment.

(13) D. S. McClure, J. Chem. Phys., 17,905 (1949).

(14) (a) H. L. J. Backstrom and K. Sandros, Acta Chem. Scand., 12,
823 (1958); (b) J. T. DuBois and F. Wilkinson, J. Chem. Phys., 39, 899
(1963).

(15) J. W. Sidman and D, §. McClure, J. A4m. Chem. Soc., 77, 6461
(1955).

(16) The deuterium effect of a host on a solute in a mixed crystal has
recently been reported: N. Hirota and C. A, Hutchinson, Jr., J. Chem.
Phys., 46, 1561 (1967).

(17) The authors are grateful to Mr. Everett T. Meserve of TRW In-
struments, Inc., El Segundo, Calif., for these measurements.
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of 0.05 M benzene solutions of 1-H (v, = 10.0 nsec)
and 1-D (7, = 11.7 nsec).

An independent check of some of our spectroscopic
data at 25° was possible since Stern—Volmer quench-
ing of 1-H and 1-D by (CH;).CHOH was observed.

&9, = 1 + k,7,[Q]

These results are reported in Table III and are con-
sistent with a deuterium enhancement of lifetime and
also with literature data**® for quenching of triplet

1-H.

Table III.  Stern—Volmer Quenching by Isopropyl Alcohol
Biacetyl koTp, kq, 102 1. mole™?!
concn, M M1 sec™!a
0.05° 1.50 3.3
0.05¢ 1.55 3.2
0.054 1.63 3.5
0.05¢ 2.22 3.6
0.01° 1.50 3.3
0.01¢ 1.66 2.7
0.014 1.57 3.0
0.01¢ 2.28 3.0
0.005? 1.57 3.1
0.005¢ 1.92 2.7

@ k, calculated from 7, values in Table II. ?1-H in benzene.
¢ 1-D in benzene. ¢ 1-H in benzene-ds. ¢ 1-D in benzene-de.

In conclusion, the response of the radiationless rate
processes of biacetyl toward intra- and intermolecular
deuterium substitutions appears to be unique among
studies reported to date. This uniqueness derives in
part from the dearth of published data concerning deu-
terium effects on molecules other than aromatic hydro-
carbons, but implies that a theoretical study of a pos-
sible special role of the n,7* state in determining radia-
tion less rates should be considered.!®

(18) H. L. J. Backstrom and K. Sandros, J. Chem. Phys., 23, 2197
(1955).

(19) Although chemical mechanisms generally have not been con-
sidered to provide an important mechanism for radiationless deactiva-
tion of biacetyl in benzene, we are attempting to determine whether the
reversible photochemical processes are significant,20.21

(20) J. Lamaire, J. Phys. Chem., 71, 2653 (1967).

(21) J. Baltrop and J. A. Smith, J. Chem. Soc., B, 227 (1968).
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A Criterion for Zwitterionic Intermediates
in the Photochemistry of 2,5-Cyclohexadienones
Sir:

The wealth of information on the photochemistry of
2,5-cyclohexadienones which has appeared in the litera-
ture in the past 12 years has been interpreted, almost
without exception, in terms of zwitterionic species as
intermediates. 2 This belief in ionic pathways seems
to be based on the parallelism between the chemistry of
the phototransformations and polar rearrangements of
nonphotochemical origin in related compounds.

(1) H.E. Zimmerman, Advan. Photochem., 1,183 (1963); O.L. Chap-
man, ibid., 1,330 (1963),

(2) P. J. Kropp in “Organic Photochemistry,” Vol. 1, O. L. Chap-
man, Ed., Marcel Dekker, Inc., New York, N, Y., 1967, Chapter 1,

A possible test for the nature of the intermediates in
these systems is a study of the behavior of isolated mole-
cules of the reactant, i.e., in the vapor phase at low
pressure. At the photon energies used in the excita-
tion of the dienones (<4 eV), in isolated molecules, it is
unlikely that polar structures in which unit charges are
separated by the distance of one C-C bond are attain-
able.? On the other hand, in polar solvents the large
dielectric constant of the medium, as well as solvation,
can lower the energy (with respect to the ground state)
of these structures to a point where they may be acces-
sible to the electronically excited dienone molecules,
Hence a comparison of the photochemistry of a given
compound in the gas phase at low pressure and in solu-
tion in a polar solvent can be used as a significant test
for the intermediacy of ionic species along a given
pathway. By the use of this reasoning, we shall demon-
strate that in a typical 4,4-disubstituted 2,5-cyclohexa-
dienone (I) the photoisomerization to a 6,6-disubsti-

0] 0] 0]
O On
R R

Ia, R = CH; IIa, R = CHj; Illa, R = CH;
b, R = Ce¢H; b, R = CsH; b, R = CsH;
H OH
R
R R
R
IVa,R = CH3; Va, R = CH;
b, R = C5H5 b, R = C8H5

tuted bicyclo[3.1.0)hex-3-en-2-one (II) and in turn to
the 6,6-disubstituted cyclohexa-2,4-dienone (III) need
not involve zwitterionic species while the photorear-
rangements of II to the phenols IV and V are, in all
probability, polar reactions.

Irradiation of 4,4-dimethylcyclohexa-2,5-dienone (Ia)
at 3000-3700 A in solution in cyclohexane to conver-
sions of 407, gave two isomeric ketones. One of these
was identified as 6,6-dimethylbicyclo[3.1.0]hex-3-en-2-
one (IIa) on the basis of its infrared (conjugated C=0
at 5.85 u; medium absorptions at 7.49, 8.48, 11.72,
and 11.90 u), nmr (quartet at = 2.73 (1 H), doublet at
4.18 (1 H), quartet at 7.73 (1 H), doublet 8.20 (1 H),
and singlets at 8.77 (3 H) and 8.85 (3 H)), mass (parent
peak at 122), and ultraviolet spectra (structureless ab-
sorption similar to 1Ib).* The second compound was
identified as 6,6-dimethylcyclohexa-2,4-dienone (IlIa)
by comparing its spectra with those of an authentic
sample.® Irradiation of Ia at the same wavelength in
aqueous dioxane gave, in addition to Ila, two com-
pounds which were separated by extraction with sodium
hydroxide. By comparison with authentic samples on a
thin layer chromatogram these compounds were iden-
tified as the phenols IVa and Va, the latter being in ex-

(3) A quantitative calculation of the energy separation between a
given polar intermediate and the ground state of the reactant is difficult
to carry out since the exact charge separation and its magnitude are not
kn&\;m}.l. E. Zimmerman and D. I. Schuster, J. Am. Chem. Soc., 84,
4527 (1962).

(5) E. N. Marvell and E. Morgan, ibid., 77, 2542 (1955).

(6) K. Alder, F. H. Flock, and H, Lessenich, Chem. Ber., 90, 1709
(1957).
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