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D,SO; to make the solutions 0.08M (stoichiometric)
in the acid. The diaminodurene (1,4-diamino-2,3,5,6-
tetramethylbenzene) cation was generated by electro-
lytic oxidation of 0.002M solutions in 1,2-dimethoxy-
ethane. The measurements were made with an X-band
superheterodyne spectrometer.!? Room-temperature
data for the first three radicals have been reported
previously.4

In the usual sigma-pi interaction theory®7 the
hyperfine splittings a; are expressed as linear functions
of the pi-electron spin densities p;™, ¢:= Z;Qxp:™, Where
the Qi are the sigma—pi parameters. The temperature
dependence of the a@; implies that either the Qu, the
px™, or both, are functions of temperature. The separa-
tion of the lines in a spectrum may not, however, give
the true hyperfine splittings because of either electron®
or Heisenberg® exchange, both of which would cause
the lines to coalesce at high temperatures, i.e., cause
an apparent negative temperature coefficient of the
splittings. The positive temperature coeflicient observed
for the nitrogen splittings shows that some mechanism
other than exchange effects plays a significant role.

The opposite signs of the temperature coefficients of
the nitrogen and proton splittings can be used to demon-
strate that the sigma-pi parameters are functions of
temperature: The nitrogen hyperfine splitting in the
pyrazine cation can be written® o™ =QncmNon"+
2QcxNpc™ where the first term is predominant® and is
known to be positive.* The proton splittings are
given by acu™=QcuPpc™ and axu®=Qnu%ox", and if
all the Q’s are assumed to be temperature-independent,
it follows that the signs of the temperature coefficients
of the nitrogen and proton splittings should be the
same, in contradiction to experiment. Similar consider-
ations apply to the other radicals in Table I, so that
at least part of the observed temperature dependence
arises because the (’s are functions of temperature.

Although there is a small but experimentally signifi-
cant temperature coefficient for the CH-proton splittings
in the dihydro- and dideuteropyrazine cations, the
temperature coefhicient for the methyl-proton splittings
in the tetramethylpyrazine and diaminodurene cations is
negligible. This result suggests that the methyl-proton
Q parameter is independent of temperature and also
perhaps that the spin densities do not change signifi-
cantly with temperature.

Replacement of the N-H hydrogen atom by deute-
rium causes several effects: The ratio of the NH-proton
splitting to the ND-deuteron splitting is about 6.33,
a value 2.8% lower than the ratio of the magnetic
moments, 6.514. A ratio of 6.3 was also found for this
radical by Bolton et al* Fessenden and Schuler'
observed a —1.19, isotope effect for the a®/aP ratio
in the methyl radical, and in the ethyl radical the
methylene positions give —1.09, and the methyl-group
positions +1.19%,. Deuterium substitution also causes
a relatively large change in the nitrogen splittings and,
in the pyrazine cation, a small but experimentally
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significant change in the CH-proton splitting. The
change in the methyl-proton splitting in the tetra-
methylpyrazine cation on deuteration is considerably
less, however, and is probably within the experimental
errors. The fractional temperature coefficients of the
splittings, | @; |7X(d | a; |/dT), in the deuterated radicals
are not significantly different from those for the un-
deuterated species.

Preliminary calculations indicate that both the tem-
perature dependence of the sigma—pi parameters and
the effect of deuterium substitution may arise from a
vibrational mechanism'~'* although all the effects have
not been adequately investigated.

We would like to thank Dr. J. R. Bolton, Dr. R. G.
Lawler, and Dr. M. Karplus for numerous helpful
discussions.
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Heavy-Atom Effects on Radiative and
Radiationless Processes in Charge-Transfer
Complexes

K. B. E1sENTHAL AND M. A, EL-SAYED
Chemistry Department,* University of California,
Los Angeles, California
(Received 13 July 1964)

HARGE-transfer complexes of acceptors containing
heavy atoms (e.g., tetrachloro- or tetrabromo-
phthalic anhydride) with aromatic hydrocarbons as
donors show a drastic decrease in the observed (radiative
and nonradiative) phosphorescence lifetime of the
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TasLE 1. Change in lifetime® (seconds) due to charge-transfer complexing.

Donor Naphthalene Phenanthrene
Observed Observed Calculatedb Observed Observed Calculated®
TPD TPH TPH TPD TPH TPH
Alone 21 2.4 15 3.7
TCPA 4.2 1.5 1.6 2.6 1.6 1.7
TBPA 0.39 0.29 0.34 0.40 0.34 0.37

8 rpy and T7pp represent the phosphorescence life of the charge-transfer complex of protonated and deuterated donors, respectively.
b Calculated according to Eq. (1) (assuming that only the radiative lifetime changes).

donors.! The question immediately arises: how much of
this observed change is due to an increase in the radia-
tive transition probability, and how much of it is due to
an increase in the radiationless transition probability?
In previous work, an upper limit of the increase of the
transition probabilities of these two processes is given.?
In the present work, a new method is used to separate
the heavy-atom effects on radiative and nonradiative
processes of the donor. Protonated and deuterated
aromatic hydrocarbons are used as donors. The radia-
tionless transition probabilities of the latter compounds
are negligible (it can be shown that the agreement ob-
tained in Table I is not affected if this statement is
not correct) because of the small vibration overlap
factors.® In the present work one assumes that the
heavy atom affects only the radiative transition prob-
ability. According to this assumption, the observed life-
time of the deuterated complexes is the actual radiative
lifetime of the T'j«»S, transition of the donor in the
complex. These values are then to be used together with
the radiationless lifetimes of the protonated hydrocar-
bons to predict the observed lifetime for four different
complexed protonated donor hydrocarbons. The excel-
lent agreement with the measured values supports the
assumption that the heavy-atom effect on the donor life-
time in o charge-transfer complex of this type is due mainly
to an increase in the radiative transition probability.

The acceptors used were TCPA (tetrachlorophthalic
anhydride) and TBPA (tetrabromophthalic anhy-
dride). CmHs, CloDs, CMHm, and C14D10 served as the
donor components. The compounds were purified as
follows: TCPA by zone melting; TBPA by recrystalliza-
tion from ether solution; CyHs and Cy4H;e by vacuum
sublimation. Studies were carried out in hydrocarbon
glasses at 77°K. The exciting radiation used was the
3660-A mercury line. The recorded spectra corre-
sponded to the donor phosphorescence. The decay was
exponential for both TCPA complexes but not for the
TBPA complexes. In the latter case the slight nonexpo-
nential behavior arose from the superimposed emission
of the uncomplexed TBPA. Since the TBPA emission is
short-lived, the lifetime of the donor was readily deter-
mined from the long-lived component of the decay.

The lifetimes given in Table I demonstrate the much
greater sensitivity to charge-transfer complexing of the
deuterated species relative to their protonated counter-

parts. These results suggest that the decrease in 7p is
due principally to the enhanced Ty Sy radiative transi-
tion. Thus if one assumes that the radiationless rate is
unchanged by complexing, the observed phosphores-
cence lifetime 7py of the protonated donor in a charge-
transfer complex can be predicted using the expression

1/rer=(1/7ep) +(1/7xn), )]

where 7yz is the nonradiative lifetime of the uncom-
plexed protonated hydrocarbon and rpp is the observed
lifetime of the complex of the deuterated hydrocarbon
with the same acceptor.

The comparison between the predicted and the ob-
served values of 7pu is given in Table I. If both the
radiative and radiationless Ty«>S; transitions were
appreciably affected in forming a charge-transfer com-
plex, it would be difficult to understand the excellent
agreement shown in Table I. It would be specially sur-
prising if there were signiﬁcant changes in these two
processes which compensate for each other, in four
different cases, so as to produce the agreement found
upon assuming that only the radiative corrections are
important.

The results of Table I might then be taken to indicate
that the heavy atom in a charge-transfer complex of the
type examined enhances the TS, radiative transition
probability and does not greatly affect the T1>S, radia-
tionless transition probability.

The radiative Ty<—.S, transition of the donor in a
complex can be enhanced by spin-orbit mixing with the
S§-S transitions of the donor,* of the acceptor® or with
the charge-transfer® transition. The latter mechanism
can be eliminated if the phosphorescence of the complex
is found to be polarized perpendicular to the charge-
transfer absorption. The degree of polarization of the
donor phosphorescence emission of the compounds given
in Table I is determined by the method of photoselec-
tion’ using procedures similar to those described else-
where.® In all the compounds examined the emission is
found to be positively polarized® with respect to the
charge-transfer excitation. This result eliminates neither
the charge-transfer mechanism nor the other mecha-
nisms unless the geometry of the charge-transfer com-
plex is known. If one assumes a sandwich structure for
the charge-transfer complex (which is more probable),
one can safely eliminate the mechanisms involving the
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in-plane S-S transitions of the donor and of the ac-
ceptor. If the structure of head to tail is assumed, with
molecular planes being parallel, the charge-transfer
transition would be in-plane polarized, and the results
obtained above eliminate the mechanisms involving
out-of-plane S~S transitions of the complexing mole-
cules.
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NMR Study of Paramagnetic Salts in
Aqueous Mixtures of Tetrahydrofuran
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PREVIOUS NMR study of electrolytes in dioxane—

water mixtures® has indicated, contrary to interpre-
tations of vapor pressure and some conductance data,
that cations were solvated by only water, with negli-
gible activity on the part of dioxane. This study was
undertaken using tetrahydrofuran (THF), similar to
dioxane, but polar, to discover if this molecule is more
effective in competing for electrolytes.

The measurements were carried out on a Varian A60
spectrometer at 40°41°C. Precision concentric sample
tubes were used since aqueous solution studies necessi-
tated an external reference, in this case, cyclohexane.
Concentrations of salt were low enough, 0.05M or less,
to prevent excessive broadening and to permit the
measurement of volume magnetic susceptibilities by
the NMR technique.? The salts were reagent grade
and were dried under vacuum before weighing.

A summary of the chemical-shift data, corrected for
susceptibility, is given in Table I, wherein a positive
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value of §, defined as

}Isolvent - Hsolution
)
H,

and expressed in parts per million, indicates a down-
field displacement of a particular signal upon the addi-
tion of electrolyte to a solvent mixture. Water line-
widths, in cycles per second, are listed in the column
headed by Av, and the subscripts « and 8 refer to the
appropriate tetrahydrofuran protons,

In all solvent mixtures the water signal is the only
one affected to any extent by the addition of salt. The
water shift data may be treated semiquantitatively by
use of Bloembergen’s expression? for solvent shifts due
to the presence of paramagnetic ions, that is, 8=
¢|¢(0) | 2/n, where |¢(0) |? is the probability of the
odd electrons of the paramagnetic ion being at the
solvent proton, # is the concentration of solvent mole-
cules, and the constant ¢ includes the solution suscepti-
bility, corrected for in this study, and the coordination
number of the ion. In the three solvent systems, from
5% to 259, water, the molar ratios for water are
about 3:2:1, respectively. Normalizing to equal salt
concentration and assuming equal probability of inter-
action in all solvents, one would predict equal solvent
shifts in the 25 and 509 water mixtures and shifts
lower by about a third in the 759, water mixture. This
is observed, to within 109, in the CoCl, and FeCl,
systems.

On the basis of measurements of spin-lattice relaxa-
tion times*— in the presence of paramagnetic ions, the
more extensive broadening of solvent linewidth should
be produced by the addition of Mn* *, less by Fet +
and Nit+, and least by Cot+. This is verified by the
water linewidths in Table I, which can be compared to
the normal water linewidth of 1.5 cps in these mixtures.
No apparent shift displacements of the water line in
the Mn* + solutions and in two of the Ni+ + solutions
were observed. In the former case, the water line was

TasLe I. Paramagnetic salts in aqueous mixtures
of tetrahydrofuran (THF).

H.O THF
Salt
% THF  (moles/liter) ) Ay 3« o8
25 CoCly(0.05) +0.39 4 —0.04 —0.03
FeCl2(0.05) +0.88 12 0 0
MnCly(0.001) 0 26 —0.06 —0.05
NiCl:(0.05) 0 13 0 0
50 CoCl:(0.05) +0.61 5 —0.02 0
FeCl»(0.05) +1.31 18 +0.05 +40.07
MnCl,(0.001) 0 40 0 0
NiCL(0.05) 0 17 —0.06 —0.03
75 CoCl;(0.025) +0.64 4 +0.02 4-0.02
FeClz(0.025) +1.21 16 +0.03 +0.03
MnCl;(0.001) 0 90 0 0
NiClz(0.025) +0.10 19 +0.02 +0.02
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