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Triplet-derived, carbon-centered radical pairs in micelles un-
dergo geminate processes in a few hundred nanoseconds.*® In
this time, the two radicals in a given micelle undergo several
encounters. However, for reaction to take place between them,
the radical pair must first cross from the triplet to the singlet state.
That crossing can be slowed down further by applying a magnetic
field that induces Zeeman splitting of the triplet sublevels. Earlier
work has indicated that hyperfine couplings play an important
role in controlling the decay of these radical pairs.’

The rate constant, k.. for radical-pair reaction within a
micelle is determined by diffusional processes and spin interactions.
It can be expressed in terms of the rate constant for radical-radical
encounters, k., and the probability, f, that a given encounter will
have singlet character, eq 1.1

krcacn = kef (1)

For a triplet-derived radical pair, the maximum value of fwill
be 0.25 if the radicals can separate over large distances so that
the electron-exchange interaction, J, vanishes. However, this
situation does not often arise in micelles where separation is limited
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Figure 1. Transient absorption spectra following excitation of benzo-
phenone (3 mM) in SDS micelles (0.2 M) in the presence of thiophenol
(29 mM) ca. 6 ns after the laser pulse. The insert shows a decay trace
recorded at 540 nm.

by the phase boundary. Here, f will roughly depend upon J! and
hence on r, the average separation between the radicals.!! By
contrast, k. is proportional to ™ (2 < n < 3). The intramicellar
encounter time (1/k,) can be expected to be of a magnitude
comparable to those observed for excimer formation and energy
transfer in related (but larger) micelles; these values are in the
50-100-ns range.!>!?

It has long been known that magnetic resonance properties such
as differences in g values and/or hyperfine interactions control
spin-state relaxation. To date, most of the experiments have
focused upon the role of hyperfine interactions. We reasoned that
in order to identify a system with very fast spin relaxation we
should investigate radicals with broad or undetectable EPR lines.
In this work, we have deliberately introduced a radical with a very
anisotropic g tensor as partner in a triplet radical pair and show
that this property can induce rapid loss of triplet character.

The system investigated involved the reaction of benzophenone
triplet with thiophenol, reaction 2. Laser flash photolysis (337
or 308 nm) was used to monitor the triplet at 600 nm to avoid
interference from Ph,C*OH (A, 540 nm) or PhS* (A, 450
nm)." In benzene, k, = (2.6 £ 0.4) X 108 M! 57!, as determined
from the effect of thiophenol on the rate of benzophenone triplet
decay.

*Ph,CO* + PhSH — Ph,C*OH + PhS* )

When benzophenone (0.003 M) was photolyzed in sodium
dodecyl sulfate (SDS; 0.2 M) micelles, the ketone triplet decayed
predominantly by hydrogen abstraction from the surfactant (r
~ 300 ns).* However, addition of thiophenol shortened the triplet
lifetime (reaction 2) monitored at 600 nm, and at thiol concen-
trations =0.03 M (which leads to occupancies >7), it was below
our detection limit (<5 ns). At this point, abstraction from the
surfactant can be neglected. The transient spectrum corresponds
to the thiyl (450 nm)'* and ketyl (540 nm) radicals (Figure 1).
The lifetimes for both transients were ca. 20 ns (see insert in Figure
1) and independent of further addition of thiol. There was no
residual absorption following the decay, indicating that radical
escape from the micelle was negligible and that decay took place
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by intramicellar radical-radical reaction. Application of an ex-
ternal field (£3.2 kG) had no effect on the experiment. The size
of SDS micelles can be increased with the addition of NaCl.!6718
The ketyl lifetime increases to 40 and 70 ns with the addition of
0.4 and 0.6 M NaCl, respectively.

Hyperfine interactions, which are common in other systems,
cannot account for the rapid relaxation observed in these ex-
periments, since larger interactions in other systems have not
caused similar effects.*® Moreover, Ph,C*OH has been used in
numerous experiments where triplet character has been preserved
for hundreds of nanoseconds*'? so that the properties of its g tensor
cannot account for the relaxation. We interpret our results in
terms of rapid relaxation related to the g tensor for PhS®.

Relaxation that comes from g-tensor anisotropy is magnetic
field dependent but at the fluxes used in these experiments cannot
contribute to rapid relaxation.?® However, both transverse (7))
and longitudinal (7,) relaxation times associated with spin ro-
tational relaxation are significant. They are defined in eq 3, where
7 is the rotational relaxation time and &, represents the shift of
g-tensor components from the free-electron value, e.g., 6g, =
g, — 2.002319.

(g% + og,> + 6g.%)
B 97

T =Ty (3)

The principal values of the g tensor for PhS® are 2.003, 2.003,
and 2.017.2' While those for Ph,C*OH are not known, we have
used representative values for the structurally related radical
(CH3)C*(OH)CO,", viz., 2.0037, 2.0036, and 2.0031, respec-
tively.2! These values lead to g(isotropic) = 2.003 47, which is
close to the value of 2.0030 observed for Ph,C*OH in fluid so-
lution,?!

Values of 7y depend upon solvent viscosity and radical size and
are therefore difficult to define in micelles where viscosities are
inhomogeneous and poorly defined. However, T| + T, for PhS*,
must be less than the radical-pair lifetime (~20 ns). Substitution
into eq 3 gives 7o = 2 X 10713 s, which is in accord with values
of 10712 to 10713 s observed for small organic molecules in hy-
drocarbon solvents.??  Values of 7, in this range lead to 7)-
(Ph,C*OH) in the neighborhood of 1 s which are consistent with
the fact that this radical does not itself induce rapid relaxation
in numerous experiments described in the literature.® Thus, spin
rotational relaxation induced by PhS* accounts for rapid relaxation
observed in this work.

Our results by themselves cannot rule out spin—orbit coupling
(SOC) as the mechanism for rapid relaxation; however, our
preference for an interpretation based on the g tensor should be
examined in the context of other studies involving oxygen,'*?
germanium—centered?®, and benzenesulfonyl® radicals. In the
last two cases modest magnetic field effects and micellar escape
were observed in SDS micelles.* This argues against atomic mass
as a key parameter.

An implication of this result is that the lower limit for the rate
constant, k., for encounters between radicals in SDS micelles must
be ~5 X 107 s7L, i.e., the reciprocal of the experimental lifetime
of the radical pairs. Thus, in radical pairs where spin rotational
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relaxation is not rapid and radical-pair lifetimes are ca. 1 us, the
value of f must be <107%; see eq 1.

The dominant effect found in this study is related to the shift
of the components of the g tensor from the free-spin value. Thus
organic radicals, in which one of the principle values in the g tensor
is ca. 2.02, will be capable of reducing triplet-pair lifetimes in
micelles to the nanosecond time domain. Radicals such as peroxyl
and perthiyl fall into this category.?!

The present results indicate that organic radicals in which a
component of the g tensor differed by unity from the free-spin
value would actually be capable of inducing relaxation within the
50-ps lifetime that characterizes a geminate radical pair in the
solvent cage. Transient radicals in this category would have broad
EPR lines that would be essentially undetectable in homogeneous
solution. Examples are alkoxyl and alkanethiyl radicals which,
in non-hydrogen-bonding solvents, have extremely anisotropic g
tensors due to electron exchange between the degenerate p or-
bitals.2* For such “EPR invisible” radicals, all encounters should
lead to reaction and f (eq 1) will approach unity.
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We report the direct determination of the heat of formation
for cyclopropenylidene (c-C3H,) by photoelectron spectroscopy.
An adiabatic ionization potential of 9.15 £ 0.03 eV is measured
for the carbene produced in a molecular beam by supersonic jet
flash pyrolysis of 3-chlorocyclopropene. Insertion of this ionization
potential into a thermochemical cycle yields AH{(C;H,) = 114
+ 4 kcal/mol. In addition, the homolytic C-H bond dissociation
energy for cyclopropenyl radical is determined to be 61 £+ 6
keal/mol. The reduced bond strength in C3H; radical is found
to be in quantitative agreement with a proposed general rela-
tionship of radical bond strengths to carbene singlet—triplet
splittings.

Time-of-flight (TOF) mass and photoelectron spectrometers
and the flash pyrolytic nozzle source are described elsewhere.?
Laser light at 118.2 nm (10.49 e¢V) for photoionization was
generated by frequency-tripling the Nd**:YAG third harmonic
in a xenon cell.2  3-Chlorocyclopropene was synthesized and
purified according to the procedure by Breslow.> Flash pyrolysis
of 3-chlorocyclopropene (1500 °C, 1050 us contact time) resulted
in clean loss of HCI, as shown in Figure 1. Comparison of the
TOF mass spectra with heat off and heat on shows that conversion
to C;H, is clean and complete. We find no detectable secondary
reactions of the carbene. Similar pyrolyses® of chloroform and
a-deuterated vinyl chlorides indicate that «a-elimination of HCI
(DC)) is facilitated only for a singlet ground state carbene like
cyclopropenylidene. Isomeric C;H, species, propadienylidene and
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