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Abstract: The electronspin exchange interaction between micellized spin-correlated radical pairs (SCRP) is investigated
by time-resolved electron spin resonance (TRESR ) spectroscopy. Onthe basis of the SCRP model proposed independently
by Closs and McLauchlan, an effective exchange interaction (Jes) can be extracted either from a direct reading of the
observed TRESR spectra or through spectral simulation. The results for a series of micellized radical pairs (of similar
electronic and magnetic structure) show that the J values are a function of the effective micelle size (L) experienced
by a given micellized radical pair and also a function of the radical pair molecular structure for a given micelle size.
The values of J.ir can be systematically manipulated by varying the size of the micelles and/or the structure of the
radical pairs. The results are shown to be consistent with a simple model of the structure of the micelle which includes
the relationship between the magnitude of the exchange interaction between the fragments of the micellized radical
pair and the micellar parameters such as the frequency of geminate pair reencounters, the relative diffusion coefficient
of the fragments in the micelles, and the effective volume of the micelle explored by the pair during the time of
observation. It is shown that a micellized radical pair, because of interactive spin and molecular dynamics, constitutes
a simple and useful model of a guest-host supramolecular structure so that variations of the micelle size and the radical
pair structure are interacting and not independent variables.

Introduction

Reactive radical pairs, created by flash photolysis of appropriate
precursors in homogeneous solution in the cavity of an electron
spin resonance (ESR) spectrometer, often exhibit a non-
Boltzmann electronic spin distribution when observed by time-
resolved electron spin resonance (TRESR) techniques, i.e., the
radicals exhibit spin polarization. This phenomenon has been
generally termed chemically induced dynamic electron polar-
ization (CIDEP), and several mechanisms that give rise to this
phenomenon have been recently reviewed.!'-> Two of the most
important polarization mechanisms are the triplet mechanism
(TM) and the radical pair mechanism (RPM),** which provide
complementary information on the mechanism of radical pair
reactions in the sense that TM polarization originates in the steps
prior to geminate radical pair formation, while RPM arises in
steps subsequent to geminate radical pair formation. Both
mechanisms lead to CIDEP spectra that are readily distinguishable
by examination of the hyperfine patterns: (1) TM results in a
pattern of hyperfine lines which are entirely of the same phase,
i.e., entirely emissive or entirely absorptive and (2) RPM results
in a pattern of hyperfine lines showing opposite phases about the
center field of the EPR spectrum, i.e., absorptive in low field and

emissive in high field (A/E) or emissive in low field and absorptive
in high field (E/A). Which of these two possibilities is observed
can be predicted by the use of a simple equation (1) suggested
by Adrian.’

The sign of the hyperfine pattern generated by RPM (des-
ignated as an E/A or A/E) may be predicted through eq 1,57

Ty = —u sign(J) (1)

where the value of u is determined by the multiplicity of the
immediate precursor to the radical pair (1 for the triplet state
and -1 for the singlet state) and sign(J) is determined by the
ground-state multiplicity of the radical pair (-1 for singlet ground
states and 1 for triplet groundstates). If I'yg > O, the polarization
is of the E/ A type; otherwise, the polarization is of the A/E type.
The majority of reported CIDEP spectra result from triplet
precursors possessing singlet ground states so that the sign of T',
according to eq 1, is (<)(+)(-) = +,ie., ' > 0 and an E/A
pattern is predicted.

A third type of CIDEP pattern has been observed in which
individual hyperfine lines exhibit bothabsorptive and emissive
components.®-!3 This pattern was observed in TRESR experi-
ments involving both biradicals!4 and micellized radical pairs.®-!2
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The spin-correlated radical pair model (SCRPM) was proposed
independently by Closs!? and McLauchlan!! to explain these
observations. In the SCRPM, the electron exchange inter-
action®!*>-17 J is assumed to be a factor which may dominate and
modulate the electron spin-spin interactions under the high
magnetic field approximation, while the dipolar interaction
between electron spins is either ignored or treated as a constant.!!.12
The emission/absorption pattern of each hyperfine line occurs
due to a rapid S-Tp intersystem crossing induced by hyperfine
interaction, which both drains the T, state (leading to excess
population of T+ and T.) and splits the energies of To and S
(leading to a splitting of the energies of the T+ — Toand T. —
Totransitions). The SCRPM isdiscussed indetail in the spectral
simulation section of this paper.

One important outcome of the SCRPM is that the sign and
magnitude of the exchange interaction J can be extracted either
from a direct reading of the recorded TRESR spectra or through
spectral simulation.!!121418 Tt is generally assumed that the
magnitude of J is approximated by an exponentially decaying
function of the distance between the radical centers,’.16.17.19
However, as the time resolution of conventional (continuous wave)
ESR spectrometers is longer (ca. 200 ns)2° than the time required
for the spatial equilibration of the micellized radical centers (ca.
10 ns),?! the observed TRESR spectra for micellized radical pairs
are the distance-averaged spectra for the radical centers, that is
to say, the J values extracted from the spectra are actually the
average of “effective” J values Ji¢r experienced by the radical
centers during the time scale of the TRESR measurements. In
general, the observed spectra will consist of a superimposition of
the spectra of micellized geminate pairs, micellized random pairs,
and radicals in the bulk aqueous phase.

Supramolecular chemistry has been defined as “chemistry
beyond the molecule™.?22* Guest-host complexes constitute an
important class of supramolecular systems. Guest—host systems
arerelated tomolecules (and the noncovalent intermolecular bond)
asmoleculesarerelated toatoms (and the covalent intramolecular
bond), i.e., guest—host chemistry is concerned with the structure
and dynamics of entities consisting of two or more molecules that
are held together by noncovalent bonds. The guest is usually a
small molecule which is noncovalently associated with (i.e., is
bound to) a host, the latter entity often being a large single
molecule or a self-assembling aggregate of molecules, such as
micelles. Tothe extentthata guest—host complex isstoichiometric
(or is close to stoichiometric) and may be viewed as operating as
a unit during an observable process, we may consider such a
complex as a sort of supermolecule.

If a micellized radical pair is considered as a prototypical guest—
host complex, i.e., a supramolecular system, certain useful
analogies may be drawn between “supramolecular” micellized
radical pairs and “molecular” biradicals connected by a flexible
methylene chain. Flexible biradicals exist in a distribution of
conformations which are characterized by different separations
r between the two radical centers. It is this equilibrium of
conformations which determines the average distance of separation
of the radical centers during the TRESR experiments. Micellized
radical pairs, however, exist in a distribution of different sites
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within the micelleand are in a dynamic state of exchange between
these sites. Therefore, the distance-averaged TRESR spectra
for micellized radical pairs reflect an effective micelle size (with
a characteristic radius L) experienced by the radical pair
fragments during the time scale of the TRESR experiments.

An important feature of supramolecular systems is that they
possess observable properties that differ significantly from simple
addition of the corresponding properties of the molecular
analogues. In the case of micellized radical pairs, the analogous
“molecular” system that we chose for comparison is a radical pair
in a nonviscous homogeneous solution. For such radical pairs,
the time for diffusional separation to 10 A (~10-195)2425 is usually
fast enough that, by the earliest time for TREPR spectra to be
recorded (ca. 200 ns after the ca. 4-ns laser flash in our study),
the effective J value between the fragments of the radical pair
has dropped to zero. Furthermore, by this time, all the pairs
have lost their geminate character and have achieved random
positions in the solvent. However, for supramolecular micellized
radical pairs, the micelle behaves as a “supercage” 26 compared
to the solvent cage provided by the molecules of a homogeneous
solvent. The micellar supercage may increase the time scale over
which the geminate character of the radical pair fragments is
preserved for orders of magnitude and may force the pair to
remain spatially proximate for time periods of the order of 10-¢
8.27 Therefore, on timescales shorter than 1 us, a supramolecular
micellized radical pair possesses constraints on spatial separation
of the radical centers which are analogous to those of a molecular
biradical.

The radical precursors chosen for this study are ketones 1-9
K listed in Chart I. Upon photolysis in homogeneous solution,
all of these ketones undergo ultrafast intersystem crossing to the
triplet state and very fast (>10° s-!) Norrish type I reaction?8
which produces triplet radical pairs 1-9 RP (Chart I). The
TRESR spectra of these radicals in homogeneous solution display
emissive CIDEP spectra characteristic of TM polarization. In
nonviscous homogeneous solvents, these CIDEP spectra, except
for intensities, are not significantly influenced by the solvent nor
the structure of the radicals generated by photolysis. On the
other hand, the TRESR spectra of the same radicals in micellar
solutions show CIDEP spectra, which are very dependent on the
size of the micelle employed in generating the micelle and on the
structure of the radicals produced by photolysis. Thesizevariation
in the micelles was achieved by changing the chain length of the
surfactant monomers as well as by the addition of external
electrolytes. Two kinds of surfactants, positively charged alkyl-
trimethylammonium salts and negatively charged alkyl sulfate
salts, were used in our studies.

The ketones investigated may be conveniently divided in two
structural families, 1-6 K and 7-9 K, based on functional group
considerations. Each family contains ketones which will produce
radical pairs that are electronically and magnetically very similar
and which differ mainly in alkyl substitution at sites remote from
the radical centers. Our motivation in employing TRESR to
investigate such a series of radical pairs is to vary systematically
the distribution of the different sites occupied by the radical pair
within a micelle by varying the structure of the individual
fragments, and to study the influence of these variations on the
values of Jsr obtained from the TRESR spectra (for those pairs
displaying SCRP behavior). In supramolecular terms, we are
exploring the variation of supramolecular structure, i.e., the
average “binding” of the radical pair to various sites of the micelle,
the “conformational” dynamics which occur as the radical pair
explores the possible sites within the micelle, and the “dissociation”
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of the supramolecular structure when a radical fragment escapes
intothe bulk aqueous phase. If micellized radical pairs are viewed
as supramolecular systems,?%23 the results are not expected to be
understood only on the basis of the guest radical pair structure
(which is sufficient for measurements in nonviscous homogeneous
solvents) but must also be considered in terms of the host micelle
structure. Indeed, we shall show that both the radical pair
structure and the micelle structure must be considered as
interactive, in the sense of a true supramolecular system, in order
to understand qualitatively and quantitatively and to interpret
the results. For example, from the TRESR spectra observed, it
will be shown that the relative escape rates of the radical fragments
from the micelle supercages will depend both on the structure of
the micelle and on the structure of the pair.

Experimental Section

All ESR spectra were acquired on a Bruker ER100 D X-band ESR
spectrometer operated in the direct detection mode with the signal acquired
by an EG&G PARC 4402 boxcar and a 4422 integrator. The samples
flowed through a flat cell with an optical path length of 0.5 mm at a rate
of ca. 0.7 mL/min. Excitation was provided by a Quanta Ray DCR 2A
Nd:Yag laser operating at 266 nm and 20 Hz with a pulse of ca. 4 ns
fwhm. The pulse energy was controlled at 15 £ 1 mJ/pulse.

Phenyl 1-hydroxycyclohexyl ketone (3 K, Ciba-Geigy), manganese
chloride tetrahydrate (MnCl,-4H,0, Sigma), decyltrimethylammonium
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bromide (DeTAB, Kodak), dodecyltrimethylammonium bromide (DTAB,
Aldrich), tetradecyltrimethylammonium bromide (TTAB, Sigma), hexa-
decyltrimethylammonium bromide (CTAB, Sigma), sodium decyl sulfate
(SDeS, Lancaster), and sodium dodecyl sulfate (SDS, Bio-Rad) were
used as received. Potassium hexacyanochromate (K3Cr(CN)¢)? and
ketones 1, 6, 7 K, and 9 K,3° were synthesized according to published
procedures. Ketones 2, 4, 5 K, and 8 K were synthesized in a manner
analogous to that described for ketones 1, 6, 7 K, and 9 K. All the
synthesized compounds were purified by flash column chromatography
and satisfactorily characterized by GC-MS and !'H- and '*C-NMR
spectroscopy.

Detergent solutions were prepared in deionized water. Concentration
of the micelles was fixed at 1 mM for all the detergents used and was
calculated according to the formula

[M] = ([S] - emc)/N

where [M] and [S] correspond to the concentration of micelle and
surfactant, respectively, cmc is the critical micelle concentration,3!-32 and
N is the aggregation number of the surfactant monomers. The
concentration of radical pair precursors was 1.5 mM in most detergent
solutions except 8 K was 1 mM in DeTAB (Cyo*), 6 K was | mM in both
DeTAB (Cio*) and SDS (Cy27), and 9K was less than 0.5 mM in DeTAB
(Ci0*). The lower concentrations for the later systems were mandated
by solubility considerations. The concentrations of the paramagnetic
species Mn2* and Cr(CN)¢*~, employed as polarization quenchers, were
fixed at 5§ mM.

Immediately prior to TRESR measurements, all samples were prepared
by extended stirring of the radical precursors in micellar solutions with
Ar bubbling to achieve deoxygenation.

RESULTS

TRESR Spectra for Homogeneous Solutions vs Micellar
Solutions. Figure 1a shows the TRESR spectrum obtained upon
photolysis of 6 K in a homogenous solution composed of a mixture
of tert-butyl alcohol and water (1:1), and Figure 1b shows the
spectrum obtained from photolysis of 6 K in SDS micellar solution.
Both spectra were acquired at 450 ns after the laser flash, and
the gate width of the boxcar was 50 ns. The striking difference
distinguishing these two spectra is that while Figure 1a shows a
virtually entire emissive spectrum in which the signals from the
benzoyl radical (an apparent singlet which displays fine structure
at higher resolution, labeled with * in the figures) and a ketyl
radical (quintet) are clearly resolved, the spectrum in Figure 1b
shows an emissive-absorptive (EA) pattern for each hyperfine
line. This EA pattern is analogous to that reported by Closs et
al. for the radical pair derived by photoreduction of benzophenone
in SDS micelles and assigned toan SCRP.!? This pattern (Chart
II) was interpreted in terms of a fast intersystem crossing (ISC)
induced by hyperfine interactions (HFI) which occur under the
influence of a weak electron spin exchange (ESE) interaction.
According to Chart II, the maximum and minimum of each
hyperfine line in Figure 1b are separated by 2J.,'!:12 where Jesr
is an effective exchange interaction averaged over all locations
of the radical pair fragments within the micelle. Thus, a
qualitative estimate for the magnitude of the ESE may be obtained
by directly measuring the value of 2J.¢ from the experimental
spectra.

In nonviscous homogeneous solutions, the EA pattern is not
seen in the CIDEP spectra (Figure 1a) of radical pairs because
of a very fast loss of correlation (ca. 100 ps) due to diffusional
separation of the pair;3*-3’ in this case, the effective spin correlation
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(33) Lazar, M.; Rychly, J.; Klimo, V.; Pelikan, P.; Valko, L. Free Radicals
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Figure 1. TRESR spectra observed during the photolysis of 6 K in (a)
amixture of fert-butyl alcohol and water (1:1) and (b) SDS (C,7) micellar
solution. Excitation was at 266 nm for all spectra reported in this paper,
and the detection window was from 450 to 500 ns after the laser flash.
Spectrum ¢ wasrecorded in the same condition as (b) except the detection
time window was from 1450 to 1500 ns. All spectra are 120-G wide. The
line attributable to the benzoyl radical is marked with an asterisk; the
other lines are attributable to the ketyl radical and are marked with
arrows,

only lasts as long as the primary solvent cage#3 which is at least
2 orders of magnitude shorter lived than the earliest recorded
TRESR spectra (150-250 ns). Careful inspection of Figure 1a
shows that the emissive quintet of the a-hydroxyalkyl radical is
not completely symmetric; the intensities of the low-field emis-
sive peaks are somewhat stronger than those of the high-field
emissive peaks. This asymmetry is attributed to an E/A con-
tribution of RPM in addition to a pure contribution of TM in the
spectrum.3-5

In applying eq 1 to predict the phase of the expected RPM
spectra,®’ u = 1 since all the radical pairs investigated are
generated from photoexcited ketones undergoing bond cleavage
from excited triplet states. Furthermore, all radical pairs

(35) Kaptein, R. Adv. Free- Radical Chem. 1975, 5, 381.
(36) Rabinowitch, E.; Wood, W. Trans. Faraday Soc. 1936, 32, 1381.
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Chart II.  Energy-level Diagram of a Radical Pair in a
Magnetic Field with One Hyperfine Interaction 4 and
Exchange Interaction J¢

Before Mixing Afyer Mixing
T. N=1/3 T, N=1/3
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—_— r
gPBy <
Vs N=1/6
Triplet Staie To N=I3 .- :
Precursor >
2] [ 2w
N N=0 ...
€880 4 v,  N=1/6
— \
e
T, Nl T T N=1/3

¢ The left side of the figure shows zero-order levels, and the right side
shows the levels after mixing. The initial population NN is assumed to be
in the triplet levels only.

generated have singlet ground states** (i. e., J < 0), and hence,
sign(J) =-1. Therefore, if the RPM is operating to produce the
observed polarization, we expect to see an E/A pattern in the
EPR spectra since, for all cases investigated, I'yg > 0. When
both TM and RPM contribute to a spectrum, the high-field
absorptive peaks of RPM will somewhat offset the emissive peaks
of TM at the same resonance frequency. At low fields, however,
both RPM and TM give rise to emissive peaks and, hence, reinforce
one another as observed in Figure la.

Since RPM polarization results from the spin evolution during
diffusional dynamics, while TM and SCRPM polarization decay
with increasing time,*!2 it is expected that the contribution from
intramicellar RPM to the recorded TRESR spectra at longer
times will increase. This expectation is supported by comparing
the spectra for micellized pair 6 RP shown in Figures 1band lc,
where the E/A patternin Figure 1cshows that the RPM becomes
the dominant mechanism in the TRESR spectrum recorded at
longer times (1.45-1.50 us).

Effect of Micelle Size on the Value of Jy. Micellar size may
be manipulated and varied systematically by changing the chain
length of the surfactant monomer molecules that form the micelle
or by adding external electrolytes. Both processes are known to
influence the cmc and aggregation number of the micelle,32-38-40
Figures 2a—d show the TRESR spectra obtained during the
photolysis of 6 K in alkyltrimethylammonium bromide micelles
of systematically varying sizes (C,0*—C¢*) where C, is the chain
length of the surfactant monomer molecules and the superscript
refers to the charge on the surfactant head group. The shape of
the spectra and the absolute values of 2J.¢; (shown on the figure
and summarized in Table IV), which are measured directly from
the recorded spectra, clearly show a dependence on the alkyl
chain length of the detergents: J.¢ drops from 17.5 MHz (6.2
G) inDeTAB (C)¢*) micelle to 7.8 MHz (2.8 G) in CTAB (Cy6*)
micelle. Qualitatively, it appears that the line widths decrease
asthe number of carbon atoms in the detergent monomer increases.
Infact, the spectrumobtained in CTAB micelles (Cy¢*, the largest
monomer surfactant in the series) is almost purely emissive, as
shownin Figure 2d, and shows little hint of an SCRP contribution.

(37) Yankelevich, A. Z.; Potapov, V. K.; Hagemann, H. J.; Kuznets, V.
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(38) Chen, J.-M.; Su, T.-M.; Mou, C. Y. J. Phys. Chem. 1986, 90, 2418.
(39) Lei, X.-G.; Zhao, G.-H.; Liu, Y.-C,; Turro, N. J. Langmuir 1992, 8,
475.
(40) Aniansson, E. A. G.; Wall, S. N,; Almgren, M.; Hoffman, H.;
Kielmann, I.; Ulbricht, W.; Zana, R.; Lang, J.; Tondre, C. J. Phys. Chem.
1976, 80, 905.
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Figure2. TRESR spectra obtained during photolysis of 6 Kin (a) DeTAB,
(b) DTAB, (c¢) TTAB, and (d) CTAB micellar solutions. All spectra
were recorded under the same sweep width (120 G) and detection time
window (450-500 ns). The line attributable to the benzoyl radical is
marked with an asterisk. The|2J,s{ values are measured directly from the

spectra.

Analogous results are obtained in oppositely charged sodium alkyl
sulfate micelles, in which the 2J.¢ values measured for the radical
pair derived from 6 K in C,o-and C,,  sulfatesare 15.8 MHz (5.6
G) and 11.2 MHz (4.0 G), respectively.

A similar effect can be seen in the TRESR spectra obtained
upon photolysis of 6 K in SDS micellar solutions in the presence
of increasing variable amounts (0—1 M) of added NaCl. The
[2Jeq] value is 11.8 MHz (4.2 G) for 6 RP in SDS micelle and
then drops to 9.6 MHz (3.4 G), 9.0 MHz (3.2 G), and then 6.8
MHz (2.4 G) with the presence of 0.25, 0.5, and 1.0 M NaCl,
respectively. Since the size of alkyl sulfate micelles increases as
the external salt concentration increases,38.4042 these results are
consistent with a systematic decrease in the Je values as the
micelle size systematically increases.

Effect of Radical Pair Structures on Jor. The above results
demonstrate that the effectiveness of the exchange interaction
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can be modulated by controlling the size of the micellar supercage.
Since a micellized radical pair is a supramolecular structure, we
anticipate that the structure of the guest radical pair, operating
in conjunction with the structure of the host micelle, will also
influence the value of Jer. To examine the validity of this
expectation, we have investigated a series of ketones which, when
photolyzed, will produce radical pairs possessing very similar
electronic and magnetic properties but which differ in their
molecular structure by possessing different hydrophobic alkyl
substituents at sites remote from the radical centers. These
structural features are not expected to be of any significance in
TRESR spectra obtained in homogeneous solutions because only
uncorrelated radicals are observed experimentally. However, the
sitings and dynamics of a radical pair in a micelle are supramo-
lecular properties of the guest—host system and are therefore
expected to depend on the structure of both moieties of the
micellized radical pair. In terms of a crude model, the hydro-
phobicity (or the solubility) of each fragment of a micellized
radical pair will depend on the number of carbon atoms of the
fragment and of the surfactant making up the micelle and the
hydrophobicity of the suprasiting.

Figures 3 and 4 show examples of the influence of variation
of the radical pair structure on the ESE interaction in SDS micelles
as deduced from TRESR. The values of 2/, measured as the
separation of the adjacent emissive/absorptive peaks in the
TRESR spectra, are presented in each spectrum in Figures 3 and
4. These spectra are obtained from the photolysis of micellized
radical precursors 1-6 K and 7-9 K, which correspond to Figures
3a-f and 4a—c, respectively.

For radical pairs with similar electronic properties, magnetic
properties, and polar groups, the number of carbon atoms is an
approximate measure of the hydrophobicities of the corresponding
radical pair fragments.324344 It is expected that the hydrophobic
character of a radical pair will determine its solubility in a given
micelle and that solubility will be a guide to the siting of the
radical pair in the micelles and to the molecular dynamics of the
radical pair, including the escape rates of the fragments of the
pair from the micelles. Therefore, the results of Figures 3 and
4 are analyzed by investigating the relationship between the
number of carbon atoms of each radical pair and the value of Jes
extracted from the TRESR spectra, as listed in Table I where
the radical pairs are compared by holding the molecular structure
of one radical fragment constant and by varying the structure of
the other fragment. It can be seen (Table I) that the value of
Jesr is @ monotonic function of the number of carbon atoms in the
variable fragment in a given series. For example, for the radical
pairs 1 RP and 2 RP, both of which contain a small, hydrophilic
three carbon ketyl fragment, the absolute value of 2Jy is nearly
0 (on the time scale of Figures 3a and 3b). Presumably, this is
the result of the very low hydrophobicity of the ketyl fragment,
which greatly reduces the residence time of the ketyl fragment
in the micelle perhaps to a time shorter than the time scale of the
experiment. However, the value of |2/, increases to ~9.0 MHz
(3.2 G) for the radical pair 4 RP, which contains two relatively
hydrophobic fragments, one possessing 11 carbon atoms and the
other 6 carbon atoms (Figure 3d). A further increase in |2/
to11.8 MHz (4.2 G) is observed for the radical pair 6 RP, which
contains two hydrophobic fragments containing 11 carbon atoms
and 9 carbon atoms (Figure 3f).

Similar trends are found in the TRESR spectra shown in Figure
4. For the same micelle (SDS), the value of J.sr monotonically
increases as the hydrophobicity within a family of the fragments
increases. Employing the benzoyl-cyclohexyl pair in Figure 3 as
a reference point, the value of [2J.q is too small to measure, i.e.,
less than 6.8 MHz (2.4 G). However, addition of one carbon
atom to the cyclohexyl fragment increases |2/ to a measurable

(41) Lianos, P.; Zana, R. J. Phys. Chem. 1980, 84, 3339,
(42) Turro, N. J.; Zimmt, M. B,; Lei, X. G.; Gould, I. R.; Nitsche, K. S.;
Cha, Y. J. Phys. Chem. 1987, 91, 4544.

(43) Casal, H. L.; Martin, A. Can. J. Chem. 1989, 67, 1554.
(44) Ben-Naim, A. Hydrophobic Interactions; Plenum Press: New York,
1980; p 167.
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Figure 3, TRESR spectra of the radical pairs in SDS micellar solution recorded at 450-500 ns after the laser flash. All spectra are 120-G wide. Spectra
a—f correspond to radical pairs derived from 1-6 K, respectively. The lines attributable to the benzoyl radicals are marked with asterisks, while the
remainder of the lines are attributable to the ketyl radicals. The values of |2Je in each spectrum are obtained directly from the spectra.

value of 3.0 G (Figure 4a), and attachment of an additional four-
carbon group to the benzoyl fragment causes an increase in [2Js
to 3.8 G (Figure 4¢). Confirming the trends, the radical pair 9
RP, which contains one more carbon atom than the radical pair
6 RP, possesses a larger value of [2J.r] (5.2 G vs 4.2 G, respec-
tively).

Effect of Aqueous-Phase Paramagnetic Quenchers on the
TRESR Spectra. The TRESR spectra obtained in our investi-
gations are expected toinclude not only signals from the correlated
micellized radical pairs but also signals from the radicals which
have exited the micelles and are in the bulk aqueous phase during
the measurement and signals from the corresponding uncorrelated
micellized radicals. The value of |2/ for each spin-correlated
micellized radical pair is conveniently determined as the separation
between the emission/absorption peaks of each hyperfine line in
the observed spectra. However, the superposition of the signals
of the free radicals may shift the positions of the emission or
absorption peaks of the correlated radical pair, resulting in an
error when measuring the value of 2J.¢. In order to diminish the
contribution of radicals in the bulk aqueous phase to the observed
spectra and to investigate the behavior of the TRESR spectra in

the presence of “polarization scavengers”, we studied the effect
of introducing paramagnetic species carrying the same charge as
themicellar head groups and functioning as aqueous-sited electron
spin relaxants (polarization quenchers) of the radical fragments
which escape from micelles and enter the bulk aqueous phase.
Althoughstable nitroxides sequestered in the aqueous phase have
been used to study the exit rates of radicals by acting as
polarization acceptors,*’ the polarized signals of the nitroxide
can overlap with and obscure the signals of the correlated
micellized radical pairs. Therefore, quenchers such as Mn?* or
Cr(CN)¢*-, which do not contribute any ESR signal themselves
to the observed TRESR spectra, were employed in our studies
with positively or negatively charged micellar solutions, respec-
tively.46.47

The results (e.g., Figures 5 d1 and 5 d2) demonstrate that for
a hydrophobic radical pair, the observed values of effective ESE

(45) Jenks, W. S,; Turro, N. J. J. Am. Chem. Soc. 1990, 112, 9009.

(46) Wang, J.; Welsh, K. M.; Waterman, K. C,; Fehlner, P.; Doubleday,
C. J.; Turro, N. J. J. Phys. Chem. 1988, 92, 3730-3732.

(47) Molin, Y.; Salikhov, K.; Zamaraev, K. Spin Exchange; Springer-
Verlag: New York, 1980; Chapter 4.
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Figure 4. TRESR spectra obtained on photolysis of 7-9 K in SDS micellar
solution. All spectra were recorded in the same conditions as those in
Figure 3. The lines marked with asterisks are attributable to the benzoyl
radicals; the remainder of the lines are attributable to the methoxy-d;
radicals.

interaction (2J.s) are invariant in the TRESR spectra recorded
both in the presence and in the absence of the added polarization
quenchers, which means that the presence of the signals from the
radical exiting the micelle has no significant interference on the
observed values of 2J. within the detection limit of 0.1 G.
Nevertheless, the fast polarization quenching rates*’#® of the
aqueous paramagnetic quenchers can help evaluate the relative
escape rates from micelles for the two geminate radical pair
fragments, if at least one of the fragements is sufficiently
hydrophilic. Escape of the individual fragments of a geminate
radical pair is expected to be “anisotropic” and dependent on the
hydrophobicities of the individual fragments. Figure 5 provides
typical examples of how the relative escape rates of the micellized
radical pair fragments are determined qualitatively by the
polarization quencher located outside the micelle. All spectra
are recorded at 450—500 ns after the photolysis of ketone molecules
in DeTAB (Cjo*) micellar solution. Two spectra for a series of
radical pairs are presented, one in the absence and one in the
presence of 5 mM Mn?*,

Figure 5a shows that in the presence of 5 mM Mn?*, the signal
intensities of both polarized benzoyl and 2-propanoyl radicals

(48) Banci, L.; Bertini, I.; Luchinat, C. Nuclear and Electron Relaxation;
VCH Publishers: New York, 1991; Chapter 5.
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Table I. Number of Carbon Atoms Versus |/ Values for the
Radical Pairs in the SDS Micelle

common radical

no. of C atoms in

(no.of C atoms)  variable radical  variable radical  |Jq (G)
KH 3 ~0
9
-
OH 6 <1.2

™ (j

decrease but the intensity of the latter drops to a larger extent,
indicating that the 2-propanoyl radical escapes faster from the
DeTAB micelle than does the benzoyl radical. The difference
in the ratio of radical escape rates can be amplified by increasing
the hydrophobicity of the benzoyl radical, as shown in Figure 5b.
In this case, a highly hydrophobic benzoyl radical is essentially
“unquenched” by the Mn?*, indicating that the polarized radical
does not leave the micelle supercage during the time of observation.
As a demonstration of the control of structure on the escape
rates, the relative ratio of escape rates was reversed, i.e., the
escape rate of a benzoyl radical was made to be faster than that
of a more hydrophobic ketyl radical. Figure 5c¢ shows such a
reversal in the relative magnitude of the escape rates between the
ketyl and benzoyl radicals by increasing the hydrophobicity of
the ketyl-containing radical. Finally, the structure of both
partners in the pair can be made sufficiently hydrophobic that
neither partner escapes the micelle supercage during the time
period of observationby TRESR. Forexample, when both radical
pair fragments are very hydrophobic, as shown in Figure 5d, no
change in the relative intensities of the TRESR spectra is observed
upon the addition of Mn2* on the observation time scale (500 ns),
which demonstrates the relatively slow escape rates of both
radicals. Thus, a comparison of the relative intensities in the
presence and absence of quencher allows one to determine
qualitatively the relative escape rates of the individual radical
fragments from the micelle.

The effect of micelle size on polarization quenching of a given
radical pair is revealed by comparing Figure Sc with Figure Se.
An increase in the detergent chain length from DeTAB (Cyc¢*)
to CTAB (C¢*) results in a complete elimination of polarization
quenching by Mn2*, In this case, the “effective” hydrophobicity
of a given radical pair is increased by being associated with a
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Figure 5, TRESR spectra obtained from photolysis of (a) 1K, (b) 2 K, (c) 5K, and (d) 6 K in DeTAB (C0) and (¢) § K in CTAB (C¢) micellar
solutions. The effect of polarization quencher is studied by photolyzing each micellized ketone in the presence and absence of 5 mM Mn?2*, All spectra
were recorded at 450—500 ns after the laser flash, The sweep width is 30 G for a, 40 G for b, ¢, and e, and 50 G for d. The lines attributable to the
benzoyl radicals are marked with asterisks, while the rest of the lines are attributable to the ketyl radicals. For d, the lines are indistinguishable due
to the strong correlation between the radical pair fragments.

more hydrophobic micelle, again demonstrating the supramo-

lecular characteristics of the micellized radical pair.

Simulation of the TRESR Spectra. The method employed for

simulation of the experimental TRESR spectra is based on the
model described earlier by G. L. Closs and M. D. E. Forbes.!?
The basic assumptions of the model are the following.



Time-Resolved ESR Examination of a Guest-Host System

Table IL. g Values and Absolute Values of the Hyperfine Splitting
Constants of the Radicals Used in the Spectra

simulation
radical g value? Aorino (G) Amera (G)
9 2.0008 0.21 1.18
<8
2.0008 0.21 1.18

?n:o

radical g value? A(B-CH>) (G)*
/(C’H 2.0033 20
H/.ﬁo; 2.0033 14.3-16.6*
OCD; 2.0031 15.1-15.3*

4 (a) Bennett, J. E. Trans. Faraday Soc. 1971, 67, 1587, (b) Paul,
H. Helv. Chim. Acta 1973, 1575. ® Berndt, A.; Fisher, H.; Paul, H.
Numerical Dataand Functional Relationships inScience and Technology,
Group II: Atomic and Molecular Physics, Vol. 9. Magnetic Properties
of Free Radicals, Part b; Fisher, H.; Hellwege, K.-H., Eds.; Springer-

Verlag: Berlin, 1977. ¢ The asterisk corresponds to values that depend
on the environment (detergent chain length, salt concentration).

1. The magnetic properties of the micellized radical pair are
treated in the high-field approximation, in which it is assumed
that hyperfine interaction mixes only S and T, states. This
approximation is valid if the exchange interaction of radical sites
is much less than the Zeeman splitting.

2. Therate of hyperfine-induced S—T¢ mixing within the radical
pair is assumed to be fast relative to the decay rates. This
assumption is made to keep the kinetic states tractable.

3. The effective exchange interaction is time-independent,
i.e., Joir = constant. This assumption is required to make the
calculation feasible but considered to be accepted as a “zero-
order” approximation. The physical implication of this approx-
imation is that the site equilibrium of radical pairs within the
micelle has occurred before the initial observation has been made
and that equilibrium is maintained during the recording of the
TRESR spectra.

The details of the simulation program have been reported.!2!8
We followed the same basic approach to calculate the energy and
intensity of each transition of the TRESR spectra. One minor
modification was made in calculating the intensity, in which we
employed linear combinations of the S and T, states as the density
matrix elements p of the two states after HFI-induced S-T,
mixing. This modification is presented in detail in the Appendix.

The values of g factors and nuclear hyperfine coupling constants
for the simulations were taken from the literature for radicals of
identical or closely approximate structure to those investigated
in this report (Table II). However, for 3 RP, 4 RP, 7 RP, and
8 RP, the hyperfine coupling constants of cyclohexyl protons are
not well-defined on the time scale corresponding to the gate width
of the boxcar due to the rapid ring flip in the cyclohexyl group.4>-5!
Therefore, we have focused on the simulation of TRESR spectra
involving 1,2, 8,6 RP,and 9 RP in various micellar environments.

(49) McLauchlan, K. A.; Stevens, D. G. J. Chem. Phys. 1987, 87, 4399.
(50) Corvaja, C.; Giacometti, G.; Brustolon, M. J. Phys. Chem. 1972, 82,
272

('51) Corvaja, C.; Giacometti, G.; Sartori, G. J. Chem. Soc., Faraday Trans.
1974, 70, 709.
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Table IMl. Effect of Radical Pair Structures on Jes

starting Jetr (spectra)  Jegr (simulation) line width
ketone micelle (G) ((¢)) Q)

1 SDS (Ci2) ~0 ~0 0.8

2 SDS (Ci2) ~0 ~0 0.8

5 SDS (C12) -1.9 -1.8 3.0

6 SDS (Ciz) -2.1 =20 3.0

9 SDS (C12) -2.6 =2.7 4.5

6 CTAB (Ci¢+) -1.4 -14 1.0

9 CTAB (Ci¢+) -1.8 -1.8 2.5

The hyperfine coupling constants used for these five radical pairs
are those of the ortho and meta protons for the benzoyl radicals
and the §—alkyl protons in the dimethyl (from 1 and 2 RP) or
dibutyl (from 8, 6, and 7 RP) radicals.

Variations of the recombination rates of geminate radical pairs,
k., and of the exit rates of micellar radicals, k., were found to
have a minor influence on the shape of the calculated spectra and
only to affect the intensity of the spectra even when they are
varied over 1 or 2 orders of magnitude. Fromdatain theliterature
for similar micellar systems,?:2%:52 we set k;, equal to 107 s! and
k. equal to 105 s~! for all simulation experiments.

The contribution of TM in the simulations can be controlled
by changing the population of the initial triplet sublevels. Inour
computations, we increase the value of p;;(¢) to make the initial
T+state overpopulated in comparison with the other two triplet
sublevels, resulting in an entirely emissive spectrum. For a given
radical pair precursor, the percentage of TM is kept constant in
the entire series of experiments shown in Tables III-V.

As discussed above, a contribution from RPM can also be
observed in all of the recorded TRESR spectra. The contribution
of RPM increases with the time evolution of the recorded spectra
(Figures 1b and 1c). We have used conventional proce-
dures!#7-33,5¢4 to calculate the RPM ESR spectra of the selected
radical pairs and introduced the final adjustment by multiplying
the RPM ESR spectra by arbitrary coefficients and then adding
them to the corresponding calculated ESR spectra of SCRP to
obtain the best fit to the experimental TRESR spectra. The final
simulated spectra were found to be most sensitive to the adjustable
parameter Jor. This parameter was varied to obtain the best fits
as judged by a visual comparison and the results from these fits
are shown in Tables III-V. The simulated spectra for micellized
radical pairs derived from 1, 2, 8, 6 K, and 9 K at a given time
(450-500 ns) are compared with the corresponding experimental
TRESR spectra in Figure 6, and a reasonably good match in the
position of the observed transitions is seen for all cases. However,
the relatively shorter T, relaxation time of the benzoyl radicals*®
is not taken into account in the spectral simulation; as a result,
relatively higher intensities of the benzoyl radicals are observed,
as expected, in all the simulation spectra.

A general result from Tables III-V is that all J.¢ values are
negative, which is consistent with the fact that all the radical
pairs have been previously assigned singlet ground states. The
magnitude of J.¢s from the simulation is consistent with the values
directly measured from the experimental spectra. Table IIIshows
that J.r decreases as the qualitative hydrophobicities (the number
of carbon atomsina radical fragment) of the radical pair structures
decrease. Manipulatingthe micellesize by changing the detergent
alkyl chain length (Table IV) or by adding electrolytes (Table
V) shows that as the micelle size increases, the value of J.
decreases. As mentioned earlier, for a given radical pair, the
value of J is generally assumed to decrease exponentially with
increasing radical pairseparation. Therefore, the effective radical
pair separation, which corresponds to L within the detection
time, is determined not only by the micelle size but also by the

(52) Scaiano, J. C.; Abuin, E. B.; Stewart, L. C. J. Am. Chem. Soc. 1982,
104, 5673.

(53) Pedersen, J. B; Freed, J. H. J. Chem. Phys. 1973, 58, 2746.

(54) Pedersen, J. B.; Freed, J. H. J. Chem. Phys. 1973, 59, 2869.
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Figure 6. Simulation of the TRESR spectra obtained in the same
conditions as those in figures 3 and 4. a—e correspond to photolysis of 1,
2,5, 6K, and 9 K in SDS micellar solution, respectively. All the signals
attributable to the benzoyl radicals are marked with asterisks. The values
of |2Jced derived from both experimental and simulation spectra are listed
in Table III.

hydrophobicities of the radical pairs. This result emphasizes
that the hydrophobicity of a micellized radical pair is a
supramolecular property and therefore can be defined only by
referring to the properties of both the micelle and the radical
pair. With this supramolecular structural feature in mind, the
influence of the radical pair structure on values of Ji¢ should be
compared only for a givenmicelle. When this isdone, the TRESR
results for two radical pairs, which differ in only one of the radical
fragments, may be compared and an estimate of the relative

Wu et al.

Table IV. Effect of Detergent Chain Length on Jgr

starting Jetr (spectra)  Jer (simulation) line width
ketone micelle G) (6] ((6)]

6  DeTAB (Cio) -3l -3.1 3.5

6 DTAB (Cizv) 2.8 -2.5 2.5

6 TTAB (Cy4+) -1.8 ~-1.8 2.0

6  CTAB (Ci+) ~1.4 ~1.4 1.0

6 SDeS (Cyo) -2.8 -2.8 3.5

6 SDS (Cy2-) -20 -2.0 3.0

Table V, Effect of an Additive Electrolyte (NaCl) on Jeg

Jett Jett
starting (spectra) (simulation) line width
ketone micelle [NaCl] (G) (&) (G)
6 SDS(Ci») O -2.0 -2.0 3.0
6 SDS (Ci2) 0.25 -1.7 -1.7 2.5
6 SDS (Cy2) 0.5 -1.6 -1.6 2.0
6 SDS (Ci2r) 1.0 -1.2 -1.2 2.0

separation and the hydrophobicities of the noncommon fragments
may be made.

The results of the spectral simulations are not as sensitive to
thevalues of the line widths as they are to Jsvalues. We estimate
that this results in as much as 50% uncertainty to the best-fit
value of the line width used. Nevertheless, Tables III and IV
show that the tendency of the line width to increase with increasing
hydrophobicities or with decreasing micelle size fits the qualitative
picture. Interestingly, only a very small effect is seen on the
line-width values when the salt concentration is changed (Table
V).

DISCUSSION

From the TRESR experiments, a value for the effective
exchange interaction J. between spin-correlated radical pairs
can be measured either directly from the spectra or through
spectralsimulation. Tointerpret properly and discuss the variation
in J.xr as a function of micelle size and/or radical pair structure,
we must take into account the diffusion dynamics of the pair
inside the micelle as well as the spin evolution of the radical pairs
under a negligible and under a finite exchange interaction and
the fact that the instantaneous value of J is constantly modulated
by the diffusion dynamics of the radical pair fragments.

In the following discussion, the micelle is modeled as a
nonviscous homogeneous, spherical supercage or microreactor2!»53
with radius L, in which the radical pair fragments ACO and B
possess a mutual diffusion coefficient D = D, + D,, where D,
refers to the diffusion coefficient of ACO and D, refers to the
diffusion coefficient of B. In the model, we seek to connect the
spatial separation r of the partners of the pair with the ability of
the hyperfine coupling to induce intersystem crossing in the
micellized radical pair. The physicalassumption isthatatcertain
small separations, thevalue of J will be sufficiently large to quench
hyperfine-induced intersystem crossing but that at certain large
separations, the value of J will be sufficiently small to allow
hyperfine-induced intersystem crossing. If A is the effective
hyperfine interaction (HFI) experienced by the radical pair, then
we can define a critical distance 7* as the separation between the
paired radicals such that J(r*) = 4. We now havea parameter
to gauge when HFI-induced intersystem crossing (ISC) between
nearly degenerate S and T, states will be important. If the
separation r between the paired radicals is greater than r*, there
isaneardegeneracyof Sand T, J < A.sr, and intersystem crossing
will be facile; however, if the separation r between the paired
radicals is less than r*, J > A, the near degeneracy between S
and T is removed due to the strong exchange potential and ISC
is inhibited. Thus, r* is a useful distance parameter which can
be compared to the micelle size and will determine the effective

(55) Tarasov, V. F. Russ. J. Phys. Chem. 1985, 59, 309-315.
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role of HFI in the spin evolution of a given pair in micelles of
different sizes.

Wenow address the method for evaluation of r* for the micellar
systems investigated.. We start from eq 2, a conventionally
accepted form for the distance dependence of exchange inter-
action?’ between two radicals with radii r, and r2.

J =J,exp [_—(r—i—@] (2)

Ineq 2, R = r; + ry is the distance of closest approach of the
radical pair and defines the “contact” state in which the pair is
in the state of collision; A is a parameter, whose value is usually
assumed to be about 0.5 A, %¢ and a constant which determines
the steepness with which the exchange interaction falls off as a
function of radical pair separation; Jy is the value of the exchange
interaction experienced in the contact state (i.e., radical pairs are
in the state of collision) and is typically assumed to be about 1.3
X 10'° rad/s for typical carbon radical pairs.?! R is taken to be
6 X 10 cm (6 A), which is a reasonable value for the radical
pairs investigated. With an estimated value of A ca. 5.3 X 108
rad/s (30 G) or larger,’” from eq 2,we compute that a typical
value of 7* = 7.6 X 108 cm(7.6 A). The radius of micelles (L)
formed by sodiumdecylsulfate (C,¢’), the smallest sized detergent
used in this study, is 13 X 10-8 cm (13 A)859 which is still larger
thanthe computed valueof 7*. If Z is the frequency of encounters
between the fragments of the micellized radical pair and D is the
mutual diffusion coefficient inside the micelle, then Z = 3RD/
(L3- R®)and r = 1/Zis the time spent by the radical pair fragments
separated from one another between encounters.#42.60-62 We
can now define (eq 3) the critical parameter 7* as the time spent
by the radical pair fragments between encounters within an
imaginary sphere of radius r*,

L’-R
= 3r*D 3)

Since the micelle size is much larger than the size of the contact
state (L3 >> R?), eq 4 provides a convenient approximation of
T

R _L
]

734D )

Let us now consider two limiting cases which can be applied
to the systems investigated: (1) Aerr* < 1 and (2) Aeger* > 1.
The physical implication of case 1 is the following: the micellized
radical pair generally resides in a significant exchange potential,
and hence, the probability of a transition between the To and S
states, which are eigenfunctions of the exchange interaction, is
very small. Thus, a triplet radical pair under case 1 has a small
probability of undergoing intersystem crossing to a singlet, and
the conditions for creating SCRPM (fast intersystem crossing to
drain the T state) are not met. We term thisa “static” case since
the probability of ISC occurring between sequential encounters
of the radical pair is very small. Assuming a homogeneous
distribution of the radicals, integration of J through the distri-
bution of the radical pair inside the micelle leads to the relation

T

(56) Bittl, R.; Schulten, K.; Turro, N. J. J. Chem. Phys. 1990, 93, 8260.
(57) Az = LIy(Iy + 1)A},. See: Steiner, U. E.; Ulrich, T. Chem. Rev.

1989, 89, 51, '

(58) Tanford, C. Physical Chemistry of Macromolecules Wiley: New
York, 1961; p40.

(59) Tanford, C. J. Phys. Chem. 1972, 76, 3020.

(60) Gosele, V.; Klein, U. K. A.; Hauser, M. Chem. Phys. Lett. 1979, 68,
291.

(61) Hatlee, M. D.; Kozak, J. J.; Rothenberger, G.; Infelta, P. D.; Gratzel,
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shown in eq 5. It is only in the static case that Jx = <J>,.
37 \R?

0
"eff = (">r = L3 (5)

For the systems investigated, A.sr is of the order of 5.3 X 108
rad/s (30 G) or larger, a typical value of 7* is 1.5 X 10-% s when
Lis 15 %X 10-% cm (e.g., the radius of an SDS micelle), r* = 7.6
X 10¥cm,and D=1x10%cm?/s. From eq 5 and these typical
values, we compute that Aeer* = ca. 8, a value which makes case
1 (Acerr* < 1) an unlikely condition for the systems investigated;
therefore, we continue our discussion by assuming case 2 (4.sr*
> 1) is more appropriate for analysis of the micellized radical
pairs studied.

The assumption that A.r* > 1 implies that there is sufficient
time for spin evolution to occur between successive sets of
encounters of the micellized radical pair. We term this the
“dynamic” case. In this instance, J.sr can be defined by eq 6

"eff =ZP ex (6)
where P, is the probability of an exchange event occurring per
encounter.

The time spent by the radical pair in the contact state is given
by RA/D so that we may define a parameter, u (eq 7), where u
is used to characterize P.,.

r="7% )

When u > 1, the probability of exchange per encounter P, —
1. From the assumed valuesof R=6 X 108 cm, A =5 X 10~°
cm, Jo for micellized radical pairs = 1.3 X 10'° rad/s, and D =
1 X 10-% cm?/s for diffusion coefficient in micelles, an estimate
of u ~ 4 is evaluated, which implies that P. is comparable to
1.

Since P is ca. 1, the effective exchange interaction J. is
given by eq 8.

Thus, assuming a typical micellar radius of ~15 X 108 cm (15
A)and D =1 X 10~ ¢cm?/s for SDS micelles, we compute the
rate of reencounter Z = 5.3 X 107 s~! and 2J¢ = 16.8 MHz (6.0
G). Thisvalue is in reasonable agreement with the experimental
values (see tables and figures), especially considering the extremely
simple ideas involved in its estimation. Equation 8 also allows
us to predict the influence of the micelle size on the value of J..
In an earlier study on alkyl sulfate micelles, it has been shown
that D « L.2!' From eq 8, this result implies that Z < L-2 and
hence J.¢r « L2 . For any given radical pair, the results show a
clear decrease in the effective exchange interaction as the micelle
size increases (Tables IV and V). This qualitative agreement
supports our conclusion made at this level of sophistication. Closs
et al. have found that upon photolysis of benzophenone-dyo in
sodium alkyl sulfate micelles, the magnitude of [2J.¢] decreases
from 10.6 MHz (3.8 G) in Cy¢~ to 6.8 MHz (2.4 G) in C;;-and
then to 4.4 MHz (1.6 G) in Cy4.!2 A similar trend of a decrease
in Jr was also observed when increasing the concentration of
NacCl from 0.25 to 1.0 M in SDS micellar solution.!2
Assuming Aeer* > 1 and a high probability of exchange per
encounter, we now attempt to rationalize the influence of the
radical pair structure on the experimental values of Jgr. From
eq 8, the three parameters which determine Z and hence J are
L,R,and D. Although L has been defined as the micellar radius,
it should be emphasized that L in reality is the effective radius
of the micelle experienced by the radical pair fragments. There
is no sharp delineation between the organic and aqueous domain
of a micellar solution; water molecules are believed to penetrate
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beyond the ionic head groups into the organic phase, and there
may be a certain amount of monomer exchange with the aqueous
phase during the TRESR measurements.“%63> Thus, hydrophilic
micellized radicals, such as those for which one of the partners
possesses a ketyl group, may probe the micellar volume more
completely than those radicals which contain strong hydrophobic
substituents such as tert-butyl groups. From another point of
view, the more hydrophilic radical pairs may reside predominantly
in the polar, interfacial outer palisade layer and be able to achieve
larger average separations, whereas more hydrophobic radical
pairs may reside predominately in the nonpolar, hydrocarbon-
like inner core which comprises a relatively small portion of the
total micelle volume. In either case, for a given micelle, the
effective radius L. is expected to be larger for more hydrophilic
radicals.

Increasing the number of substituents of any type will lead to
an increase in the size of the collision complex R since the size
of the radical fragments in the complex will effectively increase.
However, a straightforward correlation cannot be drawn con-
cerning the effect of size on the factors determining intersystem
crossing because of the possibility of anisotropic effects of the
micelle host on the stereochemistry and dynamics of substituted
pairs, i.e., these effects may be sensitive to the specific location
of the substituent as well as to the degree of branching that it
introducesintothe molecule. These ambiguities areanother result
of the supramolecular features of micellized radical pairs.
However, it may be reasonably assumed that increasing the
effective radius of the radical pair will lead to a decrease in the
diffusion coefficient as predicted by the Stokes—Einstein equa-
tion.64

Strictly speaking, the most reliable conclusion that may be
drawn concerning J.¢s upon increasing the size of the radical pair
structure is that the factor RD/ L.t will decrease relative to the
radical pair with which it is being compared. However, at this
level of approximation, the change in R (= r, + r;) is compensated
by a corresponding change in D (« R™!) so that changes in Jg¢
=~ Z « (Ls~n)"! may be attributable to changes in L. Table
I shows that as the individual radical pair fragments become
more hydrophobic, the value of |J.¢ increases. This result is
consistent with the qualitative picture that the more hydrophobic
radical pair fragments should be solubilized deeper in the relatively
limited volume of the hydrophobic interior of the micelle,55.66
thereby reducing the L.;rexperienced by the radical pair fragments
and resulting in a larger |Jerl. At this point, we feel that
hydrophobicity (an intuitively obvious concept) cannot be quan-
tified more accurately*>¢” and related to Ly to gain a better
quantitative sense for the influence of the radical pair structure
on Jegr.

Some further conclusions concerning the dynamics of theradical
pair escape from the micelle can be made from the polarization
quenching experiments. By introducing paramagnetic quenchers
to micellized radical pair systems, we were able to determine the
relative escape rates of the micellized radical fragmentsin a given
micelle. For the more hydrophobic micellized radical pairs like
6 RP, the intensities and patterns of the TRESR spectra observed
arethesamebothin the presenceand in the absence of polarization
quenchers, implying slow escape rates from the micelles, and
therefore, the observed spectra only contain signals from spin-
correlated micellized radical pair fragments. Finally, from the
results employing aqueous paramagnetic polarization quenchers,
for the time scales of observation (up to 1.5 us), the relative
escape rates of radicals from a given micelle can be ranked. For
example, a comparison of Figures 5 al and 5 a2 shows clearly
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Chart III.  Schematic Representation of the Influence of
Supramolecular Hydrophobicity on the Values of J¢ and

L# @

= ] Increases
- L (eq. 8)

—  Supramolecular
Hydrophobicity

@ The blackcircles represent the radicals and the inner circle represents
the hydrophobic micellar core which is surrounded by the hydrophilic
outer palisade layer.

that for benzoyl as a common radical of the pair, the dimethyl
ketyl radical escapes much more rapidly than the dipentyl ketyl
radical. Such comparisons allow, for a given micelle, the relative
ranking of escape rates to be deduced.

I T
0548 A9

It can be seen that the ranking is intuitively reasonable and,
within a family of functional groups, the order scales simply as
the number of hydrophobic carbon atoms in the radical.

CONCLUSION

In summary, TRESR studies on the micellized radical pair
system, a supramolecular system, provide a convenient method
for measuring electron spin exchange interaction between the
paramagnetic centers of the pair as a function of the molecular
structure of the guest pair and of the size of the micelle host. On
the basis of the spin-correlated radical pair model, we were able
tocompute the effective spin exchange interaction J.ss either from
TRESR spectra of the given micellized radical pairs or through
spectral simulation. Analysis of the results, employing a simple
micellar model, indicates that the systems investigated are best
classified as dynamic cases for which fast S-T, intersystem
crossing rates are induced by hyperfine interactions, i. e., Aesrr*
> 1. Inthesecases, the values of J.srare found to be most sensitive
to the effective micelle size L.y experienced by the micellized
radical pairs. L., besides obviously depending on the detergent
chain length and added electrolyte (both affect the size of the
micelle), is also a function of the radical pair structures. As
the hydrophobic character of the micellized radical pair su-
pramolecular system increases, the value of L. decreases and
thevalue of Jorincreases (Chart III). Therequirement toconsider
both the structure of a guest and a host in the interpretation of
an observation is a signature characteristic of supramolecular
systems.
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Appendix. Spectral Simulation of the TRESR Spectra via the
SCRP Model

The SCRPM proposed by Closs et al., which is the basis of the
spectral simulation,!2 can be explained by the energy-level diagram
of the micellized radical pair, as shown in Chart II. We have
followed the same approach in spectral simulation as Closs did
except for some minor modification in calculating the intensities
of the ESR transitions. As shown in eq 9, the intensities of the
ESR transitions Int,,, are given by the product of the transition
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probabilities and the population differences between the states
connected by the transition. The populations of the four transitions
are given by the product of the density matrix elements with the
corresponding rate factors.

Int,, = (TS, [0 (ky; = pyy (D, (9a)
Int;y = (TS W) Plps (ks = oy (DK ] (9b)
Inty, = |(\I’2IS+IT->|2[P44(’)k44 = ppa()ky)] (9¢)

Inty, = [(3SHIT ) Plpas(Dkas = 035(Dks3)  (9d)

Ineq 9, both ¥, and ¥; are linearly combined wave functions
of the electronic states To and S due to hyperfine-induced mixing,
k. is the rate factor including the various growth and decay rate
constants, and p,,(?) is the time-dependent density matrix element.
The solutions for p.() of the four electron pair states are listed
in eq 10, based on the assumption that mixing is only for |To>
and |S> and the initial condition of a triplet precursor without
TM polarization.
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P(0) = pyy(t) =/ (102)

P2(f) = pss(D)(sin 0)” + pp 7 ()(cos 6)°  (10b)
p33(t) = pss(t)(cos 6)” + pp 7 ((sin )’ (10¢)
pss(t) = (/3)(¢" sin® wr) [ (11a)

prr,(0) = (/3)(1 - ¢*sin® wt/w?) (11b)

In eq 10, 8 is dependent on J and the HFI, and w is from the
stationary-state solutions for the wave functions resulting from
S-T; mixing and can be expressed as

wecos20=J

Both programs use eigenfunctions ¥, and ¥; for transition matrix
elements. For the density matrix elements, however, we used
p22(1) and p33(f) from eigenfunctions ¥, and ¥; in our program,
while in the original program, pss(f) and pr,1,(#), whose solutions
are shown in eq 11, from the S and T, states are used in the
density matrix elements.!?



