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It was found that the shape of the13C stimulated nuclear polarization (SNP) spectra, detected in the photolysis
of dibenzyl ketone (DBK) andR-methyldeoxybenzoine (MDB), exhibits a noticeable temperature dependence.
For the relatively large sodium dodecylsulfate (SDS) micelles, the temperature increase leads to the increase
in the line width of SNP spectra, while in the smaller sodium octylsulfate (SOS) micelles the splitting in the
SNP spectra decreases. From the comparison of the experimental data with the model calculations based on
the numerical solution of the Liouville equation, the influence of the temperature and salt additions on the
collision rate of radicals in micelle interior was evaluated. The obtained activation energy of the translational
diffusion of small radicals isEa ) 6.7 ( 0.25 kcal/mol andEa ) 5.6 ( 0.2 kcal/mol for SDS and SOS
micelles, respectively. Additionally, the influence of temperature and salt additions on the lifetime of the
micellized radical pairs (RPs) formed in the photolysis of MDB and DBK has been studied experimentally.
It is shown that the temperature dependence of the RP lifetime is determined mainly by the changes in the
escape rate.

Introduction

Micelles represent a simplified model of biological mem-
branes; therefore, significant effort is devoted to establishing
their properties and structure. The micelles can serve as “limited
volume microreactors” for radical reactions. A large number
of studies published during the past few years report the
observation and investigation of the magnetic and magnetic
isotope effects, very strong nuclear and electron spin polarization
and other phenomena for the radical pairs confined within
micelles.1-15 Investigation of the micellized radical pairs (RPs)
attracts significant attention since the intersystem crossing in
such RPs is critically affected by the exchange interaction and
electron spin relaxation. This opens up the possibility to study
both the exchange interaction and its influence on the intersys-
tem crossing of RPs. The spin dynamics and chemical kinetics
of micellized RPs have been studied by a number of techniques,
e.g., MARY,3 TR EPR,5,8 CIDNP,9 RYDMR,3,10 PYESR,11,12

SNP,13-16 etc.
It has been shown earlier13-16 that the application of the SNP

technique to the study of spin dynamics and chemical kinetics
of the RPs confined within the micelles allowed obtaining the
parameters of exchange interaction for a number of RPs for
measuring their lifetimes and making conclusions about the
mechanism of electron spin relaxation. In the SNP technique,
the resonant microwave field affects the rate of singlet-triplet
conversion within RPs and thereby alters the measured polariza-
tion of nuclear spins in diamagnetic reaction products. The SNP
spectra essentially represent the EPR spectra of RPs; therefore,
they are more sensitive to the effects of the exchange interaction
and spin-selective decay on the intersystem crossing within the
micellized RPs than the CIDEP technique, which mostly reflects
the contribution of free radicals. It has been demonstrated
earlier13,14 that the SNP spectra of micellized RPs under some

conditions are sensitive to the reencounter frequency of the
radicals, which depends on the micelle size and intramicellar
viscosity. The size, shape, and aggregation number of micelles
depend on the structure of the detergent molecules and its
concentration, the concentration of a salt, the temperature,
etc.17-20 All previous SNP studies of micellized RPs have been
performed at room temperature. Since the temperature change
alters the micelle size and intramicellar viscosity and therefore
affects the reencounter frequency, the shape of the SNP spectra
is expected to exhibit a pronounced temperature dependence in
the cases when the time of radical reencounters is comparable
with time of triplet-singlet conversion.

The influence of temperature and salt additions on micelle
size has been investigated in detail using various techniques
(quenching of a luminescent probe,21 spin-probe method,19,22

small-angle neutron scattering,23 and quasielastic light-scatter-
ing17,20). The results obtained by different techniques are in a
good agreement with each other. This is not the case for the
measurements of intramicellar viscosity. A considerable poly-
dispersity of the micelles leads to very different values of their
microviscosity, depending on the measurement.24-31

The aim of this work was to investigate the effect of the
temperature and salt additions (NaCl) on the recombination of
micellized RPs. This was achieved through the analysis of the
SNP spectra of model RPs formed upon photolysis ofR-me-
thyldeoxybenzoin (R-MDB) and dibenzyl ketone (DBK) in alkyl
sulfate micelles of different sizes (sodium dodecylsulfate (SDS)
and sodium octylsulfate (SOS)). The comparison of experimental
and calculated SNP spectra and kinetics allows us to study the
changes in the rate of reencounters of radicals in micelles with
temperature and salt additions. Using literature data on aggrega-
tion number at different temperature and salt concentration, we
have obtained the temperature and salt additions dependence
on the translational diffusivity of radicals inside the micelle.
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Experimental

The experimental SNP setup has been described earlier.16 The
reaction mixture was irradiated by laser pulses (Lambda Physik
COMPex,λ ) 308 nm, 20 Hz, 40 mJ) in RF cavity (f ) 1530
MHz), located in the field of a magnet (0-78 mT). A flow
system was used to transfer the irradiated mixture to the probe
of a Bruker MSL-300 NMR spectrometer. In time-resolved
experiments, the dependence of the polarization on variable time
delay between a laser pulse and a RF pulse has been investi-
gated. The duration of the RF pulse was 5µs and the RF pulse
edge was 20 ns. For the experiments to be performed at
temperatures above or below the room temperature, the sample
resided within a stream of warm air or cold nitrogen gas,
respectively. The temperature within the sample cell was
monitored by means of a calibrated thermocouple.

The detergent concentrations used in the experiments were
[SDS]) 0.1 M and [SOS]) 0.2 M. TheR-methyldeoxybenzoin
(MDB) and dibenzyl ketone (DBK) concentrations were 3.1 mM
for SDS and 7.4 mM for SOS solutions. The solubility of MDB
and DBK as well as similar ketones in water solution is
negligible. The fact that nearly 99% of MDB and DBK
molecules react inside micelle interior is confirmed by the
tremendous increase in the yield of cage products of triplet RPs
in the photolysis of micelle solution in comparison with
homogeneous solution.32

Results

DBK and MDB undergo homolyticR-cleavage upon photo-
excitation to generate the RPs comprising phenacyl/benzyl and
benzoyl/sec-phenethyl radicals, respectively.33,34 Inside the
micelle, the RP formed in DBK photolysis can recombine with
the formation of the initial ketone orp-tolylbenzyl ketone.
Phenacyl radical undergoes carbon monoxide elimination, with
a rate which depends on the solvent polarity and temperature35

and is equal to 6.4× 106 s-1 at room temperature in benzene.36

Recombination of the second RP leads to formation of dibenzyl.
The RP formed during the photolysis of MDB may (1)
recombine to regenerate the substrate, (2) disproportionate to
produce styrene and benzaldehyde, (3) recombine in a head-
to-tail fashion followed by an H shift to givep-ethylbenzophe-
none, or (4) escape from the micelle into the bulk aqueous phase.
Reactions 1-3 have been shown to occur only within the micelle
interior.37,38The lifetime of the triplet MDB molecule has been
estimated asτT ) 40 ( 10ns.39

In both reactions, the CIDNP and SNP spectra and kinetics
have been detected by the13C NMR signal of the carbonyl
carbon (δ ) 198.4 ppm) of initial ketone. After salt (NaCl)
addition, the SNP spectra have been detected also by13C (II)
of phenyl group of DBK as well as CO during the photolysis
of DBK in SDS solution (Figure 1). The hyperfine interaction
(hfi) constants of carbonyl13C in phenacyl and benzoyl radicals
are 12.4 mT and 12.38 mT,40 respectively, and are much larger
than all other hfi constants (benzyl radical: 2A(CH2) ) 1.628
mT, 2A(Hortho) ) 0.515 mT, 2A(Hmeta) ) 0.179 mT,A(Hpara) )
0.617 mT; R-methylbenzyl radical: 3A(CH3) ) 1.63 mT,
2A(H(R)) ) 1.79 mT, 2A(Hortho) ) 0.49 mT, 2A(Hmeta) ) 0.17
mT, A(Hpara) ) 0.61 mT).40 There is no experimentally measured
data for the13C (II) hfi constant of benzyl radical; thus, we
used the computed value (-1.4 mT) given in the paper of Turro
et al.41

Temperature Dependence of CIDNP and SNP Spectra.
Panels a and b of Figure 2 show the magnetic field dependencies
of CIDNP detected upon photolysis of MDB in SDS and SOS
micelles, respectively. It can be seen that as the temperature

decreases, the maxima of the absolute polarization magnitude
shift toward lower fields for both SOS and SDS micelles. The
CIDNP in micellized RPs is known to arise due to the T•R-
Sâ transitions, which proceed in the S-T• level crossing region;
therefore, the exchange interaction plays the key role in the
CIDNP formation. It has been demonstrated earlier,9,13,14 that
for smaller micelles the maximum of the absolute polarization
magnitude in the CIDNP magnetic field dependencies is
observed in higher fields, which has been interpreted as an
evidence of a stronger average exchange interaction in smaller
micelles. Thus, the qualitative analysis of the temperature effect
on the CIDNP dependencies leads to the conclusion that the
effective exchange interaction increases at higher temperatures.

The 13C SNP spectra detected by the NMR line of the
carbonyl carbon upon photolysis of MDB in SDS and SOS

Figure 1. (a) Scheme of the DBK photolysis in the micelles. (b)
CIDNP spectrum obtained upon photolysis of DBK in SDS micelles
at salt addition (CNaCl)0.1 M).

Figure 2. Magnetic field dependencies of CIDNP detected by the
carbonyl 13C NMR signal of MDB upon the photolysis of MDB in
aqueous micellar solution of (a) SDS and (b) SOS at various
temperatures. Solid curves are calculated CIDNP dependencies with
the following parameters:J0 ) 60 mT,R ) 2 A-1, andksτ ) 1.6. (a)
D ) 5.1 × 10-7 cm2/s for T ) 12 °C; D ) 2.3 × 10-6 cm2/s for T )
42 °C. (b)D ) 1.07× 10-6 cm2/s for T ) 12 °C; D ) 3 × 10-6 cm2/s
for T ) 41 °C.
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micelles are shown in Figure 3a,b. When MDB and DBK are
photolyzed in SDS micelles, their13C SNP spectra exhibit the
splitting of 12.3( 0.1 mT, which matches the respective hfi
constant of the acyl carbon atom, and the variation of the
temperature alters the line widths without affecting the observed
splitting. At temperatures below 20° C, the SNP line width
remains the same. The SNP spectra line widths for DBK and
MDB in SDS micelles are equal at all temperatures within the
experimental accuracy. The dependence of the SNP line full
width at half-height is provided in Table 1.

At room temperature, the splitting in SNP spectrum detected
for SOS micelles is equal to 8.3( 0.1 mT. As it has been shown
in,13,14 the decrease of splitting in SNP spectrum is caused by
the growth of the reencounters rate. Reduced size of micelles
leads to an increased ratio of times which RP spends in reactive
and unreactive states and, hence, to increased time-averaged
exchange interaction and time-averaged recombination rate. In
smaller (SOS) micelles, the increase in temperature from 10 to
45° C decreases the splitting in the SNP spectrum from 10.8 to
7.6 mT (Table 2). Additionally, the SNP line width first
increases and then starts to decrease as the temperature changes.
Thus, qualitatively the temperature effect on SNP spectra shows
the increase of the rate of reencounters as temperature grows.

Effect of NaCl on CIDNP and SNP Spectra.SNP spectra
obtained upon DBK photolysis in SDS and SOS micelles with
added NaCl are shown in Figures 4 and 5, respectively. NaCl
additions have no effect on SNP spectra obtained via NMR line
of carbonyl carbon (A ) 12.4 mT) (Figure 4a). The main reason
for that is the low sensitivity of SNP spectra to the changes in
the rate of reencounters (Z) when 1/A , 1/Z, which is the case
for A ) 12.4 mT in SDS micelles in the presence of NaCl. The
NaCl addition leads to the decrease of the line width of SNP
spectrum, detected via NMR line of13C (II) with A ) -1.4
mT (Figure 4b), and to the substantial increase of SNP and
CIDNP intensity, detected via NMR line of13 CO (182 ppm).42

The shape of the SNP spectrum detected by CO line is similar
but of opposite phase to the SNP spectrum detected via carbonyl
carbon of DBK. The difference in SNP spectra phases is
explained by the difference in the pathway of product forma-
tion: incage for DBK and escape for CO. In SOS micelles,
NaCl additions induced the increase of the splitting from 8.3(
0.1 mT at NaCl) 0 to 11.4( 0.1 mT at NaCl) 2.68 M
(Table3) in full agreement with the expected behavior of the
SNP spectrum upon the increase of micelle radius.

Figure 3. SNP spectra detected via carbonyl13C NMR signal of MDB
upon the photolysis of MDB in (a) SDS and (b) SOS micelles at various
temperatures. Solid lines are simulated spectra with following param-
eters: J0 ) 60 mT, R ) 2 A-1, andksτ ) 1.6. The used values ofL
andD for SDS and SOS are listed in Tables 1 and 2, respectively.

TABLE 1: Temperature Dependence of the Experimental
SNP Line Full Width at Half-Height ( ∆ω1/2) and Calculated
Radius (L) of SDS Micelles and Diffusion Coefficient (D) of
the Radical within the Micelle

T, °C 12 29 39 48
∆ω1/2, mT 1.8( 0.2 2.3( 0.1 2.6( 0.1 2.8( 0.1
L, Å 16.7 15.8 15.5 14.8
D‚106, cm2/s 0.6 1.2 1.7 2.3

TABLE 2: Temperature Dependence of the Experimental
Splitting in the SNP Spectrum (∆ω) and Calculated Radius
(L) of SOS Micelles and Diffusion Coefficient (D) of the
Radical within the Micelle

T, °C 10 17 24 45
∆ω, mT 10.8( 0.1 9.6( 0.2 8.2( 0.1 7.6( 0.1
L, Å 11.18 10.6 10.3 9.2
D‚106, cm2/s 1.1 1.35 1.7 3.3

Figure 4. SNP spectra detected via (a) I and (b) II13C NMR signal of
DBK upon the photolysis of DBK in SDS micelles at various
concentrations of NaCl. Solid lines are simulated spectra with following
parameters:J0 ) 60 mT, R ) 2 A-1, andksτ ) 1.6.

Figure 5. SNP spectra detected via carbonyl13C NMR signal of DBK
upon the photolysis of DBK in SOS micelles at various concentrations
of NaCl. Solid lines are simulated spectra with following parameters:
J0 ) 60 mT, R ) 2 A-1, andksτ ) 1.6. The used values ofL andD
for SOS are listed in Table 3.
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Temperature Dependence of SNP Kinetics.Panels a and
b of Figure 6 show the temperature dependence of the
experimentally detected kinetics of micellized RP decay in MDB
photolysis in SDS and SOS micelles, respectively. Except for
the initial 60 ns of the curves, the SNP kinetics can be
approximated reasonably well as single exponential decays.
Avdievich et al.43 have demonstrated that the initial nonexpo-
nential part of the kinetics is governed by the lifetime of the
molecular triplets, which decay slowly (kT ≈ 1.4-1.6× 107c-1)
to yield the RPs. The RP decay rate constantskobs evaluated
under the approximation of exponential RP decay in SDS and
SOS micelles are summarized in Tables 4 and 5, respectively.
The observed decay rate constant (kobs) becomes larger at higher
temperatures. The Arrhenius plot of the observed decay rates
versus temperature is linear; the activation energies extracted
from these plots are 6.8( 0.3 kcal/mol for SOS and 6.4( 0.3
kcal/mol for SDS micelles.

Effect of NaCl on SNP Kinetics.The salt additions have
no effect on the decay rate of SNP kinetics of RPs formed in

DBK photolysis in SDS. In SOS micelles the decay rate
increased upon salt additions.

Calculation Model

For calculation of CIDNP and SNP spectra, model calcula-
tions based on the numerical solution of the Liouville equation15

have been used. To describe the dynamics of RPs confined in
the micelles, we employed the microreactor model.44 It assumes
that one of the radicals is permanently located at the center of
a spherical micelle with radiusL, whereas its partner diffuses
freely within the micelle volume with diffusion coefficientD
and escapes into water bulk. It is assumed that an escaped radical
does not re-enter the same micelle. Along with the terms
describing the Zeeman interaction of the electron spins and hfi,
the Hamiltonian H0 includes the term, describing the exchange
interaction which exponentially depends on the interradical
separation (J(r) ) J0e-(r-R0)/λ). R0 is the radius of the reaction
zone. The characteristic length scale of the spatial overlap of
electronic orbitals upon formation of chemical bonds was used
as the parameter of the spatial decay of exchange interaction,λ
) 0.5 Å. Two mechanisms of electron spin relaxation were taken
into account: the dipole-dipole interaction of the electron spins
and the fluctuations of the local magnetic fields (anisotropy of
g- and hfi-tensors, spin-rotational coupling) characterized by
the magnitude,G, and the rotational correlation time,τc. For
acyl radicals, the main relaxation mechanism is the spin-
rotational interaction,45 which acts along with the relaxation
induced by the anisotropic part of the hyperfine coupling. The
anisotropic part of the Zeeman interaction can obviously be
neglected, since the magnetic fieldB0 is weak. The description
of the relaxation caused by the fluctuation of the local magnetic
fields follows the approach described earlier for the calculation
of CIDNP magnetic field dependencies and SNP spectra of
biradicals.46 The two channels of the RP decay are considered:
(i) an exponential decay, e.g., due to decarbonylation, and (ii)
the escape of a radical from the micelle. The description of the
dipole-dipole interaction was based on the approach developed
by Steiner and Wu47 and Morozov at al.48 The differential
scheme proposed by Pedersen and Freed49 was employed to
solve the equation. The RP recombination was characterized
by dimensionless parameterksτs, whereτs ) (Rminδ)/D is an
average RP residence time in the reaction zone of thicknessδ.
The values ofJ0, ksτs, D, L, kesc, G, and τc were treated as
variables in the calculations performed.

Discussion

It has been shown earlier14,15,13that the most important factors
which affect the shape of SNP spectra as well as CIDNP
magnetic field dependencies are the electron exchange interac-
tion, modulated by motion of radicals, and the rate of spin-
selective RP decay. In large and relatively viscous micelles,
the case of “slow motion” is realized. The rate of singlet-triplet
conversion is higher than the rate of reencounters. In this case,
the splitting in SNP spectra is equal to the hfi constant,A, while
exchange interaction affects the line width of SNP spectra. The
decrease of the micelle size leads to the increase of the rate of
reencounters. In this “fast motion” case, the splitting in SNP

TABLE 3: Effect of NaCl on the Experimental Splitting in the SNP Spectrum (∆ω) and Calculated Radius (L) of SOS Micelles
and Diffusion Coefficient (D) of the Radical within the Micelle

CNaCl, M 0 0.1 0.6 1.1 1.63 2.68
∆ω, mT 8.29( 0.01 8.62( 0.03 9.64( 0.02 9.96( 0.03 10.11( 0.04 11.41( 0.02
L, Å 10.1 10.5 11.5 11.9 12.3 12.8
D‚106, cm2/s 1.7 1.7 1.5 1.4 1.25 1.15

Figure 6. 13C SNP kinetics upon the photolysis of MDB in (a) SDS
and (b) SOS micelles at various temperatures. The observed rate
constantskobsfor SDS and SOS are listed in Tables 4 and 5, respectively.

TABLE 4: Observed Decay Rate Constant (kobs) Obtained
in SDS Micelles

T, °C 12 29 32 45
kobs‚10-6, s-1 4.1( 0.3 7.4( 0.2 8.3( 0.3 12.0( 2.0

TABLE 5: Observed Decay Rate Constant (kobs) obtained in
SOS Micelles

T, °C 11 20 32 45
kobs‚10-6, s-1 4.2( 0.1 6.0( 0.2 9.9( 0.1 14.2( 1.5

Micellized Radical Pairs Recombination J. Phys. Chem. A, Vol. 105, No. 19, 20014643



spectrum and line widths are determined by the ratio of the
rate of reencounters,Z, and the hfi constant,A. In the limiting
case,A/Z , 1, the splitting in SNP spectrum is equal to one-
half of the hfi constant.

The reencounter frequency can be estimated asZ ) 4πR0D/
V; V ) 4πL3/3- is the micelle volume.37 For A ) 12.4 mT and
room temperature, this estimation givesA/Z < 1 for SDS
(splitting in SNP spectrum is equal to the hfi constant) andA/Z
. 1 for SOS (splitting in SNP spectrum is substantially less
than the hfi constant).13 For A ) 1.4 mT, which corresponds to
13C (II) nuclei, the same estimation givesA/Z > 1 for both SDS
and SOS micelles at room temperature. Thus, the observed
splitting in SNP spectrum, detected via the corresponding NMR
line, is close to the half of hfi constant. Note that the sensitivity
of SNP spectra detected via different NMR lines (which
correspond to nuclei with different values of hfi constants) to
the changes in micelle size and intramicelle viscosity is different.
This can be clearly seen in the experimental results obtained.

The obtained results show that the temperature increase leads
to the changes of SNP spectra shape and magnetic field
dependencies similar to the changes caused by the decreasing
of micelle size. Thus, one can conclude that the temperature
increase leads to the increase of the reencounter rate, while the
salt addition leads to the decrease of reencounter rate. A
temperature change and salt additions alter the micelle viscosity
and therefore changeD and the micelle sizeL as well. To obtain
quantitative information about the temperature and salt-induced
variation of micelle size and viscosity, we have compared the
experimentally detected SNP spectra and magnetic field de-
pendencies of CIDNP with the results of model calculations
based on the numerical solution of the Liouville equation.

The shape of the calculated SNP spectrum is governed by
J0, ksτs, D, and L, whereas other variables merely affect its
absolute intensity. Upon temperature variation and salt addition,
the values ofJ0 andksτs remain unchanged. For these param-
eters, we used the valuesksτs ) 1.6 andJ0 ) -60 mT, evaluated
in a number of earlier studies based on a similar mathematical
model and the experimental studies of MARY and isotope
effects and the SNP spectra.13-15,37,38

The shape of calculated SNP spectra is not sensitive to the
rate constant of RP decay. This is confirmed experimentally
by the fact that the line widths of SNP spectra obtained in DBK
and MDB photolysis are the same at the same temperature. The
observed lifetimes of the corresponding RPs differ by a factor
of 3 because the main channel of decay of the primary RP in
case of DBK is the decarbonylation process, whereas for MDB,
it is the electron spin relaxation and escape of radicals from
the micelle.

The changes in the shape of SNP spectra upon temperature
variations and salt additions could not be caused by changes in
electron spin relaxation rate caused by modulation of the
anisotropic hfi and dipole-dipole and spin-rotational interac-
tion. It has been demonstrated earlier that at the room-
temperature electron spin relaxation rate caused by modulation
of the anisotropic hfi, dipole-dipole and spin-rotational
relaxation has negligible effect on the SNP spectra.13,14

We therefore conclude that the main cause of the line width
variation in SNP spectra upon temperature changes and salt
additions is the variation of the reencounter frequency, which
affects the rate of the exchange-induced relaxation. As reen-
counter frequency depends on both micelle radius and diffusivity
(Z ≈ D/L3), the agreement between calculated and experimental
data could be achieved at different sets ofL andD values. We
used literature data for the aggregation number at various

temperatures and salt concentrations to calculate the micelle
radius. Using these values, we have obtained the temperature
and salt additions dependence of translational diffusivity of
radicals inside the micelle.

Assuming the spherical shape of micelles, we can calculate
the volume of micelle core asVm ) 4πL3/3 ) NaV. HereV is
the volume of polymethylene chain of one detergent molecule.
To obtainV, we have used the Tanford formula50: V ) 27.4+
26.9Nc; here,V is measured in Å3, andNc is number of carbon
atoms in detergent molecule.Nc equals to 12 for SDS and 8 for
SOS micelles. The dependence of L onNa is described as

The temperature dependence ofNa, obtained by small-angle
neutron scattering (SANS),23 and formula 1 lead to the conclu-
sion that the temperature increase from 12 to 50°C caused the
decrease of micelle radius from 16.7 to 14.48 Å The calculation
of L has been done using eq 1, taking into account the radical
size. This means that the value obtained from eq 1 should be
decreased by radical radius (∼3Å). However, since the radicals
may also experience the Stern layer, the effective radius should
be increased by 1.3 Å.37 On the basis of these results, the
diffusivity D of the radicals in the SDS micelles at various
temperatures was evaluated from the comparison of the calcu-
lated and experimental SNP spectra and is listed in Table 1.

Unfortunately, we could not find any literature data on the
temperature influence onNa for SOS micelles. Taking into
account the similar structure of detergent molecules of SDS and
SOS, we assumed the temperature dependence of aggregation
number of SOS micelles to be proportional to that of SDS
micelles. It was proposed that the temperature increase from
10 to 50°C leads to the decrease ofNa from 33 to 20 and thus
to a decrease of the radius from 11.1 to 9.2 Å, with corrections
∆L ) 1.3 Å for taking into account the radical size. The rest of
the variables (G, J0, andksτs) were identical to those used in
the simulations of the results for SDS micelles. The comparison
of the experimental data with the results of simulations has
yielded the values for the diffusivity at various temperatures;
they are summarized in Table 2.

The earlier studies51 have revealed the significant influence
of all of the variables (J0, ksτs, D, L, kesc, G, and τc) on the
magnetic field dependencies of CIDNP formed in micellized
RPs. A reasonable agreement between calculated, and experi-
mental CIDNP field dependencies can be achieved using a
number of different sets of these parameters. It is therefore
impossible to make unambiguous conclusions regarding the
temperature dependence of the micelle parameters on the basis
of the modeling of the CIDNP field dependencies alone. Note
that a number of parameters such as the lifetime of micellized
RP, the electron spin relaxation of radicals, the rate of spin-
selective reactions, and the size and viscosity of the micelles
significantly affect the CIDNP magnetic field dependencies. For
instance, the photolysis of DBK and MDB produces two RPs
with very close hfi constants but substantially different lifetimes
of radical centers, and the extrema of the two magnetic field
dependencies differ by 5.0 mT13,51, with the shorter RP lifetime
corresponding to an extremum being in a lower magnetic field.
Qualitatively, such behavior is explained through the accumula-
tion of the polarization produced by the T•-S mechanism upon
the increase of the RP lifetime, which leads to an increased
number of reencounters. The increase in the micelle size upon
the temperature decrease leads to a decreased rate of reencoun-
ters on one hand and to the prolonged RP lifetime on the other.

L ) x33Na(27.4+ 26.9Nc)/4π (1)

4644 J. Phys. Chem. A, Vol. 105, No. 19, 2001 Lebedeva et al.



In addition, the change in the intramicellar viscosity alters the
rate of the electron spin relaxation. Thus, while the observed
behavior demonstrates on the qualitative level that the micelle
size becomes larger at lower temperatures, the evaluation of
the quantitative parameters from the comparison of experimental
and simulated results is not feasible. At the same time, the
agreement of the experimental and calculated CIDNP field
dependencies can serve as an additional confirmation of the
results obtained from the modeling of SNP spectra.

The Arrhenius plot ofD versus temperature is linear; the
activation energy extracted from this plot isEa ) 6.7 ( 0.25
kcal/M for SDS andEa ) 5.6 ( 0.2 kcal/M for SOS. These
values are very close to those obtained in24 Ea ) 5.8 kcal/M,
where dibenzyl ester was used as a fluorescence probe. Note
that the size of dibenzyl ester is close to the size of radicals
used in this work. The activation energies obtained in our work
are in good agreement with the activation energies for the
rotational correlation timesτc of the nitroxide radicals,29 (Ea )
6.5 kcal/mol for SDS andEa ) 5.9 kcal/mol for SOS). At the
same time, theEa obtained in this work is substantially different
from the data obtained by Zana,Ea ) 10 kcal/M,26 where
dipyrenylpropane has been used as a probe. The size of
dipyrenylpropane is more than twice as large than the radicals
investigated in this work. The substantial difference in activation
energies obtained in our work and using the probe molecules
of larger sizes is very probably determined by the influence of
the probe molecules on the micelle interior the preferential
localization of probe molecules in definite sites of micelle. The
value of viscosity, evaluated using Debye-Stokes-Einstein
formulaη ) (3τckT)/(4‚π‚a3) (here a is the hydrodynamic radius
of the probe) andτc measured in ref 29 is in good agreement
with our data if we take into account the differences in the
radical radius. As it has been mentioned above, the shape of
the SNP spectra is determined by the rate of reencounters, and
thus, the translational motion of radicals determines the obtained
viscosity only. The good agreement between our experimental
data and the viscosity obtained using rotational correlation times
of radicals of sizes close to those used in our work shows the
applicability of the Debye-Stokes-Einstein formula for a
micelle. Thus, despite the substantial heterogeneity of micelle
interior, the translational and rotational correlation times for the
radicals with radius of 1.5-3 Å are similar.

It is known19,22,23 that SDS micelles grow as a function of
the concentration of salt addition. The experimental dependence
of aggregation numberNa on the total concentration of Na+

(Yaq) is well described by the formula22 Na ) 164(Yaq)1/4. Yaq

may be found from the conventional pseudophase ion exchange
mass balance relationshipYaq ) R[SDS] + (1 - R)[SDS]free +
[NaCl], whereR is the apparent degree of counterion dissocia-
tion, R ) 0.27, and [SDS]free is the concentration of monomeric
SDS. [SDS]free is calculated iteratively from eq 5 of ref 22. For
micelle radius calculation, we used eq 1. For SOS, the
aggregation number increases with increasing of salt concentra-
tion Na ) K2*(R[SOS]+ â[SOS]free + [NaCl])γ, where22 K2 )
38.5, γ ) 0.22, â ) 0.655, andR ) 1 - â. [SOS]free’s are
calculated iteratively from eq 5 of ref 22.

After calculation of Na according to the abovementioned
formula, the dependence of radius on salt concentration was
obtained using eq 1. As it was mentioned above, the sensitivity
of SNP spectrum on the rate of reencounters substantially
depends on the value of hfi constant. The growth of micelle
size upon salt addition leads to the decrease of the rate of
reencounters but negligibly affects the line width of SNP
spectrum detected via carbonyl carbon. The diffusivity (D) of

radical in the SDS and SOS micelles at various concentrations
of NaCl was obtained from the comparison of the calculated
and experimental spectra (Figure 5). The radius of SDS micelles
at NaCl concentrations 0.1 and 0.5 M were used as 18.3 and
20.8 Å. The corresponding diffusion coefficients D obtained
were 0.8× 10-6 and 0.6× 10-6 cm2/s. It is known that salt
additions change the micelle shape from spherical to rod-
like.17,19,20At salt concentration [NaCl]> 0.1 M and detergent
concentration equal to 0.1 M, the shape of SDS micelles is not
spherical but rodlike. The application of the theoretical model
used is not fully correct, and obtained values of D for SDS
micelles can be considered as estimations only. The results
obtained for SOS micelles are more reliable because the shape
of SOS micelles is very close to spherical at the concentrations
of salt and detergent20 used in this work.

Temperature Dependence of SNP Kinetics.The analysis
of the SNP kinetics carried out by means of the numerical
solution of the Liouville equation39 has shown that for a rapid
recombination of the RP from the singlet state, the value of
kobs is equal to the sum of the rate constants of relaxation (krel)
and escape from the micelle (kesc).

The electron spin relaxation rate has contributions from the
electron spin relaxation of individual radicals and from dipole-
dipole electron spin relaxation between radicals. In the earlier
study,39 the relative contribution of the dipole-dipole relaxation
kdd at 50 mT magnetic field was estimated as 10%. The electron
spin relaxation rate of alkyl radical40,45 does not exceed 5×
106 s-1, and its contribution into SNP kinetics is negligible.
The relaxation for the acyl radicals has contributions from the
modulation of theg-tensor, the modulation of the hfi anisotropy,
and spin-rotational relaxation. In magnetic fields of 50 mT,
the contribution of former relaxation mechanism is negligible.
The rate constant of hfi-induced relaxation for RPs can be
evaluated47 as khfi ) (A:A)τc/12(1 + ω0

2 τc
2), whereω0 is the

magnitude of the magnetic field in frequency units,A:A ) ∑i)x,y,z

(Ai - Aiso)2 is the hfi anisotropy, andτc is the correlation time
of the modulation of the hfi anisotropy. Using the value of 10.96
mT2 for the hfi anisotropy of the benzoyl radical and values of
τc at different temperatures obtained via simulation of SNP
spectra, we have estimatedkhfi. The temperature increase from
12 to 45°C leads tokhfi changes from 8× 105 to 1.6× 106,
which is less than 20% ofkobs.

The negligibile role of hfi-induced and dipole-dipole relax-
ation contribution intokobs is confirmed by the fact that the
observed rate constant at room temperature at 60.8 mT (kobs )
7.1( 0.5× 106 s-1) is very close to that same at 15 mT (kobs)
7.5( 1.5× 106 s-1).53 The calculated hfi-induced and dipole-
dipole relaxation rates47,48should increase significantly on going
from 15 to 60 mT. This leads to the conclusion that the
temperature dependence ofkobs is determined by electron spin
relaxation, which does not depend on the magnetic field and
the radical escape rate. It is known that the main relaxation
mechanism of acyl radicals is the relaxation caused by the
modulation of the spin-rotational interaction. As the correlation
time of spin-rotational interaction isτsr ≈ 10-11-10-14 s, the
parameterω0τsr , 1, and the rate constant of spin-rotational
relaxation for RPs does not depend on magnetic field in range
of 15-60 mT. TR EPR measurements of the electron relaxation
time T1 of benzoyl radical in different solvents show the slight
increase of about 20% with increasing viscosity from pentane
(η ) 0.2 cP),T1 ) 120 ns, to dibuthylphtalate (η ) 17.7 cP),
T1 ) 200 ns.53 The contribution of electron relaxation rate due
to spin-rotational interaction intokobs could be estimated as
krel ) 1/2T1 ≈ 2.2 × 106 s-1 and does not change much in our
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temperature range. Thus, we believe that the temperature
dependence ofkobs is mainly determined by changes in radical
escape ratekesc(T). This conclusion is confirmed by the fact
that the activation energyE ) 6.4 ( 0.3 kcal/mol of the
observed decay rate is very close to the activation energy of
the escape rate of ketyl radical in SDS micellesE ) 6.5 ( 1.8
kcal/mol obtained Evans et al.54

Effect of NaCl on SNP Kinetics.The addition of NaCl has
no effect on SNP kinetics in SDS micelles and increases the
decay rates of SNP kinetics in SOS. The RP lifetime in the
case of DBK photolysis is mostly determined by decarbonylation
rate. As is known,55 the decarbonylation rate significantly
depends on polarity: the increase of polarity leads to the
decrease of decarbonylation rate. Thus, the main salt effect
consists of the changes in the decarbonylation rate due to the
decrease of polarity of the micelle interior. The micelle interior
consists of the internal core with very low permeability for water
molecules and the regions where the concentration of water is
higher. The polarity of micelle interior regions close to the
micelle surface at different concentrations of NaCl has been
studied in the work of Bales et al.19 It has been shown that the
salt additions caused the micelle size growth due to the increase
of the aggregation number. As a result, the distance between
the charge heads of detergent molecules decreases. This in turn
leads to the decreasing of water concentration in micelle interior.
The observed decay rate for SDS micelles is equal toKobs )
1.1 × 107 s-1 and is in a good agreement with literature data
for decarbonylation rate in nonpolar solvents.55 The indepen-
dence of the decay rate for SDS micelles on NaCl concentration
(0.1-0.5 M) leads to the conclusion that the changes of polarity
averaged over the volume of micelle interior are negligible. For
smaller SOS micelles, the changes in the interior polarity are
substantial, which leads to the increase of decay rate by about
a factor of 1.7 when NaCl concentration changes from 0.025
to 1.1 M. Note that in the absence of decarbonylation reaction,
the increase in the observed rate is expected due to the growth
of micelle size upon salt additions.

Conclusions

Using the temperature dependence of the SNP spectra
detected upon MDB and DBK photolysis in SDS and SOS
micelles as a representative example, we have demonstrated that
the SNP spectra of the micellized RPs are very sensitive to the
temperature variations and therefore can be used as a probe for
investigating translational diffusion of reacting radicals inside
micelles. The temperature dependence of diffusivity for micel-
lized radicals has been determined from the comparison of the
experimental data with the calculations based on the numerical
solution of the Liouville equation for the microreactor model.
It has been shown that the temperature dependence of transla-
tional diffusion coefficient obtained via simulation SNP spectra
of micellized radical pairs is the same as the temperature
dependence of diffusion coefficient obtained using rotational
correlation time of stable nitroxide radicals of similar sizes.

The time-resolved SNP technique has been employed to
measure the temperature dependence of decay rate constants of
the micellized RPs. We have shown that the temperature
dependence of RP lifetimes is mainly determined by changes
in radical escape rate.
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