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It was found that the shape of thi& stimulated nuclear polarization (SNP) spectra, detected in the photolysis

of dibenzyl ketone (DBK) and.-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 i€, = 6.7 + 0.25 kcal/mol ande, = 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 conditions are sensitive to the reencounter frequency of the
Micelles represent a simplified model of biological mem- radicals, which depends on the micelle size and intramicellar
branes; therefore, significant effort is devoted to establishing viscosity. The size, shape, and aggregation number of micelles

their properties and structure. The micelles can serve as “limited 9®Pend on the structure of the detergent molecules and its
volume microreactors” for radical reactions. A large number Concentration, the concentration of a salt, the temperature,
Of Studies pub“shed during the past feW years report the etC.l7_20A|| preVIOUS SNP StudIeS Of mlcelllzed RPs haVe been
observation and investigation of the magnetic and magnetic Performed at room temperature. Since the temperature change
isotope effects, very strong nuclear and electron spin polarization alters the micelle size and intramicellar viscosity and therefore
and other phenomena for the radical pairs confined within affects the reencounter frequency, the shape of the SNP spectra
micelles!~1% Investigation of the micellized radical pairs (RPs) is expected to exhibit a pronounced temperature dependence in
attracts significant attention since the intersystem crossing in the cases when the time of radical reencounters is comparable
such RPs is critically affected by the exchange interaction and with time of triplet-singlet conversion.
electron spin r9|axation' This opens up the possibility to study The influence of temperature and salt additions on micelle
both the e_xchange Interaction and its !nfluence on t_he INersys-qjze has been investigated in detail using various techniques
tem crossing of RPs. The spin dynamlcs and chemical k|r_1et|cs (quenching of a luminescent proBespin-probe method:22
of micellized RPs have been studied by a number of techniques, : . -

small-angle neutron scatterifgand quasielastic light-scatter-

.g., MARY? TR EPR>2 CIDNP? RYDMR, 310 PYESR11.12 ) . . . .
©9. ' e C ' ’ SR; ing'”29. The results obtained by different techniques are in a

SNP13-16 etc. i o
good agreement with each other. This is not the case for the

It has been shown earligr6 that the application of the SNP _ _ ! ' _
technique to the study of spin dynamics and chemical kinetics Meéasurements of intramicellar viscosity. A considerable poly-

of the RPs confined within the micelles allowed obtaining the dispersity of the micelles leads to very different values of their
parameters of exchange interaction for a number of RPs for Microviscosity, depending on the measurentént:

measuring their lifetimes and making conclusions about the  The aim of this work was to investigate the effect of the
mechanism of electron spin relaxation. In the SNP technique, temperature and salt additions (NaCl) on the recombination of
the resonant microwave field affects the rate of singtaplet micellized RPs. This was achieved through the analysis of the
conversion within RPs and thereby alters the measured polariza'SNP spec[ra of model RPs formed upon photo|ysi&{nﬁe_

tion of nuclear _spins in diamagnetic reaction products. The SNPthyIdeoxybenzoinc(—MDB) and dibenzyl ketone (DBK) in alky!
spectra essentially represent the EPR spectra of RPs; thereforegitate micelles of different sizes (sodium dodecylsulfate (SDS)
they are more sensitive to the effects of the exchange interaction, 4 sodium octylsulfate (SOS)). The comparison of experimental
ar}d spin-selective decay on the inter.system grossing within theand calculated SNP spectra and kinetics allows us to study the
micellized RPs than the CIDEP technique, which mostly reflects changes in the rate of reencounters of radicals in micelles with

the contribution of free radicals. It has been demonstrated " T
314 o temperature and salt additions. Using literature data on aggrega-
earlief314that the SNP spectra of micellized RPs under some . . -
tion number at different temperature and salt concentration, we

* To whom correspondence should be addressed. Fax:007-3832-331390have obtained_the tempe@ture and. salt _ad(_jitions dependence
Email: Elena@tomo.nsc.ru. on the translational diffusivity of radicals inside the micelle.
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Experimental I —_—
a
The experimental SNP setup has been described erliae c") — hv |

reaction mixture was irradiated by laser pulses (Lambda Physik PhCHyCCHy=G ) —PhCH, T **CH,Ph
COMPex,A = 308 nm, 20 Hz, 40 mJ) in RF cavity £ 1530
MHz), located in the field of a magnet {08 mT). A flow I o
system was used to transfer the irradiated mixture to the probe PhCHZC + *CH,Ph
of a Bruker MSL-300 NMR spectrometer. In time-resolved l-co m
experiments, the dependence of the polarization on variable time - =
delay between a laser pulse and a RF pulse has been investi- PhCHy—CHPh=——" PhCHy* *CH,Ph
gated. The duration of the RF pulse wagsand the RF pulse
edge was 20 ns. For the experiments to be performed at b
temperatures above or below the room temperature, the sample
resided within a stream of warm air or cold nitrogen gas, 11 E/
respectively. The temperature within the sample cell was
monitored by means of a calibrated thermocouple. a -

The detergent concentrations used in the experiments were
[SDS]= 0.1 M and [SOS} 0.2 M. Thea-methyldeoxybenzoin , i - . e
(MDB) and dibenzyl ketone (DBK) concentrations were 3.1 mM 220 200 150 160 140 120
for SDS and 7.4 mM for SOS solutions. The solubility of MDB  Figure 1. (a) Scheme of the DBK photolysis in the micelles. (b)
and DBK as well as similar ketones in water solution is CIDNP spectrum obtained upon photolysis of DBK in SDS micelles
negligible. The fact that nearly 99% of MDB and DBK at salt addition Cyac=0.1 M).
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 solutiof.

escape

escape

a 0.0

o
n

Results

CIDNP(arb.un.)

DBK and MDB undergo homolytici-cleavage upon photo-
excitation to generate the RPs comprising phenacyl/benzyl and
benzoyl/sec-phenethyl radicals, respectivél§# Inside the ) 20
micelle, the RP formed in DBK photolysis can recombine with
the formation of the initial ketone op-tolylbenzyl ketone. b g0 »  T=12°C
Phenacyl radical undergoes carbon monoxide elimination, with - .
a rate which depends on the solvent polarity and tempefature g
and is equal to 6.4 1(° s~ 1 at room temperature in benzetfe. £ 51
Recombination of the second RP leads to formation of dibenzyl. g
The RP formed during the photolysis of MDB may (1) g
recombine to regenerate the substrate, (2) disproportionate to
produce styrene and benzaldehyde, (3) recombine in a head- -1.07
to-tail fashion followed by an H shift to give-ethylbenzophe- 0 20 40 60 80
none, or (4) escape from the micelle into the bulk agueous phase. Magnetic field (wil)

Reactions +3 have been shown to occur only within the micelle Figure 2. Magnetic field dependencies of CIDNP detected by the
interior 3738 The lifetime of the triplet MDB molecule has been ~ carbonyl**C NMR signal of MDB upon the photolysis of MDB in
estimated asy = 40 & 10ns3 aqueous micellar solution of (a) SDS and (b) SOS at various

In both reactions, the CIDNP and S_NP spectra and kinetics :ﬁ??j{gﬂ:‘?b;ﬁr’geﬁ:{g S:ag% ?ﬁ? liaieg E_Ill?l\iﬁdtpinf_??gs with
have been detected by tH&C NMR signal of the carbonyl p=51x 107 cni/s forT=12°C: D = 2.3 x 105 cn¥/s for T =
carbon ¢ = 198.4 ppm) of initial ketone. After salt (NaCl) 42°C. (b)D = 1.07 x 108 cr?/s forT=12°C;D = 3 x 106 cn?/s
addition, the SNP spectra have been detected alsdyil) for T=41°C.
of phenyl group of DBK as well as CO during the photolysis
of DBK in SDS solution (Figure 1). The hyperfine interaction decreases, the maxima of the absolute polarization magnitude
(hfi) constants of carbonyfC in phenacyl and benzoyl radicals  shift toward lower fields for both SOS and SDS micelles. The
are 12.4 mT and 12.38 ntPrespectively, and are much larger CIDNP in micellized RPs is known to arise due to the d-
than all other hfi constants (benzyl radicalA(ZH,) = 1.628 Sp transitions, which proceed in the S-Tlevel crossing region;
mT, 2A(Horthg) = 0.515 mT, ZA(Hmet9 = 0.179 mT A(Hpargd = therefore, the exchange interaction plays the key role in the
0.617 mT; a-methylbenzyl radical: &(CHz) = 1.63 mT, CIDNP formation. It has been demonstrated eafligri4that
2A(H(0)) = 1.79 mT, ZA(Hortho) = 0.49 mT, Z(Hmet9 = 0.17 for smaller micelles the maximum of the absolute polarization
mT, A(Hparg = 0.61 mT)#° There is no experimentally measured magnitude in the CIDNP magnetic field dependencies is
data for thel3C (ll) hfi constant of benzyl radical; thus, we observed in higher fields, which has been interpreted as an
used the computed value {.4 mT) given in the paper of Turro  evidence of a stronger average exchange interaction in smaller
et al# micelles. Thus, the qualitative analysis of the temperature effect
Temperature Dependence of CIDNP and SNP Spectra.  on the CIDNP dependencies leads to the conclusion that the
Panels a and b of Figure 2 show the magnetic field dependenciesffective exchange interaction increases at higher temperatures.
of CIDNP detected upon photolysis of MDB in SDS and SOS  The 13C SNP spectra detected by the NMR line of the
micelles, respectively. It can be seen that as the temperaturecarbonyl carbon upon photolysis of MDB in SDS and SOS

40 60 80
Magnetic field (mT)

T=41°C
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Figure 3. SNP spectra detected via carbdi@ 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: Jo = 60 mT,a = 2 A%, andks = 1.6. The used values &f
andD for SDS and SOS are listed in Tables 1 and 2, respectively.

Figure 4. SNP spectra detected via (a) | and (b}3T 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:.Jo = 60 mT,a = 2 A%, andks = 1.6.

TABLE 1: Temperature Dependence of the Experimental

SNP Line Full Width at Half-Height ( Awy;) and Calculated o CNaCh=0
Radius (L) of SDS Micelles and Diffusion Coefficient D) of B A C(NaCh)=0.6 M
the Radical within the Micelle o C(NaCh=3M

T,°C 12 29 39 48

Aak/g, mT 18+02 23+01 26+01 28£0.1

L, 16.7 15.8 155 14.8 .

D-10%, cn®/s 0.6 1.2 1.7 23 IMagnletlc ﬁelld (mT)

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

T,°C 10 17 24 45
Aw, mT 10.8+0.1 96+02 82+01 7.6+0.1 Figure 5. SNP spectra detected via carbdf@ NMR signal of DBK

L, A 11.18 10.6 10.3 9.2 upon the photolysis of DBK in SOS micelles at various concentrations
D-105, cnt/s 1.1 1.35 1.7 3.3 of NaCl. Solid lines are simulated spectra with following parameters:

) - Jo =60 mT,a =2 A%, andks = 1.6. The used values &f andD
micelles are shown in Figure 3a,b. When MDB and DBK are for SOS are listed in Table 3.

photolyzed in SDS micelles, thei?C SNP spectra exhibit the
splitting of 12.3+ 0.1 mT, which matches the respective hfi Effect of NaCl on CIDNP and SNP Spectra.SNP spectra
constant of the acyl carbon atom, and the variation of the obtained upon DBK photolysis in SDS and SOS micelles with
temperature alters the line widths without affecting the observed added NaCl are shown in Figures 4 and 5, respectively. NaCl
splitting. At temperatures below 20C, the SNP line width additions have no effect on SNP spectra obtained via NMR line
remains the same. The SNP spectra line widths for DBK and of carbonyl carbonA = 12.4 mT) (Figure 4a). The main reason
MDB in SDS micelles are equal at all temperatures within the for that is the low sensitivity of SNP spectra to the changes in
experimental accuracy. The dependence of the SNP line full the rate of reencounterg)(when 1A < 1/Z, which is the case
width at half-height is provided in Table 1. for A= 12.4 mT in SDS micelles in the presence of NaCl. The
At room temperature, the splitting in SNP spectrum detected NaCl addition leads to the decrease of the line width of SNP
for SOS micelles is equal to 8:80.1 mT. As it has been shown  spectrum, detected via NMR line &C (Il) with A = —1.4
in,1314the decrease of splitting in SNP spectrum is caused by mT (Figure 4b), and to the substantial increase of SNP and
the growth of the reencounters rate. Reduced size of micellesCIDNP intensity, detected via NMR line 6t CO (182 ppm}*?
leads to an increased ratio of times which RP spends in reactiveThe shape of the SNP spectrum detected by CO line is similar
and unreactive states and, hence, to increased time-averagebut of opposite phase to the SNP spectrum detected via carbonyl
exchange interaction and time-averaged recombination rate. Incarbon of DBK. The difference in SNP spectra phases is
smaller (SOS) micelles, the increase in temperature from 10 to explained by the difference in the pathway of product forma-
45° C decreases the splitting in the SNP spectrum from 10.8 to tion: incage for DBK and escape for CO. In SOS micelles,
7.6 mT (Table 2). Additionally, the SNP line width first NaCl additions induced the increase of the splitting from=8.3
increases and then starts to decrease as the temperature chang@l mT at NaCl= 0 to 11.4+ 0.1 mT at NaCl= 2.68 M
Thus, qualitatively the temperature effect on SNP spectra shows(Table3) in full agreement with the expected behavior of the
the increase of the rate of reencounters as temperature growsSNP spectrum upon the increase of micelle radius.
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TABLE 3: Effect of NaCl on the Experimental Splitting in the SNP Spectrum (Aw) and Calculated Radius () of SOS Micelles

and Diffusion Coefficient (D) of the Radical within the Micelle

Cnach M 0 0.1 0.6 1.1 1.63 2.68
Aw, 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, A 10.1 10.5 11.5 11.9 12.3 12.8
D-10%, cnils 1.7 1.7 1.5 1.4 1.25 1.15
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Figure 6. 3C SNP kinetics upon the photolysis of MDB in (a) SDS

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 equation
have been used. To describe the dynamics of RPs confined in
the micelles, we employed the microreactor mgdél assumes
that one of the radicals is permanently located at the center of
a spherical micelle with radiuls, whereas its partner diffuses
freely within the micelle volume with diffusion coefficieri
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 H includes the term, describing the exchange
interaction which exponentially depends on the interradical
separationJ(r) = Joe~~R), Ry 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 interagtion,
=0.5 A. Two mechanisms of electron spin relaxation were taken
into account: the dipotedipole interaction of the electron spins
and the fluctuations of the local magnetic fields (anisotropy of
g- and hfi-tensors, spiarotational coupling) characterized by
the magnitude@G, and the rotational correlation times. For
acyl radicals, the main relaxation mechanism is the -spin

and (b) SOS micelles at various temperatures. The observed raterotational interactiod® which acts along with the relaxation
constantoss for SDS and SOS are listed in Tables 4 and 5, respectively. jnduced by the anisotropic part of the hyperfine coupling. The

TABLE 4: Observed Decay Rate Constant K,,9 Obtained
in SDS Micelles

T,°C 12 29 32 45
Kops106, st 414+03 7.4+02 83+03 12.0+2.0

TABLE 5: Observed Decay Rate Constant K., obtained in
SOS Micelles

T,°C 11 20 32 45
Kops1076, st 42401 6.0£02 9.9+01 14.2+15

Temperature Dependence of SNP KineticsPanels a and

anisotropic part of the Zeeman interaction can obviously be
neglected, since the magnetic fidddis 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?® 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 Wi and Morozov at af® The differential
scheme proposed by Pedersen and Pfeeds employed to

b of Figure 6 show the temperature dependence of the solve the equation. The RP recombination was characterized
experimentally detected kinetics of micellized RP decay in MDB by dimensionless parametksrs, wherezs = (Rnind)/D is an
photolysis in SDS and SOS micelles, respectively. Except for average RP residence time in the reaction zone of thickhess
the initial 60 ns of the curves, the SNP kinetics can be The values ofly, kss, D, L, keso G, and 7. were treated as
approximated reasonably well as single exponential decays.variables in the calculations performed.

Avdievich et al*® have demonstrated that the initial nonexpo-

nential part of the kinetics is governed by the lifetime of the Discussion

molecular triplets, which decay slowli(~ 1.4—1.6 x 10°c™?)
to yield the RPs. The RP decay rate constadgts 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 constdgtd becomes larger at higher

temperatures. The Arrhenius plot of the observed decay rateSihe case of “
versus temperature is linear; the activation energies extracted

from these plots are 64& 0.3 kcal/mol for SOS and 64 0.3
kcal/mol for SDS micelles.

Effect of NaCl on SNP Kinetics. The salt additions have

It has been shown earliér>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,
slow motion” is realized. The rate of singlegiplet
conversion is higher than the rate of reencounters. In this case,
the splitting in SNP spectra is equal to the hfi constAntyhile
exchange interaction affects the line width of SNP spectra. The
decrease of the micelle size leads to the increase of the rate of

no effect on the decay rate of SNP kinetics of RPs formed in reencounters. In this “fast motion” case, the splitting in SNP
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spectrum and line widths are determined by the ratio of the temperatures and salt concentrations to calculate the micelle

rate of reencounter&, and the hfi constanf. In the limiting radius. Using these values, we have obtained the temperature
case A/Z < 1, the splitting in SNP spectrum is equal to one- and salt additions dependence of translational diffusivity of
half of the hfi constant. radicals inside the micelle.

The reencounter frequency can be estimated as47R,D/ Assuming the spherical shape of micelles, we can calculate

V: V = 47L3/3— is the micelle volumé’ ForA = 12.4 mT and the volume of micelle core aé, = 47L%3 = N,V. HereV is

room temperature, this estimation givééZ < 1 for SDS the volume of polymethylene chain of one detergent molecule.

(splitting in SNP spectrum is equal to the hfi constant) Al To obtainV, we have used the Tanford formélaV = 27.4+

> 1 for SOS (splitting in SNP spectrum is substantially less 26.9Nc; here,V is measured in A andN is number of carbon

than the hfi constan®® For A= 1.4 mT, which corresponds to  atoms in detergent molecull equals to 12 for SDS and 8 for

13C (II) nuclei, the same estimation giva&Z > 1 for both SDS ~ SOS micelles. The dependence of L Wais described as

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 L \73Na(27'4+ 26. N/ (1)

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 lead

to the changes of SNP spectra shape and magnetic field

dependencies similar to the changes caused by the decreasingecrealseol by radical radius@A). However, since the radicals

gcglgsgﬁezég'toT?hues'in?;?eeaginof?hnecLlé%iégﬁtmtgfr;inﬁﬁ?{f may also experience the Stern layer, the effective radius should
’ %e increased by 1.3 A On the basis of these results, the

salt addition leads to the decrease of reencounter rate. Ad'ff o fth dicals in th icell .
temperature change and salt additions alter the micelle viscosity iffusivity D of the radicals in the SDS micelles at various
and therefore changa and the micelle size as well. To obtain temperatures was evaluated from the comparison of the calcu-

N - ) . lated and experimental SNP spectra and is listed in Table 1.
quantitative information about the temperature and salt-induced Unfortunatelv. we could not find anv literature data on the
variation of micelle size and viscosity, we have compared the A y

experimentally detected SNP spectra and magnetic field de- ZTEEE Rl S O 0 TRE, LR and
pendencies of CIDNP with the results of model calculations 9

based on the numerical solution of the Liouville equation. SOS, we assumed the temperature dependence of aggregation

The sh £ th lculated SNP ) db number of SOS micelles to be proportional to that of SDS
e shape of the calculated SNP spectrum is governed by icoles. 1t was proposed that the temperature increase from

Jo, ksrs, D and.L, whereas other variaple; merely affect.i.ts 10 to 50°C leads to the decrease Nf from 33 to 20 and thus
absolute intensity. Upon temperature variation and salt addition, to a decrease of the radius from 11.1 to 9.2 A, with corrections

the values oflo andkss remain unchanged. For these param- 5} — 1 3 A for taking into account the radical size. The rest of

eters, webusedfthe Yalu@sd.: l's ano(Lj]o =—60 TT’ evaltl:ated .o the variables @, Jo, andksrs) were identical to those used in
in adnlum gr (r)] eartier §tu |es| asgl on ? simiiar ma(; gmanca the simulations of the results for SDS micelles. The comparison
model and the experimental studies of MARY and ISOtOpe .t yhe experimental data with the results of simulations has

15,37,38 . . .. .
effects and the SNP spectra. ) N yielded the values for the diffusivity at various temperatures;
The shape of calculated SNP spectra is not sensitive to thethey are summarized in Table 2.

rate constant of RP decay. This is confirmed experimentally  The earlier studiéd have revealed the significant influence
by the fact that thelllne widths of SNP spectra obtained in DBK ¢ 411 of the variables D, kts, D, L, keso G, andze) on the
and MDB photolysis are the same at the same temperature. Thenagnetic field dependencies of CIDNP formed in micellized
observed lifetimes of the corresponding RPs differ by a factor gpg A reasonable agreement between calculated, and experi-
of 3 because the main channel of decay of the primary RP in ental CIDNP field dependencies can be achieved using a
case of DBK is the decarbonylation process, whereas for MDB, nymper of different sets of these parameters. It is therefore
it is the electron spin relaxation and escape of radicals from impossible to make unambiguous conclusions regarding the
the micelle. temperature dependence of the micelle parameters on the basis
The changes in the shape of SNP spectra upon temperatureyf the modeling of the CIDNP field dependencies alone. Note
variations and salt additions could not be caused by changes inthat a number of parameters such as the lifetime of micellized
electron spin relaxation rate caused by modulation of the RP, the electron spin relaxation of radicals, the rate of spin-
anisotropic hfi and dipotedipole and spir-rotational interac-  selective reactions, and the size and viscosity of the micelles
tion. It has been demonstrated earlier that at the room- significantly affect the CIDNP magnetic field dependencies. For
temperature electron spin relaxation rate caused by modulationjnstance, the photolysis of DBK and MDB produces two RPs
of the anisotropic hfi, dipoledipole and spirrotational with very close hfi constants but substantially different lifetimes
relaxation has negligible effect on the SNP spettf4. of radical centers, and the extrema of the two magnetic field
We therefore conclude that the main cause of the line width dependencies differ by 5.0 i¥¥°% with the shorter RP lifetime
variation in SNP spectra upon temperature changes and saltorresponding to an extremum being in a lower magnetic field.
additions is the variation of the reencounter frequency, which Qualitatively, such behavior is explained through the accumula-
affects the rate of the exchange-induced relaxation. As reen-tion of the polarization produced by the FS mechanism upon
counter frequency depends on both micelle radius and diffusivity the increase of the RP lifetime, which leads to an increased
(Z ~ DIL3), the agreement between calculated and experimentalnumber of reencounters. The increase in the micelle size upon
data could be achieved at different setd afndD values. We the temperature decrease leads to a decreased rate of reencoun-
used literature data for the aggregation number at variousters on one hand and to the prolonged RP lifetime on the other.

The temperature dependence Ny obtained by small-angle
neutron scattering (SANS§,and formula 1 lead to the conclu-
sion that the temperature increase from 12 t66taused the
decrease of micelle radius from 16.7 to 14.48 A The calculation
3f L has been done using eq 1, taking into account the radical
size. This means that the value obtained from eq 1 should be
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In addition, the change in the intramicellar viscosity alters the radical in the SDS and SOS micelles at various concentrations
rate of the electron spin relaxation. Thus, while the observed of NaCl was obtained from the comparison of the calculated
behavior demonstrates on the qualitative level that the micelle and experimental spectra (Figure 5). The radius of SDS micelles
size becomes larger at lower temperatures, the evaluation ofat NaCl concentrations 0.1 and 0.5 M were used as 18.3 and
the quantitative parameters from the comparison of experimental20.8 A. The corresponding diffusion coefficients D obtained
and simulated results is not feasible. At the same time, the were 0.8x 107% and 0.6x 107 cnm?/s. It is known that salt
agreement of the experimental and calculated CIDNP field additions change the micelle shape from spherical to rod-
dependencies can serve as an additional confirmation of thelike.17:1920At salt concentration [NaCl¥ 0.1 M and detergent

results obtained from the modeling of SNP spectra. concentration equal to 0.1 M, the shape of SDS micelles is not
The Arrhenius plot ofD versus temperature is |inear; the Spherical but rodlike. The application of the theoretical model
activation energy extracted from this plotls = 6.7 + 0.25 used is not fully correct, and obtained values of D for SDS
kcal/M for SDS andE, = 5.6 & 0.2 kcal/M for SOS. These  Micelles can be considered as estimations only. The results
values are very close to those obtained4it, = 5.8 kcal/M, obtained for SOS micelles are more reliable because the shape

where dibenzy| ester was used as a fluorescence probe_ Not@f SOS micelles is very close to Spherical at the concentrations
that the size of dibenzyl ester is close to the size of radicals Of salt and detergefftused in this work.

used in this work. The activation energies obtained in our work  Temperature Dependence of SNP KineticsThe analysis
are in good agreement with the activation energies for the of the SNP kinetics carried out by means of the numerical
rotational correlation times, of the nitroxide radical8? (E, = solution of the Liouville equatiot§ has shown that for a rapid
6.5 kcal/mol for SDS ané, = 5.9 kcal/mol for SOS). At the recombination of the RP from the singlet state, the value of
same time, th&, obtained in this work is substantially different  Kkopsis equal to the sum of the rate constants of relaxatiqs) (
from the data obtained by Zan&, = 10 kcal/MZ® where and escape from the micell&:{).

dipyrenylpropane has been used as a probe. The size of The electron spin relaxation rate has contributions from the
dipyrenylpropane is more than twice as large than the radicals electron spin relaxation of individual radicals and from dipole
investigated in this work. The substantial difference in activation dipole electron spin relaxation between radicals. In the earlier
energies obtained in our work and using the probe molecules study3° the relative contribution of the dipotedipole relaxation

of larger sizes is very probably determined by the influence of ky4at 50 mT magnetic field was estimated as 10%. The electron
the probe molecules on the micelle interior the preferential spin relaxation rate of alkyl radic&l*5 does not exceed 5
localization of probe molecules in definite sites of micelle. The 106 s, and its contribution into SNP kinetics is negligible.
value of viscosity, evaluated using Deby8tokes-Einstein The relaxation for the acyl radicals has contributions from the
formulan = (3rkT)/(4-7+&3) (here a is the hydrodynamic radius  modulation of they-tensor, the modulation of the hfi anisotropy,
of the probe) and; measured in ref 29 is in good agreement and spin-rotational relaxation. In magnetic fields of 50 mT,
with our data if we take into account the differences in the the contribution of former relaxation mechanism is negligible.
radical radius. As it has been mentioned above, the shape ofThe rate constant of hfi-induced relaxation for RPs can be
the SNP spectra is determined by the rate of reencounters, antyaluatet askyi = (AA)T/12(1 + wi7?), wherewy is the
thus, the translational motion of radicals determines the obtainedmagnitude of the magnetic field in frequency uniis = Simxyz
viscosity only. The good agreement between our experimental (o, — A)2 is the hfi anisotropy, and, is the correlation time
data and the viscosity obtained using rotational correlation times of the modulation of the hfi anisotropy. Using the value of 10.96
of radicals of sizes close to those used in our work shows the mT2 for the hfi anisotropy of the benzoyl radical and values of
applicability of the Debye Stokes-Einstein formula for a 7 at different temperatures obtained via simulation of SNP

micelle. Thus, deSpIte the substantial heterogeneity of micelle Spectra, we have estimatmi_ The temperature increase from
interior, the translational and rotational correlation times for the 12 to 45°C leads toky; changes from 8« 10° to 1.6 x 10F,

radicals with radius of 153 A are similar. which is less than 20% d,ps

It is known'9-2223that SDS micelles grow as a function of  The negligibile role of hfi-induced and dipetelipole relax-
the concentration of salt addition. The experimental dependenceation contribution intokess is confirmed by the fact that the
of aggregation numbel, on the total concentration of Na  opserved rate constant at room temperature at 60.8kgT=
(Yag) is well described by the formu&Na = 164(Yag'. Yaq 7.1+ 0.5 x 10°s71) is very close to that same at 15 mkyds=
may be found from the conventional pseudophase ion exchangez 5.+ 1.5 x 10° s1).53 The calculated hfi-induced and dipele
mass balance relationshifgg = o[SDS] + (1 — a)[SDS}ree + dipole relaxation raté&48should increase significantly on going
[NaCl], wherea is the apparent degree of counterion dissocia- from 15 to 60 mT. This leads to the conclusion that the
tion, o = 0.27, and [SDS}.is the concentration of monomeric  temperature dependencelafsis determined by electron spin
SDS. [SDSjee is calculated iteratively from eq 5 of ref 22. For  re|axation, which does not depend on the magnetic field and
micelle radius calculation, we used eq 1. For SOS, the the radical escape rate. It is known that the main relaxation
aggregation number increases with increasing of salt concentramechanism of acyl radicals is the relaxation caused by the

tion Ny = Kz*(a[SOS]+ B[SOSkee + [NaCl])?, wheré? K, = modulation of the spirtrotational interaction. As the correlation
38.5,y = 0.22,f = 0.655, anda. = 1 — f. [SOS}ees are time of spin-rotational interaction iss; ~ 1011—-10"14s, the
calculated iteratively from eq 5 of ref 22. parameteingrs < 1, and the rate constant of spirotational

After calculation of Ny according to the abovementioned relaxation for RPs does not depend on magnetic field in range
formula, the dependence of radius on salt concentration wasof 15-60 mT. TR EPR measurements of the electron relaxation
obtained using eq 1. As it was mentioned above, the sensitivity time T; of benzoyl radical in different solvents show the slight
of SNP spectrum on the rate of reencounters substantiallyincrease of about 20% with increasing viscosity from pentane
depends on the value of hfi constant. The growth of micelle (y = 0.2 cP),T; = 120 ns, to dibuthylphtalate;(= 17.7 cP),
size upon salt addition leads to the decrease of the rate ofT; = 200 ns23 The contribution of electron relaxation rate due
reencounters but negligibly affects the line width of SNP to spin-rotational interaction intdkyps could be estimated as
spectrum detected via carbonyl carbon. The diffusividy ¢f kel = Y,T1 &~ 2.2 x 10° s71 and does not change much in our
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