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The 13C-stimulated nuclear polarization (SNP) technique has been applied to study the photolysis of
perdeuterated benzophenone in SDS micelles in the presence of 2tdrBHritylphenol with natural abundance

of 13C for both compounds. The relaxation rate constants have been determined for radical pairs differing in
the position of the®C label, and the conclusions have been drawn regarding the pertinent relaxation
mechanisms. The value of the exchange interaction in the radical pairs formed in the course of the reaction
has been estimated, and the diminishing of the splitting in the SNP spectra has been observed. Distinctive

features of SNP in systems with natural abundancE®fuclei have been considered.

Introduction in SNP splitting might be expected even in relatively large SDS
micelles. The influence of ESE on the SNP spectra in case of

Several technlqu_es b"."SEd on the indirect detection of m‘E‘gne'ﬂcrelatively small HFI constants is considered. The distinctive
resonance of radical intermediates, such as RYDMRd

! ) . features of SNP in systems with natural abundanéé®huclei
2
PYESR beca_me_W|der adopted in recent years. Stimulated are studied, and the ESE value for the corresponding RP is
nuclear polarization (SNP)also belongs to this type of

; . ! estimated.
technique. The .shapes of the experimentally obtained S.NP There have been quite a few studies of benzophenone
spectra and kinetics are governed by the number and magnitud

. ! ; : . : ephotolysis in SDS micelles, which is employed as a model
of HF constants in the radical pairs (RP), th? size and viscosity reaction?®° Magnetic field effects (MFE) and recombination
of a micelle, the rate constants of recombination and escape

from the micelle into the bulk, the relaxation parameters, the kinetics of radical pairs formed upon photolysis of benzophe-

. . - . none in SDS micelles in the presence of 4-phenylphenol have
magnitude of the electron spin exchange (ESE) interaction, andbeen considered in detail in er 9. The auth%rs h)él\?e evaluated
the amplitude of the microwave field;. :

. . . o the rate constants of radical escape from SDS micelles as well
Of particular importance is the estimation of the ESE value

, . : S -~ as the relaxation rates.
which plays an important role in RP recombination governing

Fhe rate of intersystem crossing (ISC). It also has a_pr_ofou_nd Experimental Section
influence on the appearance of an SNP spectrum. A diminishing
of the observed splitting in the SNP spectra due to high contact A detailed description of the experimental setup for detecting
ESE value upon decreasing the micelle size has been observe®NP spectra and kinetics is described in detail elsewiiérke
in ref 4. This ESE effect is shown to be determined mainly by illumination of the solution with UV light was carried out in a
the ratioa/Z wherea is the HFI constant and is the rate of quartz cell positioned in a microwave cavity, which in its turn
forced re-encounters. #Z > 1, the splitting in the SNP spectra  was placed in the magnetic fieley of an auxiliary magnet,
should be independent of ESE value and just equal to the HFI with By and the microwave fiel@,; being orthogonal (resonant
constant, while in opposite case the ESE-induced diminishing frequencyfes = 1530 MHz). Within ca. 1 s, the sample was
of the splitting in SNP spectra should be observed. subsequently transferred with a flow system to the probe of a
In the recent workthe RPs comprising of benzyl and benzoyl Bruker MSL-300 NMR spectrometer, where the NMR spectra
radicals13C labeled in carbonyl groupa(= 12.7 mT) were of reaction products were detected. An ELI-94 excimer laser
studied in micelles of different size. There the vahig& was (308 nm, ca. 40 mJ per pulse, 20 Hz repetition rate) was used
varied, and significant diminishing of the splitting in the SNP s a light source, and the sample illumination time was 7 s.
spectra was observed with the decrease of the micelle size. OnThe microwave field amplitudeB; was checked with an
the other hand, for RPs investigated in refeb=£ 37.8 mT), inductive probe. The microwave field amplitude was calculated
the splitting in SNP spectra turns out to be essentially from the available power of the microwave source, ca@ty
independent of the micelle size, obviously due to conditith factor, and effective volume measured using a perturbation body
> 1 being fulfilled in such a system. method. The accuracy of evaluation of microwave amplitude
In the present paper we investigate RPs, with relatively small Was about 40%.
HFI constants (0.82.5 mT), formed upon the perdeuterated ~ The experimental SNP spectrum is the magnetic field
benzophenone photolysis in SDS micelles in the presence ofdependence of the difference in the intensities of the cor-
2,4,6-tri-tert-butylphenol. For such values of HFI constants respondent NMR lines in the presence of resonance microwave
the conditione/Z < 1 is realized. Taking into account the values field By andB; = 0. The essence of the time-resolved SNP

of exchange interaction obtained previousije diminishing ~ technique is the introduction of a variable delagetween the
laser flash inducing the formation of RP and the edge of the

* Novosibirsk State University. microwave pylse. .The SNP kinetic§ is the timdepender!ce .
€ Abstract published ilAdvance ACS Abstractdpril 15, 1997. of the SNP signal intensity. The microwave pulse duration in
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Figure 1. Reaction scheme of BP photolysis in SDS in the presence
of TBP. Labels +VI indicate the positions of°C in the respective
RPs.

the experiments performed wasd9and the edge of microwave
pulse was about 20 ns.

Perdeuterated benzophenone (BP) (Isotope, Russia) was used
as received in 3 mM concentration. 2,4,6-Tait-butylphenol ——
(TBP) was recrystallized from hexane; its concentration was 200 180 160 140 120 100 80 60 40
15 mM. Sodium dodecyl sulfate (SDS) was obtained from ppm
Fluka and used as received. SDS concentration was 0.2 M. Itrjgyre 2. 13c NMR spectra, obtained during the photolysis of the
was assumed that there can be only one radical pair per micellesolution under study, acquired in the absence (a) and in the presence

(b) of microwave field. B, = 0.01 mT;By = 54 mT. Labels +VI
Results and Discussion mark the NMR lines corresponding to the observed RPs.

Upon photoexcitation into the triplet state BP molecule reacts
with TBP as well as with a detergent molec8ldn the former
case a radical pair comprising a ketyl radical and a phenoxy
radical (BP/TBP) is formed, while in the latter case BP
abstracts hydrogen atom from the detergent yielding a/(BP
SDS) pair. The laser flash-photolysis data show that with the
TBP concentrations employed, the formation of the former RP
takes less than 10 ns, which is much faster than what it takes
for an alternative RP (BPSDS) to form, 71 ca. 300 nS. We :
failed to observe any SNP signal upon the photolysis of BP in t?]H Ergup hydro?%r:aof the k?tyl :jad'ft‘?o(lz 229 mT)t’lz for
SDS micelles without addition of TBP. Thus the contribution "¢ MYArogens o are replaced wi e_u erum atoms.
of the (BP/SDS) pair to the experimental results is negligible, ~ The SNP spectra detected by t€ nuclei of BP and TBP
and it is not necessary to take it into account. A refined reaction (Cf. Figure 1) are shown in Figures 3 and 4; they correspond to

product,ay is the isotropic HFI constant of nucleldspolariza-

tion for which is considered. The low-field (high-field)
component of the HFI spectrum correspondsjte= 1 (3 =
—1);v =1 (w = —1) whenB; < & (B; > a). I' > 0 implies
positive SNP effect (absorption); < 0, negative SNP effect
(emission). Apart from thé3C HFI, there are only two other
HFI constants in the system under study which exceed 0.1 mT:
that of the hydrogens 3 and 5 of TB®+ 0.17 mT) and of the

scheme is shown in Figure 1. the RPs with3C nuclei in positions | (Figure 3b), IIl, IV (Figure
The main reaction path after the formation of the (BBP") 3a), and Il, V (Figure 4). The sign of SNP conforms to eq 1
pair is its recombination into starting reagents. @ NMR for in-cage product, triplet precursor RP aad- O for RPs |,

spectra obtained during the photolysis of the BP and TBP in Il V, and a < 0 for RP I, IV. Figure 5 shows the

SDS micelles are shown in Figure 2, in the absence (a) and incorresponding SNP kinetics obtained for RPBJ £ 53.5 mT;

the presence of the resonant microwave fiddg £ 54 mT). B1= 0.1 mT) and II, lll @ = 54.2 mT;B, = 0.01 mT). All

Since the experiments were carried out for natural abundancethe kinetics obtained are single exponential, and the respective

of 13C nuclei, spin evolution in the pairs with a magnetic nucleus decay constantkss are given in Table 1. In the analysis of

in a certain position leads to polarization of this particular the SNP spectra and kinetics we employed a theoretical approach

nucleus. We have succeeded in detecting stimulated polarizationpased on the numerical solution of the stochastic Liouville

of 13C nuclei for six different radical pairs-HVI, which differ equation (SLE) within the microreactor model framework.

only in the position of the'3C atom and hence in the HFI ~ There have been numerous successful applications of this

coupling. They are numbered in Figure 1. Each RP corre- approach to the treatment of SNP spectra and kinetics; its

sponds to its own line in the NMR (Figure 2b). The assignment detailed description can be found elsewHéraVe have adopted

of the peaks in thé3C NMR spectrum is based on published the finite difference scheme proposed by Pedersen andFreed

datd? for BP (I, 196.61 ppm; I, 137.49 ppm; VI, 132.33 ppm) and employed the Laplace transform to solve SLE. Saee

for TBP (lll, 134.82 ppm; 1V, 151.24 ppm; V, 141.29 ppm). Bo, the Hamiltonian of the system was taken in high-field

The sign of SNP polarization is given by the following relation: approximation. The exponentially decaying ESE was assumed
J(r) = Jo exp(=r—Ry)/1 with preexponential factal, andi =

I' = uenva, Q) 0.5 A. Recombination of RP in the reaction zone with thickness
0 = 0.5 A was described by a dimensionless quaritigy,where
Here,u = 1 (u = —1) corresponds to the triplet (singlet) ks is the recombination rate constant within the reaction zone

precursore = 1 (¢ = —1) corresponds to the incage (escape) from the singlet state, = Ryd/D is the RP residence time within
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TABLE 1: Observed Decay Constants of SNP Kinetic¥qps
and Relaxation Constantsk, Measured for Radical Pairs
I =1V with an Experimental Error of 5% (Figure 5)

radial pair HFI coupling, mT [ref]  Kobs S* Krel, S
| 2.5[18] 1.4x 100 1.2x 10°
1 —0.98 45x 10° 2.6x 1P
Il 0.81[19] 51x 10F  3.2x 10°
v —0.95[19] 4.5x 1P 2.6x 1P

0.5¢) and electron dipoledipole interaction (DDI) to the
overall relaxation were treated separately. The latter contribu-
tion was treated in accord with ref 15, where the correlation
function was assumed to be biexponential. The HFI values for
all protons were taken from literatdfewhile for deuterons of

BP these values were multiplied by 0.1535. We take into
account all these HFI values which caused some changes in
the shape of the SNP spectra (increasing of the line width). All
calculations were performed using the typical parameter values
for SDS micelles;!D = 0.8 x 10 ¢ cn? s, Ry, = 15.4 A,

Figure 3. SNP spectra (the magnetic field dependence of the difference gndR, = 6 A for reaction radius. The slight variation of these

in the intensities of the correspondent NMR lines in the presence of
resonance microwave fiel; andB; = 0) of radical pairs IV ©), IlI

(®@); B~ 0.01 mT (a) and IM); B, = 0.1 mT. (b) Solid lines show
corresponding calculated curves with= 0.5 A, Jo = —40 mT and

HFI constanta = —0.95 mT (IV);a= 0.81 mT (lll);a= 2.5 mT (I).

parameters influences mainly the DDI-induced relaxation rate
constant.

It has been shown in ref 17 that under conditions of rapid
intersystem crossing and large rate constant of decay in the

Dotted lines correspond to a hypothetical spectra calculated with the reaction zone the SNP kinetics exhibits single-exponential decay

same HFI constants arlg = 0.
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Figure 4. SNP spectra of radical pairs \Of and |l (@); B, ~ 0.01
mT. Solid lines show corresponding calculated curves with 0.5

A, Jo = —40 mT and HFI constants = 1.3 mT (V);a = —0.98 mT
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Figure 5. SNP kinetics of RP IM, Bo = 53.5 mT;B; = 0.1 mT), Il
(O, Bp =54.1 mT;B; = 0.01 mT), lll (@, Bo =54.1 mT;B; = 0.01
mT). Solid lines show respective calculated curves.

the reaction zond) is the mutual diffusion coefficient, argy

is the reaction radius. The contributions of the modulation of
anisotropic HFI by diffusion (with characteristic magnituGe
and rotational correlation time; characterizing the spectral
density of the correlation function(w) = 2GrJ/(1 + w?t?d) =

with a decay parameter being the sum of the rate constants of
escape and relaxation

kobs: kesc+ I(rel

and are almost insensitive to other parameters. To evaiugte
we have studied the absorption kinetics of the BP ketyl radical
(540 nm), which was detected in the flash-photolysis experiment
in zero magnetic field§, = 0) and analyzed employing the
method proposed in ref 8. It is assumed that the kinetics of the
ketyl radical is described by a sum of a fast exponential decay
with the constankgecaydue to incage recombination and a slow
second-order decay in the bulk. The coefficients in the relation
for the time dependence of optical density

)

OD(t) = OD, + OD;, exp(—kyecaf) (3)
are chosen to assure the best agreement with the experimental
curve and obey the equation

ODy/(OD, + ODy,) = Kegd(Kese 1 K-) 4)
Here O is residual optical density (i.e., the “slow” compo-
nent); k- is the rate constant for all processes leading to the
incage recombination of RP; ards: represents the sum of
radical exit rate constants from micelle. Estimation kef;
becomes straightforward when the following relation is taken
into account:

kdecay= kesc+ k- (5)

Application of eqs 4 and 5 givdgs,= 1.9 x 1Ps™1, k- = 1.8

x 10 s1. Itis necessary to note that the value obtained for the
rate constant of escape is the very close to that obtained in refs
2 and 9 kesc= 2 x 1 s71) for the (BP/SDS) pair.

Since in the case considered here the rate constants of ISC
and recombination from singlet state (> kesd far exceed the
value ofk, the latter quantity can be determined directly from
the SNP kinetics for a known value &fs, SNP kinetics for
RPs K1V (Figure 5) contain information about the relaxation
of various RPs. The values &f,s andk obtained according
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to eq 2 with due account d¢scare given in Table 1. It can be
readily seen that the large anisotropy of tR€ HFI in the
carbonyl position as compared to that for oth#e positions
causes a substantial increasekjg for RP I. For this pair a
limiting case ofku; > kyqi takes place. The corresponding
theoretical curve was calculated with the following param-
eters: By =53.5mT;B; = 0.1 mT;a= 2.5 mT;ks = 0.5; kesc
=19 x 10° s—1; L(w) = 0.5 x 10° s Figure 5 also
demonstrates that the experimental kinetics for RPs Il and I
and the kinetics calculated f@, = 54.1 mT;B; = 0.01 mT,;
a=0.81 mT @= —0.95mT);ket = 0.5;kesc= 1.9 x 10° s,
L(w) = 0 (with taking into account only DDI induced relaxation)
are almost identical. These kinetics is likely to be governed
mainly be the radical escape from the micelle and DDI-induced
relaxation and an opposite limiting case when DDI-induced

relaxation predominates is realized through the small difference

between kinetics Il, 1V, and Il can be caused by difference in
HFI anisotropy orz.. The dominate role of DDI-induced
relaxation is indirectly confirmed by the results obtained in ref
9: the parameters of DDI-induced relaxation obtained there
predict the valudgqi = 5 x 10°P s71in 54.2 mT magnetic field,

Parnachev et al.

can conclude that the real value kef should be higher than
0.3 since this estimation implies fast ISC in zero field but the
value taken from ref 7, 4.& 10f s71, is comparable withks.

The variation ofkst over a wide range of values, 0.63kst <

2, has almost no effect on the calculated kinetics for RP I.
Calculated SNP kinetics for other RPs and SNP spectra for all
RPs are insensitive to the variationl@f even in wider range.
Therefore, we setst = 0.5 and will only vary the value ol.

Numerical calculations for pairs Ill and IV show (Figure 3)
that in the absence of exchange interaction the splitting in SNP
spectrum is noticely larger than experimentally observed one.
The decrease in the splitting for the calculated spectrum can be
attained when the valuglp| > 20 mT is used. From the
comparison of the calculated spectra with the experimental ones,
it is possible to estimate its value glg| > 40 mT, which leads
to necessary dminishing of the observed splitting in a spectrum.
The further increasing ofly| does not lead to any changes in
the spectra. Note that this diminishing is compensated by the
increasing of the line width and calculations without relaxation
and additional nuclei show the decrease in the splitting to

which can be used as an estimate. There is another confirmatiorfPProximately half of the HFI value. The comparison of the

of DDI mechanism of relaxation here. We have conducted some - : L
| confirms the same estimate for the lower limit |3§| values

SNP experiments during the photolysis of BP in sodium octy!
sulfate micellar solution in the presence of TBP. We have not

calculated SNP spectrum for RP | with the experimental one

though due to relatively high HFI value and line width the

registered SNP though non-zero CIDNP have been detected diminishing is not so noticeable. In case of RP | the valye

We believe it was due to fast relaxation in sodium octyl sulfate
(SOS) micelles. Obviously, such an increase of the relaxation

= 40 mT also provides the correct line width. Note that the
fitted parameters for the exchange interactionJgr@ndA. It is

rate constant with the decrease of micelle size can be assignedlear that these two parameters are connected with each other

with DDI-induced relaxation. Corresponding calculations show
that in this case SNP intensity in SOS is in order lower than in
SDS. Therefore we assuniéw) = 0 and take into account

only DDI-induced relaxation in subsequent calculations. It
should be noted that variation of the relative contributions of
the two relaxation mechanisms while maintaining their sum
invariant (e = const) has almost no effect on the calculated

and the increasing of leads to the decreasing df and vice
versa. The increasing of the parameteio 1 A leads to the
slight decreasing of the estimation of exchange interagtlgin
> 30 mT.

It is remarkable that our estimation df is also in good
agreement with the valu& = —60 mT obtained in previous
simulations of SNP spectra for different RPsWe note that

SNP spectra and kinetics. Taking into account the parametersthe reduced splitting in an SNP spectrum as compared to the

of anisotropic interaction fof¥C constant in RPI A= 5.0 mT,
Ag < 1.5mTAA > 2.5x 107 s7218ye evaluate the correlation
time of modulation of anisotropic interactiag = 46 ps which
is in a good agreements with literature valdés.

Let us now take a closer look at the SNP spectra using
calculations. We note that there remain only two adjustable

full HFI constant has never been observed in SDS micelles
before, for the systems with large HFI constants were commonly
studied* Using the obtained parameters of exchange interaction
we simulate the SNP spectra and evaluate the value of HFI
constants in positions Il and V (Figure 4). TH€ HFI constant

for RP Il has been evaluated by the comparison of the

parameters: the magnitude of exchange interaction at the contaCkyperimental and calculated spectra and is given in Table 1.

radiusJ, and RP recombination abilitysr while HFI constants

a for 13C nuclei in positions 1§ ~ 2.5 mT), lll (@ = 8.1 mT),

IV (a = —0.95 mT),V (a = 13.9 mT) can be found in the
literature!®19 |t is evident that the splittings in SNP spectra
are noticely smaller than the values given above. It is known
that the increase idy or kst diminishes the splitting in the SNP

Conclusion

In the present study th€C-stimulated nuclear polarization
(SNP) technique has been applied to study perdeuterated
benzophenone in SDS micelles in the presence of 2,416+tri-

spectrum, since both the ESE operator and the Operatorbutylphenol at a natural abundanced€. The SNP spectra

describing the RP decay have the same effect upon the

nondiagonal elements of the spin density matrix of the sysfem.
The total rate constant of recombination from the singlet state
can be estimated from the following relation

_ K
k=17 ke

47R,DIV (6)

whereRy is the reaction radiud) is the coefficient of mutual
diffusion of radicals within the micelle, and = 47R%/3 is
the micelle volume. Using the valu& =6 A, R, = 15.4 A,
ks=4k_=7.2x 10°s71, andD = 0.8 x 1076 cn? s 1 we get
ks =~ 0.2 x 47RyD/V, i.e., the reaction is likely to be not
diffusion controlled ancst < 1. Using the relatiorks/(1 +
kst) ~ 0.2 we getksr ~ 0.3. This is only an estimate, but we

and kinetics have been detected for radical pairs differing in
the position of!3C atom. Except for the HFI constant, such
pairs have identical parameters, which provides an opportunity
to study the effect of the HFI constant upon the relaxation and
recombination processes in RPs. It has been shown that the
main relaxation mechanism which governs the kinetics decay
for RP | with 13C nucleus in carbonyl position is the modulation

of HFI anisotropy.

The experimental spectra obtained have been simulated within
the framework of the numerical solution of the stochastic
Liouville equation as applied to the microreactor model. A
lower limit for the electron exchange interaction constant has
been estimated ddo] > 40 mT. ESE leads to a decrease in
the splitting in SNP spectra of the RP under study.
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