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We have generated radical pairs (RPs) in SDS micellar medium by electron transfer from the ground state of
biphenyl (BP) to various alkyl-substituted phenyl pyrilium cations")Rind corresponding thio-phenyl pyrilium
cations (SPP) and have compared the dynamics of RP recombination in magnetic fields varying from 0 to

5 T. A comparison of P¥BP'* decay curves with SPIBP't decay curves leads to the conclusion that both
RPs anc®RPs are produced in the former case, the temporal behavior at early times being dominated by
field-insensitive'RP and at later times by highly field-sensiti#ePs. In the case of the S#BP* system,

on the other hand®RPs dominate the decay throughout but the field sensitivity is reduced. The large MFE
in O-analogues is presumably caused by reduction of micellar escape rate while the reduced MFE for the
S-analogues has been ascribed to -spirit coupling (SOC).

Introduction prominent roles to play in recombination dynamics. In heavy

In recent years photoinduced electron transfer (PIET) reac- atom substituted RPs especially, the field-independent SOC-

tions, both forward and backward, have received considerable'nduced ISC process mixes s_inglet ar_ld triplet states and thereby
attention as potential light-harnessing systémshe dynamics allows recomblnaltlon even in the triplet state. Thes.e reasons
of the back electron transfer process (BET) is no less interestingm{jlke a case for investigation of other RPs containing hea\{y
than that of the forward electron transfer process (FET) for the atoms, suc_h as (S, Se, Ge), and compare the results with
following reasons: In any PIET-based energy storage model corresponding light ?tom (_C’ N, O) cent_ered RPs. .
the extent of energy storage depends critically on the slowness Recently, we have investigated extensively MFEs on transient
of BET, the latter tending to nullify the chain processes initiated RPs generated by PIET from a neutral donor, biphenyl, to

: ; i derivatives of the phenyl pyrilium salt (positively
by FET. Second, one can observe beautifully the blending of Y2/0US _ . ,
spin-evolution with spatial motion of radicals generated by FET. charged acceptors) in SDS micellar meditrh?! The observed

One of the interesting consequences of this blending is that aMFES In these RP systems are exceptionally large and vary
laboratory magnetic field, despite the smallness of its interaction interestingly among derlvapves. In our quest for understanding
with the radical pair (RP) system, can alter substantially the the source of _Iarge MFEs in these systems, we have _exten_ded
lifetimes of RPs, thereby providing us a handle for controlling our investigation to RPs generated from corresponding thio-

the energy storage process by the turn of a knob. This magneticpyri"um salts. The present paper is essentially a comparative

: : : o MFE study of RPs generated from phenyl thio-pyrilium
field effect (MFE) on the spin dynamics can be magnified by 7 i .
confining in the micelle an electron donor/acceptor system, or (SPP ClO4) salt with those generated from the corresponding

more correctly, a RP systefn? A micelle provides a cavity O-centered phenyl pyrilium salt (PEIO,™) in SDS micellar

for the photogenerated RP in which the partners of a RP undergosomtion; the donor is neutral biphenyl in both cases.

multiple collisions and between two successive collisions the
relative spin orientation of the partners changé$. For
understandable reasons, MFE studies so far involve mostly light  2,6-Dimethylphenyl pyrilium (PP) perchlorates and the
atom centered (C, N, O) radic@lRecently investigatiort$18 corresponding thio derivatives were prepared by one &f us
have extended MFE studies to S-, Si-, and Ge-centered radicalsand used after recrystallization twice from dichloromethane and
In heavy atom centered radicals isotrogigalues deviate from anhydrous ether. The SDS was purified by recrystalization from
the free electroH-19value due to spirorbit coupling (SOC), a water-ethanol mixture. Biphenyl (Aldrich) was used without
and hence, relative precession rates around the applied fieldany further purification. Triply distilled deionized water was
(determined by isotropig) become faster; thus MFE attribut-  used for the preparation of solutions. All the solutions were
able to the Ag mechanism 4Ag-M) increases with field. deaerated by purging Argon for 30 min. The concentrations
However, other mechanisms, such as the Relaxation Mechanismemployed in the experiment were [FP= ~1 x 107* (M),
(RM)?° and the Triplet Mechanism (TM), may also have [BP]= ~1 x 1073 (M), and [SDS]= 0.1 (M).
- - The experiments were carried out in conventional laser flash

m;hgggr‘zslg%’;fjr'(’a‘gm"’.‘“thor- Fax:+91-33-473-2805. E-mail: pcmc@  photolysis (LFP) setup (laser kinetic spectrometer, Applied

tIndian Association for the Cultivation of Science. Photophysics), coupled and synchronized with a small pulsed

* Regional Research Laboratory. electromagnet. The basic circuitry of this setup is described
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Figure 1. Decay profile of the transient absorption at 680 nm for
acceptor/donor pair (d®/BP and (b)lb/BP in the presence of various
external high fields.

elsewheré? The pulse current is provided by the discharge of
two parallely connected capacitors (50, 4 kV each) through

a mercury ignitron, the latter being triggered by the discharge
of another capacitor bank with the help of a thyristor and a
pulser unit. The pulse duration for the main capacitor discharge

bank is about 2 ms. We have ensured that in the time scale of

our experiment, magnetic field remains constant at the maximum
in the discharge curve. The magnetic field was calibrated by

the surge-coil technique. For our LFP studies we have used the

third harmonic (355 nm) of a Nd:YAG (DCR-11, Spectra

Physics) laser as the pump source, and a 250-W pulsed xenon

lamp as the monitoring source. The output signal from a

photodiode was processed by means of a personal computer.
The transient signal at each wavelength was averaged over 10

shots. The possibility of change in the solution itself brought
about by the flash and/or pulsed field was carefully checked in
the following way. The decay curves were obtained for zero-
field first and then for the highest field with the same freshly

prepared degassed solution. The order of the highest and the
zero-field experiment was then reversed with the same sample.

Results on two fresh solutions, identically prepared and de-
gassed, compared very well.

R
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Figure 2. Decay profile of the transient absorption at 680 nm for
acceptor/donor pair (d)a/BP and (b)1b /BP in the presence of various
external high fields.
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Figure 3. Decay profile of the transient absorption at 680 nm for
acceptor/donor pair (a)la /BP and (b)lllb /BP in the presence of
various external high fields.

Assignment of the Reaction IntermediatesDifferent alkyl
group substituted PPderivatives and their thio analogues on
excitation behave as typical electron acceptors, the donor being
unexcited BP or other similar aromatic hydrocarbons. The
electron transfer of these systems has been studied by Monoj
et al?224 The photochemical behavior of the PIET in SDS
micellar solution are qualitatively similar in nature to that in
homogeneous medium. It is reasonable to assume that the

In the present study, we have chosen BP as donor and threauncharged donor is trapped in the micellar core, while the

sets of alkyl derivatives of phenyl pyrilium salt (PPand the
corresponding thio-analogues (SPRs acceptors. The dynam-

positively charged acceptor is drawn out of the bulk water
medium to the negatively charged miceltavater interface.

ics of correlated RPs in the presence of fields of various Since no MFE is observed in the absence of micelle, we
magnitudes are shown in Figures 1a,b, 2a,b, and 3a,b. The salientonclude that the water-soluble PRor SPP must have

features of the decay curves are summarized below.

accumulated in the Stern layer of the micelle. The transient
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absorption spectra of the RPs observed immediately after laser (4) On adding the G ion (10 mM) to either the PPBP™

excitation of the acceptor (PPor SPP) have been shown
elsewheré.The peak around 385 nm is due to*P&dicals and
that around 680 nm is due to the BRadical. Similar transient
absorption spectra are observed for the S-substitutéd $HFP)

or the SPABP* system, the MFE is nearly completely
guenched.

We discuss qualitatively the dynamic behavior of the RP
systems, P#BP™ and SPHBP*, with reference to Scheme

acceptors also, where the position of the absorption peak of the1 .25

SPP radical is shifted to 430 nm from 385 nm.

It is found by Monoj et af? that in homogeneous medium
the radical BP" is the only one that absorbs at 680 nm. We
have also found the same in micellar medium. At 385 nm in
the case of PRadicals and at 430 nm in case of SiP&licals,

At first the positively charged pyrilium or thio-pyrilium ion
is excited to the singlet state. Then, in the presence of BP an
electron transfer (ET) takes place from neutral donor BP to the
singlet acceptotPP" or 'SPF to form 'RP of contact and/or
solvent-shared type. This singlet channel faces competition from

both the molecular triplet and the radical absorb. Consequently, the triplet channel, which is initiated by intersystem crossing
the analysis of the dynamics of RPs at these wavelength (ISC) from the excited singlet acceptor. Thethen generates

windows (385 nm for PPand 430 nm for SPP gets

3RP by electron transfer from the BP. Dissociation of tfeéRP

complicated. We therefore consider first the features of the time to 13SSRP should be considered as a reversible process, which

profile of transient absorptionA(t)) curves at the 680-nm
window before considering the more complicaid) curves
at the 385- or 430-nm window. We may point out here that for

means that the geminaé(SSRP can recombine Vi&CRP
formation. The singlet and triplet RPs thus produced get
converted to triplet and singlet RP respectively by several

measuring the recombination rate, it should not matter which possible mechanisms, such as SO&NE Ag-M,14.19.27R\,20
radical is monitored. If any one of the partners of a RP leaves HFCM 1516.18and TM28 Out of these, the first one (SOCM) is
the micellar cage recombination is not possible. Thus the overall independent of applied laboratory field. It may be noted that in
recombination rates should be expected to remain independent contact radical pair involving light atom centered (O) radicals,

of the choice of wavelength window.
Tanimoto et aft have shown that in bimolecular micellar

no significant S= T conversion is expected to occur when the
exchange interaction is too large as for a small separation

reactions at high quencher and micellar concentrations inter- distance between radical partners. However; $ conversion

micellar processes could occur in addition to intramicellar ones.

is possible through SOC interaction for a CRP involving heavy

However, at the concentrations studied by us, we have not foundatom centered (S) radicalsNote that although SOC is not

evidence for significant intermicellar processes.
MFEs on Escape Free Radical Yields and LifetimeswWe
draw attention to the following features of decay curves:

effective in bringing about the ISC process in SSRP, it can do
so in CRP; this point has been dealt with in detail by Steiner et
al2® Finally, free radicals with long lifetimes are produced by

(1) Immediately after excitation there occurs a fast decay the escape of any one of the partners from the micellar cage.
before the comparatively slow decay takes over. The fast decayThere follows then a competition between escape and recom-

part in the time range<0.2 us is much more prominent in the
PP'/BP system than in the corresponding SHFP system for

bination (vialCRP).
Although the intermediates in both channels are similar, the

all three pairs of acceptors. This fast decay part is insensitive time constants for creation or annihilation of intermediates are
to the magnetic field and essentially corresponds to the behaviordifferent, and this determines the shapes of the decay curves

of singlet'RP’

(2) For times greater than @s, the change oA(t) with
time is negligible. The curves obtained for different fields
are all parallel to each other. The value Aft) when time

significantly. The BET rate in singlet RP being very fast, the
IRP dominates the decay behavior in the initial time domain
(<0.2 us). The SOC-induced ISC rate in the O-centered PP
radical is expected to be less than that of the S-centeretd SPP

is equal to 6us has been arbitrarily chosen as a measure of radical. The singlet channel therefore may dominate in the case

the escape radical yield; it is much less for the SBP
system in comparison to the corresponding /B system, in

of PP, as observed. However, the singlet and triplet yields of
PP and SPP in the absence of the donor have been measured

the absence of a magnetic field. The magnetic field induced directly by Monoj et al 32 curiously, the ratiogr/¢s have been
change is small for the S-analogue in comparison to that for found to be nearly the same for PBnd SPP. The reason for

the O-analogue.

(3) For times between 0.2 and/ 3 the values ofA(t) are
very sensitive to both time and field. This part of the decay
curves corresponds #RP decay and the MFE can as well be
estimated from the lifetime measurement at different fields.

this difference in behavior between cation and corresponding
radical could be the following. The SOC, which induces ISC
in the cations, is a function of the atomic number of the heavy
nucleus and also the charge density at the heavy atoms. Though
the S atom has a higher atomic number than the O atom, the
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Figure 4. Plot of the radical lifetime as a function of magnetic field:  Figure 5. Plot of the escape yield of the radical as a function of

0, O, anda for the RP generated from compounids lla, andllla , magnetic field: O, O, and A for RPs generated from compouibe,

respectively, an@l, ®, anda for respective thio compounds at 680 nm.  |la, and Illa, respectively, andli, ®, and a for respective thio
compounds at 680 nm.

charge density on the S atom in the SRftion is less than 0.4/
that on the O atom in the corresponding cation. Indeed, the +
directly measured quenching constants by donors measured by
Monoj et al?2 were found to be greater for SPlRompared to Os/Or 5
PP". In the presence of BP the measured yieldR¥P is much 02 3
larger in SPP compared to PP, This explains why the initial
decay curves are dominated by tRRP channel for the
O-centered PPradical, but not so for the S analogue (Figure 0.01—, : : Q . Q .
6). The field sensitivity of the singlet channel is expected to be OMe OCMg OGH,, SMe SCMe, SGH,
small, as is indeed observed for the fast decay component.  rigyre 6. Plot of the ratio of singlet and triplet radical pair quantum
In the time domain greater than 0/ the decays are yields @g¢r) as a function of different alkyl substitution.
dominated by’RPs which have long lifetimes, and the relevant
route is the triplet one’RPs get converted ttRPs where the SCHEME 2

fast spin-conserving BET process causes the RP to decay. As DETAILS OF INTERSYSTEM CROSSING PROCESSES OF SSRP

already pointed out, unlike the PFSPF cations the SOC

parameter for the corresponding radicals could be considerably ke Ly S ks

higher due to higher electron density on the heteroatom. The A Jk,, T

larger SOC in SPPcan significantly influence the dynamical £

route followed by3CRP, which gets converted to eittRSRP INABSENCE OF EXTERNAL MAGNETIC FIELD

or ICRP (Scheme 1). Assumitkger > ksog the yield of 3SSRP e L

is determined by the factder/(ksoc + kr), whereksoc gives P T

the rate of conversion t&CRP andkr represents the rate of K T

conversion t*SSRP. Kook S s ok
At the 3SSRP stage again,*8SRP has the option to follow el ? e T

two alternative routes: (1) one of the partners of RP may escape ke lkp

from the micellar cage leading to free radicals of very long koY a7 K

lifetime, or (2) there may be spin evolution leading!8SRP e F

and eventual decay of the RP. There could be three field- IN PRESENCE OF A SUFFICIENTLY LARGE FIELD

dependent mechanisms by whig8SRP can be converted to
1ISSRP, namely, HFCMAg-M, and RM. Out of the three HFC ~ Hayashi et af° have suggested a method for distinguishing
is not relevant for comparison of SP&hd PP. For most of the Ag-M and RM. In the presence of &d (10 mM) a coupling
HFCs, interaction arises from the H atom in the BP radical, between G&" and3SSRP causes a total suppression of MFE
which is common between the two RP systems. The two radicalsdue to S<> T.. relaxation by RM, but the MFE due tag-M
SSP and PP have similar structures. Both S and O atoms (as remains unaffected by Gt addition. MFE studies were
also the C atom) have no magnetic nuclei. Only H atoms have therefore carried out by us in the presence of'GA0 mM),
magnetic nuclei, but their number and nature remain very much with the hope that unquenched residual MFE should provide
the same. The observed field variations of escape yields andan estimate of the contribution due #g-M. When this test
lifetimes for the two types ofRP are shown in Figures 4 and was applied to the two types of RPs, we find negligible residual
5. The method for the estimation &RP lifetimes and escape = MFE. We, therefore, conclude that the contributions to MFE
radical yields were discussed in our previous publicafion. from bothAg-M and HFCM are negligible for both PBP+
Although there is relatively rapid field variation at low fields, and SPHBP* systems; obviously, the MFE in these systems
the By» values (if they can be defined at all in the present case) arise from (S, § < T+) RM.
are considerably higher than that expected for HFCM. We interpret our results on the basis of RM, a model (Scheme
The second mechanism that can conveiS8RP to!SSRP 2) proposed by Hayashi et &% Scheme 2 is essentially the
is Ag-M. A difference in isotropicg tensor between the two  same as Scheme 1. In Scheme 2 the intrasublevel-dependent
partners of a RP may cause a difference in the rates of precessiorkinetics have been highlighted and the multistep back processes
of the partners around the applied field resulting irSTo via 'CRP formation have been condensed into a single recom-
spin re-alignment. With an increase of field, the difference in bination rate constarke. The cage recombination is assumed
precession rates is increased leading to faster conversion ofto occur from only the singletRPs with rate constark, (of
3SSRP to!SSRP, thereby causing a decreaséR® lifetime. the order 18—-10° s71). The magnitudes of spin relaxation rates
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(kr, kr") and the escape ratkg} in the micelle are similar (of
the order 16—10° s™1). The time profile of concentration (RiP(
of RP can approximately be represented as follows.

At B=0,
RPt) = ex;{—(kf + kE)t]

RP() = Y;exp(kyt) + %/5exp—kit)

1)
At B = B,
)

Herek, = kp/2 + k3 andks = kg + kr' + ke.

Sincekp > kg, kr', andkg, the lifetime of radical RP (inverse
of rate constant) at high fields is governed by the second term
of eq 2; hence, the lifetime corresponds tokd/4- kg' + kg).

The transition probability of S, 7~ T+ due to relaxation
mechanism is as follows

ke O PIT /T, SC=

ViI® 2r,

i i z |Vab|2

27,

- 3

Vi (i = a or b) contains the contribution from the anisotropic
term ofg and A (HFC) tensor and/,p is due to the dipole
dipole interaction between radicals a andibandta, denotes
the rotational correlation time of the radical and RPs, respec-
tively. On increasing the magnetic field, the precessional motion

(w) of the radical is enhanced, which causes a decrease in

relaxation rateskg, k'r).
We can introduce two limiting situations f6RP decay in
the presence of a magnetic field

ke ke = ke

The lifetime®RP 1/kr + k' + kg) in the presence of magnetic
field is also dependent on the field-independent escapekgte (

Case I:

In this case, the magnetic field induced changes could be low

and depend on the relative magnitudekafand kg.
ke kg > ke~ 0

In this case the lifetime ofRP corresponds to Kk + kg'),

Case ll:

J. Phys. Chem. A, Vol. 108, No. 2, 200279

inward motion of the uncharged PRadical and the outward
motion of the BP* cationic radical effectively confine these
RPs within the micelle and thereby reduce the escape rate. The
situation, therefore, is somewhat similar to that of a linked
system. We tentatively conclude that the reduction of the escape
rate from the micelle is the cause of large MFE in this case.

Previously, Nishizawa et al. observed that MFE in the case
of photoreduction of benzophenone in SDS micellar medtum
showed saturation at a field strength of 3 T. They suggested
that the saturation originated from the fact tkabf their system
was larger tharkg + kr'. Thus, wherkg > kr + kg', the °RP
lifetimes at high fields are mainly determined by the field-
independenke value, even though the relaxation rate changes
with increasing magnetic field. In the present case, we assume
the escape rate to be negligibly small compared to the relaxation
rate. As a result, théRP lifetime depends on the field dependent
rate constantskg, kr'). We find that the®RP lifetime or the
escape radical yield continues to increase with field without
saturation for both types 6RP (PP/BP"" and SPRBP).

The vyield of the escape radical observed in the ‘BP"
RPs at zero field is smaller than that in*/™>* RPs at zero
field. The MFEs on the escape radical yield observed in the
SPP/BP* RPs are also smaller than that in the/BP"" RPs.
These two facts can be explained by the enhancement of ISC
in CRP by SOCM. According to Scheme 1 outlined above, the
escape radical yield should be proportional to two factors:
[kr/(ksoc + kr)l[k esd(kesc + kr)], wherekr andkgsc refer to
spatial evolution andtsoc andkg (= kag + krm + kirc) refer
to field-independent and field-dependent parts of the spin
evolution process, respectively. The first factar/(ksoc+ kr)],
which can be approximated to da/ksocfor ksoc> kr, should
make yields and MFEs smaller for SPP-RPs compared to PP-
RPs. However, it seems thigoc is not the only term that is
different between the two RPs, the(~kgrwm at high fields) could
also be different. This may be seen from lifetime analysis. The
lifetime observed in the SPP-RPs at zero field is similar to that
in the PP-RPs at zero field. The MFEs on the lifetime of the
triplet RPs in the SPP-RPs is smaller than that in the PP-RPs.
The lifetime at zero field is given big/4 + k. The value for
SPP-RPs may be similar to that for PP-RPs. The lifetime in the
presence of magnetic field is given By (~kr + kr'). Theks
value for S-containing RPs is larger than that for the corre-
sponding O-analogue on account of the relaxation due to the S
atom.

i.e., for negligible escape rate, the lifetimes of the RPs depend To observe the effect of substituents on MFE, we attached

only on magnetic field sensitive relaxation rates; magnetic field
induced change could, therefore, be large.

different alkyl groups to the acceptors, Pé&hd SPP. Although
we could not find any regularity in differences in MFEs within

A number of transient absorption studies have reported MFEs either series of RPs (RBP* or SPP/BP**), one interesting

on triplets1—33 of neutral or ionic biradicals where the magni-
tudes of MFEs were found to be large in comparison to
corresponding unlinked RP systefisSimilar large MFEs have
also been observed in exciplex emissions of singlet biraditals.

generalization could be recognized. The zero-field escape radical
yield is enhanced on increasing hydrophobicity of the substituent
in the acceptor molecule. The observation holds good for both
types of acceptors (PPand SPP) (Figure 5). A plausible

A bridge between the radical centers can indeed reduce the rateexplanation could be the following. Since the acceptorst(PP

of escape of radicals drastically. Tanimoto et al., for exarfiple,

and SPP) are positively charged, they prefer to reside at the

has observed a steep increase of RP lifetime generated fromnegatively charged micellar periphery. On attachment of the

linked xanthene xanthone species on application of a magnetic
field. In our previous papefs!2twe ourselves have reported

hydrophobic alkyl group, the acceptor molecules move inside
the hydrophobic micellar core where the donor BP is localized.

some cases of large MFEs in unlinked systems. The point to Thus, the separatiom)(between the radical centers at titre
note about the present system is its interesting spatial distributionO depends on the nature of the substituent. The distance between

within and at the periphery of the SDS micelle. BP should
localize within the micellar core while PPshould prefer to
localize at the micellar periphery. After electron transfer, the
positively charged BP radical seeks the surface of the micelle,
while the neutral PPradicals move to the micellar core. The

radical centers dt= 0 decreases on increasing hydrophobicity.
The separation between the radicals in a pair is largest in the
case of the least hydrophobic Me substituent and smallest in
the case of the—CgHy; derivative. From the relation of
r-dependent exchange interactid(r) = Jo exp(=&r), it may
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be argued that S and T levels are more nearly degenerate for
RPs containing less hydrophobic substituents. Consequently, th
SRP containing a larger alkyl group should have a lower ISC
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