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Magnetic field effect (MFE) on the radical pairs (RPs) generated by the photoexcitation of the phenyl pyrylium
ion (PP) in the presence of the electron donor biphenyl has been investigated. A large effect was observed
particularly for the BP/PP (1) case; the escape yield @ T was more than 20 times the zero-field value at

a long time delay. The low-field variation of MFE conforms to the pattern expected for the isotropic HFC
(hyperfine coupling) mechanism, and the high-field variation conforms to that expected for the relaxation
mechanism. The addition of salt causes saturation at a slightly lower field, presumably because of a change
in the rotational correlation time (local motion) of PR the micellar surface. Introduction of a methyl group

in the acceptor reduces the MFE considerably the reason for which is not immediately clear.

Introduction Here, we have focused on the MFE of the radical pair
Sgenerated by electron transfer to the photoexcited pyrylium salts

Studies on photoinduced electron transfer (PIET) processe (=111 ) from the ground state of the donor biphenyl (BRJY

have been vigorously pursued in different laboratories with
various basic and applied motivations. During these investiga-
tions, it has been increasingly clear that attention needs to be R

focused on the back-electron-transfer (BET) process as much

as on the primary forward-electron-transfer process. A slowing R=H =>(I) @
down of the BET rate leads to a better storage of photonic R=Me =>(ll)

energy. The following strategies may be employed for slowing R=CgH17 =>(lll)

down the BET rate: (a) employ multiple acceptors such that Q @
the initial acceptor transfers the electron quickly to a secondary

acceptor, thereby reducing the chance of the electron to return e 9 e BP

to the donor; (b) compartmentalize the donor and the acceptor PP+ )

in separable microcages, such as micelles, vesicles, or cyclo-

dextrines; (c) control the spin state of the radical pairS(RP) both confined in the same SDS micelle. The choice of our
for_lr%edlfrom th? donwacceptct;r pair by ?Ielctron transﬁeT;Av\ RP system has been dictated by following considerations.

e last option seems to be particularly attractive. The Electron Acceptor.(a) Pyrylium salts are good oxidizing
generated by donation OT an elect_ron by a donor in its ground agents in the photoexcited state and can act as efficient
state () to an accepto.r in its excited state; (& Ty) should 'photosensitizer%.'l'hese are highly soluble in organic solvents
conform_to the same spin state as that of the que_nched_ accepto (e.g., dichloromethane) and do not produce any singlet oxygen
For a triplet RP, the BET does not occur until a flip or a or super-oxide radical, which might complicate the photochem-

relprtlgsmtg ?:l Spltnh o;((::urs in onet?f The corg.polnents OI _thletRP istry through parallel side reactions. This allows neat conclusions
relative 1o the other.Lonsequently, the radicals in a plet- 4 pe grawn regarding reactions of an organic cation.

born pair tend to escape from the cage before recombination (b) It may be noted that if a neutral D/A pair is chosen, an
takes place unless spin-orbit coupling (SOC)-induced recom- g0 4o transfer reaction leads to &/B- ion pair in which
Elnat[on In the triplet state is lower. Had the radlcal_palr been the Coulombic attractive force lowers the escape rate and thus
orn in the singlet state, the BET .WOUld occur immediately after facilitates the recombination process. However, if an uncharged
the electron transfer. Magnetic fields can cause or prevent thedonor and positively charged acceptors, as above, are chosen
spin reorientation required for converting a reactive singlet RP the ionic attractive force between the twé) componénts remains '

to an unreactive triplet, or vice versa, and thus can switch on .\ otoe o after the electron transfer, thereby reducing
or off the BET rate® the BET rate

T Part of the special issue “Noboru Mataga Festschrift”. () In th_e pyrylium ion, the quantum yields of the singlet_
*To whom correspondence should be addressed. E-mail: pcmc@ and the trlplet are Comparable. When the electron donor is

mahendra.iacs.res.in. o _ present in high concentrations, most of the RPs produced are
¢ Indian Association for the Cultivation of Science. in the singlet state. Conversely, for lower donor concentrations

vid Presemgdqress-t' Dﬁpdartmem (;fz(ljhfonz"sf%and Chemical TeChnOIOgy’the singlet quenching is negligible, and the triplet pyrylium
idyasagar University, Midnapore , India. : ) _ )
#Regional Research Laboratory. becomes the predominant electron acceptor species, generating
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triplet RPs only. Thus, both singlet and triplet RPs can be a
generated depending on the condition. In this article, we 0047
concentrate on triplet RPs only.
(d) Last, it is easy to introduce different substitutions in the 0.031
heterocyclic ring and to change the counter-ion; thus, the
reactivities of the different derivatives may be compared with 8 0.02+
each other. h
The Electron Donor. Biphenyl is a nonpolar organic
molecule and is likely to stay in the inner hydrocarbon core of
the micelle. It easily forms stable BPradical by donation of
an electron to the photoexcited pyrylium igThe BP radical 000" P P =
has an absorption peak at 680 nm, which does not overlap with WAVE LENGTH (um)
any triplet or radical absorption due to pyryliums. In a previous
communication, we have reported some unusual features in MFE ~ 0.036
on the donoracceptor system skatole/TPRTPPY = triph-
enylpyrylium ion)! The TPP-triplet and TPP-radical, however,
absorbed at the same wavelength (555 nm) causing some ¢.024
complications in the decay curves. In this case of BP as donor,
it is possible to monitor the concentration of BRat 680 nm 8
and that of the phenyl pyrylium radical at wavelength below
400 nm; the two decays may, therefore, be compared with each
other.
The Micelle. Anionic micelles play a useful role in confinifig
the pyrylium ions in the Stern layer at the periphery and the 0.000 400 500 600 200
neutral donor molecule in its interior hydrocarbon core. After WAVE LENGTH (um)
electron transfer, the neutral donor molecule becomes chargedF. . . 4
but the pyrylium radicals become neutral; the latter prefers to igure 1. Transient absorption spectrum of compounyi(t x 10
. : . . ’ . M) in agueous SDS medium (a) in the absence anck (i) the presence
go into the interior core of the micelle. The dynamics that ensues 4 gp (1x 1072 M).
following the photoexcitation of the %--D system is expected

to be different from that of the uncharged-./lD pair case. Itis harmonic (355 nm) of an Nd:YAG (DCR-11, Spectra Physics)
interesting to find out whether the dynamics of such a denor  |5ser as the pump source and a 250 W pulsed xenon lamp as
acceptor pair has any effect on MFE. In particular, there is the the monitoring source. The output signal from a photodiode was
possibility of the RP recombination taking place at the miceller feq to a digital storage oscilloscope (Tektronix, TDS 350); the
syrfacel. Theoretical treatments qf pair diffusion in various  syhsequent signal processing was done by a personal computer.
dimensions have shown that geminate reencounters occurmingrpe transient signal at each wavelength was averaged over 10
in 3D with a probability of less than 1 have a probability of 1 spots. The possibility of change in the solution itself brought
in systems with two translational degrees of freedom. However, gnout by the light flash, the pulsed field, or both was carefully

it is difficult to find out exactly the dimension in which the |5oked into in the following way. The decay curves were

0.01

<
0.012

diffusion occurs in the present case. obtained for zero field first and then at the highest field with
) ) the same freshly prepared degassed solution. The order of the
Experimental Section highest- and zero-field experiments was then reversed with the

2,6-Dimethyl-4-phenyl pyrylium perchlorate and its deriva- S2@me sample. T_he rgsults were reproducible. Results on two
tives have been used after recrystallization from dichloromethane{Tesh solutions, identically prepared and degassed, compared
and anhydrous ether twice. Purest grade SDS (Merck) has beerf€ry Well.
used. Biphenyl from Fluka was used after recrystallization from
ethanol and water mixture. Triply distilled deionized water is
used for the preparation of micellar solutions. All of the solutions  Triplet and Radical Absorption Spectra. The spectra of
are deaerated by purging argon for 30 min. Concentrations moleculed, I, andlll in neat solvents have been reported in
employed in the experiment were [RP/11 /Il )] = ~5 x 1074 the literature by Gopidas et #l.The broad triplet absorption
M, [BP] = ~1 x 1073 M, and [SDS]= 0.1 M. peak occurs at 440 nm in dicholoromethane (DCM) solvent. In

The experiments were carried out in a conventional laser flash our case, the triplet absorption spectrum in SDS medium, shown
photolysis (LFP) setup (Laser Kinetic spectrometer, Applied in Figure 1a, is broader. This is understandable in view of the
Photophysics) coupled with a synchronized pulsed electromag-heterogeneity of the micellar medium and the ionicity of our
net. The basic circuitry of this setup is described elsewkere. compound, which makes it soluble in water. Notice that there
For high-field studies, we have employed a home-built split- are transparent windows in triplet absorption at 680 and 385
coil electromagnet. The pulse current is provided by the nm, the former being more transparent than the latter. In the
discharge of a series of two capacitors (508, 4 kV each) presence of biphenyl (BP), the electron transfer occurs to
through a mercury ignitron, the latter being triggered by the generate BP and PP radicals. In neat solvents, BPhas a
discharge of another capacitor bank by a synchronously triggeredband at 680 nm and PKl) has one at 385 nm. Similar
thyristor with the aid of a pulser unit. The pulse duration for absorption bands have been observed by us in SDS medium
the main capacitor bank is about 2 ms. We have ensured that(Figure 1b).
in the time scale of our experiment magnetic field remains  Production of Correlated RPs.Correlated singlet and triplet
constant. The magnetic field was calibrated by using surge- RPs of PPand BP* are produced on quenching of excited’PP
coil technique. For our LFP studies, we have used the third by BP. It may be noted that PRvhen excited by light in the

Results and Discussion
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absence of a quencher produces molecular singlet and tripletsplitting just greater than the hyperfine width of the levels (which
states in comparable amounts. For example, the quantum yieldss of the order of 0.01 T), double-exponential decays are
of fluorescence ofl, Il, and Ill are 0.1, 0.28, and 0.32, expected. The field-sensitive rate constants karekr, and a
respectively, while the triplet quantum yields for the same set part ofks (= ko + AgpB). Because the field-independent rates
of molecules are 0.5, 0.2, and 0.2, respectiVelyf the (e.g.,ke, ke, ko) are much larger than the field-dependent ones
guenching of the singlet excited state occurs within the lifetime (kr, kr, AgSB), the relative change in the fast decay constant is
of the excited PP singlet, the'RP is produced. This is expected less than that in the slow decay constants. Moreover, the
to happen in the micelle if the quencher BP is located close to expressions foks are the same for both case a and case b, thus
the fluorescer. ThéRP, on the other hand, is produced by making the slow decay constant more convenient to deal with.
comparatively slow diffusion of the quencher from one partto  Our observed decays of transient absorption are shown in
the other. Thus, one can expect that in the miceller system aFigures 2-4. The decays at zero-field are nearly single-
mixture of IRP and®RP will be produced, the ratio of the two  exponential, but not exactly, which could be due to the
depending upon the concentration of BP in the micelle. heterogeneity of the particular micellar system or to the
However, the!RP immediately recombines, and there is very production of botiRP and®RP. It is rather tricky to compare
little magnetic field effect in the time scale of our experiment the zero-field rate constant, evaluated through a single-
(MFE on the fluorescence frofRP will be discussed else-  exponential expression, with the high-fisddandk;, evaluated
where). The?RP takes time to evolve into a singlet state and through a double-exponential expression. We have, therefore,
recombine. In the RP decay curve, one might find the early decided not to compare the zero-field curve with other curves
part magnetically insensitive and the longer of the two decays in the presence of high field; instead, a curve in the presence
magnetic field sensitive. Our Figures-2 displaying the decay  of a small field is fitted with a double-exponential expression
curves as a function of the field do indeed display this feature. on the same footing as all other decay cur¥é@r reasons

It is, however, necessary to point out that the magnetically not- already discussed, only the inverse of the slow component

so-sensitive fast decay part could arise also from the %y (1/kg) is plotted as a function of the field (Figure 6). It is,
decay at certain fields. however, better to plot the more directly observable radical yield
Framework and Mathematical Expressions for RP De- (measured by thA(t) value normalized by dividing by the peak

cays.We discuss the decay curve of the'BP" systems within value ofA at initial times) at a specified time delay as a function

the framework of the HayashiNagakura modéel They derived of the field (Figure 7). Our choice of a @s time delay is

the following expressions for time dependence of the RP arbitrary; however, the same qualitative pattern emerges if we

assuming a set of competing processes as schematically showghoose the time delay of 0is (where the sensitivity to the

in Scheme 1 (Figure 5). We reproduce here their conclusions. field is maximum) or the time delay of @s (where the
For triplet-born RPs, the following expressions for decays sensitivity to the field is minimum). It may be observed that

are pertinent. the RP lifetime (14s) vs B curves (Figure 6) and the yield &
curves (Figure 7) qualitatively agree with each other. In view
I. Case a:k, > k/kg > Other Rates of the uncertainties in the estimate kf, we attach greater

importance to the yield v8 curves where small differences

B=0T become immediately obvious.
[R] =1, exp(=kgt) Comparison between the Decays of the Two Component
Radicals.We have chosen two wavelength windows at 680 and
where ky=kg+ kg 385 nm to monitor BP* and PP radicals, respectively, as a

function of time. For the RP system, BP PP (1), the decay

B> Bg (saturating field~0.03 T) of BP™* at 680 nm (Figure 2a) is compared with the decay of

_ = - PP (1) at 385 nm (Figure 2c). It may be noticed that the decays
R] =1 +1 ; o :

[R] = I; exp(—kit) + Isexp(—kg) at both windows are similar. However, some differences,

_ although small, do exist. One difference is that at long times

where k= ke + ks + 2kg the A(t) value becomes very small at 680 nm signifying almost

kg = ke + ks + kg zero yield for BP*, whereas it attains a steady higher value at

385 nm signifying a small but greater yield for PHhis

Il. Case b: kg/k, > ko> Other Rates difference could,_ of course, be a reflection of the fact th{;\t at

385 nm the relatively long-lived unquenched molecular triplet

B=0T also absorbs. The presence of a long-lived triplet should not

[R] = I, exp(—K}) matter in the measurement of lifetime. The variation of lifetimes

0 with B is shown in Figure 6. The observed general similarity

"_ between PPand BP* decays is expected. Because the escape

where kj=k: + k /4 . :

ko= ke + o/ from the cage occurs when either of the two radicals leaves the
B = Bg micellar cage, the total escape rate is the sum of the disappear-

ance rates for the two radicals. If the recombination occurs only

[R] = Iy exp(—Kkt) + I exp(—kdt) between two radicals of two different types and not between
_ . the radicals of the same type, their overall recombination rates

where k = kg + ke + kg + ko/2 may be expected to remain the same. The close similarity
kg = ke + ks + kg between the two decays (680 and 385 nm), therefore, means

that there is no extensive reaction between radicals of the same
Here [R] is the total RP concentration in all four sublevels, that type. The small noticeable differences that exist between the
is, [R] = [S] + [To] + [T+1] + [T-al. two sets of curves are being further analyzed by us.
A single-exponential decay curve is expected at zero fields, To vary the escape rate we have attached a long-chig,C
while for fields greater than that required for making the Zeeman to the PP ion with the intention of anchoring it to the micelle.
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Figure 2. Decay of transient observed at 680 nm for compoUB®P system in the presence of (a) various external high fields and (b) various
external low fields, decay of transient observed at 385 nm for compbfiiaRl system in the presence of (c) various external high fields and (d)
various external low fields, and (e) decay of transient observed at 680 nm for comiBihsystem containing 0.1 M NaCjan the presence of

various external high fields.
However, we could not see any perceptible difference in the plot of the rate of increment of yield with increment of fiettd
overall zero-field escape rate betwdérandlll . The equality (Gauss)Ay/AH, against logH (Figure 10) that more than one
of the escape rate for andlll means that the sum is dominated mechanism is at work. At low fields, the dominant mechanism
by the BP* escape rate, possibly the larger of the two. It may is the HFC one. When the Zeeman separation exceeds the
be noticed from the decay curve fb(Figure 2a) that there is  hyperfine width, only the S> T, channel remains open and
insignificant yield of escape radicals at zero field, which means the S< T channels stop functioning because of the removal
that most of the radicals generated on the micellar surface byof the S,T. degeneracy. Thus, the intersystem-crossing rate is
the laser pulse recombine before escaping. In other words, thereduced to one-third leading to lengthening of the RP lifetime.
recombination is much faster than the escape rate in the absenc&he By, or the field at which the field-induced change is half
of the field. We, therefore, compare the decay curves of the the saturation value (the low-field one, in this case; see Figure
two RPs in the presence of a small field, 10 mT, where there is 8, inset) should depend on the average hyperfine interaction.
a measurable positive yield of the free radicals. We have calculated the latter quantitatively using semiempirical
Magnetic Field Effect on Yields of Free Radicals and INDO-UHF method for the compoundsandlIl . The magnitude
Lifetime of RPs. The lifetime (inverse oks) vs B and the yield comes out to be very close to the experimental value. The
(at 3us delay) vsB curves are displayed in Figures 6 and 7, isotropic HFC (hyperfine coupling) mechanism saturates out at
respectively. The yield (at 0//s delay) is plotted as a function fields greater than 10 mT.
of B in Figure 8, and the inset shows the yield Bgplot for At high fields, the mechanisms that could be relevant are the
very low fields generated with a small home-built steady-field Ag mechanisn{AgM) and the relaxation mechanism (R)3
magnet. A large effect was observed for compolritie escape  However, the two mechanisms have different field dependences.
yield & 5 T being about 20 times the zero-field value at a long For a®RP, the T. < S relaxation slows down with field. On
time delay (see also Figures 2a and 7). It is apparent from athe other hand, thAgM increases the g<> S interconversion
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Figure 3. Decay of transient observed at 680 nm for compolrd
BP system in the presence of (a) various external high fields and (b)
various external low fields.
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Figure 4. Decay of transient observed at 680 nm for compolihd
BP system in the presence of various external high fields.

with field and thus reduces the lifetime of tRRP until the
(S, To) spin equilibrium is reached. Because in the'BPP
system we have observed theP lifetime to increase with field
without any reversion, we conclude that thgM is not playing
an important role in this case, at least not opat5 T field.
Hayashi et af. have suggested a simple experimental method
of separating the effect of thegM from that of the RM. When
Gd®* ion is added, it causes rapid spin relaxation€9 ) by
coupling through the spiaspin exchange interaction with one
of the partners of the RP. They observed thatAlgd/ contri-
bution remained unaffected by the addition3Gdut the RM
contribution got quenched. When we applied this test to the
present system, we found that the MFE is almost totally
guenched (Figure 9) in the presence of 4 mMGdhe isotopic
AgM, therefore, is indeed not very relevant for the discussion
of the trends of MFEs observed in this study.

We have tried to understand the behavior at high fields in
the framework of the relaxation mechanias, although
alternative approaches exidtAt approximately zero field, the

Halder et al.
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relaxation from singlet to triplet or vice versa is fast, leading to
a fast decay of a triplet-born RP. An increase of field leads to
slowing down of the (S, dJ) < T+ relaxation leading to a
lengthening of lifetime of théRP. The relaxation in a RP can
occur by tumbling of a molecule in an anisotropic field defined
by spin dipole-spin dipole interaction, hyperfine field;field,

or a combination of these. The-d interaction depends on the
inverse of sixth power of the interradical distance; these are
important for lifetime consideration of linked biradicals but may
be ignored in micelles where the average distance between the
two radicals is large. In the present case, one radical is localized
in the core of the micelle and the other at the periphery, and
hence, for théRP under consideration, tide-d interaction may

be neglected.
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Figure 9. Decay of transient observed at 385 nm for compol/BiP
system containing 4 mM Gd salt in the presence of various external
high fields.

If we leave out the dipotedipole interaction as a possible
mechanism of relaxation for a RP encased in a micelle, the
lifetime of a caged RP may be obtained from the following
expressior¥:

1
T 272 2{ 5 isz-l-
- iZ,Z[ £4 (69)

C
Ti

20 ,
Egi H + Ky

:032}

Hereg andy; are theg value and the magnetogyric ratio of the
electron on each of the radicals, respectively; the parangter
is the rotational correlation time of the radidalH> and dg;

are the parameters for the anisotrofit tensor and the
anisotropic g-tensor of the radicali, respectively. In this
expression ify?B%r2 < 1, the contribution of the first term
increases witlB and, as a consequence, the lifetime decreases.
If y?B%r42 > 1, the first term leads to saturation. The second
term, on the other hand, decreases \BitAnd hence, the lifetime
increases withB. The third term,kr, is a field-independent
empirical parameter that is necessary for a good fit and is
interpreted as the triplet decay rate. While qualitatively the
general nature of the vs Hex curve is understood, it is not
possible to extract reliable parameters out of the observed
decays. We would only like to point out that the shape of the
7 vs B curve is consistent with a lowég parameter compared

to the benzil-SDS system investigated by us betérg.has

5h3(1 + y,°B%?)
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Figure 10. Plot of the ratio of change of escape yiellyj per unit
change of magnetic field(H) (Gauss) vs logarithm of magnetic field
(Gauss) for compountl at 680 nm.

been shown by Fujiwara et #.through extensive simulation
with different values of the paramete¥g andz that the smaller
the dg parameter is the higher the lifetime increases with field.
The large increase of lifetimes with field in the present case is
consistent with a lower value of thég parameter for the
radicals®

MFE on a®RP, measured by the percentage increase in yields
of free radicals on applicationfoa 5 T field, decreases
considerably on substituting the H atom at the para position of
PP" with a methyl group. Our calculation shows that the average
hyperfine couplings in the two radicals generated froend
Il are nearly the same. Another possibility is that the methyl
rotation, just like spir-orbit coupling, causes field-independent
spin relaxation and thus reduces the relative contribution of the
field-dependent spin relaxation. However, methyl rotation would
have made the zero-field lifetime of the methyl-substituted
compound i ) shorter than the H-substituted compound, which
is clearly not the case. It is likely that additional factors such
as theJ-integral difference between the two cases are at work.
We shall address this problem in a later communication.

MFE in the Presence of NaClQ. We have carried out MFE
studies in the presence of 0.1 M NaGl@ SDS micellar
medium. Salts are known for their capability of increasing the
micellar size. In one of our previous studies with benzil-SDS
radical pairt®> we reduced the micellar size and increased the
escape rate of the radical by adding dioxane to the micellar
solution and noticed that the inversion in high fields become
less pronounced. The purpose of adding the salt in the present
study was to make the micelle larger and thereby reduce the
escape rate so that the saturation and inversion effect could be
more clearly seen. The qualitative feature of the MDF curve in
the absence of salt is retained here (compare Figure 2, parts a
and e). In the presence of the salt, the high-field saturation occurs
at about 1.5 T instead of at 3.5 T observed without NaClO

Summary and Concluding Remarks

We have investigated the magnetic field effect (MFE) on the
radical pairs (RPs) generated by the photoexcitation of the
phenyl pyrylium ion (PP) in the presence of the electron donor,
biphenyl. The lifetimes of the RPs and the yields of the free
radicals increase considerably with field. The rate of increase
of yield with field is maximum at the lowest field, but it reaches
a minimum at fields on the order of 50 mT; then it slightly
rises again and remains steady before decreasing to zero at 1.1
T. The low-field variation of MFE conforms to the pattern
expected for the isotropic HFC mechanism, and the high-field
variation conforms to that expected for the relaxation mecha-
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