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We investigated the dynamics of the radical ion pairs formed by photoinduced electron-transfer reaction
from zinc tetraphenyl porphyrin to 2-methyl-1,4-naphthoquinone in mixtures of 2-propanol and cyclohexanol.
By the irradiation of a resonant X- (9.16 GHz) or Ku-band (17.41 GHz) microwave pulse, the time profiles
of the transient absorptions was modified and the yields of escaping radical ions decreased. From these
experiments, we determined the kinetic parameters of the radical ion pairs at various solvent viscosities. The
recombination rates of the singlet pairs were{4), (8 & 3), and (16+ 3) x 10° st at 5, 10, and 15 cP,
respectively. The escape rates were &.0.2), (1.4+ 0.1), and (0.9 0.2) x 1(° s ' at 5, 10, and 15 cP,
respectively. The viscosity dependence of the kinetic parameters was followed by the simple continuum
diffusion model.

Introduction effect dynamically. Recently, the ODESR at high magnetic field,
Ku-band region, has been developéd.

The time-resolved ODESR has been applied to the studies
on spin dynamics of RPs in micellar solutions, because the RPs

External magnetic field and resonant microwave (MW)
influence photochemical reactions via radical pairs (RPs) by
suppressing or promoting the transiti_on among four spin states; micelles show large MFE due to their long lifetime by
of RPs, ie. singlet and threg triplet sublevélsThese . restriction of escape to bulk water. On the other hand, to the
p.henomena are calleq magnetic field effect (MFE) anq reaction oot of our knowledge, there has been no report on direct
yield detected magnetic resonance (RYDMR), respectively. The yeiermination of their kinetic parameters except for the mea-
optlcally-detectgd electron spin resonance (ODESR), avar,'at'onsurement of a radical ion pair (RIP) lifetime in 2-propanol by
of RYDMR, using a short MW pulse and a nanosecond time- ,,nconductivity detected magnetic resonaheeen though
resolved optical absorption has been used to observe directlyihare have been many studies on MFEs of RPs and RIPs in
the reaction dynamics of RP4.The resonant MW pulse induces homogeneous solutiods.
an |mme.d|ate increase O.f the singietiplet (.STO’ where bis The photoinduced electron-transfer reactions from zinc tet-
middle triplet sublevel) mixed state population, which enhances raphenyl porphyrin (ZnTPP) to quinones in homogeneous
the recombination of the singlet RP. The application of short solution have been studied by Fourier transform and time-
MW pulse affords us satisfactory time resolution to observe its resolved ESR-15 The observed chemically induced dynamic

electron spin polarization (CIDEP) spectra are mainly originated
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the re-encounter of the RP. The re-encounter of thgr&iXed

state RP and the recombination of its singlet component are
also an important processes in ODESR. Therefore it is interest-
ing to compare the viscosity dependence of CIDEP and that of

ZnTPP*+ MNQ - (ZnTPP" MNQ™)  (2)
To(ZnTPP* MNQ ") < 3(ZnTPP"MNQ™")  (3)

ODESR. ok .
Furthermore, the CIDEP spectra of the RIPs at low temper- T(ZnTPP* MNQ ) = *™(ZnTPP" MNQ ™)  (4)

ature are attributed to not only TM and $1-RPM but the .

presence of spin correlated radical pairs (SCRPY)because S(ZnTpp*’ MNQ™) = geminate recombination products

it is thought that the RIPs are confined strongly by the Coulomb (%)

force. Itis interesting to compare the formation and decay rates
of the SCRP signals to other kinetic parameters determined by STosyZnTPP™ MNQ ™) s ZnTPP" + MNQ™ (6)
the time-resolved ODESR.

In this paper, we investigated the spin dynamics of the RIP Here:*ZnTPP* is the singlet or triplet excited state of ZnTPP,
that formed in the photoinduced electron-transfer reaction from ZNnTPP™ is the ZnTPP cation radical, MNQis the MNQ anion
ZnTPP to 2-methyl-1,4-naphthoquinone (MNQ) in viscous radical, and §+; and S are the spin states of the radical ion
alcohol solution by the X- (9.16 GHz) or Ku-band (17.41 GHz) pair consisting of ZnTPP and MNQ . Reactions 26 describe
ODESR. We observed the time profiles of the transient the photoinduced electron-transfer reaction (rate constap:
absorptions due to ZnTPP cation and MNQ anion radicals at the S-To mixing, the spir-lattice relaxation (rate constark),

450 nm under the irradiation of the X- or Ku-band MW pulse the recombination of the singlet RP (rate constakg), and

at the resonant magnetic fields and the yields of the escapingthe escape process (rate constaks), respectively. The
radical ions with changing delay time to irradiate the MW pulse intersystem recombination that occurs from triplet RPs due to
after laser excitation. From the analysis of these data, thethe spir-orbit coupling was neglected because it is effective
important rate constants of the spin dynamics were determinedin confined conditiort?

at various solvent viscosities, and the viscosity dependence was Parts a and b of Figure 1 exhibit transient absorption spectra

investigated. of photoexcited ZnTPP (0.5 mM) in the absence and presence
of MNQ (5 mM) in 2-PrOH, respectively. The peak and
Experimental Section bleaching appeared at 450 and 660 nm, respectively. It is shown

that the spectrum ofZnTPP#®! at 7 us after laser excitation
was similar to that at 0.4s in Figure la. It has been known
that the lifetime ofZnTPP* is very long?? On the other hand,

MNQ, 2-propanol (2-PrOH) for high performance liquid
chromatography, and cyclohexanol (c-HexOH) of guaranteed

grade were purchased from Cica-Merck. ZnTPP was c)btamGdthe intensity and shape of the spectrum due to photoexcited

from Acros. MNQ was purified by recrystallization from . ;
benzene. 2-PrOH, c-HexOH, and ZnTPP were used as received.znTPP with MNQ at 7us were different from those at 04

The concentrations of ZnTPP and MNQ were 0.0002 and 0.002 as shown in Figure 1b. This is ascribed to the quenching of

_ . : 8ZnTPP* and the appearance of radical ions. The peaks of the
M (m_oI dm?), respectively, unless otherwise noted. The s_ample transient absorptions due to ZnTPRNd MNQ™ appear at 409
solutions were degassed under &imosphere and flowed into

; 23 . LS ;
a quartz tube at 0.75 cdimin and room temperature. The nm in CHCI;* and at 403 nm in acetonitrifé, respectively.

viscosities of mixtures of 2-PrOH and c-HexOH were measured HOWeVer, the light at wavelengths shorter than 440 nm s

by a viscometer (VM-1G-L, Yamaichi) and were about 5, 10, Gis o, e 81900 SRS L INTEELS AN e
and 15 cP, corresponding to 2-PrOH:c-HexOH in volume gnal,

1:1, 1:2, and 1:3, respectively. The dielectric constants of profiles of the transient absorptioA(t), due to ZnTPP* and

2-PrOH, 20.18, and c-HexOH, 16.4, are similar to each dfher. Ml}ll'(ige ir?;(jig(t)ior;ln:);r;trhelzosrfgg%/.MW field enhances reaction 4
The second harmonic, 532 nm, of an Nd:YAG laser (Quanta . )
. - . The populations of the i; state are generally larger than the
Ray GCR-3, Spectra-Physics or Precision Il, Continuum) was . :
Lo ones of the Sgmixed state due to much slower relaxation than
used as an exciting light source. The measurement systems wer

similar to that described elsewhe¥eThe MW fields,B;, were %aensrfee (;(r)er?jb;rnoargotaé{zg s>tatker|;):[ociﬁgsg'?';?gg’sttzti 5 IF:hIeS
estimated from the relation between the MW power and the L y

. - resonant MW irradiation, irrespective of its bidirectional effect.
frequency of the quantum beat of escaping MNQ semiquinone . . . ; .
! . 19 Then the S§ mixed state vanishes quickly via the geminate
radical from SDS micellé&:

The cyclic voltammetry measurements were carried out using recombination. Consequently, the yields of escape radical ions

a potentiostat (HA-301, Hokuto Denko) controlled by a function under MW irradiation decrease at resonant magnetic fieId_. F_igure
generator (HB-111 H(;kuto Denko) at room temperature under 2 represents the ODESR spectrum due to the RIP consisting of

N, atmosphere. Pt wire, Pt coil, and Ag/Agvere used as ZnTPP™ and MNQ™. The vertical axis is the absorbance at

working, counter, and reference electrodes, respectively. Tetra-450 nm, which shows a stationary value at nonresonant

n-butylammonium perchlorate (TBAP) was purchased from C%ng'gp Zg;ﬂif?g?g;;%?ﬂﬂl;”ggcfsasaé 2§S'3}£2réhe
Cica-Merck and used as the supporting electrolyte. Its concen-Y ping

: observed as the decrease of the absorbance. The MW pulse of
tration was 0.06 M. the width,Atuyw = 10 us, was irradiated @, = —500 ns after
laser excitation with the MW field strengt®; = 0.04 or 0.4
mT. The stick diagrams were simulated by the hyperfine

The photoinduced electron transfer from ZnTPP to MNQ in  coupling constants argivalues of ZnTPP*23 and MNQ *.25.26
alcohol is considered to be same as those from ZnTPP toThe line width (fwhm= 1.0 mT) of ODESR spectrum & =
duroquinone (DQ) or benzoquinone (B®Thus the reaction  0.04 mT was similar to that of the stick diagrams.Byt= 0.4
scheme in the presence of magnetic field is shown as mT, the ODESR spectrum was broadened (fwhn2.2 mT),

by = 532 nm 4 . because RIP is transferred from the, Btates to the Simixed
ZNTPP————— ZnTPP*— “ZnTPP* 1) state at even off-resonant magnetic field by the strong MWfield.

Results and Analysis
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Figure 1. Transient absorption spectra of photoexcited ZnTPP (a) in
the absence and (b) presence of MNQ in 2-PrOH at 0.1 arslafter
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Figure 2. Simulated stick spectra and ODESR spectra, which were
averagedi(t) values from 10 to 1@s after the laser excitation, observed
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Figure 3. Differences inA(t) curves due to the radical ions in the
absence and presence of the X-band resonant microwave pulse,
AA(t)mw. These are plotted against the time after laser excitation. The
microwave pulse was irradiated at 200 ns. The curves are normalized
to each other. The dotted and solid curves show the experimental and
fitting results, respectively.
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Figure 4. Differences in the yields of the escaping radical ions, which
were averagef(t) values from 10 to 1@s after the laser pulse, between

in the absence and presence of the X-band resonant microwave pulse.
These are plotted against the delay time to irradiate the microwave
pulse after the laser excitatiom, The curves are normalized to each
other. The dotted and solid curves show the experimental and fitting
results, respectively.

kinetics by applying a short resonant MW pulse. Thus, we can
observe the change of following reaction dynamically, which
we call the “single-pulse response”. Figure 3 shows the
differences betweeA(t) values in the absence and presence of
a single X-band MWz-pulse withAtyw = 40 ns,tp = 200 ns,
andB; = 0.4 mT. The difference appeared more quickly at the
higher viscosity. In the “single-pulse response” experiment, the
MW pulse transfers the population from that in the; Btates

to that in the S§ mixed state inAtyw without changing the
sum. The population in the §ixed state, however, decreases
much faster than that in the. T states. Consequently, the above
difference decays with the rate constantkgg, which can be
written as

kMS = krec/2 + kesc+ krIx (7)

If the Atuw is short enough compared tdé, we can observe
the decay as shown in Figure 3.

The effect of resonant MW irradiation is proportional to the
population difference between.T states and the $Tmixed
state, [T.1] — [STq]. If we observe this MW effect by shifting
the irradiation time with reference to the initiation of the reaction

by the photoinduced electron-transfer reaction between zZnTPP and(i-€., laser irradiation), we can observe the population difference
MNQ in the mixture of 2-PrOH and c-HexOH at 15.2 cP.

at the moment of the MW irradiation. We call this technique
the “pulse-shift measurement”. Figure 4 expresses the decre-

The spin conversion by the irradiation of a resonant MW field ments of the escaping radical ions due to the X-band MW pulse
proceeds only in its presence. This implies that we can induce (Atyw = 40 ns,B; = 0.4 mT) with shifting the MW irradiation
the spin conversion much faster than the concerned reactiontime after laser excitatiorip = —0.4 to 3.6us. The curve rose
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Figure 5. Dependence of the geminate recombination rates (filled oL vt v T
circles) and decay rates of theland ST mixed states (open triangles 0 2 4 6 8 10
and circles, respectively) on the solvent viscosity. (a) B 7T
0
and fell slower as the viscosity became higher. The maximum 5
. . LN L L R AL AL R B AL R R L R
decrement due to MW pulse was enlarged increasing the
viscosity.
Since [T:1] and [STog] grow together with the formation of 1.5 F 3 E

RIP via the photoinduced electron-transfer reaction,;J T

[STq] increases with the pseudo-first-order electron-transfer rate,

ke{MNQ], except for [T1] = [STq]. The decay rate of the ST

mixed statekus, contributes to the increase of [4] — [STq],

because it can be assumed that onlyjSiecreases wittys

in the early stage after laser excitation. Therefore the rise of

[T4a] — [STq] consists of two components: the pseudo-first-

order electron-transfer ratks, andkys. ol vt v e
At larger delay times, [T1] — [STq] is equal to [T.1] because (b) 0 0.05 Q1 0.15 0.2

the ST mixed state becomes very low due to the fast

recombination. Thus the decay ofyi[ — [ST] is determined

mostly by the decrease in [1]. The decay rate of the_ states, 7107

kr,., is given by following equation

k /10%"

esc
j—
I
1

0.5 F -1

6107 | -

kTi1 = kesc+ krIx (8) 0 5107 T

4107 | -
We estimated the values kf; andkr,, by the fitting of the rise LY
and decay of the curves as shown in Figure 4, respectively. g

@ 107t -

3107 F -

Discussion s
1107 .

In Figure 5,keq kr.,, andkys values are plotted against the
solvent viscositiesy. The values ok are estimated by R{s 0
— kr,,). In the present studkec is approximately proportional (c) 0 0.05 Rl 01 0.2
to#. It has been reported that the geminate recombination rates_ nole )
of MINQ semiquinone (MNQH and SDS alkyl radicas i the 94 . (3 The decay rates o the Tetates that are plotied againt
SDS micelle are (1% 2) '.Emd 11+ 2) X 103. st e_lt tb =03 of the escape rates on the solvent viscosity. (c) Dependence Bfdte
and 2.5-3.5 us, respectively. The microviscosity of SDS ;. B2 on the solvent viscosity.
micelle has been reported to be 8.3 cP byi@ spin—lattice

relaxation timé” or 16.5 cP by the fluorescence polarizatfén. TcVZBk)c2 Bloc2

The decrease dfc at latertp or smallery observed in this K = 7 o 2 > 9

experiment is qualitatively rationalized by decrease in the 1+77yBy 1By

existence probability of the partner radical in the reaction volume

due to the diffusion. _ where . is the rotational correlation time; is the electron
Figure 6a exhibits the decay rates ofiBtateskr,,, which gyromagnetic ratioBj. is the anisotropy of hyperfine coupling

depend on the external magnetic fields. These values werecqnsiants to induce the spitattice relaxation, and is the
determ|2ed by the pulse_-sh|ft technique “S'ng%(f 326.9 external magnetic field. The extrapolated value&wof at By 2
mT, By = 0.4 mT, Atyw = 40 ns) and Ku bands3f = 621.2 = 0 are free from relaxation and are equaksg, The slopes in

mT, B; = 0.11 mT, Atyw = 6 us. In the Ku-band, the long . L . .
MW pulse was turned oty after laser irradiation. Under this g'nggge 6a are within the expectation of the linear dependence

condition, only the decay curve corresponding to lifetime of

T.1 was observe®). The external magnetic field dependence ~ The values ofkesc and Bioc%/7c are roughly in inverse
is originated from the spinlattice relaxation. Under high  proportion ton as shown in parts b and c of Figure 6,
magnetic fields, the spinlattice relaxation rate in the absence respectively. They are rationalized by the StokEmstein-

of g anisotropy is given by Debye equations for translational and rotational diffusions
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D = kgT/6myR (10) 25
and 20 - 1
oL ? |
T, = 4RY3k, T (11) 5 >
. . . . . £ 0t .
respectively. HerdR is molecular radius. kiscis the time to Eﬁ [
separate RIP into escaping radical ions and proportional to =~ s b |
Since the unit ofD is m?/s, (D/kesd’? has the dimension of
distance, and the dependencesnonancel each other. If we ol v v
regard this value as the maximum distance between the 0 0.05 0.1 0.15 0.2

component radical ions of RIP, it seems constant at a certain
dielectric constant, i.e., irrespective of viscosity.

The anomalous small escape rate of RIP consisting of the
xanthone anion and\,N-diethylaniline cation radicals in

n /e

Figure 7. Dependence of the pseudo-first-order electron-transfer rates
on the solvent viscosity.

2-propanol, 4 x 10° s71, has been already reported by 12 e
Matsuyama et al.They thought that the reason is the property

of the 2-propanol and Coulomb interaction. However, the simple - 8+ -
continuum diffusion model explained the viscosity dependence <

of the kinetic parameters in this experiment. Therefore the slow g 4L i
escape process may be caused by the long distance to separate =

RIP into escaping radical ions. Freed and Pedersen have studied § o - 1
the CIDEP due to S;M—RPM, and ascribed the origin of its 3

polarization to the exchange interaction in the re-encountering .

RPs and defined the lifetime of the encounter pair, as
follows3?

PR S SN T S [N T SN SN NN TN ST SR SN ST S N SN S S Y
04 02 0 -02 -04 -06 -0.8
E/mV (vs. Ag/Ag )

_d 1 . .
1= 0D 1+ od (12) Figure 8. Cyclic voltammogram of 0.002 M BQ (dotted curve) and
0.002 M MNQ (solid curve) observed with scan rate of 20 mVia

. . . mixed alcohol, 2-PrOH:c-HexOH in volume 1:1, containing 0.06 M
whered is a distance of the closest approach, ands an TBAP.

exponential decay constant in the inter-radical distanctgr . )

the exchange interactiod(r), given by nm);l)z‘-a%ﬂ:c,)lzli:)-sgrphme (ZnTPPS) to BQ in water and ethanol

(13) The second-order electron-transfer rates also depend on the
acceptor concentratioi:3* Even if we take the concentration

. ) dependence into account, the valu&kgfrom ZnTPP to MNQ

Thus the lifetime of the encounter pair strongly dependson 44 5 cP, 16°M-1s 1 at [MNQ] = 2 x 10-3 M, is much larger

In the condition of a large. (20 nnT?), the experimental SM- than those to BQ in 2-butanol at room temperatuye=(3.1

RPM polarization of the neutral RPs in homogeneous solution cP), 2.2x 10° M~1s 1 at [BQ] = 102 M1%11and 2.7x 10°

has been reproduced by the calculafiéf Thus the neutral M-1s?at [BQ] =3 x 103 M.15 In the electron-transfer

RPs feelJ at a short distance, where solvent structure and

molecular interaction influence re-encounter of the neutral

RPs31.32However, theo has been reported to be a small value

around 10 nm! (i.e., slower decay) in the system of R®s. AG=E, —Eg—Er (14)

The RIPs live longer than the neutral RPs and feet long

distances, where the Coulomb and other interaction are negli-"WNere Eox is the oxidation potential of ZnTPFEqq are the
gible. Therefore the simple diffusion model has also been "€duction potentials of quinones, aBdis the triplet energy of
adopted for the analysis of the CIDEP due toy8TRPM .3 ZnTPP. When théG is negative, the electron-transfer reaction

occurs smoothly. Figure 8 shows the cyclic voltammogram of

J(r) = Jyexp[—o(r — d)]

reaction, one of the important parameter is Gibbs enekgy;,
which is simply expressed By

SCRP consists of the radicals that interact with each other 8 I
via J. The decay rate of SCRP produced by photoinduced BQ and MNQ. The values dqdetermined from the midpoints

electron transfer from ZnTPP to BQ in 2-butanol at room between the cathodic and anodic peak potentials. Bhgfor

temperature, 3.1 cB,is reported to be 3.6« 10° s71.11 This BQ was larger than thé&rq for MNQ. The same trend was
value is similar to the decay rate of.Tstates RIP consisting observed in 2-butanol and benzonitrile containing 0.06 M TBAP.

of ZnTPP and MNQ™* observed by the X-band ODESR at 5 The AG for BQ is sma_ller than thAG for MNQ_, whereas the

cP,kr,, = (2.3 £ 0.4) x 1° s L. Thus the SCRP lifetime is electron-transfer reaction from ZnTPP to BQ is slower than that
i to MNQ. In the Marcus normal region, the smalle® becomes,

the larger the electron-transfer reaction rate becomes. Therefore

the reaction potentials of the triplet precursor and the RIP

consisting of ZnTPP and BQ anion radical may cross in the

Marcus inverted regioff-%”

explained in terms of the relaxation and escape process.

In Figure 7, the pseudo-first-order electron-transfer rates are
plotted againsty~t. The values ofke{MNQ] are roughly
proportional tor~1, because the electron-transfer reaction is
diffusion controlled reaction and depends on the encounter
frequency of donor and acceptor molecules. This result is
consistent with the viscosity dependence of the pseudo-first-
order rates of formation of BQ anion radical via the photoin- The kinetic parameters of the RIP consisting of ZnTfahd
duced electron transfer from zinc 5,10,15,20-tetra(4-sulfonatophe-MNQ~* at various solvent viscosities (5, 10, and 15 cP) were

Conclusion
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determined by the X- and Ku-band ODESR using short MW

Kitahama and Sakaguchi

(11) Hirota, N.; Yamauchi, SDynamic Spin ChemistryKodansha:

pulses. The geminate recombination, the escape, the relaxation! ©kyo. 1998; pp 233234.

and the pseudo-first-order electron-transfer rates strongly depend

on the solvent viscosity as: (Kec O 7; (2) kesc 0 7% (3)
under high magnetic field&qx 0 7% and (4)kefMNQ] O 5~

(12) Ebersole, M. H.; van Willigen, HZ. Phys. Chem1993 182, 89.

(13) Ebersole, M. H.; Levstein, P. R.; van Willigen, 8.Phys. Chem.
1992 96, 9310.

(14) Plischau, M.; Zahl, A.; Dinse, K. P.; van Willigen, H. Chem.

Thus these kinetic parameters of the RIP in homogeneousPhys.1989 90, 3153.

solution obey the simple continuum diffusion model.

The comparison between the viscosity dependence of the

(15) Iwaizumi, M.; Yamamoto, K.; Ohba, Y.; Yamauchi, Soord.
Chem. Re. 1994 132 29.
(16) Muus, L. M.; Atkins, P. W.; McLauchlan, K. A.; Pedersen, J. B.

kinetic parameters of the RIPs and that of the neutral RPs is chemically Induced Magnetic PolarizatipReidel: Dordrecht, 1977.

noteworthy. The former is explained by the simple diffusion

model because the effective $1-RPM polarization distance
is long enougt¥® However, SFM-RPM polarization of the

(17) Murai, H.; Hayashi, HRadiation Curing in Polymer Science and
TechnologyElsevier Applied Science: London and New York, 1993; Vol.
2, p 63.

(18) Lide, D. R.Handbook of Chemistry and Physics 77th EditiGRC

neutral RPs has been reproduced by assuming the Solvenbyess' Boca Raton, 1996; Chap: 81 and Chap. 6208.

structure and molecular interaction because of the short effective

CIDEP distancé?!32
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