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Viscosity Dependence of the Kinetic Parameters of the Radical Ion Pair in Homogeneous
Solution Determined by Optically Detected X- and Ku-Band Electron Spin Resonance
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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( 4), (8 ( 3), and (16( 3) × 106 s-1 at 5, 10, and 15 cP,
respectively. The escape rates were (1.7( 0.2), (1.4( 0.1), and (0.9( 0.2) × 106 s-1 at 5, 10, and 15 cP,
respectively. The viscosity dependence of the kinetic parameters was followed by the simple continuum
diffusion model.

Introduction

External magnetic field and resonant microwave (MW)
influence photochemical reactions via radical pairs (RPs) by
suppressing or promoting the transition among four spin states
of RPs, i.e., singlet and three triplet sublevels.1,2 These
phenomena are called magnetic field effect (MFE) and reaction
yield detected magnetic resonance (RYDMR), respectively. The
optically-detected electron spin resonance (ODESR), a variation
of RYDMR, using a short MW pulse and a nanosecond time-
resolved optical absorption has been used to observe directly
the reaction dynamics of RPs.3,4 The resonant MW pulse induces
an immediate increase of the singlet-triplet (ST0, where T0 is
middle triplet sublevel) mixed state population, which enhances
the recombination of the singlet RP. The application of short
MW pulse affords us satisfactory time resolution to observe its

effect dynamically. Recently, the ODESR at high magnetic field,
Ku-band region, has been developed.5,6

The time-resolved ODESR has been applied to the studies
on spin dynamics of RPs in micellar solutions, because the RPs
in micelles show large MFE due to their long lifetime by
restriction of escape to bulk water. On the other hand, to the
best of our knowledge, there has been no report on direct
determination of their kinetic parameters except for the mea-
surement of a radical ion pair (RIP) lifetime in 2-propanol by
photoconductivity detected magnetic resonance,7 even though
there have been many studies on MFEs of RPs and RIPs in
homogeneous solutions.1

The photoinduced electron-transfer reactions from zinc tet-
raphenyl porphyrin (ZnTPP) to quinones in homogeneous
solution have been studied by Fourier transform and time-
resolved ESR.8-15 The observed chemically induced dynamic
electron spin polarization (CIDEP) spectra are mainly originated
from triplet mechanisms (TM) and S-T0 mixing radical pair
mechanisms (ST0M-RPM).16,17 CIDEP due to ST0M-RPM is
induced by the exchange interaction of the ST0 mixed state at
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the re-encounter of the RP. The re-encounter of the ST0 mixed
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
ODESR.

Furthermore, the CIDEP spectra of the RIPs at low temper-
ature are attributed to not only TM and ST0M-RPM but the
presence of spin correlated radical pairs (SCRPs),8-11 because
it is thought that the RIPs are confined strongly by the Coulomb
force. It is interesting to compare the formation and decay rates
of the SCRP signals to other kinetic parameters determined by
the time-resolved ODESR.

In this paper, we investigated the spin dynamics of the RIP
that formed in the photoinduced electron-transfer reaction from
ZnTPP to 2-methyl-1,4-naphthoquinone (MNQ) in viscous
alcohol solution by the X- (9.16 GHz) or Ku-band (17.41 GHz)
ODESR. We observed the time profiles of the transient
absorptions due to ZnTPP cation and MNQ anion radicals at
450 nm under the irradiation of the X- or Ku-band MW pulse
at the resonant magnetic fields and the yields of the escaping
radical ions with changing delay time to irradiate the MW pulse
after laser excitation. From the analysis of these data, the
important rate constants of the spin dynamics were determined
at various solvent viscosities, and the viscosity dependence was
investigated.

Experimental Section

MNQ, 2-propanol (2-PrOH) for high performance liquid
chromatography, and cyclohexanol (c-HexOH) of guaranteed
grade were purchased from Cica-Merck. ZnTPP was obtained
from Acros. MNQ was purified by recrystallization from
benzene. 2-PrOH, c-HexOH, and ZnTPP were used as received.
The concentrations of ZnTPP and MNQ were 0.0002 and 0.002
M (mol dm-3), respectively, unless otherwise noted. The sample
solutions were degassed under N2 atmosphere and flowed into
a quartz tube at 0.75 cm3/min and room temperature. The
viscosities of mixtures of 2-PrOH and c-HexOH were measured
by a viscometer (VM-1G-L, Yamaichi) and were about 5, 10,
and 15 cP, corresponding to 2-PrOH:c-HexOH in volume)
1:1, 1:2, and 1:3, respectively. The dielectric constants of
2-PrOH, 20.18, and c-HexOH, 16.4, are similar to each other.18

The second harmonic, 532 nm, of an Nd:YAG laser (Quanta
Ray GCR-3, Spectra-Physics or Precision II, Continuum) was
used as an exciting light source. The measurement systems were
similar to that described elsewhere.3,5 The MW fields,B1, were
estimated from the relation between the MW power and the
frequency of the quantum beat of escaping MNQ semiquinone
radical from SDS micelle.5,19

The cyclic voltammetry measurements were carried out using
a potentiostat (HA-301, Hokuto Denko) controlled by a function
generator (HB-111, Hokuto Denko) at room temperature under
N2 atmosphere. Pt wire, Pt coil, and Ag/Ag+ were used as
working, counter, and reference electrodes, respectively. Tetra-
n-butylammonium perchlorate (TBAP) was purchased from
Cica-Merck and used as the supporting electrolyte. Its concen-
tration was 0.06 M.

Results and Analysis

The photoinduced electron transfer from ZnTPP to MNQ in
alcohol is considered to be same as those from ZnTPP to
duroquinone (DQ) or benzoquinone (BQ).8 Thus the reaction
scheme in the presence of magnetic field is shown as

Here1,3ZnTPP* is the singlet or triplet excited state of ZnTPP,
ZnTPP+• is the ZnTPP cation radical, MNQ-• is the MNQ anion
radical, and T0,(1 and S are the spin states of the radical ion
pair consisting of ZnTPP+• and MNQ-•. Reactions 2-6 describe
the photoinduced electron-transfer reaction (rate constant:ket),
the S-T0 mixing, the spin-lattice relaxation (rate constant:krlx),
the recombination of the singlet RP (rate constant:krec), and
the escape process (rate constant:kesc), respectively. The
intersystem recombination that occurs from triplet RPs due to
the spin-orbit coupling was neglected because it is effective
in confined condition.20

Parts a and b of Figure 1 exhibit transient absorption spectra
of photoexcited ZnTPP (0.5 mM) in the absence and presence
of MNQ (5 mM) in 2-PrOH, respectively. The peak and
bleaching appeared at 450 and 660 nm, respectively. It is shown
that the spectrum of3ZnTPP*21 at 7 µs after laser excitation
was similar to that at 0.1µs in Figure 1a. It has been known
that the lifetime of3ZnTPP* is very long.22 On the other hand,
the intensity and shape of the spectrum due to photoexcited
ZnTPP with MNQ at 7µs were different from those at 0.1µs
as shown in Figure 1b. This is ascribed to the quenching of
3ZnTPP* and the appearance of radical ions. The peaks of the
transient absorptions due to ZnTPP+• and MNQ-• appear at 409
nm in CH2Cl223 and at 403 nm in acetonitrile,24 respectively.
However, the light at wavelengths shorter than 440 nm is
absorbed by the ground state of ZnTPP.23 To avoid the
deterioration of S/N ratio of the signal, we observed the time
profiles of the transient absorption,A(t), due to ZnTPP+• and
MNQ-• at 450 nm in this study.

The irradiation of a resonant MW field enhances reaction 4.
The populations of the T(1 state are generally larger than the
ones of the ST0 mixed state due to much slower relaxation than
the recombination (krec > krlx). Consequently, the RIP is
transferred from the T(1 states to the ST0 mixed state by the
resonant MW irradiation, irrespective of its bidirectional effect.
Then the ST0 mixed state vanishes quickly via the geminate
recombination. Consequently, the yields of escape radical ions
under MW irradiation decrease at resonant magnetic field. Figure
2 represents the ODESR spectrum due to the RIP consisting of
ZnTPP+• and MNQ-•. The vertical axis is the absorbance at
450 nm, which shows a stationary value at nonresonant
conditions. On resonant condition such as at 326.9 mT, the
yields of escaping ZnTPP+• and MNQ-• decrease and thus are
observed as the decrease of the absorbance. The MW pulse of
the width,∆tMW ) 10 µs, was irradiated attD ) -500 ns after
laser excitation with the MW field strengthB1 ) 0.04 or 0.4
mT. The stick diagrams were simulated by the hyperfine
coupling constants andg values of ZnTPP+•23 and MNQ-•.25,26

The line width (fwhm) 1.0 mT) of ODESR spectrum atB1 )
0.04 mT was similar to that of the stick diagrams. AtB1 ) 0.4
mT, the ODESR spectrum was broadened (fwhm) 2.2 mT),
because RIP is transferred from the T(1 states to the ST0 mixed
state at even off-resonant magnetic field by the strong MWfield.ZnTPP98

hν ) 532 nm 1ZnTPP*f 3ZnTPP* (1)

3ZnTPP*+ MNQ 98
ket T0,(1(ZnTPP+• MNQ-•) (2)

T0(ZnTPP+• MNQ-•) T S(ZnTPP+• MNQ-•) (3)

T(1(ZnTPP+• MNQ-•) 798
krlx S,T0(ZnTPP+• MNQ-•) (4)

S(ZnTPP+• MNQ-•) 98
krec

geminate recombination products
(5)

S,T0,(1(ZnTPP+• MNQ-•) 98
kesc

ZnTPP+• + MNQ-• (6)
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The spin conversion by the irradiation of a resonant MW field
proceeds only in its presence. This implies that we can induce
the spin conversion much faster than the concerned reaction

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 betweenA(t) values in the absence and presence of
a single X-band MWπ-pulse with∆tMW ) 40 ns,tD ) 200 ns,
andB1 ) 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 T(1 states
to that in the ST0 mixed state in∆tMW without changing the
sum. The population in the ST0 mixed state, however, decreases
much faster than that in the T(1 states. Consequently, the above
difference decays with the rate constant ofkMS, which can be
written as

If the ∆tMW is short enough compared to 1/kMS, we can observe
the decay as shown in Figure 3.

The effect of resonant MW irradiation is proportional to the
population difference between T(1 states and the ST0 mixed
state, [T(1] - [ST0]. If we observe this MW effect by shifting
the irradiation time with reference to the initiation of the reaction
(i.e., laser irradiation), we can observe the population difference
at the moment of the MW irradiation. We call this technique
the “pulse-shift measurement”. Figure 4 expresses the decre-
ments of the escaping radical ions due to the X-band MW pulse
(∆tMW ) 40 ns,B1 ) 0.4 mT) with shifting the MW irradiation
time after laser excitation,tD ) -0.4 to 3.6µs. The curve rose

Figure 1. Transient absorption spectra of photoexcited ZnTPP (a) in
the absence and (b) presence of MNQ in 2-PrOH at 0.1 and 7µs after
the laser excitation.

Figure 2. Simulated stick spectra and ODESR spectra, which were
averagedA(t) values from 10 to 18µs after the laser excitation, observed
by the photoinduced electron-transfer reaction between ZnTPP and
MNQ in the mixture of 2-PrOH and c-HexOH at 15.2 cP.

Figure 3. Differences inA(t) curves due to the radical ions in the
absence and presence of the X-band resonant microwave pulse,
∆A(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.

Figure 4. Differences in the yields of the escaping radical ions, which
were averagedA(t) values from 10 to 18µs 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 excitation,tD. The curves are normalized to each
other. The dotted and solid curves show the experimental and fitting
results, respectively.

kMS ) krec/2 + kesc+ krlx (7)
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and fell slower as the viscosity became higher. The maximum
decrement due to MW pulse was enlarged increasing the
viscosity.

Since [T(1] and [ST0] grow together with the formation of
RIP via the photoinduced electron-transfer reaction, [T(1] -
[ST0] increases with the pseudo-first-order electron-transfer rate,
ket[MNQ], except for [T(1] ) [ST0]. The decay rate of the ST0

mixed state,kMS, contributes to the increase of [T(1] - [ST0],
because it can be assumed that only [ST0] decreases withkMS

in the early stage after laser excitation. Therefore the rise of
[T(1] - [ST0] consists of two components: the pseudo-first-
order electron-transfer rate,ket, andkMS.

At larger delay times, [T(1] - [ST0] is equal to [T(1] because
the ST0 mixed state becomes very low due to the fast
recombination. Thus the decay of [T(1] - [ST0] is determined
mostly by the decrease in [T(1]. The decay rate of the T(1 states,
kT(1, is given by following equation

We estimated the values ofket andkT(1 by the fitting of the rise
and decay of the curves as shown in Figure 4, respectively.

Discussion

In Figure 5,krec, kT(1, andkMS values are plotted against the
solvent viscosities,η. The values ofkrec are estimated by 2(kMS

- kT(1). In the present study,krec is approximately proportional
to η. It has been reported that the geminate recombination rates
of MNQ semiquinone (MNQH•) and SDS alkyl radicals in the
SDS micelle are (15( 2) and (11( 2) × 106 s-1 at tD ) 0.3
and 2.5-3.5 µs, respectively.3 The microviscosity of SDS
micelle has been reported to be 8.3 cP by the13C spin-lattice
relaxation time27 or 16.5 cP by the fluorescence polarization.28

The decrease ofkrec at later tD or smallerη observed in this
experiment is qualitatively rationalized by decrease in the
existence probability of the partner radical in the reaction volume
due to the diffusion.

Figure 6a exhibits the decay rates of T(1 states,kT(1, which
depend on the external magnetic fields. These values were
determined by the “pulse-shift technique” using X (B0 ) 326.9
mT, B1 ) 0.4 mT,∆tMW ) 40 ns) and Ku bands (B0 ) 621.2
mT, B1 ) 0.11 mT,∆tMW ) 6 µs. In the Ku-band, the long
MW pulse was turned ontD after laser irradiation. Under this
condition, only the decay curve corresponding to lifetime of
T(1 was observed.29). The external magnetic field dependence
is originated from the spin-lattice relaxation. Under high
magnetic fields, the spin-lattice relaxation rate in the absence
of g anisotropy is given by

where τc is the rotational correlation time,γ is the electron
gyromagnetic ratio,Bloc is the anisotropy of hyperfine coupling
constants to induce the spin-lattice relaxation, andB0 is the
external magnetic field. The extrapolated values ofkT(1 at B0

-2

) 0 are free from relaxation and are equal tokesc. The slopes in
Figure 6a are within the expectation of the linear dependence
on B2.

The values ofkesc and Bloc
2/τc are roughly in inverse

proportion to η as shown in parts b and c of Figure 6,
respectively. They are rationalized by the Stokes-Einstein-
Debye equations for translational and rotational diffusions

Figure 5. Dependence of the geminate recombination rates (filled
circles) and decay rates of the T(1 and ST0 mixed states (open triangles
and circles, respectively) on the solvent viscosity.

kT(1
) kesc+ krlx (8)

Figure 6. (a) The decay rates of the T(1 states that are plotted against
the inverse square of the external magnetic field,B0

-2. (b) Dependence
of the escape rates on the solvent viscosity. (c) Dependence of theBloc

2/
τc (krlxB0

2) on the solvent viscosity.

krlx )
τcγ

2Bloc
2

1 + τc
2γ2B0

2
≈ Bloc

2

τcB0
2

(9)
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and

respectively. HereR is molecular radius. 1/kesc is the time to
separate RIP into escaping radical ions and proportional toη.
Since the unit ofD is m2/s, (D/kesc)1/2 has the dimension of
distance, and the dependences onη cancel each other. If we
regard this value as the maximum distance between the
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 andN,N′-diethylaniline cation radicals in
2-propanol, 4 × 106 s-1, has been already reported by
Matsuyama et al.7 They thought that the reason is the property
of the 2-propanol and Coulomb interaction. However, the simple
continuum diffusion model explained the viscosity dependence
of the kinetic parameters in this experiment. Therefore the slow
escape process may be caused by the long distance to separate
RIP into escaping radical ions. Freed and Pedersen have studied
the CIDEP due to ST0M-RPM, and ascribed the origin of its
polarization to the exchange interaction in the re-encountering
RPs and defined the lifetime of the encounter pair,τ1, as
follows30

where d is a distance of the closest approach, andR is an
exponential decay constant in the inter-radical distance,r, for
the exchange interaction,J(r), given by

Thus the lifetime of the encounter pair strongly depends onR.
In the condition of a largeR (20 nm-1), the experimental ST0M-
RPM polarization of the neutral RPs in homogeneous solution
has been reproduced by the calculation.31,32 Thus the neutral
RPs feelJ at a short distance, where solvent structure and
molecular interaction influence re-encounter of the neutral
RPs.31,32However, theR has been reported to be a small value
around 10 nm-1 (i.e., slower decay) in the system of RIPs.33

The RIPs live longer than the neutral RPs and feelJ at long
distances, where the Coulomb and other interaction are negli-
gible. Therefore the simple diffusion model has also been
adopted for the analysis of the CIDEP due to ST0M-RPM.33

SCRP consists of the radicals that interact with each other
via J. The decay rate of SCRP produced by photoinduced
electron transfer from ZnTPP to BQ in 2-butanol at room
temperature, 3.1 cP,18 is reported to be 3.6× 106 s-1.11 This
value is similar to the decay rate of T(1 states RIP consisting
of ZnTPP+• and MNQ-• observed by the X-band ODESR at 5
cP, kT(1 ) (2.3 ( 0.4) × 106 s-1. Thus the SCRP lifetime is
explained in terms of the relaxation and escape process.

In Figure 7, the pseudo-first-order electron-transfer rates are
plotted againstη-1. The values ofket[MNQ] are roughly
proportional toη-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-
duced electron transfer from zinc 5,10,15,20-tetra(4-sulfonatophe-

nyl)-21H,23H-porphine (ZnTPPS) to BQ in water and ethanol
mixed solution.12

The second-order electron-transfer rates also depend on the
acceptor concentration.13,34 Even if we take the concentration
dependence into account, the value ofket from ZnTPP to MNQ
at 5 cP, 1010 M-1 s-1 at [MNQ] ) 2 × 10-3 M, is much larger
than those to BQ in 2-butanol at room temperature (η ) 3.1
cP), 2.2× 109 M-1 s-1 at [BQ] ) 10-2 M10,11 and 2.7× 109

M-1 s-1 at [BQ] ) 3 × 10-3 M.15 In the electron-transfer
reaction, one of the important parameter is Gibbs energy,∆G,
which is simply expressed by35

where Eox is the oxidation potential of ZnTPP,Ered are the
reduction potentials of quinones, andET is the triplet energy of
ZnTPP. When the∆G is negative, the electron-transfer reaction
occurs smoothly. Figure 8 shows the cyclic voltammogram of
BQ and MNQ. The values ofEreddetermined from the midpoints
between the cathodic and anodic peak potentials. TheEred for
BQ was larger than theEred for MNQ. The same trend was
observed in 2-butanol and benzonitrile containing 0.06 M TBAP.
The∆G for BQ is smaller than the∆G for MNQ, whereas the
electron-transfer reaction from ZnTPP to BQ is slower than that
to MNQ. In the Marcus normal region, the smaller∆G 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 region.36,37

Conclusion

The kinetic parameters of the RIP consisting of ZnTPP+• and
MNQ-• at various solvent viscosities (5, 10, and 15 cP) were

D ) kBT/6πηR (10)

τc ) 4πηR3/3kBT (11)

τ1 ) d
RD(1 + 1

Rd) (12)

J(r) ) J0 exp[-R(r - d)] (13)

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

Figure 8. Cyclic voltammogram of 0.002 M BQ (dotted curve) and
0.002 M MNQ (solid curve) observed with scan rate of 20 mV s-1 in
mixed alcohol, 2-PrOH:c-HexOH in volume) 1:1, containing 0.06 M
TBAP.

∆G ) Eox - Ered - ET (14)
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determined by the X- and Ku-band ODESR using short MW
pulses. The geminate recombination, the escape, the relaxation,
and the pseudo-first-order electron-transfer rates strongly depend
on the solvent viscosity as: (1)krec ∝ η; (2) kesc ∝ η-1; (3)
under high magnetic fields,krlx ∝ η-1; and (4)ket[MNQ]∝ η-1.
Thus these kinetic parameters of the RIP in homogeneous
solution obey the simple continuum diffusion model.

The comparison between the viscosity dependence of the
kinetic parameters of the RIPs and that of the neutral RPs is
noteworthy. The former is explained by the simple diffusion
model because the effective ST0M-RPM polarization distance
is long enough.33 However, ST0M-RPM polarization of the
neutral RPs has been reproduced by assuming the solvent
structure and molecular interaction because of the short effective
CIDEP distance.31,32
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