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a b s t r a c t

A stochastic Liouville equation (SLE) was numerically solved to obtain pulsed Fourier-transform (FT) EPR
spectra on a radical pair system created in a photo-induced chemical reaction. Numerical calculations
were applied to the photo-chemical reaction of deuterated acetone and 2-propanol at low temperatures.
In this reaction system, the antiphase structures of the EPR signals, so called spin-correlated radical pair
(SCRP) signals of two identical isopropyl ketyl radicals and spin-polarized free isopropyl ketyl radicals
were observed by FT-EPR and continuous wave time-resolved (CW TR) EPR techniques. In the present
work, FT-EPR spectra of the antiphase structure signals of the radical pair themselves as well as
spin-polarized free radical signals were simulated. Additionally, rising behavior of free radical signals
polarized by the radical pair mechanism (RPM) was also clarified. Furthermore two-dimensional (2D)
FT-EPR nutation spectra were simulated in the both cases with and without the radical pairs by the
use of SLE. In these simulations, strong DC components in the nutation frequency dimension, were well
reproduced as was obtained in experiments. It was shown that relaxation during the microwave pulse
was essential for the appearance of the DC components.

� 2008 Elsevier Inc. All rights reserved.

1. Introduction

The time-resolved (TR) and pulsed Fourier-transform (FT) EPR
have widely been used to obtain much information about reaction
mechanisms and spin dynamics on the photo-chemically gener-
ated free radicals and intermediate radical pairs [1]. One of the
great abilities of EPR is to characterize directly the molecular struc-
tures of intermediate radicals and radical pairs as well as their
occurring and decays from the initial stages of the photo-chemical
reactions.

Concerning on spin dynamics, detailed theories for the chemi-
cally induced dynamic electron and nuclear polarization (CIDEP
and CIDNP) were proposed [2–4] in 1970s based on stochastic Liou-
ville equation (SLE). In the field of EPR, the SLE application to analy-
ses of spectra of antiphase structures of the EPR signals of the radical
pair systems, that were so called spin-correlated radical pair (SCRP)
signals, generated in photo-chemical reactions were reported [5]. In
this work [5] EPR signals polarized by ST0 mixing radical pair mech-
anism (RPM) and the antiphase signals were successfully simulated
for the first time. Then epoch-making discoveries on mechanisms of
origins of antiphase EPR signals concerning radical pair systems
were made by Neufeld and Pedersen [6,7].

The present author considers that EPR simulations in terms of
the SLE method are very useful to make experimentally obtained

information more quantitatively as well as more in details for
chemical reaction and spin dynamic systems. They are also useful
to investigate the spin dynamics at earlier stage than experimen-
tally obtained because the theoretical calculations are not affected
by instrumental deadtimes.

The CIDEP signals of antiphase structures of the radical pairs ob-
tained by pulsed FT-EPR measurements have been reported for
various reaction systems [8–10]. Previously, the present author
proposed the two-dimensional (2D) FT-EPR nutation method to
studies of the radical pairs [11–14]. In these studies, simulations
of the 2D spectra were attempted by using an averaged single ex-
change interaction parameter. In the theory of SLE, stochastic mod-
ulations of exchange interactions within radical pairs can be taken
into account. However, no SLE studies have been attempted for the
radical pairs observed by the FT-EPR, although SLE and FT-EPR
measurements are both treated in the same time domain.

In this paper, the author puts X-band pulsed FT-EPR spectra of a
photo-induced chemical reaction of deuterated acetone and 2-pro-
panol system at low temperatures in the sights of the SLE simula-
tion. On this reaction system, extensive CW TR-EPR and FT-EPR
studies have been reported [9,15–20]. In this reaction, via photo-
excited triplet state of acetone, two isopropyl ketyl radicals are
formed by the excited acetone’s hydrogen abstraction from 2-pro-
panol of solvent, giving the antiphase EPR structures with identical
two isopropyl ketyl radicals and free isopropyl ketyl radicals
accompanied with CIDEP. The present paper describes the SLE sim-
ulations of one-dimensional (1D) FT-EPR signals of the radical pairs
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systems. By means of these simulations, some parameters in the
SLE are determined.

Additionally, rising behaviors of the EPR signals caused by the
ST0 mixing RPM are clarified for the first time. It is shown that pre-
dictions from the ST0 mixing RPM theory proposed by Adrian and
Monchick [21] deviate from the results of SLE when diffusions of
the radical pairs are largely inhibited, as Shushin showed [22,23].

Finally two-dimensional (2D) FT-EPR nutation spectra are sim-
ulated in the both cases under presence and absence of radical
pairs, and effects of spin relaxation are discussed. The consider-
ation of the 2D spectra are essential from the view point that the
EPR spectra of the radical pairs should strongly depend on the exci-
tation microwave filed strength as suggested by the coherent effect
model [6,7] and that strong microwaves are applied in the case of
the FT-EPR.

2. Theory

If the exchange interaction between the radicals in radical pairs
of inter-radical distance r is taken to be J(r), the spin Hamiltonian
H0(r) in the static magnetic field B0 is written under the laboratory
frame as follows:

H0ðrÞ ¼ galBB0Saz þ gblBB0Sbz þ
X

j

ajSaIj þ
X

k

akSbIk

� JðrÞ 1
2
þ 2SaSb

� �
: ð1Þ

Here, the other symbols have usual meanings. By the use of the high
field approximation and if only the ST0 mixing is considered, H0(r) is
rewritten as

H0ðrÞ ¼ galBB0Saz þ gblBB0Sbz þ
X

j

ajSazIjz þ
X

k

akSbzIkz

� JðrÞ 1
2
þ 2SaSb

� �
: ð2Þ

In the rotating flame Eq. (2) becomes

H0ðrÞrot ¼ xaSaz þ xbSbz � JðrÞ 1
2
þ 2SaSb

� �
; ð3Þ

where xa is resonance offset of radical a with the corresponding
hyperfine state.

The spin Hamiltonian expressing the influence of a microwave
excitation pulse along with �y axis is written in the rotating flame
as

H1;rot ¼ �galBB1Say � gblBB1Sby ð4Þ
¼ �x1aSay � x1bSby: ð5Þ

The SLE is a partial differential equation and in the case of elec-
trically neutral radical pairs it is written as

oqðr; tÞ
ot

¼ �i HðrÞrot; qðr; tÞ
� �

þ DCrðrÞqðr; tÞ þ Rqðr; tÞ: ð6Þ

In Eq. (6), H(r)rot expresses the spin Hamiltonian in the rotating
flame, q(r, t) is the spin density operator depending on time and rad-
ical–radical distance r, D is the diffusion coefficient, and Cr and R are
the diffusion and the relaxation super operators, respectively.

If one defines as q̂ðr; tÞ ¼ rqðr; tÞ, SLE (6) becomes
oq̂ðr; tÞ

ot
¼ �i HðrÞrot; q̂ðr; tÞ

� �
þ DCrðrÞq̂ðr; tÞ þ Rq̂ðr; tÞ: ð7Þ

Then the distance-dependent diffusion term becomes simpler and it
is expressed by

Crq̂ðr; tÞ ¼ o2q̂ðr; tÞ
�
or2: ð8Þ

The Redfield relaxation is taken into consideration, but both
of Boltzmann-distributed spin density operators and any longitu-
dinal relaxations to them are neglected. These neglect are ade-

quate because the radical pairs lie in the spin-correlated states
and radical pairs with thermally equilibrated spin states have
not been discovered. The magnetization of radical pairs is set
to relax according to the relaxation super operator in the Liou-
ville space as follows:

R ¼ Ra � 1b þ 1a � Rb; ð9Þ

and

ð10Þ

where T1a and T2a are the longitudinal and transverse relaxation
times of radical a, respectively.

3. Simulation method

In order to solve SLE numerically, the super operator and the den-
sityoperator are transformedinto discrete matrix and vector, respec-
tively, as already described [2–4]. For calculations of electron and
nuclear spin polarizations caused by the CIDEP and CIDNP mecha-
nisms, large-scale computer simulations have often been carried
out[2–4]. However,as thepresentattentionsare focusedon behavior
of the radical pairs and polarization of free radicals, the magnitude of
discrete SLE dimension is limited to 6. The closest inter-radical dis-
tance within radical pair is set to d = 0.4 nm, and the distance step
Dr is taken to be 0.1 nm. An exponentially decayed exchange interac-
tion is employed by using the following usual formula,

JðrÞ ¼ J0 exp ½�kðr � dÞ�: ð11Þ

General parameters, J0 = �100 MHz and k = 26 nm�1 are used. These
give J(r) = �2.3 � 10�4 MHz at the most apart distance in this work.

The author writes the diffusion super operator in Eq. (8) in a
matrix form according to the finite difference technique [2–4] as
follows:

D
o2q̂ðr; tÞ

or2 !Wq̂ðtÞ; ð12Þ

ð13Þ

Here, q̂ðtÞ is a density operator vector also spanned by the inter-rad-
ical distance r. In Eq. (12), notes of the spin states are omitted.

The Hamiltonian commutator super operator in Eq. (7) is writ-
ten in the Liouville space by using the exchange interaction ex-
pressed in Eq. (11). Additionally, the diffusion super operator
depicted in Eq. (13) and the relaxation super operator expressed
in Eq. (10) are superimposed so as to form a stochastic Liouville
super operator L. Then the super operator L is spanned by the elec-
tron spin Liouville space and by the inter-radical distance r, making
q̂ðtÞ evolve as
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oq̂ðtÞ
ot
¼ Lq̂ðtÞ: ð14Þ

Thus it is ready to calculate the inter-radical distance-dependent
time evolution of the spin system. At a glance of SLE, the super oper-
ators contain imaginary values, and the diffusion super operator is
not symmetric. As a consequence, the stochastic Liouville super
operator is not Hermitian and diagonalization techniques cannot
be utilized. Therefore, in the present study, a small time increment
method is employed in order to obtain the FT-EPR signals. Namely,
the formal solution of SLE with the stochastic Liouville super oper-
ator L is expressed from Eq. (14) as

q̂ðtÞ ¼ exp ðLtÞq̂ð0Þ; ð15Þ

and the exponential operator is extended by a small time increment
Dt to the 2nd-order, giving

expðLDtÞ ffi 1þ LDt þ 1
2

L2Dt2: ð16Þ

In the present calculations, Dt = 0.2 ns is adequate from the points
of view of both the calculation speed of a computer and conver-
gency of the results.

The chemical reaction from the photo-excited triplet precursor
is taken into consideration by means of the formation of the ele-
ments of the density operator of the radical spin at the closest in-
ter-radical distance d and of the decay of the density operator in
the 1st order with the rate constant k. Namely, the formation of
the spin density operator is expressed by

qðr ¼ d; t þ DtÞTjTj
¼ qðr ¼ d; tÞTjTj

þ kDtrðtÞTjTj
; j ¼ �;0; ð17Þ

and the decay of the density operator of the triplet precursor is ex-
pressed by:

rðt þ DtÞTjTj
¼ rðtÞTjTj

� kDtrðtÞTjTj
; j ¼ �;0; ð18Þ

where rðtÞTþTþ , etc., are the elements of the density operator of the
triplet precursor, and the initial triplet-state density operator is ta-
ken to be

rðt ¼ 0ÞTjTj
¼ 1

3
; j ¼ �;0: ð19Þ

The differential increments of the density operators are also taken
into consideration in the time evolution of the density operator of
radical pairs.

In a single-microwave pulse FT-EPR experiment with delay time
from the laser pulse of s and with duration of the microwave pulse
of t1, the density operator at t2 after the microwave pulse is ex-
pressed by using the formal integration as

q̂ s; t1; t2ð Þ ¼ exp L0t2ð Þ exp L1t1ð Þ exp L0sð Þq̂ð0Þ: ð20Þ

Here,

� i H0ðrÞrot; q̂ðr:; tÞ
� �

þ DCrðrÞq̂ðr; tÞ þ Rq̂ðr; tÞ ! L0q̂ðtÞ; ð21Þ
� i H0ðrÞrot þ H1;rot; q̂ðr; tÞ
� �

þ DCrðrÞq̂ðr; tÞ þ Rq̂ðr; tÞ ! L1q̂ðtÞ: ð22Þ

The spin density operator q(r,s, t1, t2) is calculated from the density
operator vector q̂ðtÞ by using the corresponding inter-radical dis-
tance. The FID signal s+(s, t1, t2) should then be written as follows:

sþ s; t1; t2ð Þ ¼
Z 1

r¼d
r2tr Sx þ iSy

� �
q r; s; t1; t2ð Þ

	 

dr: ð23Þ

The FID signal originally written by Eq. (23) includes transverse
magnetization of the both the radical pairs and free radicals at all
distances of r P d. These transverse magnetization contains contri-
bution from the radical pairs with large absolute values of J(r). Such
radical pairs are supposed to give broad line width signals due to
the rapid transverse relaxation, and hence their FID signals are
probably thought to decay within the instrumental deadtime. Fur-
thermore, the SLE (6) does not include relaxation phenomena such

as dipolar–dipolar relaxation, fluctuations of orientation-dependent
exchange interactions, and so on. These phenomena are eliminated
by utilizing magnetization of only radical pairs with the inter-radi-
cal distance of P0.7 nm. Since the most apart inter-radical distance
is taken to be 0.9 nm, the FID signal S+(s, t1, t2) discussed in this arti-
cle is expressed as

Sþ s; t1; t2ð Þ /
X0:9nm

r¼0:7nm

r2tr Sx þ iSy
� �

q r; s; t1; t2ð Þ
	 


Dr; ð24Þ

where Dr is taken to be 0.1 nm as in Eq. (13).
The inter-radical distance of 0.7 nm corresponds to

J = �0.042 MHz. It should be noticed that taking the inter-radical
distance from 0.7 to 0.9 nm in calculation of the FID does not mean
usage of some average exchange interaction models, but does con-
sider simultaneously large absolute values of exchange interac-
tions within the full range cited in Eq. (13) in the course of time
evolution of the spin system.

3.1. The simulations of 1D FT-EPR spectra

In the simulations, the delay times from laser flash s are varied
and the microwave pulse duration t1 is fixed constant. The 1D FIDs
along t2 are calculated by Eq. (24) with 256 steps of 10 ns. The FIDs
are apodized with the Hanning windows, and zerofilled to 1024
points, and the successive Fourier transformations give 1D FT-
EPR spectra. Parameters used here are tabulated in Table 1.

3.2. The calculations of free radical polarization due to ST0 mixing RPM

The RPM polarizations are discussed by utilizing the bases of
(S,T0) in the Hilbert space at first, and then the discussion is trans-
ferred to the Liouville space. The numerical calculations are made
by the use of the SLE concerning about |Si and |T0i bases.

The EPR polarization of spin a is expressed as

PaðtÞ ¼ �2tr qðtÞSazf g: ð25Þ

This polarization takes positive value for the EPR absorption, and
negative for emission.

Here,

2Saz ¼ Saz � Sbzð Þ þ Saz þ Sbzð Þ; ð26Þ

and the 2nd term in Eq. (26) becomes zero matrix in the Hilbert
space spanned by |Si and |T0i. The 1st term becomes

ð27Þ

Hence the polarization is expressed by

Table 1
Parameters used in the simulation displayed in Fig. 1

Name of parameter Physical quantity

Frequency of the center of the spectrum �1.46 MHz
ga = gb 2.0037
a(CD3)a 8.2 MHz
a(OD)a 0.33 MHz
B1 0.89 mT
Duration of the microwave pulse, t1 10 ns
T1 2 ls
T2 1 ls
Diffusion coefficient, D 0.2 m2 MHz
Reaction rate from the triplet precursor, k 0.2 ls�1

a Hyperfine coupling constant.
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PaðtÞ ¼ � qST0
ðtÞ þ qT0SðtÞ

	 

: ð28Þ

Time evolution of the statistical spin system is obtained by the SLE
expressed by Eq. (6) and in the same manner as described in the
simulation method. The same parameters for diffusion, relaxation
and rising rate constant are used as in the simulation calculations
of the 1D FT-EPR spectra. Additionally, several different diffusion
coefficients are also used to examine the signal rising and decay
processes. The density operator elements for the most apart inter-
radical distance, r = 0.9 nm, are regarded as those for free radicals.
Delay time s from laser flash is varied in Eq. (20). The polarization
is calculated according to Eq. (27).

3.3. The simulations of 2D FT-EPR nutation spectra

In the simulations of 2D FT-EPR nutation spectra, Eq. (24) is
used with the fixed delay time s from the laser flash and the
microwave pulse time t1 varying by 64 points of 8 ns. The succes-
sive FIDs along t2 are calculated with 128 steps of 10 ns. The 2D
FIDs are apodized with the Hanning windows in the both dimen-
sions, and zerofilled to 128 � 256 complex matrices. The 2D Fou-
rier transformations of 2D FIDs give 2D FT-EPR spectra that are
depicted in the absolute value representations with the nutation
frequencies f1 and EPR frequencies f2. Parameters utilized there
are listed in Table 2.

4. Results and discussion

4.1. The overview of 1D FT-EPR spectra

Several diffusion coefficients were examined in the simulation
processes, and rising of the antiphase structures and free radical
CIDEP signals were found to be well simulated when it was set
to D = 0.2 nm2 MHz. The rising rate constant from the triplet pre-
cursor was also found to be k = 0.2 ls�1.

Fig. 1 displayed calculated 1D FT-EPR spectra. The microwave
pulse was settled to have the duration t1 of 10 ns and the strength
B1 of 0.89 mT. The phase corrections were made according to the
off-resonance effects of free radicals under this microwave pulse
excitation. In Fig. 1, remarkable antiphase Emission/Absorption
(E/A)-like or dispersive-like patterns strongly appeared around
the centers of the spectra, that were attributed to the radical pairs
themselves. The line shapes of these signals were discussed below.
The other emission and absorption signals were ascribed to the
free radical CIDEP due to the ST0 mixing RPM. It was also demon-
strated that the intensity ratios of EPR signals for the both species
observed in the experiment [12] were well simulated by the
calculation.

The EPR excitation pulse condition in the spectra of Fig. 1 corre-
sponded to ca. p/2 pulses in the on-resonance positions. The 1D FT-
EPR spectra previously reported in Ref. [12] were concluded to be

obtained under ca. p/2 microwave excitation pulse. A theory devel-
oped by Kroll et al. [8] suggested that FT-EPR signals of radical
pairs themselves would not be observed by the p/2 pulse. The the-
ory [8] on flip angle dependencies of signal intensities of the radi-
cal pairs different from those of free radicals in the FT-EPR
experiments were able to be understood in terms of the product
operator formalism [24] used in the theory of 2D NMR. That is to
say, magnetizations of longitudinal two spin order led to such flip
angle dependencies. However the present author’s analyses [11–
14], including the off-resonance effect, demonstrated clearly that
radical pair signals appeared even if the flip angle of microwave
pulse was p/2. This phenomenon would be attributed to the off-
resonance effect of coupling partner spins.

4.2. The 1D FT-EPR line shape problems of the radical pair signals

In the field of CW TR-EPR, antiphase structures of the EPR line
shapes were attributed to radical pairs themselves. At early stages
of the studies [1], the antiphase structures were interpreted in
terms of quasi-static average exchange interaction model, where
each resonance line was split by the absolute value of the twice
of exchange interaction, i.e., |2J|. In the course of theoretical studies
on the antiphase structure problems, some remarkable discussions
have been developed. Shushin supposed a simple Bloch-type equa-
tion model by sudden perturbation approximation [25]. Tarasov
et al. demonstrated an SLE treatment that included the radical pair
themselves as well as free radical CIDEPs [5].

Furthermore, significant progresses [6,7] have been brought by
Neufeld and Pedersen. These theories showed that the transverse
magnetizations created by the EPR excitations and the diffusion
processes were essential for the antiphase structures of the radical
pairs systems. According to these theories, one could easily think
that the excitation microwaves pulses in the FT-EPR experiments
played central roles to produce the antiphase structures. In addi-
tion, the effects of diffusion within the radical pairs simultaneously
had a crucial part. Although there were differences between CW
and FT methods, it was the most important point that the roles
of both of the excitation microwave pulse and the fluctuation of
the exchange interactions within the radical pairs were substantial.
Additionally, FT-EPR experiments for the radical pairs were made
on the non-equilibrated coupled spin states, and possibilities of

Table 2
Parameters used in the simulation displayed in Fig. 6

Name of parameter Physical quantity

Frequency of the center of the spectrum �1.25 MHz
ga = gb 2.0037
a(CD3)a 8.2 MHz
a(OD)a Abbreviated
B1 0.55 mT
Duration of the microwave pulse, t1 Varied
T1 2 ls
T2 1 ls
Diffusion coefficient, D 0.2 nm2 MHz
Reaction rate from the triplet precursor, k 0.2 ls�1

a Hyperfine coupling constant.

Fig. 1. Simulations of 1D FT-EPR spectra of photo-chemically generated radical
pairs and free radicals of deuterated acetone in 2-propanol system. The times
displayed upper the each spectrum indicated delay times after laser excitation.
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estrangements between CW and FT methods might arise as well
known in the field of NMR [24].

The line shape caused by the radical pairs was observed to be
dispersive for the case of short lived them in the field of FT-EPR
[8]. However, for the long-lived radical pairs, the FT-EPR line shape
problem has not still been solved, yet.

Therefore, the author displayed simply the line shape of the rad-
ical pairs obtained by the SLE calculations under the same experi-
mental condition as described in the previous papers [12]. The
dependence of the EPR line shape on the microwave excitation
pulses would be treated in the session of the 2D FT-EPR nutation
spectra. Expanded display of the central part of the spectrum of
Fig. 1 was shown in Fig. 2. The antiphase E/A-like or dispersive-like
pattern could be assigned to signals of the radical pairs.

In the previous report [12] the value of �0.56 MHz was adopted
for simulation as the averaged exchanged interaction based on the
observed line split, because the split might simply be estimated to
be 2 � 0.56 MHz in the 1D FT-EPR experiment. However, in this
article the author applied not any average exchange interaction
models, but the SLE modeling. In order to discuss the line shapes,
one should necessarily know how the FT-EPR signals depended
on the microwave excitation pulses.

4.3. The rising and decay of FT-EPR signals of the radical pairs

One of the greatest capabilities of FT-EPR was to be able to ob-
serve the rising behavior of the EPR signals. Fig. 3 showed the FT-

EPR intensity changes of the radical pair signals in the central part
of the simulated spectra with different delay times from the laser
flash. The calculated spectra included hyperfine couplings with
the deuterated hydroxyl group. This figure also displayed a nonlin-
ear least square double exponential fitting of the rising and decay
phenomena.

The rising and decay pattern were well fitted by the double
exponential formula. The rising and decay rate constants were
calculated to be 3.73 and 0.258 ls�1, respectively. The former
was much faster than the rising rate from the triplet precursors
of 0.2 ls�1. This meant that rising of the antiphase structures
could not simply be accounted in terms of only the reaction rate
of triplet precursor, and that spin dynamics mechanism yielding
the radical pair signals was more important. This finding could
be related to the suggestions of Refs. [6,7]. The latter rate con-
stant was slower than the inverse of the relaxation times. This
fact implied that not only phenomenological relaxations but also
spin dynamics including diffusions of the pairs had also crucial
roles.

Detailed discussion was needed, because the diffusions of the
radical pairs and the spin relaxations should be taken into consid-
erations simultaneously when the spin polarizations were
accounted.

4.4. The rising of polarization due to ST0 mixing RPM

By the use of SLE, rising of the electron spin polarization due to
the ST0 mixing RPM could be simulated. Fig. 4 showed the rising
and decay of the ST0 RPM polarization for each hyperfine line un-
der the same diffusion and relaxation parameter as those described
in Section 1. Although Shushin [22,23] has suggested that some
deviations from the classical Adrian’s model [21] would exist, the
rising behaviors of the ST0 mixing RPM CIDEP have not been clar-
ified, yet. Fig. 5(a–d) depicted the early stages of rising of spin
polarization obtained with several different diffusion coefficients.
In the simulation, the hyperfine couplings with the hydroxyl group
were neglected. These figures clearly showed that rising of the spin
polarizations was not exponential under slow diffusion, whereas
the rising became exponential when diffusion was fast.

Fig. 2. Central parts of the FT-EPR spectrum with delay time from the laser flash of
500 ns in Fig. 1 calculated by means of SLE.

Fig. 3. Rising and decay of intensities of FT-EPR signals of the radical pairs them-
selves and their fittings by a nonlinear least-square double-exponential pattern.
Dotted points displayed the intensities obtained by the SLE simulations, and the
curve meant the double-exponential fitting. The radical pairs antiphase structure
signal intensities were well reproduced by this formula.

Fig. 4. Rising and decay of spin polarization due to ST0 mixing RPM in deuterated
acetone and 2-propanol system. The MIs indicated the spin states of the methyl
group (CD3).
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4.5. The 2D FT-EPR nutation spectra

2D FT-EPR spectra were simulated for the two cases of the dif-
ferent delay times s from laser flash. One was for s = 400 ns and the
other was for s = 5 ls. In the former the radical pair signals were
relatively strong, while in the latter the radical pairs almost disap-
peared. In these simulations, the hyperfine couplings with the hy-
droxyl group (OD) were neglected. The simulated 2D FT-EPR
nutation spectra were depicted in Fig. 6.

Interpretations of the nutation frequencies of the radical pairs
in the 2D FT-EPR nutation spectra, except for the strong DC compo-
nents in the nutation dimension, were fully described in the previ-
ous paper [12]. It should be emphasized here that a single SLE with
different delay times from the laser flash gave the different 2D FT-
EPR nutation spectra.

In the simulation described here, 2D FT-EPR spectra showed
considerably strong DC nutation peaks, that were actually ob-
served in the experiments. These strong DC components were
not expected from the theoretical analysis for nutation of radical

pairs cited in Ref [12]. As one possible origin of these DC com-
ponents, the spin relaxation during the EPR microwave pulse
would be considered. The effects of spin relaxations during the
microwave pulse in the nutation experiment have already been
pointed out for the spin quartet states in solution by Ohba
et al. [26].

Fig. 7(a–d) displayed stack plots of simulated 2D FT-EPR nuta-
tion spectra for simple radical pair model cases with the resonance
offset combination of 10 and �10 MHz under different delay times
from laser flash and under different relaxation times. DC nutation
frequencies appeared more largely as the relaxation times were
shorter in the both cases with different delay times. Therefore
the main reason for the appearance of the strong DC nutation com-
ponents would be ascribed to spin relaxation during the micro-
wave excitation pulse.

It was also postulated that some further developments of spin
polarization during the microwave pulse would cause the DC nuta-
tion components. This possibility was however easily denied, since
the strength of the DC components and nutation peaks at ca.

Fig. 5. The early time region of rising of spin polarization owing to ST0 mixing RPM under different diffusion coefficients: D/(nm2 MHz) = 0.02 in (a), 0.2 in (b), 2 in (c) and 20
for (d). Rinsing profiles deviated considerably from exponential under slow-diffusion conditions.
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20 MHz are not little affected by using different delay times of
400 ns and 5 ls, as depicted in Fig. 7(a–d).

In the present simulation calculations for the 2D FT-EPR nuta-
tion spectra, the line widths in the nutation dimensions were also
well reproduced. In the previous simulation [12] using an averaged
and constant exchange interaction value, the line width along the
nutation axes could not be given straightforwardly. The present

study could estimate the line width correctly by the use of the super
operator in terms of diffusion and phenomenological relaxation.

The line shape theories on CW TR-EPR spectra of the radical pairs
proposed by Neufeld and Pedersen [6,7] demonstrated the impor-
tance of the effects of excitation microwave. The aforementioned
2D nutation method and the simulations would supplement infor-
mation to the 1D technique and simulation results.

Fig. 6. Simulations of 2D FT-EPR nutation spectra with two different delay times from laser flash, s = 400 ns in (a) and 5 ls in (b). In the former delay time, the radical pair
signals were relatively strong, but the signals almost disappeared in the latter. The spectra (a) and (b) were drawn in the same scale.

Fig. 7. Simulations of 2D FT-EPR nutation spectra of a simple model radical pair system with the resonance offset of 10 MHz and �10 MHz under two different delay
times s from laser flash and two different relaxation times (T1 and T2). s = 400 ns in (a) and (b) and s = 5 ls in (c) and (d). T1 = 1 ls and T2 = 0.5 ls in (a) and (c), and
T1 = 20 ls and T2 = 10 ls in (b) and (d). Fast spin relaxation made the DC nutation components strong. The strengths of nutation peak with the frequencies of ca. 20 MHz
and DC components were almost comparable in (a) and (c). This implied that effects of further developments of spin polarization during microwave excitation pulse
were relatively small.
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5. Conclusions

SLEs were solved so as to simulate 1D and 2D FT-EPR spectra
containing radical pairs as well as their dissociated free radicals
polarized by the ST0 mixing RPM.

Through the simulation calculations of delay time dependence
and the EPR line shape of 1D FT-EPR spectra, an adequate diffusion
coefficient and a reaction rate from the triplet precursor were
determined. The simulated 1D FT-EPR spectra showed good agree-
ment with the experimental ones.

Next, tried were simulations of delay time dependences of the
ST0 mixing RPM CIDEP of the free radicals. The rising and decay
of the signals were well demonstrated, and in the very early stage
the rising of the RPM CIDEP showed appreciable deviation from
exponential behavior.

Finally, the author succeeded in the simulation of the 2D FT-EPR
nutation spectra with and without radical pairs by a single SLE. The
experimentally observed significant DC nutation frequencies were
also simulated and the existence was ascribed to be due to the spin
relaxation effects during the microwave excitation pulse. The line
width along the nutation axes were also simulated straightfor-
wardly by use of the super operators of the diffusion and phenom-
enological relaxation.
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