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Abstract

A method for analysing EPR-time profiles of transient radicals in solution with unresolved hyperfine structure is proposed. It is

based on considering the magnetic field integral of the magnetization, i.e., the total EPR signal intensity, instead of single com-

ponents of overlapping EPR transitions. For a radical system involving chemical kinetics, chemically induced electron polarization

(CIDEP), and spin relaxation, an analytical solution is found for the evolution of the integral magnetization in the Laplace domain.

The solution in the time domain is given for the case of negligible saturation, i.e., x2
1T1T2 � 1. The formulae presented are suitable

to avoid equivocal multi-parameter fits when analysing the results of time-resolved continuous-wave EPR experiments for the

observables, which characterize the chemical kinetics, CIDEP, and electron spin relaxation of radical systems.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Studies of the dynamics of radical systems, subject to
chemical kinetics, chemically induced electron polar-

ization (CIDEP), and spin relaxation, usually employ

time-resolved EPR (TREPR) measurements after pulse

radiolytic or flash photolytic radical generation [1,2]. The

EPR signal amplitude in dependence on time then con-

tains all information about the chemical kinetics and spin

dynamics of the system and, therefore, is determined by a

variety of parameters (reaction rate constants, electron
spin polarizations, and relaxation times T1, T2, etc.),

which are all more or less unknown. If continuous-wave

TREPR is employed, the EPR-time profiles are com-

monly analysed in terms of extended Bloch equations [3–

5], using the possibility to determine the spin dynamics

separately from the chemical kinetics by analysing the

Torrey oscillations at high incident microwave powers

[6]. This approach avoids equivocal multi-parameter fits
and has proven its efficiency in a variety of investigations
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[6–9]. However, this approach is only applicable for

radical systems possessing well-separated single EPR

transitions and fails for species, which exhibit unresolved
EPR spectra enveloping an unknown hyperfine struc-

ture. The latter is often the case, especially for radicals

with fast spin relaxation, where the EPR line width is

comparable or larger than the hyperfine splitting.

We run into this problem recently [10], when trying to

analyse CIDEP data from EPR-time profiles of thionine

radicals which, under our conditions, exhibited only one

broad EPR line enveloping the whole unknown hfi.
There it was found, that in the simplest case of a radical

system without chemical decay and large initial spin

polarization M0
Z � PeqR0 (R0: radical concentration, Peq:

Boltzmann polarization) the initial spin polarization and

its relaxation time can be rather well estimated from the

variation of the total intensity of the EPR spectrum in

the Laplace domain.

In this paper, we generalize that approach for radical
systems undergoing chemical decay kinetics and exhib-

iting CIDEP of any magnitude. To do so, the extended

Bloch equations for such a system are solved for the v-
magnetization and integrated over the full frequency

range. An analytical solution for the total EPR signal
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intensity is found in the Laplace domain for a radical
system subject to decay kinetics, CIDEP, and spin re-

laxation. A time domain solution is obtained under the

condition x2
1T1T2 � 1, i.e., if saturation is negligible.

Thus, the final formulae describe the dependence of the

integral electron spin magnetization on time t and/or

the Laplace transformation parameter s. They are to be

fitted in the time or Laplace domain, respectively, to

the total experimentally observed signal intensity, i.e.,
the EPR-time profiles numerically integrated over the

magnetic field.
2. Theory

We consider a system of reacting radicals in solution

possessing an EPR spectrum, which is a superposition of
several overlapping hyperfine components, each of them

being describable by a set of extended Bloch equations

[7]:

_u ¼ � u
T2

� Dx � vþ F ex
1 ðtÞ;

_v ¼ Dx � u� v
T2

þ x1MZ þ F ex
2 ðtÞ;

_MZ ¼ �x1 � v�
MZ

T1
þ FzðtÞ þ F ex

3 ðtÞ;

ð1Þ

where

FzðtÞ ¼
1

T1
PeqRðtÞ þ 2ktR2ðtÞPF Peq; ð2Þ

u and v represent the perpendicular magnetization in the

rotating frame, Dx is the offset from resonance, x1 the

microwave field amplitude, RðtÞ the radical concentra-

tion, PeqRðtÞ the equilibrium z-magnetization, and T1;2
are the electron spin relaxation times. F ex

1 , F ex
2 , and F ex

3

describe the Heisenberg spin exchange between the
radicals. The second order term in FzðtÞ accounts for the
production of F-pair polarization in radical collisions

due to the radical pair mechanism (RPM). FzðtÞ can be

modified for each particular radical system by including

the specific terms, which affect the z-magnetization of

that system. The initial conditions for the equations are

taken as uð0Þ ¼ vð0Þ ¼ 0, Mzð0Þ ¼ M0
z , the initial z-

magnetization generated instantaneously at t ¼ 0.
In our case, the terms F ex

1 , F ex
2 , and F ex

3 in Eq. (1) can

be omitted, because we are interested only in the total

electron spin magnetization, which is not affected by

Heisenberg spin exchange. Thus, the Laplace transfor-

mation reads:

s~u ¼ � ~u
T2

� Dx � ~v

s~v ¼ Dx � ~u� ~v
T2

þ x1
~MZ

s ~MZ ¼ �x1 � ~v�
~MZ

T1
þM0

Z þ ~Fz

ð3Þ
with the solution for ~v:

~vðs;DxÞ ¼ x1T1ðM0
z þ ~FzÞ

ð1þ sT1Þ � sþ T�1
2 þ Dx2

sþT�1
2

þ x2
1

sþT�1
1

h i : ð4Þ

The signal Sðt;DxÞ monitored in continuous-wave

TREPR is proportional to vðt;DxÞ convoluted with the

response function of the spectrometer fRðtÞ
Sðt;DxÞ ¼ w � C � fRðtÞ � vðt;DxÞ; ð5Þ
where w is the weight of the hyperfine component and C
the sensitivity factor of the spectrometer. Assuming an

exponential response function with response time sR

t < 0 : fRðtÞ ¼ 0

tP 0 : fRðtÞ ¼ 1
sR

expð� t
sR
Þ

�
; ð6Þ

the Laplace transform of the response function is
~fRðsÞ ¼ ð1þ ssRÞ�1

and, hence, Laplace transformation

of Eq. (5) into ~Sðs;DxÞ ¼ w � C � ~fRðsÞ � ~vðs;DxÞ leads to

~Sðs;DxÞ ¼ w � C � x1T1ðM0
z þ ~FzÞ

ð1þ ssRÞð1þ sT1Þ � sþ T�1
2 þ Dx2

sþT�1
2

þ x2
1

sþT�1
1

h i :
ð7Þ

Assuming equal relaxation times T1;2 for all hyperfine

components, integration of ~Sðs;DxÞ over the whole

frequency range �1 < Dx < 1 of the spectrum then

results in the total EPR signal intensity

~IðsÞ ¼ Cpx1T1ðM0
z þ ~FzÞ

ð1þ ssRÞð1þ sT1Þ
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

1þ T1T2x2
1

ð1þsT1Þð1þsT2Þ

vuut : ð8Þ

If saturation is negligible, i.e., under the conditions

x2
1T1T2 � 1, the solution can be approximated by

~IðsÞ ¼ Cpx1T1ðM0
z þ ~FzÞ

ð1þ ssRÞð1þ sT1Þ
: ð9Þ

For this case, the inverse Laplace transformation gives

an elegant solution in the time domain, namely

IðtÞ ¼ Cpx1

1� sR
T1

M0
z e

� t
T1

�h
� e

� t
sR

�
þ FzðtÞ
�

� e
� t

T1

�
� e

� t
sR

��i
for T1 6¼ sR; ð10Þ

where the second term on the right-hand side involves

all parameters of the radical system because of the

convolution integral of the exponential functions with

FzðtÞ.
2.1. Limit of fast relaxation

If the radical decay is slow and the electron spin re-

laxation sufficiently fast (T�1
1 , T�1

2 � 2ktR0) to consider

the radical concentration as being approximately

constant, RðtÞ � R0, during the relaxation process, the

solution can be further simplified by neglecting in
Eqs. (1) and (2) the second order term in the radical
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concentration, i.e., FzðtÞ � T�1
1 PeqR0. The solution (10)

in the time domain for the case x2
1T1T2 � 1 then be-

comes

IðtÞ ¼ Cpx1

1� sR
T1

M0
z

�
� PeqR0

�
e
� t

T1

�
� e

� t
sR

�

þ Cpx1PeqR0 1
�

� e
� t

sR

�
: ð11Þ

This is a generalization of the formula presented previ-

ously for the Laplace domain [10].
Fig. 1. (A) On-resonance time profiles of an EPR amplitude

Sðt;Dx ¼ 0Þ calculated numerically from extended Bloch equations,

written for radicals produced instantaneously in solution and decaying

via recombination (see Section 3). Parameters used: T1 ¼ 5�10�7 s,

R0 ¼ 10�4M, kt ¼ 5�109M�1 s�1, sR ¼ 10�7 s as well as: (—) T2 ¼ 2�
10�7 s, x1 ¼ 0:5�106 s�1; (� � �) T2 ¼ 5�10�7 s, x1 ¼ 0:5�106 s�1; (- --)

T2 ¼ 2�10�7 s, x1 ¼ 5�106 s�1; and (-�-) T2 ¼ 5�10�7 s, x1 ¼ 5�
106 s�1. (B) Time profiles of the total EPR signal intensity IðtÞ calcu-
lated numerically with the same parameters as in (A). Initial conditions

for both cases were uð0Þ¼ vð0Þ¼ 0 and Mzð0Þ¼�3PeqR0.
3. Discussion

As an example, we consider a chemical system con-

sisting of only one sort of radicals, which have been

generated instantaneously in low viscous solution by

e.g., pulse radiolysis or laser flash photolysis. The radi-

cals may possess an initial net polarization due to the

triplet mechanism, which can be accounted for by the

initial condition M0
z in the Bloch equations (Eq. (1)). S–

T0 mixing in geminate and free diffusional radical pairs
will produce a pure multiplet type polarization which

does not affect the intensity of the total EPR spectrum,

as it cancels in the integration over the magnetic field.

Therefore, as long as there is no noticeable S–T� mixing

(what is true in most cases), radical collisions do not

lead to the formation of net polarization and so the

second term on the right hand side of Eq. (2) can be set

zero, i.e., FzðtÞ ¼ T�1
1 PeqRðtÞ. Assuming that the radicals

decay by self-termination, the concentration RðtÞ is de-

scribed by RðtÞ ¼ R0=ð1þ 2ktR0tÞ. With

~R ¼ � 1

2kt
exp

s
2ktR0

� �
Ei
�
� s
2ktR0

�
; ð12Þ

where EiðxÞ ¼
R x
�1

et

t dt, we can rewrite the formulae (8)–
(10) in a parametric form as

~IðsÞ ¼ AT1 � Bs0 expðss0ÞEið�ss0Þ
ð1þ ssRÞð1þ sT1Þ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

1þ T1T2x2
1

ð1þsT1Þð1þsT2Þ

vuut ;

ð13Þ
which for x2

1T1T2 � 1 becomes

~IðsÞ ¼ AT1 � Bs0 expðss0ÞEið�ss0Þ
ð1þ ssRÞð1þ sT1Þ

ð14Þ

with the time domain solution

IðtÞ ¼ 1

1� sR
T1

A e
� t

T1

�"
� e

� t
sR

�
þ B
T1

1

� 
þ t
s0

��1

� e
� t

T1

�
� e

� t
sR

�!#
; ð15Þ

where A ¼ Cpx1M0
z , B ¼ Cpx1PeqR0, and s0 ¼ ð2ktR0Þ�1

.

It is seen that Eq. (13) has five parameters A, B, T1, T2,
and s0, which depend on the radical system, whereas Eq.
(14) and its time domain transform (15) have only four
ones, A, B, T1, and s0. It is noteworthy, that for negli-

gible saturation, x2
1T1T2 � 1, the time profile of the in-

tegrated EPR signal becomes independent of the value

of T2, what is clearly not the case for on-resonance time

profiles [11], as is demonstrated in Fig. 1. Fig. 2 gives the

Laplace transforms ~IðsÞ corresponding to the time de-

pendent intensities IðtÞ in Fig. 1B.

Several different series of experiments should be car-
ried out to obtain the parameters via a fitting procedure

of the above formulae to the experimental TREPR data.

It is always advisable first to minimize the number of

free variable parameters by applying low microwave

field amplitudes x1 to come into the range x2
1T1T2 � 1,

where the influence of T2 on the integrated EPR-time

profiles is minor. It is also recommendable to perform



Fig. 2. Laplace transforms ~IðsÞ of the time profiles presented in Fig.

1B.

Fig. 3. 1:2:1 Triplet TREPR spectrum numerically simulated with the

parameters: hfs a ¼ 4:4� 106 rad/s, sR ¼ 100 ns, T1 ¼ T2 ¼ 500ns,

x1 ¼ 0:5� 106 s�1, R0 ¼ 10�4 M, and kt ¼ 5� 109 M�1 s�1. Initial

condition were uð0Þ ¼ vð0Þ ¼ 0 and Mzð0Þ ¼ 5PeqR0. Sensitivity C was

chosen so that C � Peq ¼ 1.
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the experiments with different initial radical concentra-

tions R0 to vary the initial chemical life time of the

radicals s0 ¼ ð2ktR0Þ�1
in a predefined way.

If the relaxation is fast enough in comparison with

the radical decay (T�1
1 , T�1

2 � 2ktR0), it is possible to

separate completely the electron relaxation processes

from the chemical kinetics. In that case, the fast relax-

ation limit considered above is useful. Rewriting Eq. (11)

in parametric form we obtain

IðtÞ ¼ A� B
1� sR

T1

� e
� t

T1

�
� e

� t
sR

�
þ B� 1

�
� e

� t
sR

�
: ð16Þ

It is seen that Eq. (16) contains only three unknown

parameters, A, B, and T1. This solution is very easy to

use in practice and suitable to determine relaxation time
T1 and initial electron magnetization M0

z . Keeping the

condition x2
1T1T2 � 1 satisfied, one can obtain the val-

ues of M0
z and T1 by least square fitting of Eq. (16) with

only three variable parameters A, B, and T1 to the ex-

perimental time profile of the total EPR intensity. The

initial magnetization of the radicals M0
z is calculated

from the relation A=B ¼ M0
z =PeqR0 in units of the initial

equilibrium magnetization. If the sensitivity factor C of
the spectrometer is known, M0

z and R0 can be deter-

mined separately from the parameters A and B, respec-
tively. Afterwards, the more general formulae (13)–(15)

can be applied to analyse experimental data measured

under conditions, where T�1
1 , T�1

2 � 2ktR0, and

x2
1T1T2 � 1. This will then yield in addition the trans-

verse relaxation time T2 and the recombination rate

constant kt of the radicals.
We have performed two ‘‘virtual experiments’’ by

numerical simulations, to check the above equations and

to demonstrate their usefulness in the data analysis. We

have assumed radicals with two equivalent hyperfine

interacting spins 1/2 yielding an only partially resolved

EPR spectrum because of a ¼ 4:4� 106 rad/s (0.025mT)

and T2 ¼ T1 ¼ 500 ns. The radical system was further
assumed to be produced instantaneously at time zero
with an initial concentration of R0 ¼ 10�4 M and a po-

sitive initial net polarization M0
z ¼ 5PeqR0. The rate

constant for decay by radical termination was chosen as

kt ¼ 5� 109 M�1 s�1. Two TREPR spectra have been

calculated numerically from the Bloch equations, one

for low (1) and the other (2) for high microwave field

amplitude. Their integration over the microwave fre-

quency yields the total EPR intensity I1ðtÞ and I2ðtÞ,
respectively. Let us be interested in determining the

initial net polarization M0
z , the relaxation times T1, T2

and the radical decay rate constant kt of that radical

system. T1 and kt ¼ ð2s0R0Þ�1 can be obtained by first

using Eq. (15) to fit the EPR intensity I1ðtÞ of the un-

saturated spectrum 1. Then, keeping T1 and kt fixed, Eq.
(13) can be applied to estimate T2 by fitting the Laplace

transformed EPR intensity of the second spectrum 2,
simulated at partial saturation. The initial polarization

M0
z is obtainable from both fits in two ways, from the

parameter A as M0
z ðAÞ ¼ A=Cpx1PeqR0 and as

M0
z ðA;BÞ ¼ A=B (here M0

z is expressed in units of the

initial equilibrium magnetization PeqR0).

First, the unsaturated spectrum 1 is analysed, part of

which is plotted in Fig. 3. The spectrum has been

generated on the time scale from 0 to 20 ls with steps
of 10 ns and covers the microwave frequency range

x0 	 1:06� 108 rad/s (	0.6mT) with steps of 1.76�
106 rad/s (0.01mT). x0 ¼ 6� 1010 rad/s was chosen for

the position of the centre line and x1 ¼ 0:5� 106 s�1

(x2
1T1T2 � 0:06 � 1) for the microwave field amplitude.

A Gaussian distributed noise was added to the spectrum

so that the signal-to-noise ratio was equal to 25 at max-

imum signal amplitude. Then, the noisy spectrum was
numerically integrated over the frequency giving a time

profile of the total EPR intensity I1ðtÞ, which is plotted in

Fig. 4. Starting at approximately its maximum, I1ðtÞ was
fitted with Eq. (15) in the time interval from 250 ns to



Fig. 4. Time profile of the total EPR signal intensity I1ðtÞ (noisy trace),

obtained by numerical integration over the frequency of a noisy

(S=N ¼ 25) spectrum with the same parameters as in Fig. 3. Solid line

is its least squares fit with Eq. (15) (see text).

Fig. 5. (A) Time profile of the total EPR signal intensity I2ðtÞ, calcu-
lated numerically for high microwave field amplitude x1 ¼ 5� 106 s�1

(x2
1T1T2 � 6). The other parameters are the same as in Figs. 3 and 4.

(B) Laplace transform ~I2ðsÞ (open circles) of the time profile presented

in (A) and its Laplace domain least squares fit with Eq. (13) (see text).
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20 ls, using parameters A, B, T1, and s0 as variable pa-

rameters. The resulting optimal values of the parameters

and their 95%-confidence intervals became T1 ¼
486	 35 ns, kt ¼ ð5:29	 30Þ� 109 M�1 s�1, M0

z ðAÞ ¼
5:49	 0:14, and M0

z ðA;BÞ ¼ A=B ¼ 3:93	 1:2. The ‘‘dy-
namic’’ parameters T1 and kt are estimated with good

accuracy close to the exact values (T1 ¼ 500 ns,

kt ¼ 5� 109 M�1 s�1). However, the scale parameter M0
z

shows a considerable error, especially when estimated

from A=B. This is because the decay of the signal is more

sensitive to the dynamic parameters than to the scale

ones. If we keep T1 ¼ 486 ns and kt ¼ 5:29� 109 M�1 s�1

fixed and fit Eq. (15) to I1ðtÞ once again with only two free
parameters A and B, but over the full time domain from 0

to 20 ls, the optimal values becomeM0
z ðAÞ ¼ 5:09	 0:03

and M0
z ðA;BÞ ¼ 4:95	 0:09, much closer to the exact

value of 5. Such a separate determination of the dynamic

(T1, kt) and scale parameters (M0
z ) is advisable, because

the direct fit with four variable parameters over the whole

time scale from 0 to 20 ls leads to worse estimations of

some parameters: T1 ¼ 524	 26 ns, kt ¼ ð3:77	 1:00Þ�
109 M�1 s�1, M0

z ðAÞ ¼ 5:06	 0:04, and M0
z ðA;BÞ ¼

6:53	 1:3. This is because the parameters kt and B are

coupled. Thus, from the first ‘‘experiment’’ we have

determined T1 ¼ 486 ns and kt ¼ 5:29� 109 M�1 s�1 for

the longitudinal relaxation time and the decay rate con-

stant.

To find out the transverse relaxation time T2 we need
the time profile of the EPR intensity at high microwave
field amplitude. The spectrum 2 has been simulated with

x1 ¼ 5� 106 s�1 (x2
1T1T2 � 6) in the same way as 1, but

for a longer time scale from 0 to t0 ¼ 50 ls, to allow the

radicals to decay. In Fig. 5A the first 10 ls of the EPR

intensity I2ðtÞ is presented, obtained from integration of

spectrum 2 over the frequency. We have to make a nu-
merical Laplace transformation of it, to analyse it with

Eq. (13). The result is given in Fig. 5B. For each value of

s, the transform ~I2ðsÞ was obtained by numerical inte-

gration of the product I2ðtÞe�s�t over time from 0 to
50 ls. The scale for s was chosen so that 1/s varied from

0.25 to 10 ls with steps of 50 ns. It does not make sense

to use shorter values of 1/s, because the value of I2ðtÞe�s�t

would decay very fast and, therefore, would not be

sensitive to the original signal I2ðtÞ but to the noise at

early times. The upper value of 1/s was chosen much

longer than T1 ¼ T2 ¼ 0:5 ls and s0 ¼ ð2ktR0Þ�1 ¼ 1 ls.
It was limited to 10 ls to make sure that I2ðtÞe�s�t has
decayed sufficiently close to zero at time t0 ¼ 50 ls. The
resulting fit of Eq. (13) to ~I2ðsÞ in the Laplace domain is

depicted in Fig. 5B as solid line. It led to the optimum

values T2 ¼ 517 ns, M0
z ðAÞ ¼ 4:97, and M0

z ðA;BÞ ¼ 4:74.
The confidence intervals were very narrow but do not

indicate the real error of parameter estimates, because

the Laplace transform is a smoothed function. Thus,
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combining the two ‘‘experiments’’ we have found
the parameters T1 ¼ 486 ns, T2 ¼ 517 ns, kt ¼ 5:29�
109 M�1 s�1, and M0

z ¼ 4:94 as average of the four val-

ues obtained from the first and second experiment.

These estimates are rather close to the exact values

T1 ¼ T2 ¼ 500 ns, kt ¼ 5� 109 M�1 s�1, and M0
z ¼ 5,

what proves the correctness of the formulae and dem-

onstrates their usefulness in analysing TREPR data.

Finally, we have analysed the simulated EPR inten-
sity I1ðtÞ also by using Eq. (16) despite the fact that the

condition T�1
1 , T�1

2 � 2ktR0 for the fast relaxation limit

is not satisfied, as in our example s0 ¼ ð2ktR0Þ�1 ¼
2T1 ¼ 2T2. From the fit of Eq. (16) to I1ðtÞ in the time

interval from 250 ns to 2.5 ls, we obtained the parame-

ters T1 ¼ ð590	 15Þ ns, M0
z ðAÞ ¼ 5:09	 0:07, and

M0
z ðA;BÞ ¼ 16:4	 1:3. Though the fast relaxation limit

is not given, M0
z ðAÞ comes out surprisingly correct and

T1 is overestimated by only 20%. M0
z ðA;BÞ gives a

completely wrong estimate ofM0
z , because the parameter

B is coupled with the radical kinetics and is considerably

underestimated in the fast relaxation limit.

Recently, we have successfully applied relation (16) to

investigate the fast electron spin relaxation of some

benzoyl type radicals possessing unresolved EPR spectra

[12].

3.1. Accuracy of the approximations

3.1.1. Initial conditions

Initial conditions in integrating the Bloch equations

have been uð0Þ ¼ vð0Þ ¼ 0, Mzð0Þ ¼ M0
z . This is an ap-

proximation in so far as the process of generation of the

initial radical magnetization is actually not instanta-
neous but determined, for example, in flash photolysis

experiments by the duration of the laser pulse, as well as

the lifetime of the excited precursor state. Therefore, the

formulae given are good approximations only if

Ds � T1, T2, ð2ktR0Þ�1, where Ds is the characteristic

time of the initial generation of radical magnetization.

Otherwise, the radical generation process would have to

be included in a rate law for the radical concentration.

3.1.2. Criterion x2
1T1T2 � 1

This criterion defines the applicability of the formulae

(9)–(11) as well as (14)–(16). It seems to be sufficient to

work with microwave powers fulfilling the condition

x2
1T1T2 6 0:1 (vide infra).

3.1.3. Fast relaxation limit

(i) The limit is a good approximation when the rad-

ical concentration is about constant, RðtÞ � R0, during

the relaxation process. If the radicals decay by self-ter-

mination this means that 2ktR0t � 1 for all times t6 5T1,
as the relaxation will be essentially completed after 5T1.
This leads to the condition: T1 � ð10ktR0Þ�1. We tested

the accuracy of the approximation by fitting Eq. (16) to
time profiles of EPR line intensities, which were calcu-
lated numerically from the extended Bloch equations for

a system of equivalent radicals with decay by self-ter-

mination. The fitting yielded about 6% error in T1 and

15% error in the parameter A=B for traces calculated

with T1 ¼ ð50ktR0Þ�1, and deviations of about 3 and 10%

in T1 and A=B, respectively, for traces calculated with

T1 ¼ ð100ktR0Þ�1
.

(ii) Criterion x2
1T1T2 � 1. We have also calculated

from the Bloch equations exact time profiles of EPR line

intensities for a constant radical concentration and have

fitted Eq. (16) to them for different values of x2
1T1T2. For

x2
1T1T2 ¼ 0:1 we found deviations in T1 and A=B of 5

and 8%, respectively, which decreased to 3 and 5%, re-

spectively, when x2
1T1T2 ¼ 0:05.

(iii) Optimum fitting interval. The optimum fitting

interval for Eq. (16) was found to be T1=26 t6 5T1. In
this region, the fitting procedure with Eq. (16) should

yield the best results, because it is less sensitive to un-

certainties in the initial conditions and the radical ki-

netics on the early and later time scale, respectively.
4. Conclusion

Time-resolved continuous-wave EPR spectroscopy

can be used to investigate quantitatively chemical ki-

netics, electron spin relaxation, and initial net spin po-

larization of reactive radicals in solution also in cases,

where the transient species exhibit unresolved EPR

spectra enveloping an unknown hyperfine structure. In

those cases, the experimental EPR-time profiles can be
analysed without using equivocal multi-parameter fits

by considering the dependence on time of the total

intensity of the EPR spectrum. From several measure-

ments, partially under conditions of negligible satura-

tion and low initial radical concentrations, approximate

values for the electron spin relaxation times T1;2, the rate
constants of the chemical kinetics of the radicals, and

their initial net spin polarization can be determined,
which are accurate within a few percent.
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