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Abstract

The influence of diffusional kinetics of geminate recombination of radical ion pairs on the shape of MAgnetic field
dependence of Reaction Yield (MARY) spectra in weak magnetic fields is analysed in some detail. It is shown that the
low-field line is not Lorentzian and has broader wings and a sharper peak. The deviation from the Lorentzian shape is
most clear when the times of spin relaxation and chemical transformation of radical ions are much longer than the
characteristic time scale of the geminate recombination. Under this condition, the full width at half magnitude is related
primarily to the recombination time, whereas the width between the points of maximum slopes is determined by spin
relaxation and chemical decay. The low-field MARY line was analysed for the pairs (n-alkane)*/C¢F, . It was found
that the line shape is indeed not Lorentzian, and is well described by the suggested theory. © 2000 Elsevier Science

B.V. All rights reserved.

1. Introduction

Magnetic field dependence of the reaction yield
(MARY spectrum) in the recombination of long-
lived spin-correlated radical pairs often demon-
strates sharp features (lines) in the vicinity of zero
field [1-12] and in characteristic fields of the order
of hyperfine couplings within the pair [8-12],
where the spin terms are degenerate. It has also
been suggested that a similar effect may appear in
high magnetic fields for radicals with nonequal g-
factors [13]. The feature in low fields has an ex-
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tremum at zero magnetic field and, to make it look
like a line, magnetic field is often swept through
zero, going from “negative” to “positive” values,
and the resulting line is often referred to as the
“Zero field line”. Its width depends on the lifetime
of the coherent spin state of the pair, which is
determined by spin relaxation and chemical
transformations of the radical partners [14]. The
line is usually observed on the background of the
ordinary magnetic field effect coming from the
interplay of Zeeman and hyperfine interactions
within the radical pair [15]. If the line width is
small compared to the average hyperfine coupling
in the radical pair (approximation of the “isolat-
ed” line) and recombination kinetics of the pair is
exponential, then the shape of the line is Lo-
rentzian and the lifetime of the spin correlated pair
can be easily extracted from the line width. Such
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an approach was recently used to estimate chemi-
cal stability of solvent radical cations (holes) in
liquid r-alkanes [16].

However, there is some evidence that in low
fields, the shape of MARY line may differ from the
Lorentzian one [11]. A possible reason for such a
deviation is the diffusional character of recombi-
nation kinetics in liquid solution, which results in
nonexponential distribution of recombination
times of radical pairs.

In this paper, we analyse the influence of the
recombination kinetics on the shape of MARY
line. Without any loss of generality, it is assumed
that the MARY spectra are recorded by sampling
the delayed fluorescence from radical ion pairs
initially formed in a singlet state.

2. Theory
2.1. Magnetic field effect

Magnetic field effect (MARY spectrum) F(H) is
the dependence of the quantum yield of the de-
layed fluorescence from the singlet state of the
radical ion pair on the magnetic field A and for the
spin-independent recombination is given by

P [ " pesOf (1)t
= [ sBwe s (1)

Here pss(?) is the population of the singlet state of
the radical ion pair at a given time ¢. Function f{7)
is the lifetime distribution of the geminate radical
ion pairs. The singlet state population is deter-
mined by the spin dynamics p(7) and by the ir-
reversible  processes, such as  chemical
transformations of the constituent radical ions and
their spin relaxation. In the case when the rate of
chemical decay is also spin-independent (the only
case considered in this article), it may be ac-
counted for using a multiplicative factor e /7,
where 7T is the natural lifetime of radical ions. Spin
relaxation within radicals can be accounted for in
a similar way. As a reasonable approximation, a
single relaxation time can be used since the pair

partners make an additive contribution to the spin
coherence decay [17] and T, and T, are approxi-
mately equal in the vicinity of zero magnetic field.

2.2. Spin evolution of geminate radical ion pairs

Spin evolution of a radical ion pair depends on
the configuration of magnetic nuclei in radical
ions. Consider a pair in which one of the radicals
has no magnetic nuclei while the other has n
equivalent spin-1/2 nuclei, the g-factors of both
radicals being equal. Dividing the pairs into su-
bensembles with total nuclear spin 7, the problem
can be reduced to the description of a pair having
one spin-/ nucleus, and the spin evolution may be
found by subsequent averaging over the distribu-
tion of the possible values of 1. Therefore, we will
examine a single nucleus pair, for which [15]:
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= gﬁH/ha (4)

where g is the g-factor of radical ions, f5 is the Bohr
magneton, H is the external magnetic field and a is
the hyperfine coupling constant (in the frequency
units). The sum in Eq. (2) runs over all possible
values of nuclear spin projection m.

Substituting Eq. (2) into Eq. (1) gives the field
dependence F(H) of the singlet product yield for a
radical ion pair with a given nuclear spin /. Let us
examine the isolated line centered at zero magnetic
field. Spin dynamics corresponding to this line can
be extracted from Eq. (2) by taking the limit
a — oo. It is then assumed that integration over
time nullifies all the terms oscillating with fre-
quencies depending on a.
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In this approximation, Eq. (2) yields two oscil-
lating terms

1
w(f) =———= 81T+ 1)+3+ (2 +3)(I +1
R0 g (M D3 @)
21
xcosﬁwﬂr[(ﬂ—l)
xcosz(1+1) ¢
a+1 S
(5)
For/=1/2
1/3 ot
pss(t) = 1 <2+ cos 2) (6)
while for / — oo
pss(t) =12 + cos wr). (7)

The only important difference between Egs. (6)
and (7) is the factor of two in the frequency of spin
nutation in a given magnetic field. This means that
the low-field MARY line for / — oo is two times
narrower than the line for 7 = 1/2.

2.3. Lifetime distribution function f(t)

Distribution f(¢#) of recombination lifetimes
depends on the initial distribution of the radical
ion partners, their diffusional mobility, the solvent
polarity, etc. Let us investigate how the shape of
the low-field MARY line depends on f(#). To
check this we examine the following functions:

fi() = \/% — Jexp (M) erfe(Var), (8a)
70 = ewn (5, ) (8b)
f3 (t) — 1 # (8C)

2 (1+ )

where erfc(x) is the complementary probability
integral. Fig. 1 shows a plot of the dimensionless
distributions (1/4)f;(¢) (i = 1,2, 3) with respect to
dimensionless parameter Az.

The common feature of all these distributions is
their asymptotic behaviour f(¢) ~ %2 for longer

PN

Fig. 1. Model distribution functions over recombination life-
times of radical ion pairs used for calculations (see Eqgs. (8)).
The plot shows dimensionless distributions (1/1)f;(¢)
(i=1,2,3) versus dimensionless parameter At for 1 — fi(¢),

2 — f>(¢) and 3 - f3(¢).

times that corresponds to the diffusional motion of
radical ions separated by a large distance. Func-
tion fi(r) was suggested [18] to simulate recombi-
nation of e /(alkane)™ pairs in irradiated alkanes.
This will be examined in more detail. Two other
functions were chosen to modify the short-time
behaviour. While the first function diverges as ¢!/
at t — 0, the second tends to zero, and the third
monotonously reaches a finite nonzero value.

2.4. The shape of the low field line

Substituting Eq. (5) into Eq. (1) gives the
magnetic field effect curves F;(w) in the vicinity of
the zero field for different distribution functions
fi(t)(i =1,2,3) over lifetimes of radical ion pairs.
Subtracting from the curve the field independent
term one can represent the final result as follows:

O8I+ 1) +3

ni(w) = F(w) 6011 1) L;(0)
21
T {(21+3)(1+ 1)L,~<—21+ 1(0),
2 - 1)L,<22(§Ii)w>},
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where
Li(v) = /OOC cos (vt)exp —%)f,-(t) dt. (10)

Function #,(w) which satisfies the condition
lim #,(w) =0 (11)

w—+00

describes the shape of the line.
Using distributions (8) one obtains from Eq.

(10)
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In the forthcoming discussion, we will refer to
L,(v)(i =1,2,3) when talking about the shape of
the spectral line.

Let us first investigate the behaviour of these
functions for 7' — oo, when the line shape is de-
termined by geminate recombination only. From
Egs. (12a)—(12¢) at T — oo one obtains

Ll(v)=1i;_§<1— %(1—'%')) (13a)
Ly(v) = cos( 2|;|> exp( 2|/1V|>, (13b)

(12¢)

Ly(v)=1- |} Refexp( i |)erfc< %)

(13c¢)

Fig. 2 shows plots of functions L;(v), given by
Egs. (13a)—(13c). One can see that the functions
differ substantially from Lorentzian curves. A
common feature is an infinite value of the first
derivative at v = 0 (Fig. 3), which is due to the fact
that f;(t) ~ ¢3/2. In this case (T — oo) the line
width between the points of maximum slopes
(peak-to-peak line width, Avpp) cannot be found.
Still, the line may be characterized by its full width
at half magnitude (fwhm), Av,»; e.g., for L;(v)

AVI/Z =24 (14)

As for the spectral wmgs (v > 2), for distribu-
tion (8a) L;(v ) |v| decays slower than the
Lorentzian contour |v| >, for distribution (8b) —
much faster, Ly(v )‘.Nooexp(—\/2|v|//l), and for

distribution (8c) — as fast as the Lorentzian con-
tour.

The situation changes if a long (7 > 27'), but
finite time 7 is taken into account. In this case, the

vir

Fig. 2. Low-field MARY lines for different lifetime distribution
functions (1 — f1(¢), 2 — f2(¢) and 3 — f3(¢)) when 1/T= 0.
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-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
vir
Fig. 3. First derivative of L;(v) when 1/T= 0. Peak-to-peak

width cannot be found since the first derivative is infinite in the
vicinity of v= 0.

first derivatives of L;(v) are closer to the Lorentz-
ian. Figs. 4 and 5 show plots of function Z,(v) and
its first derivative for several values of AT It is now
possible to determine the peak-to-peak width of
L;(v). Analytical expressions can be easily derived
when A7 > 1 and vT ~ 1

Li(v) =1 —\/;_\/1+\/1+VZT2,

2.T

2
L)~ 1=\ 1+ VT +0T, (15)
Li(v) ~ 1 - ,/%\/1 +V/1+212,

which gives

AVPP = % . (16)
T

A remarkable feature of this formula is the fact
that in this limiting case, the peak-to-peak width of
the line is determined solely by the time 7 but not
by the rate of the geminate recombination A. Note
that this width is three times the width of the
equivalent Lorentzian contour corresponding to
the decay time 7,

T T T T T )
-300 -200 -100 O 100 200 300

vT

Fig. 4. Low-field MARY line L, (v) for different values of AT: 1
- AT=100,2-2T=10,3-4iT=1,4-2T=0.1.

Fig. 5. First derivative of L,(v) for different values of AT:
1-AT=100,2-2T=10,3 - AT=1,4 - AT =0.1.

Avk, =— —. 17
PP \/3~ T ( )
In other words, the geminate recombination

does not contribute to the peak-to-peak width of
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the low-field MARY line. It only scales (in the
limit A7 > 1 by the factor of three) the line width
that is determined by chemical transformations
and spin relaxation. The specific value of the
scaling factor is determined by the asymptotic
behaviour of the model functions f;(f) oc /2 in
the limit # — co. For a more general asymptotic
law f(¢) oc t/2, for 4 > n > 2, the following ex-
pression holds true:

AVpp T
= 1
AL, \/§tg6 — (18)

giving Avpp/Avk, = 3 for n = 3.

It is necessary to note that the peak-to-peak
width Avpp is considerably smaller than Av;, (see
Eq. (14)): at AT > 1, the points of maximum slope
are located in the narrow region of the spectrum
peak (see Fig. 4), i.e. in the vicinity of the fre-
quencies satisfying the condition v7 ~ 1 where
expansions (15) are valid. Qualitatively, the spec-
tral features in the vicinity of the peak (where
vI <« 1) are determined by the long-time behav-
iour of f1,5(¢), which is the same for all the dis-
tributions.

In the opposite limit, 17 <« 1,

L) ~ WT (L+ v1+vr?)

2 1w (19)
2
Ly(v) ~ exp ( — ﬁ) ~ 0, (19b)
)LT

Although in this case the width of the spectrum
line is determined by the exponential decay, the
shape of Li(v) and L,(v) differs from the Lo-
rentzian. For L;(v), the full width at half magni-
tude and the peak-to-peak width are

Avi, ~5.09/T and Avpp ~ 1.45/T, (20)

respectively, while for a Lorentzian contour de-
termined only by the exponential decay

AVi, =2/T and  Avgp = 1.15/T. (21)

The deviation from the Lorentzian shape is as-
sociated with the divergence of the distribution
fi(¢) at t — co. The absence of such a divergence
for the distribution f3(¢) results in the Lorentzian
shape of the spectral line L;(v). For a more general
asymptotic behaviour f(¢) o< % in the limit  — 0
the following expression holds true:

AVpp T
AL~ ﬁtgm, k<1. (22)

Eq. (22) gives the ratio of widths equal to 1 and
1.26 for k =0 and k = 1/2, respectively, which is
in agreement with Eqgs. (20) and (21). Exponential
vanishing of the distribution f,(¢) at t — 0 leads to
the very low intensity of L,(v).

The dependencies of the ratio Avep/Avgp vs. AT
are shown in Fig. 6. It is seen that the curves co-
incide at high values of A7. On the contrary, for
small values of this parameter, the ratios
Avpp/Av5, differ for various pair recombination
functions because of their different short-time be-
haviour.

The largest deviation of the lineshape from the
Lorentzian can be seen in the second derivative of

AVpp AV,

AT B EETTTY! B TTTY R | i J

0.01 0.1 1 10 100 1000

AT

Fig. 6. Plot of the ratio Avpp/Avk, of the peak-to-peak line
width to the peak-to-peak line width of the purely Lorentzian
contour vs. AT for different lifetime distribution functions: 1 —
for £1(¢), 2 — for f3(¢), 3 — for f3(¢).
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vT
Fig. 7. Second derivatives of L, (v) for different values of AT: 1 —

AT=100,2—-AT=10,3-AT=1,4—- AT =0.1. For convenience,
the curves are shifted vertically.

L;(v) (Fig. 7). Consider the ratio R of the absolute
minimum and maximum of the second derivative.
For a Lorentzian line, this ratio is equal to 4. In
Fig. 8 the ratio R is plotted as a function of AT.
Fig. 9 shows the plot of the ratio Avep/Avkp vs. R.
These two plots allow one to determine the two
parameters of the model, the decay rate 1/7 and
the rate 4 of the geminate recombination kinetics,
from the experimentally determined values of R
and Avpp. At large R values, this method is not
sensitive to the form of the pair recombination
kinetics.

3. Experimental evidence for non-Lorentzian shape

To find out how large the deviation is from the
Lorentzian contour in a real system, we have
analysed the shape of the MARY line in low
magnetic fields recorded [15] for the pairs RH™"/
C¢Fy in irradiated linear alkanes, RH. In these
pairs, the hyperfine coupling constant 4(6F) =135
G in the radical anion is fairly large, whereas the
couplings in RH™is believed to be averaged out by
charge exchange with the solvent molecules.

18-
16>
14-
12-

10

O_ | el Ll sl sl
0.01 0.1 1 10 100 1000

AT
Fig. 8. Absolute value of the ratio R of minimum and maxi-

mum on the second derivative vs. AT for different pair lifetime
distribution functions: 1 — for f(z), 2 — for f>(¢), 3 — for f3(¢).

25F

20

AVpp/Avy,

151

1.0

| I
0 2 4 6

L PR U I R
8 10 12 14 16 18 20

R

Fig. 9. Plot of the ratio Avpp/Avi, vs. R for different pair
lifetime distribution functions: 1 — for fi(¢), 2 — for f5(¢), 3 — for

S0

Our examination shows that the wings of the
low-field lines, recorded as the first derivative using
field modulation technique, decay slower as com-
pared to the Lorentzian line. The deviation from
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the Lorentzian is more apparent when the spec-
trum is presented as the second derivative and the
ratio R is measured.

The ratios R for Cg, Cyy, C;» and Cy4 n-alkanes
are listed in Table 1. The R values were obtained in
two different ways: by approximation of the first
derivative fragments by a cubic polynom with the
subsequent determination of maximum slopes, and
by smoothing of the first derivative as described in
Ref. [19] with the subsequent differentiation of the
smoothed curves. In some cases, the lines were
directly recorded at the second harmonic of the
reference frequency. The results obtained in dif-
ferent ways agree within £0.5.

In all of these pairs the ratio R significantly
exceeds the value Ry =4 that corresponds to the
Lorentzian line. In principle, the shape of the line
can be affected by the multifrequency of spin dy-
namics for the pair with six spin-1/2 nuclei (see Eq.
(5)) and the violation of the “isolated line” con-
dition. The former factor tends to increase R.
However, our estimates show that it cannot pro-
vide the observed values of R=6-7. As computer
simulations show, the latter factor, on the con-
trary, decreases the ratio R. Thus, the observed
high values of R=6-7 must be due to nonexpo-
nential kinetics.

Fig. 10 shows an example of describing an ob-
served low-field MARY line by the presented

Table 1

The ratio R of the extrema on the second derivative of the low-
field MARY lines for (n-alkane)™/(hexafluorobenzene)™ pairs in
X-ray-irradiated alkane solutions of 1.2 x 107> M hexafluoro-
benzene at room temperature

Alkane n AH,, R R®
[15]

CsHis 0.54 25 6.5 7.6

CioHx» 0.92 15 6.3 6.2

CixHyg 1.35 12 5.8 6.2

CiHsy 3.34 7 7.4 6.5

n is the viscosity of the alkane at room temperature, cP; AHpp is
the width of the low-field MARY line measured between the
points of maximum slope (extrapolated to zero concentration of
hexafluobenzene, see Ref. [15]), G.

#The ratio obtained by polynomial approximation.

®The ratio obtained by smoothing and subsequent differentia-
tion (see text for details).

theory. The figure gives the experimental line for
0.012 M solution of hexafluorobenzene in decane
at room temperature. The observed peak-to-peak
width of the line AHpp is approximately 19 G, and
the ratio R equals approximately 6.25 (Table 1).
For the function f3(¢) from Fig. 9, we obtain
Avpp/Avi, = 1.8 which gives Avy, = 10.6 G and
T = 6.2 ns. From Fig. 8, we obtain AT = 2, giving
2= 3.2 x 108 s7!. The smooth solid curves in Fig.
10 show the first and second derivatives of the line
calculated for the function f3(¢) using the found
values of 1 and T. The agreement between the
observed and calculated lines is very satisfactory.
The dashed curves show how a Lorentzian line
with the same time 7 = 6.2 ns looks like. Appar-
ently, the actually observed line is wider, and its
wings fall off less rapidly than for the Lorentzian
one. And as has already been stated, the observed
line cannot be described by just varying the width
of the Lorentzian contour.

-60 -40 -20 0 20 40 60
H, G

Fig. 10. Low-field MARY line for 1.2 x 102 M solution of
CsF¢ in decane recorded as a first derivative (top) and the result
of its numerical differentiation (bottom). The smooth solid
curves show simulation for function f;. The dashed curves show
the Lorentzian contour calculated for the same value of pa-
rameter 7 that was used for simulation (refer to text for details).
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Similar calculations for functions fi(¢) and f3(¢)
give the second derivatives curves that are virtually
identical to the calculated curve from Fig. 10. The
curves for the first derivatives differ a little bit at
the wings of the line, which fall off slightly steeply
for f>(¢) and slightly less rapidly for f;(¢), but this
difference is well within the limits of the noise level
of the experimental line. We can conclude that
under our conditions, the shape of the line is not
sensitive to the choice of model functions and is
mostly determined by their long-time behaviour.

The values of R do not change within the limits
of experimental accuracy for holes of different
alkanes. This result seems to contradict the ob-
served trends in the line width which indicate a
systematic increase of the lifetime 7" of the spin-
correlated pairs RH*/Cg¢F, with the carbon num-
ber of the alkane RH. However, it must be taken
into account that the parameter 4 decreases with
the lengthening of the carbon chain due to increase
in viscosity. Probably, these two trends compen-
sate each other and the value 27" does not change
much from one alkane to another.

4. Conclusions

Our examination shows that nonexponential
character of the geminate pair recombination can
lead to non-Lorentzian shape of low-field MARY
line. The deviation from the Lorentzian shape is
most clear when the times of spin relaxation and
chemical decay are much longer than the charac-
teristic time of the geminate recombination. In this
case, the line shape is determined primarily by the
long-time behaviour of the recombination kinetics
and is less sensitive to its behaviour at short times.
As compared to the Lorentzian spectrum, the low-
field MARY line has broader wings and a sharper
peak so that its fwhm is much larger than the
peak-to-peak separation. We found that the fwhm
is primarily related to the characteristic recombi-
nation time, while the peak-to-peak distance re-
flects the times of spin relaxation and chemical
decay. In this case, the contribution of the decay
processes to the width between the points of
maximum slope noticeably (up to three times in
the limit of slow decay) exceeds that for the ex-

ponential kinetics. The analysis of experimental
spectra for the pairs (n-alkane)™/(hexafluoroben-
zene)~ demonstrates that the shape of the low-field
MARY lines is indeed not Lorentzian and is well
described by the suggested theory.
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