
21 July 2000

Ž .Chemical Physics Letters 325 2000 106–114
www.elsevier.nlrlocatercplett

Manifestation of ion-molecular charge transfer in the kinetics of
microwave field effect on recombination fluorescence

V.A. Morozov a,), E.V. Gorelik a, N.N. Lukzen a, R.Z. Sagdeev a, S.V. Anishchik b

a International Tomography Center, NoÕosibirsk, Russian Federation
b Institute of Chemical Kinetics and Combustion, NoÕosibirsk, Russian Federation

Received 29 February 2000; in final form 30 May 2000

Abstract

The calculation of the electron spin evolution operator was performed in the presence of frequency migration over the
Žarbitrary hyperfine structure. The results obtained were used to analyze the transformation of OD mWFE optically detected

. Ž .microwave field effect kinetics with concentration on the system hexafluorobenzenerp-terphenylyd C F rPTPyd14 6 6 14

in n-dodecane. It was shown that only the account for the additional electron transfer reaction PTPydyqC F ™PTPy14 6 6

d qC Fy allows one to achieve a good agreement between the theoretical and experimental data. The rate constant of this14 6 6

process was estimated to be 1010 My1sy1. The theoretical approach developed can be also used to analyze magnetic and
spin effects in photochemically induced reactions of radical ions. q 2000 Published by Elsevier Science B.V.

1. Introduction

The radiofluorescence from the liquid hydrocar-
bon solutions is extensively used to study the spin

w xcorrelated processes in the radiation track 1 . The
effects of an external magnetic field and a resonant

w xmicrowave field 2–4 , as well as the effect of an
w xelectric field 5 on the recombination fluorescence

were previously studied experimentally. The initial
ionization and the subsequent reactions are as fol-

w xlows 3,6 :
g
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RqqD™RqDq , 2Ž .
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) Corresponding author. Fax: q7-3832-331339; e-mail:
moroz@tomo.ncs.ru

Rqqey
™R) , 4Ž .

Dqqey
™D)

™Dqhn , 5Ž .

RqqAy
™RqA)

™RqAqhn , 6Ž .

DqqAy
™DqA) D) qA ™DqAqhn . 7Ž . Ž .

Here R is the solute molecule, A and D are the
molecules of an electron and a hole acceptors, corre-
spondingly. In the above mentioned processes the

Ž q y. Ž q y. Ž q y.spin correlated pairs R re , R rA , D rA ,
Ž q y.D re are formed. The recombination in these
pairs gives rise to the corresponding excited
molecules. The spin multiplicity of an excited
molecule coincides with the one of a radical pair in
the recombination moment. The singlet excited
molecules give rise to the fluorescence while the
triplet ones relax in a nonradiative way.

The spin correlated radical ion pairs are formed in
the singlet spin state. Before the geminate recom-
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bination takes place the spin evolution in the radical
ion pairs occurs due to the hyperfine interaction
Ž .HFI between the unpaired electrons and the mag-
netic nuclei, and the interactions with the external
magnetic field and the resonant microwave field. The
electron spin relaxation leads to the lack of spin
correlation in the radical pair. It was established that
in the real radiation track the fraction of geminate
recombination is less then 100% due to the cross

w xrecombination processes 7–9 . The non-geminate
radical pairs are non-correlated, that is the reason for
their insensitivity towards the external magnetic field
and the microwave field. Due to the high mobility of
the free electron ey in comparison with an ion
mobility, the spin evolution of the geminate pairs
mostly takes place after the electron capture by the
acceptor A. Therefore the geminate recombination in
the time interval of tens of nanoseconds corresponds

Ž . Ž .to reactions 6 , 7 . The increase of A concentration
results not only in the acceleration of the free elec-

Ž .tron capture according to reaction 3 but also gives
rise to the ion molecular charge transfer reaction:

k0y yA qA™ AqA . 8Ž .
Ž .Reaction 8 leads to the fluctuation of the nuclear

spin configuration of Ay causing the HFI modula-
tion.

Ž .The ion molecular charge transfer 8 often ac-
companies radical ion reactions and can be studied
experimentally using a number of spin chemistry
methods: reaction yield detected magnetic resonance
Ž . w xRYDMR 10,11 , stimulated nuclear polarization
Ž . w xSNP 12 , photoconductivity detected magnetic res-

w xonance 13 , switched external magnetic field chemi-
Žcally induced dynamic nuclear polarization SEMF

. w xCIDNP 14 , etc.
In some particular cases the reaction scheme may

Ž . Ž .differ from 1 – 7 . Sometimes D molecules may
also serve as electron acceptors, while A molecules
as electron donors:

Dqey
™Dy , 9Ž .

AqRq
™AqqR . 10Ž .

Therefore the additional electron transfer reactions
w xare possible 15 :

AyqD™AqDy , 11Ž .
DyqA™DqAy . 12Ž .

The positive charge transfer reactions analogous to
Ž . Ž .11 , 12 can also take place. If the hyperfine struc-

Ž . y ytures HFS of A and D ion radicals are quite
Ž . Ž .different, reactions 11 , 12 may cause a significant

change in the spin dynamics of the recombining
radical ion pairs.

Recently a new technique of the optically detected
Ž .microwave field effect OD mWFE was developed

w x6 . This time-resolved method employs the depen-
dence of the recombination fluorescence intensity
Ž .I t on the resonant microwave pumping. The OD

mWFE technique is a further development of the
Ž .well known OD ESR optically detected ESR

w xmethod 11 . Within the latter the observable spec-
` Ž .trum is determined by the integral H I t d t. In this0

Letter the influence of the electron transfer processes
Ž . Ž . Ž .8 , 11 , 12 on the OD mWFE kinetics is theoreti-
cally considered. The results obtained are used to
analyze the transformation of the OD mWFE kinetics
for the solution of PTPyd and C F in n-dode-14 6 6

w xcane with the C F concentration 6 . First we con-6 6
Ž .sider the ion molecular charge transfer process 8 .

2. Calculation of the electron spin evolution oper-
ator in the presence of ion molecular charge
transfer

Let us denote the lifetime distribution of the
Ž .recombining radical ion pairs as f t , and the popu-

lation of the reactive singlet spin state of the radical
Ž .pair as r t . If the fluorescence time t is shortSS f

w xenough the following relation takes place 6 :

I t f f t r t , 13Ž . Ž . Ž . Ž .SS

Ž .where I t is the intensity of the recombination
fluorescence. When OD mWFE kinetics is studied

Ž .the function x t is introduced as follows to elimi-
Ž .nate the unknown function f t :

I t y I t r mw tŽ . Ž . Ž .mw off SS
x t s f y1 , 14Ž . Ž .offI t rŽ .off SS

here ‘mw’ and ‘off’ indices correspond to the pres-
ence and the absence of the resonant microwave

Ž .field. As far as r t s1r4sconst for the non-SS

geminate radical ion pairs one can get the following
Ž .expression for the r t :SS

1r t s 1yu quD t , 15Ž . Ž . Ž . Ž .SS SS4
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Ž .where u is the fraction of the geminate pairs u-1 ,
Ž .D t is the population of the singlet spin state inSS

Ž Ž . .the geminate radical pairs D ts0 s1 . TakingSS
Ž .into account 15 one can obtain the following ex-

Ž .pression for the x t :
mw offu D t yD tŽ . Ž .SS SS

x t s . 16Ž . Ž .1
off1yu quD tŽ . Ž .SS4

Having the radical pairs in the singlet spin state
initially, one can use the following expression for the

Ž . w xD t 16 :SS
T1 A Dˆ ˆD t s 1qTr U t U t , 17Ž . Ž . Ž . Ž .Ž .SS 4 ½ 5

ˆ A ˆ DŽ . Ž .where U t and U t are the evolution operators
Ž .real 3=3 matrices for the electron spin representa-

ˆ A ˆ DŽ Ž . Ž .tion vector n of the partners U ts0 sU ts0
ˆ ˆ .sE, where E is the identity matrix .

Ž .Expression 17 was obtained assuming that the
Žinter-radical spin–spin interactions e.g. exchange
.interaction, dipole–dipole interaction are negligible.

In the absence of ion molecular charge transfer
ˆ A ˆ DŽ . Ž .processes the evolution operators U t , U t can

be obtained using the Bloch equations for the magne-
w x Ž .tization vector 17 . The expressions for the D t inSS

w xthis case were obtained in 6 for the two limiting
cases, when the Larmor frequencies of the electron
spin precession of the partners approximately coin-
cide or essentially differ from each other. When the

Ž .ion molecular charge transfer 8 should be taken
into account, one has to employ the modified Bloch
equations.

Hereafter, we will consider the radical ensemble
in the presence of the external magnetic field H0

along the z direction and the circular polarized
resonant microwave field of amplitude H applied in1

the xy plane. The Larmor frequencies of the electron
spins are shifted by j from the resonance frequency
v s g bH r". The frequency shift distribution0 0

Ž . Ž ` Ž . .function w j H w j djs1 is determined byy`

the HFS of the radical. We will assume the external
magnetic field to be high enough to consider the

Ž .charge transfer process 8 as the frequency migra-
tion over the HFS of the radical. It is usually enough

< < < <to suppose that v 4 a , where a is the maxi-0 M M

mum over the HFI constants of the radical. The
electron spin representation vector of the radical
Ž . w Ž . x Ž Ž .n j ,t sTr r j ,t s r j ,t is the electron spinˆ ˆ ˆ

Ž .density matrix, ss s ,s ,s is the vector of theˆ ˆ ˆ ˆx y z
w x.Pauli matrices 18,16 obeys the following modified

w xBloch equations in the rotating frame 19 :
1

n j ,t sy Dvqj n j ,t y n j ,tŽ . Ž . Ž . Ž .˙ x y xT2

1
² :y n j ,t y n t ,Ž . Ž .x x

t 0

n j ,t s Dvqj n j ,tŽ . Ž . Ž .˙ y x

1
yv n j ,t y n j ,tŽ . Ž .1 z yT2

1
² :y n j ,t y n t ,Ž . Ž .y y

t 0

1
n j ,t sv n j ,t y n j ,tŽ . Ž . Ž .˙ z 1 y zT1

1
² :y n j ,t y n t . 18Ž . Ž . Ž .z z

t 0

Here

² :n t s n j ,t w j dj isx , y , z ; 19Ž . Ž . Ž . Ž . Ž .Hi i

Dvsv yv; v is the angular frequency of the0

microwave field; v sg bH r"; T , T are the elec-1 1 1 2

tron spin relaxation times that are assumed to be
independent of j ; t is the average time between0

the successive events of ion-molecular charge trans-
Ž . Ž .fer 8 . Eqs. 18 are in fact the well-known mag-

w xnetic resonance McConnell equations 20 .
Ž .In matrix form Eqs. 18 can be expressed as

follows:
dn j ,t 1Ž .

ˆ ² :sG j n j ,t q n t , 20Ž . Ž . Ž . Ž .
d t t 0

where

n a yD 0x

D a yvˆnns ; G j s ;1Ž .y � 0� 0 0 v bn 1z

1 1 1 1
asy q ; bsy q ;ž / ž /t T t T0 2 0 1

DsDvqj .
Ž .Applying the Laplace transformation n j ,s s˜

` Ž . ys t Ž .H n j ,t e d t to Eq. 20 , one can get:0

1y1ˆ ² :ns syG j n j ,0 q n . 21Ž . Ž . Ž .˜ ˜Ž .
t 0
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Ž .After averaging according to 19 and taking into
Ž . Ž .account that n j ,0 sn 0 , one obtains

1
ˆ ˆ² : ² :n syQn 0 y Q n , 22Ž . Ž .˜ ˜

t 0

where
y1ˆ ˆQs G j ys w j dj .Ž . Ž .H

Ž .The simple transformation of Eq. 22 gives the
following result:

y11
ˆ² :n st 1q Q y1 n 0 , 23Ž . Ž .˜ 0 ½ 5t 0

that determines the Laplace transform of the desired
ˆŽ .evolution operator U t ,

y11ˆ̃ ˆU s st 1q Q y1 . 24Ž . Ž .0 ½ 5t 0

ˆ̃Ž .During the U s calculation one has to perform the
ˆmatrix inversion operation twice: once during the Q

Ž .calculation, and the second time when formula 24
is used. Let us omit the cumbersome calculations and

ˆ̃Ž .give only the final result for U s :

xpqq2 yF y ypqzq yqyzxŽ .
I I0 02 2 2ypqzq xqv pyz yF y xqv qqzy1 1 1ˆ ž / ž /t tŨ s s , 250 0Ž . Ž .

F
I I0 02 2 2� 0yqyzx xqv qqzy xqv xqy yF1 1ž / ž /t t0 0

where

I02 2 2 2Fs xqv xpqq qpy q2 zqyyxz ;Ž .1ž /t 0

I0
xs1q ays bys ;Ž . Ž .

t 0

I I1 1
ys bys ; zsv ;Ž . 1

t t0 0

I 10 2qsv bys ; ps1q ays I q I .Ž . Ž .1 0 2
t t0 0

Here we introduced the following notations for the
spectral moments:

w j dj D j w j djŽ . Ž . Ž .
I s ; I s ;H H0 1A j A jŽ . Ž .

D2 j w j djŽ . Ž .
I s ,H2 A jŽ .

2 2Ž . Ž . Žwhere D j sDvqj ; A j s ays qD bŽ .
. 2Ž .ys qv ays .1

ˆŽ .To obtain the evolution operator U t in the time
domain one has to perform the inverse Laplace

Ž .transformation of the expression 25 . The numerical
inversion was used employing the discrete inverse

Ž . w xFourier transform ss iv 21 .

3. Results and discussion

To illustrate the application possibility of the
approach developed above, let us consider the ob-

Ž . Ž . Ž .servable x t evaluation using 16 , 17 . The radi-
cal ion pair C FyrPTPydq will be considered and6 6 14

the various ion molecular charge transfer times t 0
Ž .will be employed. Reaction 8 in this case takes the

following form:

k0y yC F qC F ™C F qC F . 26Ž .6 6 6 6 6 6 6 6

Ž .Fig. 1 shows the x t transformations with the
rate of ion molecular charge transfer increasing. The
spectrum of the radical ion pair C FyrPTPydq in6 6 14

Ž .the absence of ion molecular charge transfer t s`0

calculated using the second order perturbation theory
is shown on the insert of Fig. 1a. The high frequency

Ž .oscillations in the kinetic curve 1 are due to the
HFS of the C Fy, and they decay with the average6 6

time T C 6 F6. The low frequency oscillations are deter-2

mined by the microwave field amplitude, and as it
w xwas shown in 6 they decay with the average time

T PTP. The decay of the nonoscillating component is2

due to the longitudinal relaxation of the radical ions.
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Ž . y q PTP PTP C 6F6Fig. 1. The results of the numerical x t computations for the C F rPTPyd radical ion pair: T s550 ns, T s28 ns, T s976 6 14 1 2 1
C 6F6 Ž . Ž . Ž . Ž .ns, T s15 ns, v s1 mT, us0.22. The electron exchange times are as follows: 1 t s`, 2 t s1 ns, 3 t s0.1 ns, 42 1 0 0 0

y2 Ž . y3 Ž . Ž . y q Ž .t s10 ns, 5 t s10 ns, 6 t s0. On the insert of the a part the HFS of the C F and the PTPyd bold line for the case of0 0 0 6 6 14
Ž . Ž .t s` is shown. The insert of the b part shows the same for the case of exchange narrowing t s0 .0 0
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In the presence of slow ion molecular charge transfer
the broadening of the C Fy spectrum occurs causing6 6

first of all the damping of the high frequency compo-
Ž .nent of the x t while not influencing the non-oscil-

lating component. At the same time in the case of
fast ion molecular charge transfer the exchange nar-
rowing of the spectrum takes place. This limiting

Ž .case t s0 is illustrated on the insert of Fig. 1b.0

The final splitting between the PTPydq and C Fy
14 6 6

lines is due to the asymmetrical character of the
C Fy HFS according to the second order perturba-6 6

tion theory. A new oscillating component that ap-
Ž .pears in the x t kinetics is determined by the final

splitting of the spectral lines of the radical ions.
The literature data on the HFS of the C Fy were6 6

w xused 22 . The resonant magnetic field for the given
w xmicrowave pumping is 89.0 mT 6 . The well known

relation between the electron exchange time t and0
w xthe C F concentration, 1rt sk C F , was used.6 6 0 0 6 6

Since the hexafluorobenzene concentrations used
were less than 0.1 M, thus even at k ;1010 My1 sy1

0

the electron exchange time should be t )1 ns. As it0

can be seen from Fig. 1 the electron exchange at
Ž .t G1 ns causes the minor changes in the x t0

kinetic curve, that can be accounted for by the
effective shortening of the transversal relaxation time.
This is due to the wide spectrum of the anion
Ž .D ;13.0 mT , thus even for t s1 ns oneC F 06 6

obtains D t )2.C F 06 6

With the above mentioned it is not surprising that
Ž .the comparison of the calculated kinetic x t curves

w xwith the experimental ones 6 shows that the ion-
molecular charge transfer process is not enough to

Ž .account for the experimentally observed x t trans-
formations with the C F concentration. It seems6 6

likely that some other transformations of the radical
ion pair occur before the recombination. Let us
consider the additional electron transfer reaction

k xy yC F qPTPyd ™C F qPTPyd , 27Ž .6 6 14 6 6 14

Ž .which is the analog of reaction 12 . In the presence
of PTPyd in solution some of its molecules be-14

have like an electron acceptor, thus after the fast
electron capture reaction at the initial moment of
time there are two types of the radical ion pairs in
solution: C FyrPTPydq and PTPydyrPTPy6 6 14 14

dq. The spin evolution in these two pairs differs14

greatly as the HFS of the PTPyd ions has14

D2 -0.01 mT 2, and for the C Fy anion it is6 6

D
2 ;170 mT 2.

We can analyze quantitatively the effect of the
Ž .electron capture reaction 27 on the OD mWFE

Ž . w xFig. 2. The experimentally observed x t kinetics 6 for the
Ž .system C F rPTPy d in n-dodecane thin line for the set of6 6 14

Ž . y3 Ž . y3 Ž . y2C F concentrations: a 3=10 M, b 6=10 M, c 106 6

M. The PTPy d concentration is 10y3 M in all cases. The bold14

lines are the best theoretical fits to the experimental curves
Ž . Ž .according to the Eq. 30 . The electron capture reaction 27 was

Žtaken into account. The values of u the fraction of geminate
. Ž yrecombination and p the initial probability of the C F rPTP1 6 6

q .y d radical ion pair formation for each theoretical curve are as14

shown.
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kinetics in the manner described above. Let us de-
note the electron spin density matrix of the pair

y q Ž .C F rPTPyd as D t , and the same quantity forˆ6 6 14 1
y q Ž .the PTPyd rPTPyd pair as D t . In the pres-ˆ14 14 2

Ž .ence of reaction 27 the spin density matrices obey
the following equations:

1 1ˆ ˆˆ ˆ˙ ˙D s iL D q D , D s iL D y D . 28Ž .ˆ ˆ ˆ ˆ ˆ ˆ1 1 1 2 2 2 2 2
t tc c

ˆ ˆˆ ˆHere L , L are the Liouville operators of the radical1 2

pairs C FyrPTPydq and PTPydyrPTPydq
6 6 14 14 14

driving their spin evolution in the external magnetic
field and the microwave field. Moreover, in the

ˆ̂Liouville operator L the ion molecular charge trans-1
Ž .fer reaction 26 is taken into account as it was

described above. The average electron transfer time
Ž . w xin the process 27 is t s1rk C F .c x 6 6

Having radical pairs C FyrPTPydq and PTP6 6 14

ydyrPTPydq generated at initial moment of time14 14

with probabilities p and p , one can find after the1 2
Ž .integration of Eqs. 28 the following expression for

Ž tot.Ž .the total density matrix D t sD qD :ˆ ˆ ˆ1 2

Ž tot. ytrtˆ ˆcˆ ˆD s p UU t qp e UU tŽ . Ž .ˆ 1 1 2 2½
dtt yt rtˆ ˆ cˆ ˆq UU tyt UU t e D 0Ž . Ž . Ž .ˆH 1 2 5t0 c

ˆ̂sUU t D 0 , p qp s1 ,Ž . Ž .ˆ 1 2

< : ² <D 0 s S S . 29Ž . Ž .ˆ
ˆ ˆ ˆ ˆˆ ˆ ˆ ˆŽ . Ž . Ž . Ž .Here UU t sexp i L t and UU t sexp i L t are1 1 2 2

the Liouville evolution operators of the radical pairs
C FyrPTPydq and PTPydyrPTPydq, respec-6 6 14 14 14

tively. Since there are no spin interactions between
Ž .the particles in the radical pair, expression 29 for

ˆ̂Ž .the evolution operator of the radical pair UU t is also

Ž . Ž .Fig. 3. The best fits of the theoretical curves x t with the different rate constants k of reaction 27 to the experimental kineticsx
w x y3 Ž . Ž . 10 y1 y1 Ž . Ž . 9 y1 y1 Ž .corresponding to C F s3=10 M thin line . 1 k s10 M s the best approximation selected , 2 k s5=10 M s , 36 6 x x

k s2=1010 My1 sy1.x
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ˆŽ .valid for the evolution operator U t of the anion
involved in the ion molecular charge transfer process
Ž . Ž .26 and in the electron capture reaction 27 . Inas-
much as one can easily perform the Laplace trans-

Ž . Ž .form of Eq. 29 , expression 25 obtained earlier for
ˆ̃Ž .the U s can be generalized in the following way to

account for the additional electron transfer reaction
Ž .27 :

1ˆ ˆ ˆ˜ ˜ ˜U s sp U s qp U sqŽ . Ž .1 1 2 2 ž /tc

1ˆ ˆ˜ ˜qU s U sq . 30Ž . Ž .1 2 ž /tc

ˆ̃ Ž .Here U s is the evolution operator determined by1
Ž .expression 25 that takes into account the ion

ˆ y˜ Ž .molecular charge transfer, and U s is the PTPyd2 14ˆ̃ Ž .evolution operator. During the U s calculation one2
Ž .has to use expression 25 with the distribution func-

Ž . ytion w j corresponding to the PTPyd HFS, and14
Žassume t s` there is no frequency migration over0

y .the PTPyd HFS .14

As it was emphasized above, the presence of only
Ž .the ion molecular charge transfer reaction 26 can-

not provide the changes experimentally observed in
Ž .the x t kinetics with the increase of the C F6 6

Ž .concentration. At the same time reaction 27 taken
Ž .into account by 30 allows one to fit the experimen-

Ž .tal data, giving the value of the reaction 27 rate
10 y1 y1 Ž .constant k s10 M s Fig. 2 . It can be seenx

in Fig. 3 that the deviation of k from this valuex

leads to significant discrepancy between the theoreti-
cal and experimental curves. When the experimental

Ž .data were fitted reaction 26 was also taken into
account, and k sk was assumed. The rate con-0 x

stants k and k are diffusion controlled, and theyx 0

are mostly determined by the C F molecule mobil-6 6

ity, since the mobility of ions C Fy and PTPydy
6 6 14

w xis much lower 23 .
If another reaction pathway is supposed,

k y
y yC F qPTPyd ™C F qPTPyd , 31Ž .6 6 14 6 6 14

Ž .one can also use Eq. 30 after the appropriate
parameter redefinition. The quality of approximation

Ž . Ž .Fig. 4. The best fits of the theoretical curves x t with the different rate constants k of reaction 31 to the experimental kineticsy
w x y3 Ž . Ž . 9 y1 y1 Ž . 10 y1 y1 Ž . 10 y1 y1corresponding to C F s3=10 M thin line . 1 k s10 M s , 2 k s10 M s , 3 k s5=10 M s .6 6 y y y
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Ž .however is considerably worse in this case Fig. 4 .
Ž .This allows one to conclude that reaction 27 is the

preferable one for the C F rPTPyd in n-dode-6 6 14

cane, and the rate constant of this reaction can be
established as k s1010 My1 sy1.x

4. Conclusion

The Laplace transform of the electron spin evolu-
ˆ̃Ž .tion operator U s in the presence of frequency

migration over the arbitrary HFS was calculated. The
results obtained can be used to study the manifesta-
tions of ion molecular charge transfer processes in
various spin chemistry techniques such as RYDMR,
SNP, time resolved ESR, etc. The analysis of the
concentration transformation of the OD mWFE data
was performed, and the theoretical approach devel-
oped was generalized to account for the additional
electron transfer reactions. It was established that the

Ž .experimentally observed transformations of x t with
the concentration of C F for the system C F rPTP6 6 6 6

yd in n-dodecane are due to the electron transfer14

reaction
k xy yPTPyd qC F ™PTPyd qC F .14 6 6 14 6 6

The rate constant of this reaction was found to be
k s1010 My1 sy1.x
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