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Solvent influence on the magnetic field effect of polymethylene-linked 
photogenerated radical ion pairs 

Hans-Gerd Busmann, Hubert Staerk, and Albert Weller 
Max-Planck-Institut/ur Biophysikalische Chemie, Abteilung Spektroskopie, D-3400 GOttingen, 
Federal Republic o/Germany 

(Received 13 December 1988; accepted 24 April 1989) 

The solvent viscosity and polarity dependence of the magnetic field effect in polymethylene
linked radical ion pairs, which were generated by photoinduced intramolecular electron 
transfer in compounds of the type pyrene-(CH2)n-N,N-dimethylaniline, has been studied. A 
stochastic Liouville equation is used, in which the dynamics of the polymethylene chain, the 
spin Hamiltonian as a function of the varying radical distance (exchange interaction), and a 
distance-dependent back electron transfer rate are incorporated. The results are compared with 
predictions made on the basis of the (static) subensemble approximation. 

I. INTRODUCTION 

Photoinduced electron transfer reactions taking place 
between electron donor (D) and acceptor (A) molecules 
lead to the intermediate formation of exciplexes 1 (A - D + ) , 
and radical ion pairs eA - + 2D+). Their relative (free) 
energies depend strongly on solvent polarity such that, gen
erally, radical ion pairs are favored in polar solvents, exci
plexes in nonpolar solvents. 1-3 This applies also to photoin
duced electron transfer reactions in polymethylene-linked 
donor-acceptor systems A-(CH2)n-D, abbreviated in the 
following by A(n)D. Through its limited flexibility, how
ever, the polymethylene chain governs the kinetics not only 
of the electron transfer but also of the back electron transfer 
processes, in contrast to unlinked systems with free diffu
sion.4-20 

The general reaction scheme for a polymethylene-linked 
system presented in Fig. 1 is based on the results of fluores
cence studies and flash-photolytic investigations carried out 
in polar solvents with unlinked and linked A,D systqns. In a 
highly polar solvent, after excitation of the acceptor mole
cule A, electron transfer from 1 D to 1 A * generates the radi
cal ion pair (rip) in its overall singlet state, 1 [2A - (n )2D+], 
with a rate constant ksr • The formation of the radical ion pair 
in its overall triplet state, 3 [2 A - (n) 2D + ], with a rate desig
nated by kst (B), requires spin realignment in the pair. This is 
brought about by the hyperfine-coupling-induced (hfc-in
duced) coherent spin motion of the unpaired electron spins 
and can be modulated by weak magnetic fields of strength B 
by virtue of the Zeeman effect, and by varying the exchange 
interaction, which is a function of the A,D distance r in 
2 A - (n) 2D + and thus depends on the chain length (n) and 
chain dynamics. The hfc-induced singlet-triplet transitions 
can only occur between those radical pair singlet and triplet 
states which are degenerate within the hfc energy AEhfc ' The 
magnitude of AEhfc depends on the isotropic hfc constants 
a ik between the nuclear spins Jik and the unpaired electron 
spins 8 i ; for the systems with A = pyrene and D = N,N
dimethylaniline one has AEhfc = 58 G. 13.15.20.21 The spin ex
change interaction J( r) between the unpaired electron spins 
of 2 A - and 2D +, splits the singlet and triplet levels of the 

radical ion pair by an amount U, and has an important influ
ence on the magnetic field effect and the product yield, as can 
be shown experimentally and theoretically. For the com
pounds used in the present study, the assumption of an ex
change interaction through space (solvent) was found to 
describe the experiments satisfactorily. We therefore give it 
priority over an interaction mediated through bond (super
exchange). Nevertheless, one must ask to what extent super
exchange may contribute, since an exchange energy of only 
5.8X 1O-7eV = 50 G:;:::0.OO5 cm- I is required to bring 
about the observed singlet-triplet splitting. Data for super
exchange along flexible aliphatic chains have not been re
ported. 

The instantaneous overall spin state of the radical ion 
pair determines the recombination route: back electron 
transfer in the singlet radical pair leads to the singlet ground 
state, 1 A (n) 1 D; back electron transfer in the triplet radical 
pair populates the lowest excited triplet state, 3 A * (n) ID. 
Furthermore, close association of 2 A - and 2D + moieties in 

FIG. I. General reaction scheme for photoinduced intramolecular electron 
transfer and electron back transfer processes of polymethylene-Iinked A
(CH2)n-D systems in polar solvents; the chain (CH2 )n is designated by 
(n), the number of chain elements. The left-hand bold superscripts, e.g., in 
3 [2 A - (n) 2D + I indicate that the radical anion and cation doublets (2) are 
in an overall triplet (3) spin state. Some rate constants are characterized by 
pairs of letters which identify the initial and final states of the reaction: sing
let state (s), triplet state (t), radical ion pair (r), exciplex state (e) and 
ground state (g). The spin multiplicity changes in the radical ion pairs are 
denoted by the magnetic field-dependent rates k" (B) and k" (B). Radia
tive transitions are denoted by k f and k ~, and intersystem crossing by ki'" . 
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the singlet radical pair leads (with rate constant kre) to the 
exciplex state, as has been found recently by studying the 
magnetic field dependence of exciplex emission in acetoni
trile.7 

As a consequence of the distance dependence of J(r), 

through which the time evolution of the coupled electron
nuclear spin system is affected, the intramolecular back elec
tron transfer in radical ion pairs of A(n)D is crucially in
fluenced by the stochastic conformational changes of the 
polymethylene chain. In linked radical pair systems, chain 
dynamics and spin dynamics are coupled through the ex
change interaction more or less permanently throughout the 
lifetime of the radical pair. The exponential distance depen
dence of J(r)22,23 alters the influence of the hyperfine and 
Zeeman interactions in a particularly sensitive way. 

The spin-mUltiplicity changes between the So state of 
1 [2 A - (n) 2D +] and the triplet sublevels T _ I' To, and T + I 
of 3 [2 A - (n) 2D + ], as well as the spin-dependent back elec
tron transfer processes (krg and k" ), are described by a sto
chastic Liouville equation. Our approach was strongly in
fluenced by the theoretical treatment (de Kanter et al. 22,23) 
of CIDNP experiments with biradicals of cyclic ketones 
(Closs et al. 24), and by the so-called static ensemble approxi
mation (SEA) established by Schulten et al. 10 The essentials 
of this treatment have been presented in a qualitative form by 
Staerk et al.9 in order to emphasize that the magnetic field
dependent signals of biradicals and polymethylene-linked 
radical ion pairs are not only related to the conformational 
distribution but are also strongly dependent on the rate at 
which the doublet pairs convert between their various con
formations. Hence, a considerable loss of information on the 
eqUilibrium distribution of the A,D distance is associated 
with the motional shifting of the exchange spectrum due to 
the motional broadening/narrowing phenomenon. It was 
the purpose of the present work to study theoretically and 
experimentally the spectral motional narrowing and mo
tional shifting aspects of the magnetic field effect in more 
detail.11 

In the experiments the absorbanceAT(B) of the locally 
excited triplet state 3 A * (n) I D and the emission intensity 
/'(B) of the exciplex l[A(~)D+] were monitored spectro
scopically as a function of an external magnetic field B by 
emission and absorption MODSC spectroscopy.7,25,34 This 
paper deals with the influence (i) of solvents of different 
viscosity and high polarity, and (ii) of varying polarity and 
constant viscosity on the reaction kinetics and the magnetic 
field dependent reaction yields (cf. Table I). 

II. EXPERIMENTAL 

Compounds A-(CH2) n-D, 1-( 1-pyrene)-n-(p-N,N-di
methylaminophenyl-alkane), [abbreviated as A(n)D] with 
A = pyrene, D = N,N-dimethylaniline (DMA) and 
n = 8,9,10 have been investigated in the solvents acetonitrile 
(ACN, Merck), in diethylene glycol (DEG, Fluka), in a 
neutral tenside solution (CEH) and in mixtures of ethyl ace
tate (ETAC, Merck) with ACN (cf. Table I). CEH is a 
viscous, highly polar solution of n-octyltetraoxyethylene 
(CSE4' Bachem Feinchemikalien) in water (pH:::::9). The 

TABLE I. Solvent parameters, measured at 20 ·C. 

Solvent" E 

DEG 32 
ACN 37.0 
ETAC/ACN 
x.= 0 37.0 
x 2 = 31.2 22.6 
X3 = 62.4 13.4 
X4 = 90.4 7.6 
Xs = 100 6.1 

1//cP 

38 
0.36 

0.36 
0.40 
0.43 
0.44 
0.44 

"DEG, diethylene glycol [HO(CH2hO(CH2)20H]; ACN, acetonitrile 
(CH3 CN); ETAC, ethyl acetate (CH3COOC2Hs)' E, dielectric constant; 
1/, viscosity, measured with a capillary viscosimeter at 20 'C; x, mol % 
ETAC. 

thermodynamic properties of this system have been de
scribed elsewhere.26 The solution used in our studies had a 
CSE4 concentration of 0.18 mol/ t and forms a micellar sys
tem at room temperature, which ensures sufficient solubility 
for the compounds to be investigated. The micelle concen
tration is about one order of magnitude higher than that of 
the dissolved A(n)D molecules (::::: 10-4 mol/t)o 

Fluorescence lifetimes were measured with a single pho
ton counting apparatus or with a set-up comprising an N2 
laser, a monochromator, a fast photomultiplier and a tran
sient digitizer (R7912, Tektronix). A high pressure xenon 
lamp was included in this instrument for measurements of 
the transient radical absorption at 495 nm (pyrene anion 
absorption). The methods for measuring magnetic field-de
pendent emission and absorption signals (particularly the 
triplet absorption ofpyrene at 415 nm) have been described 
earlier.7.25 The optical methods which measure the magnetic 
field effect on yields and rates of spin conversion reactions 
have been given the collective name "magneto-optically de
tected spin conversion" spectroscopy (MODSC spectrosco
py),7,9 to differentiate from microwave techniques (e.g., 
CIDNP spectroscopy). 

The calculation of the triplet yield ifJT(B) generated 
from the radical ion pairs has been carried out with the help 
oflifetime data of the primary excited species and the triplet 
absorbanceA T (B) of the compound A (n) D and methylpyr
ene as the reference compound with ksr = kse = 0 and 
ifJT(MePy) = 1 - ifJf = 0.23 in ACN.27 

Rate constants ksr for the compounds A(n)D with 
n = 7 to 16 have been determined from fluorescence life
times to range from 760 X 106 to 470 X 106 S-I in ACN28 

from 59X 106 to 32x 106 S-I in CEH and from 7.4 X 106 to 
3.1 X 106 s -I in DEG. 11 These data suggest that the effective 
viscosity of CEH is intermediate between that of ACN and 
DEG (cf. TableI). 

III. THEORETICAL METHODS 

In analogy to an earlier treatment of spin and polymeth
ylene chain dynamics in biradical CIDNp22 we describe the 
temporal evolution of the spin system in our radical ion pairs 
and the product formation in the course of back electron 
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transfer, by the following stochastic Liouville equation (1) 
(cf. Refs. 12,22, and 32), 

ap(t) = [Lo _lHx + Qr(LK + Lp) ]p(t), (1) 
at 

where p(t) is the density matrix of the coupled electron
nuclear spin states and of the product states 3 A * (n) I D and 

0.6 
CD ... 

0 
a. 

0.4 

I A (n) I D, as a function of the intramolecular distance r of 
the radical moieties. The stochastic chain dynamics are de-
scribed by Lo ' the quantum mechanical spin dynamics by 0.2 
H X

, and the back electron transfer by Qr (r dependence), LK 
(transitions within the radical ion pair spin states) and Lp 
(product formation). 

A. The polymethylene chain dynamics 

We apply a model similar to the restricted diffusion 
model of de Kanter et al.22 The equilibrium distribution 
po(r) of relative 2A -and 2D+ distances r is divided into N 
segments of equal width ar. 10 Its centers at r m are associated 
with the probability given in Eq. (2). 

Ar 

i
rm + 2 

p:;' = dr po(r). 
Ar 

rm - 2 

(2) 

The motion is now described by diffusional jumps (kd ) 

between different r m's. Only transitions between neighbor
ing segments are included, such that 

(Lo )m,k = (kd )(p:;'/p;) 112 (8m,k+ I + 8m,k_ I ) 

(Lo) m,m = - [(Lo) m,m - I + (Lo) m,m + I ], 
(3) 

where (p:;'/p;) 1/2 is a factor which takes into account differ
ent transition rates if one has different probabilities p:;' for 
neighboring r m's. For N -+ 00 this definition of Lo assumes 
the description of diffusion by a Fokker-Planck operator 
with a continuous variable r.1O In our study we have chosen a 
coarse discretization with N = 10 so that (kd ) can be asso
ciated with a mean rate of change between conformations 
with different A,D distances, or, more generally, with differ
ent exchange interactions, 

The distributionspo(r) for A(n)D in a solvent are not 
available from experiments; therefore one has to use calcu
lated distributions. We have carried out Monte Carlo calcu
lations30 for 2 A - (n ) 2D + molecules, taking into considera
tion the size and the Coulomb attraction of the paramagnetic 
end groups, which result in structural distributions; an ex
ample is shown in Fig. 2 for 2 A - (9) 2D + . On the other hand, 
such structured distributions do not result from molecular 
dynamics calculations performed for polymethylene 
chains. 10 For the following calculations smooth curves of the 
type po(r) = (r - rO)Q(rmax - r)b were fitted to the struc
tured functions, keeping r max (fully stretched chain) and the 
mean value ofpo(r),r, unchanged. ro was arbitrarily chosen 
as 0.7 nm. The choice of the ro value has little actual influ
ence on the yields obtained by simulating the magnetic field 
effect, because the exchange interaction is very large in this 
range of A,D distances. Between ro and the sandwich dis
tance r s , the probability density po(r) is assumed to be zero 

0.5 to 
A - D Distance 

1.5 
r [nm] 

1.8 

FIG. 2. Calculated probability functions PoC r) for the A,D distance equilib
rium distribution of the radical ion pairs 2 A - C 9) 2D +. I shows the struc
tured distribution obtained with a Monte Carlo method. All calculations in 
this work are based on the smooth curve 2 of the form (r- ro)a 
. (rmax - r)b, obtained by adjustment to the distribution 1 having the pa
rameters r= ~ po(rm )rm and rmax in common (see the text}. Similarly, 
smooth curves have been evaluated for n = 8 and n = 10. The values for 
rma .. a and bare 1.57 nm, 5 and 2 for n = 8; 1.70 nm, 5 and 2 for n = 9 and 
1.83 nm, 5 and 1.5 for n = 10, respectively. 

for the calculation of triplet yields. This has to be taken as 
nonzero, if the mechanism of exciplex generation from the 
radical pair is considered7 (see below). 

B. The Hamiltonian 

The Hamiltonian H associated with the Liouville opera
tor H X contains terms which describe the Zeeman, hyperfine 
and exchange interactions as in Eq. (4), 

H = gf,L~(§A + §o) + 'OA§A!.A 

+ 'Oo§o!.o + J(r) (1/2 + §A§O)' (4) 

where gf,LB(SA + So) describes the Zeeman interaction of 
each electron spin Si (i = A,D) with an external magnetic 
field Band Il.g effects are neglected. In each radical ion the 
spins -§i of the unpaired electrons couple with the nuclear 
spins !.ik with a strength which is expressed by the hyperfine 
coupling (hfc) constants aik. 29 For our calculations the nu
clear spin system at each radical is reduced to one spin 
Ii(li = 1/2). Its hyperfine coupling is given by 'OiS;Ii, with 
the effective hfc constants a given by Eq. (5).10,18 - -

'07 = ~ ~a7klik ( Iik + 1). (5) 

Within the scope of the model used to describe the polymeth
ylene chain dynamics, the exchange interaction J(r) 
between the u1].paired electron spins Si is considered to de
pend only on distance r. We use the exponential r depen
dence given in Ref. 22, shifted by rs = 0.3 nm to account for 
the size of the radicals. 

J(r.) = Jo e-a(r-rs>, Jo = 9.46X 109 G, a = 21.36 nm- I • 

(6) 

J. Chern. Phys., Vol. 91, No. 7,1 October 1989 
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C. Back electron transfer 

Different approaches are studied in order to be com
pared with one another and with the experimental results 
(cf. Sec. IV). In one of our treatments the distance depend
ence of back electron transfer is modeled by a step function 
with Q, = lim,1 I, which allows back electron transfer at the 
encounter distance r l only, and in a second treatment a dis
tance independent reaction, Q, = I, is assumed. The Liou
ville matrices for the spin dependence of back electron trans
fer are given by the following relations: 

(IK ILKIJL)m 

_ ks (liKL(IIQslJ)m +li/J(LIQsIK)m) 
2 

- kt(liKL(/IQTIJ)m +li/J(LIQTIK)m) (7) 
2 

(iILpli)m = ks(iIQ~li)m + kt(iIQ~li)m' 
where I, J, K, L run through all electron-nuclear spin states 
and iJ through all states of the density matrix pertaining to 
m. Qs, QT project onto the electron spin states, and Q~, Q~ 
onto the transition elements from the spin states to the prod
uct states. The parameters ks and k t are the rates of back 
electron transfer. In the case of Q, = lim,1 I they give back 
electron transfer rates at r l only and compete with the diffu
sional escape from r l . The radical pair lifetime Trip depends 
on k .. kt> po(r) and kd. On the other hand, in the case of 
Q, = I the k .. k t are of the order of magnitude of lITrip, 

which is independent of Po(r) and kd (for ks =.kt = kit 
follows that k = 1/1' rip ). 

D. Solution of the stochastic Liouville equation 

The observable which is appropriate for a comparison 
between theory and experiment is the magnetic field depen
dence of the triplet yield tPT (B). After the reactions forming 
the triplet state 3 A * (n) ID are terminated, they result in Eq. 
(8). 

tPT(B) = lim LPTTm (t) 
1-00 m 

=limsLaTTm(S) [cf.Eq. (9)]. (8) 
s_O m 

To calculate tPT(B) from Eqs. (1) and (8) a real, linear 
system of equations is solved, which result from a Laplace
transform if and from a unitary transformation U of Eq. 
(1) 

a = Uifp; RX = UtHxU (9) 

[sl + LD + RX 
- Q,(LK + Lp)]a = aO, (10) 

aO contains the population of the spin states at time t = O. 
The radical ion pair generation at the encounter distance 
corresponds to a uniform population of all Z nuclear spin 
states of the So electron spin state (ao) m = (lIZ)Qslim,I' 

An equilibrium distribution at time t = 0 corresponding to 
po(r) is described by (ao)m = (lIZ)QsP1:'. 

For comparison with experimental results, the calcula
tion of the triplet yield tPT (B) is carried out with both a 
radical ion pair generation and a back electron transfer oc-

curring at the encounter distance only. In order to determine 
sets of values for ks, k t and kd which give appropriate radi
cal ion pair lifetimes a numerical integration of Eq. (1), 
truncated to include only the diffusional and back electron 
transfer processes, was carried out with ks = k t . 

E. The subensemble approximation (SEA)31 

In a further simplified treatment introduced by Schul
ten and Bittl, 10 the stochastic ensemble with the distance and 
hence time dependent Hamiltonian characterized by 
J = J[ r( t) ], is approximated by isolated subensembles with 
constant exchange interaction and thus time independent 
Hamiltonian. In this approximation the triplet yields of the 
subensembles, <jJT (B,2J) , 10 are weighted by the spectral dis
tribution function w(2J) of the exchange interaction and 
finally added, according to 

tPT(B) = f: co d2Jw(2J) <jJT(B,2J). (11) 

The exchange spectrum 

w(2J) = ~ReLL(m'l [i(2J - 2JI) - LD ] -llm)p;;' 
11" m m' 

(12) 

is a dynamic distribution function of exchange interactions, 
developed from the Kubo theory for stochastically modula
ted classical oscillators,32 where m,m' designate the suben
sembles and Jm',m = 2J(r m )lim,m" In essence, w(2J) incor
porates the influence of the rate of conformational changes 
on the overall (final) triplet yield. In the basic SEA model, 
radical ion pair formation and back electron transfer are 
considered to be independent of the A,D distance; further
more ks =.kt = lITrip is assumed. 

Under the same restrictions and with k = lITion, Eq. 
( 1) can be modified to 

ap(t) = [LD - zHx - kI]p(t). 
at 

This equation has been solved recently by Bittl et al. 12 

(13) 

Figure 3 shows w(2J) spectra for a specificpo(r) distri
bution (cf. Fig. 2, distribution 2) but varying mobility, ex
pressed by kd ; only distance variations are considered. For 
large kd the spectra undergo "motional narrowing." The 
exponential dependence of the exchange interaction on dis
tance implies an asymmetrical "motional deformation" and 
"motional shifting" of the w(2J) spectra with changing kd. 
The maxima shift to higher 2J values with increasing kd ; 

broadened distributions at intermediate values of kd narrow 
again as kd -- 00. It is this behavior of the dynamic w(2J) 
spectra, indicating a solvent viscosity dependence of the 
tPT (B) distributions, which motivated us to perform experi
ments with varying solvent parameters9,11,34 and to carry out 
simulations of the experimental results. 

IV. RESULTS AND DISCUSSION 

First we discuss triplet yields for A (9) D in high polarity 
solvents of different viscosities. Figure 4(a) shows the ex-
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4102 Susmann, Staerk, and Weller: Photogene rated radical ion pairs 

FIG. 3. Spectra of the exchange interaction as defined by Eq. (12). The 
probability distribution w( 2J) is plotted vs the singlet-triplet splitting 2J 
for varying chain dynamics (kd ) but otherwise identical conditions. The 
values for kd are I X 109, SOX 109

, I X 1012
, and 20X 1012 

S-1 for the curves 
1 , 2, 3, and 4, respectively. 

perimentally determined magnetic field-dependent triplet 
yields <Pr (B IG) in the solvents DEG, CEH and ACN, i.e., 
solvents with decreasing viscosity. The absolute triplet 
yields are much higher in ACN than in CEH and DEG. 

To compare these experimental results with theoretical 
curves, the stochastic Liouville equation was solved under 
the conditions for which radical ion pair formation and back 
electron transfer occur only at the encounter distance. The 
results of these calculations are shown in Fig. 4(b). The 

(a) 

Moose - YIELD 
0.4 

m 0.3 
-;::. 
e 
:g 0.2 ..... 
QI ' \ACN 
> . . - 0 0

00 

QI CEH 00000 0 0 0 0 

is.. 
~ 

0.0 
0 500 1000 

B [Gauss) 
0 

(b) (e) 

500 1000 0 
B [Gauss) 

500 1000 
B [Gauss) 

Magnetic Field Strength 

simulation of the behavior of the ensemble upon variation of 
the solvent viscosity is achieved by variation of kd but keep
ing the other parameters constant; Eqs. (1 )-( 10) have been 
used. At B = 0 one sees an initial increase ( 4 -® of the 
triplet yield with decreasing kd , and after going through a 
maximum, the yield decreases (0 -+ @ -+ CD>. Bmax and 
the relative height of the triplet yield maximum, 
Rmax = 1 - <Pr(B)I<Pr(O) at Bmax, decrease with decreas
ing kd • Comparing Fig. 4(a) with Fig. 4(b) one can immedi
ately see that variation of kd in the calculation can simulate 
the trend, both of the shift of the maxima and of the absolute 
yields, rather well. Curve 3 in Fig. 4(b) corresponds to 
kd = 1 X 1012 

S -1. With this rate constant the calculated ra
dical pair lifetime becomes equal to the experimental value at 
zero magnetic field, 'Trip = 14.7 ns in ACN. 

Figure 4 (d) shows the results of a simulation using the 
basic SEA model at different solvent viscosities represented 
by varying kd • Similar to Fig. 4(b), Bmax decreases with 
decreasing kd , but unlike the results in Figs. 4(b) and 4(a), 
the triplet yield at zero magnetic field <P r (0) increases 
monotonically with decreasing kd • This behavior can be un
derstood if one remembers that in the basic SEA model both 
radical ion pair generation and back electron transfer are 
assumed to be independent of the chain conformation. 
Clearly, the inclusion of a distance dependence of the back 
electron transfer, which also makes allowance for the diffu
sion processes necessary for electron spin-multiplicity 
changes, leads to the observed decrease of <Pr (0). This influ
ence can also be seen by comparing Figs. 4 (b) and 4( c). The 

o 

(d) 

500 1000 1500 
B [Gauss) 

FIG. 4. Magnetic field effect of2A - (9)20+ in solvents of strongly varying viscosity and high polarity as a function of the applied magnetic field strength in 
the range from B = 0 to ISOO G. Comparison of experimental results (a) with different theoretical models (b) and (c). (a) Triplet yields t/Jr(B) from 
MOOSC experiments carried out in acetonitrile (ACN, 0), in a neutral tenside solution (CEH, b.) and in diethylene glycol (OEG, X ); yields are corrected 
for the triplets which are not generated by the radical pair mechanism (cf. Fig. 1). (b) Triplet yields t/Jr (B) calculated with the stochastic Liouville equation 
for varying chain dynamics (different diffusional rate constants kd ). In order to simulate the experimental system, the generation of the radical ion pair and 
the back electron transfer (BET) are assumed to take place at the encounter distance r 1 = 7.S nm only. The values for kd are I X 109

, SOX 109
, 1 X 1012

, and 
20X 1012 s - 1 for the curves I, 2, 3, and 4, respectively. The values of the rate constants which describe the deactivation of the radical ion pair, are 
k, = k, = 3x 1012 s-'. In curve 3, the lifetime of the radical ion pairis the same as the experimental value in acetonitrile (ACN) atB = OG, Trip = 14.7 ns. 
(c) Triplet yields t/Jr(B) calculated with the stochastic Liouville equation for varying chain dynamics (different kd's) in order to compare the approach 
given in (b) with the (static) subensemble approximation (SEA) treatment given in (d). The generation of the radical ion pairis assumed to take place at the 
encounter distance only, whereas the back electron transfer (BET) is assumed to be independent ofr; k ,- 1 = k ,-' = 14.7 ns [cf. (b»). The values for kd are 
the same as in (b). (d) Triplet yields t/Jr (B) calculated with the (static) subensemble approximation for varying chain dynamics (different kd 's). Both, the 
generation of the radical ion pair and the back electron transfer are independent of r. The lifetime of the radical ion pairis taken to be the experimental value at 
B = 0 G, Trip = 14.7 ns. The values of kd are the same as in (b); the corresponding dynamic 2J distributions are shown in Fig. 3. 
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curves in Fig. 4(c) have been obtained with the stochastic 
Liouville equation as in Fig. 4(b), but with the back electron 
transfer being independent of r. 

In a particular solvent the magnetic field values of the 
maxima in the triplet yield, Bmax, have been found to de
crease with increasing chain length n.5

-
9

,11 Figure 5 (a) gives 
the measured relative triplet yields cPT (B)/cPT (0) of com
pounds A(n)D with different chain length n = 8,9,10 in the 
solvent ACN. Bmax and the width of the maxima decrease 
with increasing chain length n. Figure 5 (b) shows calculat
ed curves which have been fitted to the experimental curves 
with the following assumptions: (i) electron transfer is per
mitted at the encounter distance only, (ii) the values for the 
kinetic parameters k d , ks and k t are assumed to be solvent 
independent for different numbers n of CH2 groups, (iii) the 
po(r) distributions for the fits in the solvent ACN are 
smoothed curves derived from the Monte Carlo distribu
tions (cf. Fig. 2, curve 2). It has been shown above that, in 
principle, the decrease of the absolute triplet yield and the 
decrease of Bmax with increasing solvent viscosity can be well 
understood. For the solvent DEG, however, it turns out that 
the simulation of Bmax , together with the height of the maxi
ma, by varying just kd alone does not yield a good fit. In the 
calculations, anisotropic terms in the spin Hamiltonian 
which may result from torsional motion about the bonds 
connecting the radical ion moieties to the chain, have not 
been considered explicitly. Neither the relative angular de
pendence of the exchange interaction nor its time depen
dence are known for such clearly important motions. Fur
thermore in the more viscous solvents the equilibrium 
distribution may not be attained prior to the back electron 
transfer reaction. A consideration of these effects within the 
theoretical framework discussed so far requires a more de-

1.[, 
MODse - Yield <l>r(S) A 64. I:. 

<l>r(O) .' A" " . " " n=8 A 

a) 1.2 A A 

A 
A. 

A 
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1.0 A 
0 

o n=10 • n=9 
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1.[, 

<l>r(O) ------
b) 1.2 n=8 

, , 

/' , , 

1.0 ',..-\ , 
\n:1o n=9 

0 200 [,00 600 800 1000 
Magnetic Field Strength B [Gauss] 

FlO. 5. Chain length dependence ofthe relative triplet yield iflT (B)/iflT (B) 
as a function of the magnetic field strength in the range from B = 0 to 800 0 
in the solvent acetonitrile (ACN). (a) MODSC yields for n = 8 (.6.), 
n = 9( + ) and n = 10 (0); (b) simulated magnetic field dependence for 
n = 8 (---), n = 9 (-) and n = 10 (-- -). The following parameters were 
used for the simulation: kd = 1.2x 10'2 s-', ks = 2x 10'2 s-', k, = 1.5ks. 
For the po(r) distributions smooth curves of the form (r- ro)a 
. (rmax - r)b have been used (cf. Fig. 2). The absolute error ofthe differ
ence between the measured and calculated absolute triplet yields is less than 
0.02. 

tailed description of chain dynamics. 
Further experiments which demonstrate the motional 

shifting and motional narrowing concept are the following. 
Solvent mixtures with roughly the same macroscopic viscos
ity but varying bulk dielectric properties (cf. Table I) are 
assumed to preserve the same molecular dynamics, but to 
differ in other parameters whi~h have an inft.uence on the 
electron transfer and back electron transfer rates. As a first 
example, Fig. 6(a) gives the'magnetic field dependence of 
therelativeexciplexyieldI'(B)/I'(O);thenumbers 1-4 in 
Figs. 6(a) and 6(b) designate the mole ratios of ETAC, 
X 1, ... ,x4' Figure 6(b) shows the corresponding relative trip
let absorbance signals AT(B)/AT(O). The minima (Bmin) 
in the exciplex curves and the maxima (Bmax ) in the absorp
tion curves occur at the same field strength and are most 
pronounced for the solvent acetonitrile (curve 1 ). Earlier 
studies of the magnetic field sensitivity of the exciplex emis-
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Moose -Yield~;;:::::::::::=$~~ 

a) 1.00~~~-====---"':::=1 
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b) 1.0~""" .?J&: . . . 

\ . 
6 • • " 
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0.6,+-----.--.--,---,----1 

o 
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FlO. 6. (a) and (b) Magnetic field effect of 2A - (9)2D+ in solvent mix
tures of constant viscosity and different polarity as a function of the applied 
magnetic field strength in the range from B = 0 to 2500 O. (a) The relative 
exciplex emission /'(B)I/'(O) and (b) the relative triplet absorbance 
AT(B)/AT(O) are shown in mixtures of ethyl acetate (ETAC) with aceto
nitrile (ACN). The mole ratios XI of ETAC are 0,31,62, and 94 for the 
curves I, 2, 3 and 4, respectively. (c) Relative triplet yields iflT(B)1 
iflT (0) calculated with the stochastic Liouville equation for varying rates of 
radical ion pair deactivation; the values for k, are 3.0X 10'2, 2.0X 10'2, 
1.0x 1012

, and 0.5 X 1012 s-' for the curves 1, 2, 3, and 4, respectively, 
and k, = 1.5ks' The generation of the radicalion pair and the back electron 
transfer are assumed to take place at the encounter distance only. The rate 
of chain interconversion, kd = 1.2X1O'2 s-', and thepo(r) distribution 
(curve 2 in Fig. 2) have been kept constant. 

J. Chern. Phys., Vol. 91, No. 7,1 October 1989 



4104 Busmann, Staerk, and Weller: Photogenerated radical ion pairs 

sion have provided unequivocal evidence for an intramole
cular exciplex formation directly from the radical ion pair 
species,7 according to the scheme 

1 [2A - (n)2D+] :(rip) _l{A(-;') 0+) :(exc) (14) 

for highly polar solvents such as ACN (cf. Fig. 1). The cor
responding curves ( 1 ) in Fig. 6 (a) and 6 (b) confirm these 
earlier results both with respect to the values of 
B . I - 280 G and the relative yields. Equation ( 14) rep-mm max"""" 

resents the second (exothermic or endothermic) part of a 
photoinduced two-step reaction for which we earlier sug
gested the term "harpooning.,,4,5,7,33 

In the solvent mixtures with increasing mole fraction of 
ET AC, i.e., decreasing bulk dielectric constant, the magnet
ic field effect gradually d~sappears. A magnetic field effect is 
not observed in ETAC alone (x = 100, E = 6.1). 

In the context of the motional shifting hypothesis the 
most interesting result of these experiments is the fact that 
for all solvent mixtures Bmin and Bmax have practically the 
same value (280 G). The collapse of the extrema in the ex
perimental curves is another important feature, and a more 
extended discussion will be given elsewhere. It is essentially 
due to the partitioning of the exciplex and triplet formation 
routes with decreasing solvent polarity. Magnetic field-inde
pendent exciplex formation can occur directly from the lo
cally excited singlet state with rate constant kse (cf. Fig. 1). 
Similarly, the magnetic field-independent intersystem cross
ing from the locally excited singlet state and from the exci
plex contributes to the overall triplet yield. The result is a 
reduction of the magnetic field effect. However, particularly 
in the high polarity range [curves 1 and 2 in Figs. 6{a) and 
6(b) J, additional explanations for the relative signal col
lapse are needed, namely an influence of solvent dielectric 
properties on the back electron transfer rate. For example, 
the lifetimes of the pyrene radical have been measured to be 
1'rip (Xl) = 14.7 ns and 1'rip (x2 ) = 29.7 ns atB = 0 G. This is 
a very interesting result, since thermodynamic calculations 
with well-established expressions for the free enthalpy 
change of the radical pair and the exciplex,2 predict only a 
small change in free enthalpy aG~p and aG!xc' when the 
bulk dielectric constant is varied from 37.5(x l ) to 22.6(x2 ). 

Within the framework of the stochastic Liouville equa
tion, different radical ion lifetimes at equal rates for confor
mational changes kd can be obtained by varying ks and k t • 

Figure 6(c) shows calculated triplet yields <PT (B)/l/JT (0) 
for varying rate constant ks (kJkt = const) for the back 
electron transfer, but with otherwise identical assumptions. 
The features common to all three sets of curves of Figs. 
6(a)-6(c) are that they cross the relative value of <PT (B)I 
<PT(O) = 1 or [,(B)I/'(O) ="l, respectively, at about the 
same point, and the extrema appear in all three cases at about 
the same magnetic field strength. In Fig. 6(c), the low rela
tive triplet yield at high magnetic field strengths is probably 
the result of the strongly reduced nuclear spin system as
sumed for the calculations. 

V.SUMMARY 

In the theoretical part of this paper we have outlined 
briefly the methods currently available to describe the gen-

eral radical pair mechanism, i.e., the nuclear hyperfine inter
action, modulated by the stochastic folding and torsional 
motion of the linking molecular chain, which is predicted to 
lead to a motional deformation in the magnetic field depend
ence of the reaction yield. 

Experimentally, the magnetic field dependent triplet 
yield of the systems investigated exhibits a maximum at the 
magnetic field strength Bmax. This is the field strength corre
sponding approximately to the most frequently occurring 
exchange interaction in the radical ion pair. The position of 
the minimum Bmin in the magnetic field dependence of the 
exciplex yield is found to coincide with that of Bmax . Accord
ing to theoretical considerations, the spatial distribution (in 
a simple model, the A,D distance) of the polymethylene
linked radical ions is not the only important parameter de
termining the characteristic magnetic field strength; Bmax 
( = Bmin ) also depends strongly on the rate at which the 
doublet pairs convert among their various conformations. 
The experiments show that, with varying solvent viscosity, 
this rate and thus Bmax ( = Bmin ) can change significantly. 
On the other hand, a decrease in the solvent polarity does not 
seem to alter the spin dynamics, but influences the thermo
dynamics of the A-D system and partitions, e.g., the pri
mary fluorescence quenching reaction in other directions 
(exciplex formation) and possibly affects also the back elec
tron transfer processes. 

The application of an extended stochastic Liouville 
equation, that takes into account a distance-dependent back 
electron transfer, was found to be essential to account quan
titatively for several important details, e.g., the absolute trip
let yields at zero magnetic field, including the decrease of 
Bmax (Bmin ) with increasing solvent viscosity. 
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