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A pronounced solvent viscosity and polarity dependence of the magnetic field effect was found for polymethylene-linked radical 
ion pairs generated by photoinduced intramolecular electron transfer in compounds of the type pyrene-(CH*),-N,N-dimethyl- 
aniline, with n = 7- 16. This is interpreted in terms of the general radical pair mechanism, i.e. the nuclear hypefine interaction 
mechanism including a spin-exchange interaction, modulated by the stochastic folding motion of the linking CH2 chain which 
leads to a “motional deformation” of the reaction yield spectra. 

1. Introduction 

Photoinduced electron transfer reactions in poly- 
methylene-linked donor-acceptor systems A- 
( CH2) n-D, in the following abbreviated by A (n)D, 
lead to the intermediate formation of exciplexes, 
‘(A;,,D+),andradicalionpairs, 2A-(n)2D+.Their 
relative (free) energies depend strongly on solvent 
polarity such that, generally, radical ion pairs are fa- 
voured in polar solvents, and exciplexes in non-polar 
solvents, as is the case in unlinked systems. Through 
its limitep flexibility, however, the polymethylene 
chain governs the kinetics not only of the electron 
transfer but also of the back electron transfer pro- 
cesses, in contrast to unlinked systems with free dif- 
fusion [ l-8 1. In the model compounds studied here, 
A and D are pyrene and N,N-dimethylaniline, 
respectively. 

In a highly polar solvent, after excitation of the ac- 
ceptor molecule, A, electron transfer from ‘D to ‘A’ 
generates the radical ion pair in its overall singlet 
state, ’ (*A- (n )*D+ ). The formation of the radical 
ion pair in its overall triplet state, 3 ( 2A- (n)'D' ), 
requires spin realignment in the pair. This is brought 
about by the hype&me-coupling-induced (hfc in- 
duced) coherent spin motion of the unpaired elec- 
tron spins. It can be modulated by weak magnetic 
fields (B) by virtue of the Zeeman effect, and by 
varying the exchange interaction, which is a function 

of the distance and the relative angles of the radicals 
in the pair 2A-(n)2Df, and thus is dependent on 
chain length (n) and chain dynamics. The hfc in- 
duced singlet-triplet transitions can only occur be- 
tween those radical pair singlet and triplet states 
which are degenerate within the hfc energy, A&,. 
The magnitude of A.&, depends on the isotropic hfc 
constants a& between the nuclear spins Zik and the 
unpaired electron spins, S,; for the systems with 
A=pyrene and D=N,N-dimethylaniline one has 
A&c = 58 G [ 9-121. The spin exchange interaction, 
J(r), between the unpaired electron spins of 2A- and 
2D + , splits the singlet and triplet levels of the radical 
ion pair by an amount 2J, and has an important in- 
fluence on the magnetic field effect and the product 
yield as can be shown experimentally and theoreti- 
cally [l-4,13-18]. 

The instantaneous overall spin state of the radical 
ion pair determines the recombination route: back 
electron transfer from the singlet radical pair leads 
to the singlet ground state, ‘A(n) ‘D; back electron 
transfer from the triplet radical pair state populates 
the lowest excited triplet state, 3A*(n)‘D. Further- 
more, close association of the 2A- and 2D + moieties 
in the singlet radical ion pair leads to the exciplex 
state, as has recently been found by studying the 
magnetic field dependence of exciplex emission in 
highly polar solvents [ 3 1. 

As a consequence of the distance dependence of 
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the exchange interaction, J(r), through which the 
time evolution of the coupled electron-nuclear spin 
system is affected, the intramolecular back electron 
transfer in radical ion pairs of compounds A( n)D is 
crucially influenced by the stochastic conforma- 
tional changes of the polymethylene chain. In linked 
radical pair systems chain dynamics and spin dy- 
namics are coupled, more or less permanently, 
through the exchange interaction throughout the life- 
time of the radical pair. This should hold likewise for 
unlinked radical pairs in “supercages” (e.g. micellar 
systems) [ 19-2 11, but also for part of those gemi- 
nate pairs of free radical pair systems in homoge- 
neous solution which recombine at an “early” time 
(a few nanoseconds), i.e. geminate pairs which are 
released for a mean diffusional separation of say, 
l-2 nm [ 121. It is the exponential distance depen- 
dence of J( r) [ 22 ] which alters the influence of the 
hyperfine and Zeeman interactions in a particularly 
sensitive way and gives rise to the prediction of a 
“motional shifting” effect for linked radical pairs if 
one changes the solvent viscosity [4]. 

In the experiments the absorbance AT(B) of the 
locally excited triplet state ‘Ar(n and the emis- 
sion intensity I’ (B) of the exciplex ’ (A,,D+ ) were 
monitored spectroscopically as a function of the ex- 
ternal magnetic field strength B by emission and ab- 
sorption MODSC spectroscopy (magneto-optically 
detected spin conversion spectroscopy) [ 3,23 1. 

Investigations have been carried out in order to 
study the influence of solvents of different viscosity 
g (0.39-38.0 cP) and constant high polarity e. and 
on the other hand, of constant viscosity but variable 
E (6.1-37.5), on the reaction kinetics and the mag- 
netic-field-dependent reaction yield. 

2. Experimental 

Compounds A-(CH2),-D, l-( 1-pyrene)-n-(p 
N,N-dimethylaminophenyl ) alkane, (abbreviated as 
A( n)D) with A=pyrene, D=N,N-dimethylani- 
line (DMA) and n= 7-l 6 have been investigated in 
the solvents acetonitrile (ACN, ~~0.39 cP, c=37.5, 
Merck), in diethyleneglycol (DEG, q = 38 cP, e = 32, 
Fluka) and in a neutral tenside solution (CEH ). 
CEH is a viscous, highly polar solution of n-octyl- 
tetraoxyethylene ( CsE4, Bachem Feinchemikalien ) 
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in water (pH x9); its effective viscosity is inter- 
mediate between that of ACN and DEG [ 12,181. 
Experiments have also been carried out in mixtures 
of ethyl acetate (ETAC, Merck) with ACN (Merck) 
of different mole percent, Xi, of ETAC: xl =0 
(q=O.39 cP: r=37.5), x,=31.2 (0.42 cP, 22.6), 
x,=62.4 (0.47 cP; 13.4), x,=90.0 (0.46 cP; 7.6) 
x5= 100 (0.45 cP; 6.1). The method (magneto-op- 
tically detected spin conversion spectroscopy, 
MODSC ) for measuring magnetic-field-dependent 
emission and absorption signals (in this work the 
triplet absorption of pyrene at 415 nm and the ex- 
ciplex emission at 550 nm) has been described ear- 
lier [3,14,16,23]. 

3. Results and discussion 

Fig. 1 shows magnetic-field-dependent triplet yields 
&(B)(with B in G) of the compound A(9)D ob- 
tained from nanosecond-laser absorption MODSC 
experiments at 415 nm in the solvents ACN, CEH 
and DEG, i.e. solvents with increasing viscosity. The 
triplet yield maxima show a large shift towards lower 
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Fig. 1. Magnetic field dependence of the triplet yield &T(B) of 
pyrene-(CH,)rN,N-dimethylaniline in solvents of high polar- 
ity but different viscosity, ACN (acetonitrile, ~=37.5, t~=O.39 
cP), CEH (viscous neutral tenside solution), DEG (diethylene 
glycol,e=32,~=38cP). 
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magnetic field strengths as one changes the solvent 
from acetonitrile to the viscous diethylene glycol. 
Such a solvent dependence is in accord with earlier 
predictions [4,15,22] which are related to the mo- 
tional broadening/narrowing phenomenon [ 241, 
common e.g. in magnetic resonance or MCjssbauer 
spectroscopy. The experimental results provide cor- 
roborating evidence for the important influence that 
the relative motion of the radicals in the pair has on 
the probability density distribution of the exchange 
interaction (the so-called “spectrum of the exchange 
interaction”). 

Fig. 2 gives examples of the relative triplet yield, 
&(B)/&(O), of compounds A(n)D with different 
chain length n=8, 9, 10 in the solvents ACN and 
DEG. In each solvent, B,,, and the width of the 
maxima decrease with increasing chain length n. 
Comparing the behaviour of the curves in the dif- 
ferent solvents ACN or DEG for a particular chain 
length n, one sees that the maxima are narrower and 
the &,, values are smaller in the high-viscosity sol- 
vent DEG. 

In table 1, supported by fig. 3, characteristic val- 
ues of the magnetic-field-dependent relative triplet 
yield @T(B)/$T(O). as obtained from MODSC ex- 
periments, are listed for a variety of chain lengths, 
n = 7- 16, and for the three solvents ACN, CEH and 
DEG. Judging by the shape of the @,(B)/&(O) 
curves, the results can be divided into two groups. 

6 200 Lb0 Go sbo Id00 
Magnetic Field Strength B [Gauss1 

Fig. 2. Magnetic field dependence of the relative triplet yield 
&( S)/@,( 0) of pyrene-(CHz).-N,N-dimethylaniline for n=8, 
9 and 10 in (a) acetonitrile (~~0.39 cP), (b) diethylene glycol 
(q=38 cP). 

Those, obtained with compounds A( n)D, n = 7- 10, 
are clearly of the resonance type, i.e. distinct max- 
ima in the magnetic-field-dependent triplet yield 
spectra are observed, where B,,, corresponds ap- 
proximately to the most probable (effective) sin- 
glet-triplet splitting energy 2Jeff. For n= 12-16 the 
results are of the saturation type, i.e. S-shaped curves 
characterized by the magnetic field strength B,,*, at 
which the triplet yield has attained half its zero-field 
value, are observed. However, it is seen from table 
1 that the shape of the curves changes steadily in the 
whole range as the length of the flexible aliphatic 
chain increases from n= 7 to 16. 

To obtain further experimental support for the 
motional shifting and motional narrowing concept, 
solvent mixtures with roughly the same macroscopic 
viscosity but varying bulk dielectric properties have 
been used. It is assumed that in such systems the in- 
tramolecular dynamics, i.e. the rate of relative dis- 
tance and angular variation, of the radical pair re- 
mains the same, but other parameters which have an 
influence on the electron transfer and back electron 
transfer rates be varied. One example for A( 9)D is 
given in fig. 4. The numbers 1 to 4 indicate the mole 
ratios of ethyl acetate in the solvent mixtures of ethyl 
acetate and acetonitrile. Fig. 4a shows the magnetic 
field dependence of the relative exciplex yield I’ (B) / 
I’ (0). In highly polar solvents the exciplex is pre- 
dominantly formed directly from the radical ion pair 
species [ 3 ] in the course of a “harpooning” reaction 
[ 2,3,13 1. The exciplex fluorescence intensity there- 
fore exhibits a magnetic field dependence with the 
opposite sign to that of the triplet absorbance. Rel- 
ative triplet absorbance signals AT(B) /A,(O) with 
xi as parameter are shown in fig. 4b. The minima 
(Bmi”) in the exciplex curves (cf. fig. 4a) and the 
maxima (B,,,,,) in the absorption curves (fig. 4b) 
occur at the same field strength and are most pro- 
nounced for the solvent acetonitrile (curves 1 ), 
Moreover, the curves cross the relative value of 
A,(B)/A,(O)=l andr(B)/I’(O)=l,respectively, 
at the same magnetic field strength. In the solvent 
mixtures with increasing mole fraction of ethyl ace- 
tate, i.e. decreasing bulk dielectric constant, the mag- 
netic field effect gradually disappears, as other mag- 
netic-field-independent direct channels contribute to 
the formation of exciplexes and molecules in the 
triplet state, and a solvent polarity dependence is ex- 
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Table 1 
Characteristic magnetic field effect parameters (for definitions, see fig. 3) of pyrene-(CH*),-N,Ndimethylaniline, abbreviated Py(n)D, 
in the solvents ACN (acetonitrile) [ 141, CEH (a viscous neutral tenside solution) and DEG (dietbylene glycol) [ 161; experimental 
error5 < 5% 

n BID (G) &a, (G) A&N (G) &os, (G) R, (%) Rnax (94) 
7000 0 

in ACN 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

in CEH 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

in DEG 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

1400 
650 
320 
230 
187 
172 
160 
147 
135 

4410 
1300 
490 
185 
114 

75 
70 
75 
69 
67 

2380 
1380 
460 
185 
97 
91 

100 
105 
82 
85 

1650 1270 
750 510 
280 230 
110 90 
40 

1120 670 2030 
515 385 795 
210 148 349 

74 55 110 
25 30 43 

985 780 
380 345 
150 145 

50 48 

petted for the back electron transfer rate. A magnetic 
field effect is not observed in pure ethyl acetate 
(t = 6.1). In the context of the motional shifting hy- 
pothesis the most interesting result of these mea- 
surements is that Bmin and B,,,,, have practically the 
same value (280 G for A(9)D) for all solvent mix- 
tures. Corresponding MODSC spectra have been ob- 
tained for A( 16)D with B1,Z= 135-G in the solvent 
mixtures x, to x4 for exciplex and triplet signals. 

2950 8 13 
1180 25 33 
490 36 29 
165 39 5.5 
60 38 0.3 

38 
37 
36 
38 
35 

9 1 
13 7 
22 14 
31 7 
34 2 
26 
21 
19 
21 
17 

1780 7 3 
750 29 8 
288 39 12 

89 37 5 
32 
20 
19 
18 
17 
25 

4. Conclusion 

The experimental results confirm the earlier pre- 
diction, according to which the magnetic-field-de- 
pendent signals of biradicals and polymethylene- 
linked radical ion pairs are not only related to the 
intramolecular distance and angular distribution of 
the radicals, but also are strongly dependent on the 
rate at which the polymethylene-linked doublet pairs 
convert between their various conformations [ 41. 
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Fig. 3. Definitions of the characteristic parameters, as used in 
table 1, of the magnetic-field-dependent relative triplet yield 
&(B)/&(O); only triplets which are generated by the radical 
pair mechanism are considered [ 181. B,,, magnetic field strength 
at which h(B) has a maximum; B,,,,,, magnetic field strength at 
which &(O)=&(B); B,,,, magnetic field strength defined by 
~(B1,2)=:[~(0)+~(~)];~BHW, halfwidthintherangeof 
the extremum between 8~0 and E,,,,,; R,.,=~(Bmax)/ 
h(o)-I;R,=l-~(B,)/~(O). 
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Fig. 4. Relative exciplex emission intensity I’ (B)/I’ (0) (a) and 
triplet absorbance &(B)/&(O) (b), as a function of the mag- 
netic field strength E for compound pyrene-(CH&-N,N-di- 
methylaniline in mixtures of ethyl acetate/acetonitrile. 1, 0 mol% 
ethyl acetate, ~37.5; 2,31.2 mol% ethyl acetate, t =22.6; 3,62.4 
mol% ethyl acetate, e= 13.4,4, 90.0 mol% ethyl acetate, c=7.6. 

This prediction was made on the basis of a pre- 
vious theoretical treatment of biradical CIDNF [ 221 
and also the (static) “sub-ensemble approxima- 
tion”, which was applied to polymers with para- 

magnetic endgroups [ 15 1. The latter theory is based 
on the separation of molecular dynamics (governing 
the “spectrum of the exchange interaction”) and spin 
dynamics in order to reduce computational effort. In 
this simplified treatment, where back electron trans- 
fer is considered to be independent of A, D distance, 
the generally stochastic ensemble which has a time- 
dependent Hamiltonian, characterized by the ex- 
change interaction J( r( t ) ) , is approximated by iso- 
lated sub-ensembles with constant exchange inter- 
action and thus time-independent Hamiltonian. The 
triplet yields of the sub-ensembles, R( B, J), are 
weighted by the spectral distribution function w(J) 
of the exchange interaction and finally added, in or- 
der to obtain the overall magnetic-field-dependent 
triplet yield &T(B). The exchange spectrum w(J) is 
a dynamic distribution function of exchange inter- 
actions, developed fi-om the Kubo theory for sto- 
chastically modulated classical oscillators [ 24 ] . In 
some presentations, instead of J the singlet-triplet 
splitting energy, 25, has been found to be more con- 
venient [ 4,18 1. In essence, w(J) regards the influ- 
ence of the rate of conformational changes on the 
overall (final) molecular triplet yield. 

The strongly exponential dependence of the ex- 
change interaction on distance implies an asym- 
metrical “motional deformation” and “motional 
shifting” of the w(J) spectra with changing intra- 
molecular mobility of the radical moieties. However, 
it is a fundamental feature of lineshape theory [ 241 
and of “motional narrowing” that the parameters of 
the probability distribution of A, D distances cannot 
be determined unequivocally. Even if J( r) is known, 
they can neither be determined from the experimen- 
tal triplet yield function, h(B), nor from the spec- 
trum of the exchange interaction, w(J) (if it were 
experimentally accessible). This applies to all theo- 
retical models used to explain the magnetic field ef- 
fect of biradicals and linked radical ion pairs. 

Whereas the (static) “sub-ensemble approxima- 
tion” is of considerable didactic and illustrative value 
and is able to predict and explain the observed mo- 
tional shifting, it falls short of providing quantitative 
triplet yields satisfactorily. Note that in fig. 1 the ex- 
perimental absolute triplet yields are much higher in 
ACN than in CEH and DEG. A much more ad- 
vanced theoretical treatment [ 16,181, applying an 
extended stochastic Liouville equation which takes 
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into account a distance-dependent back electron 
transfer, is found to be necessary to account for 
quantitative details e.g. the absolute triplet yields at 
zero magnetic field (cf. fig. 1). 

In analogy to an earlier treatment of spin and po- 
lymethylene chain dynamics [ 22 1, the temporal evo- 
lution of the spin system in radical ion pairs and the 
product formation in the course of back electron 
transfer have been calculated with the stochastic 
Liouville equation [ 1618 1. The stochastic chain dy- 
namics, the quantum mechanical spin dynamics and 
the distance dependence of back electron transfer are 
described by the appropriate operators and the cor- 
responding density matrix formalism of the coupled 
electron-nuclear spin states and the product states 
3A* (n ) ‘D and ‘A(n) ID. The agreement. between 
simulation and experiment, particularly the mo- 
tional shifting and the absolute yields, suggests that 
the inclusion of a distance-dependent back electron 
transfer is a considerable improvement over pre- 
vious models. These results which are also important 
for cage reactions of unlinked radical pairs are de- 
scribed in detail elsewhere [ 18 1. 
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