
on Mount Kenya. The S180,, temperature sig- 
nal could ha\ e been enhanced by the contribu- 
tion of more depleted meltwater beca~~se of 
increased melting of the top part of the glacier. 

The climatic transition around 2200 14C 
cal yr B.P. in our record (Fig. 2B) is also 
apparent in records from the equatorial pait 
of Lake Victoria (18) (0°05'0'N, 32'48'2"E) 
and a high-altitude mire on Mount Satima, 
Kenya (19) (0°18'S, 36'35'E; 3670 m). A 
warm period occurriilg at the same time in- 
ten.al (about 2400 to 1250 calendar yr B.P.) 
has been recorded by glacier recessions on 
Mount Kenya (5) and in the northeastelm St. 
Elias Mountains in southern Yukon Tei-ritory 
and Alaska and in Swedish Lapland (1). 

This work demonstrates that sedimentaiy 
records of S180,, from high-altitude lakes 
complement iceIcore data and provide a 
unique isotopic archive related to climatic 
changes. 
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Magnetic Field Effect on 
Picosecond Electron Transfer 

P. Gilch, F. Pollinger-Dammer, C. Musewald, 
M. E. Michel-Beyerle," U. E. Steiner 

The recombination dynamics of a transition metal redox system monitored by 
femtosecond pump-probe spectroscopy are shown to  be sensitive to high 
magnetic fields at times shorter than 10 picoseconds. The effect, based on 
coherent population beats of different spin states, is quantitatively accounted 
for and allows direct access to  spin relaxation rates far beyond the time 
resolution of the fastest electron paramagnetic resonance technique. The pres- 
ence of this ultrafast magnetic field effect helps in understanding complex 
reaction schemes in transition metal chemistry, which occur in a wide range of 
fields, such as bioinorganic chemistry and catalysis. 

Magnetic field effects on the kinetics of 
radical pair (RP) recombination processes 
are well-established phenomena in molec- 
ular photochemistry (1). These effects are 
based on the principle of spin conservation 
in elementary chemical reactions and on the 
hyperfine and Zeeman interactions that af- 
fect the spin states of the RP. The hyperfine 
interaction in organic RPs induces transi- 
tions between the RP's spin states (one 
singlet S and three triplet states T,, To, and 
T-_). In an external nlagnetic field the Zee- 
Inan splitting removes the degeneracy of 
two triplet levels (T-  and T-) with the 
singlet state, thus reducing singlet-triplet 
mixing (2). The saturation field of such 
effects is determined by the magnitude of 
the hyperfine interaction, which is -0.005 
T (1 T = lo4 gauss) in organic RPs. This 
field range also determines the time scale 
for these effects to evolve, which is - 10 ns 
(3, 4). In this regime, magnetic field effects 
have been successfully used to separate 
spin processes and elementary chemical 
processes such as electron transfer (ET) 
and bond fornlation (5-7). 

Here, we report an ultrafast magnetic 
field effect on the recombination of an RP 
containing a transition metal component 
that occurs in less than 10 ps in fields of 
several teslas. Using femtosecond pump- 
probe spectroscopy and an optical super- 
conducting magnet ( 8 )  xve investigated the 
RP generated from ethylferrocene (Fc) and 
oxazine 1 in its first excited singlet state 
('Oxt*) in acetonitrile solution (9) at 298 
K. Analogous to the closely related :V,A7- 
dimethylmethylferroceilemethylene blue 
photo-redox system (lo),  'Ox-* accepts an 
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electron from the neutral Fc. At high con- 
centrations of Fc, the forward ET measured 
in stimulated emission from 'Oxt* is ul- 
trafast (time constant -200 fs) and folloxvs 
essentially monoexponential kinetics. For 
energetic reasons the resulting RP 
(Ox*. . .Fc-*) can only recombine to form 
the singlet ground states of the reactants. 

The recombination monitored by the re- 
covery of Ox' shom~s multiexponential ki- 
netics in zero field (Fig. 1). The dominant 
process proceeds with a time constant of 
-1 ps, a sizeable fraction decays with a 
time constant of -13 ps, and a small, long- 
lived contribution has a characteristic time 
of -130 ps that is responsible for the offset 
in Fig. 1. This rather complex behavior can 
be attributed to the transition metal compo- 
nent (Fc") in the RP. Replacing it by the 
cation of ,V,AT-dimethylaniline results in a 
nearly monoexponential decay independent 
of magnetic fields (Fig. 2). 

Magnetic fields of several teslas affect the 
recombination of the Fc-*-containing RP 
(Fig. 1). The general effect at shoit times is to 
slow down the recombination. \hiith increas- 
ing magnetic field the effect increases and its 
onset moves to earlier times. For the largest 
field applied, the magnetic field effect reach- 
es its maximum at 2 ps. At longer times a 
cross-over behavior is observed, implying 
that, in contrast to the behavior at short times, 
increasing magnetic fields accelerate the re- 
combination. 

Qualitatively, the observed effects are ac- 
counted for by the following reaction 
scheme: 

' (oxt'.:. Fc) 

'(OX+ Fc) 

Generation of the RP by the singlet precur- 
sor '(Oxt*. . .Fc) yields a singlet-correlat- 
ed RP '(Ox*. . .Fct*), which can recom- 
bine (rate constant IcE,) to form the ground- 
state reactants. Alternatively, the RP may 
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be reversibly converted to its nonreactive 
triplet spin state 3(Oxe. - .Fc+'), a process 
that is determined by the extremely fast 
paramagnetic relaxation of Fc+*, for which 
the (longitudinal and transversal) spin re- 
laxation time T, is on the order of a few 
picoseconds (11). The rate constant k, 
characterizing the rate of m ~ l t i ~ l i c i t - ~  
change in the RP corresponds to 1/(4~,). 
Thus, although the initial recombination 
rate constant of the RP is high, because of 
this stochastic spin process, the RP multi- 
plicity develops toward a 1 : 3 sing1et:triplet 
equilibrium, and the overall recombination 
rate constant slows down. 

A magnetic field splits the triplet levels. 
In contrast to the hyperfine-dominated spin 
processes in organic RPs, this splitting does 
not affect the paramagnetic relaxation, which 
is probably dominated by an Orbach-type 
spin-orbit coupling mechanism (12, 13). On 
the other hand, the magnetic field induces a 
Ag-dependent mixing of the S and To RP 
states, leading to coherent S - To transitions 
with an angular frequency of 

where Bo is the magnetic induction, pB is 
Bohr's magneton, and Ag is the difference 
of the g values of Fc+' and Oxe. For the 
latter, g is close to the value of the free 
electron, whereas for the former, g is a 
strongly anisotropic tensor so that the ac- 
tual g value depends on the orientation of 
the axis of Fc+* relative to the field, which 
leads to a distribution of Ag values span- 
ning a range between -0.7 and 2.4 (15). 
With [Ag[ on the order of 1, Eq. 1 yields S 
* To oscillation periods on the order of 1 
ps in a magnetic field of 10 T. Consequent- 
ly, population beats of the RP states are 
expected to occur on the same time scale as 
the spin-allowed RP recombination pro- 
cess. o f  course, these population beats will 
modulate the rate of recbmbination. Anal- 
ogous kinetic effects on the nanosecond 
time scale or longer have been observed for 
the recombination of RPs in solution and 
proteins (16-19). 

For a quantitative simulation of the ob- 
sewed kinetics, we made use of the sto- 
chastic Liouville equation formalism as 
specified by Steiner and Biirljner (14, 20), 
which has been applied to ferricenium sys- 
tems (21). Before this study experimental 
verification of the formalism was confined 
to reaction yield modulations. The experi- 
ments presented here allow for a time- 
dependent test of this model. Its features 
are as follows (Fig. 3): 

1) The RP is described by using a basis 
set of four effective spin states S', Th, T i ,  
and TI_ wherein the effective spin is quan- 
tized along the main g tensor axis of Fc+*. 

These states are mixtures of pure singlet ET, it is assumed that the initial populations 
and triplet configurations. The weights of the states created in the forward ET corre- 
of the singlet component of state i can be spond to their psi values and that the deple- 
deduced from the experimental g tensor tion of the states due to recombination pro- 
values of Fc+' (21). The values obtained ceeds with rate constants ~ , ~ k , , ,  where kET 
are p ,,. = 0.82, pST6 = 0.18, and p , , ,  = 0. is the rate constant of the fully spin-allowed 

2) Because of the spin-selectivity rile for recombination. 

Fig. 1. Pump-probe measure- 
ments on the ethylferrocene- 
oxazine 1 photo-redox system in 
different magnetic fields (black 
0, blue 3, green 5, cyan 7, and red 
8.9T). Experimental error is rep- 
resented by the size of the data 
points. (Insert) The visible spec- 
trum of the sample solution; the 
specific feature results from the 
5, -+ 5, transition of OX+. The 
spectral positions of pump (650 
nm) and probe (610 nm) beams 
are indicated by the solid bars. 
Et, ethyl. 

Fig. 2. Pump-probe measure- 
ments on the N,N-dimethylani- 
line (DMA)-oxazine 1 photo-re- 
dox system in magnetic fields of 
0 (black) and 8.9 T (red). Pump 
and probe wavelengths as in Fig. 

Fig. 3. Magnetokinetic 
reaction scheme of 
the photo-redox sys- 
tem ethylferrocene- 
oxazine 1. The solid 
arrows indicate elec- 
tron transfer pro- 
cesses (FET), the 
dashed arrows a relax- 
ation transition be- 
tween RP states. The 
diagrams display the 
time dependence (0 to  
10 ps) of the relative 
populations of the 
states involved in the 
recombination process, 
assuming a deltalike 
~ o ~ u l a t i o n  of the RP 
k i t e .  The time traces 
refer t o  zero field (black lines) and 8.9 T (colored areas) and were simulated with best-fit 
parameters for the experimental data in zero field. The diagram marked ground state shows how 
the different RP states contribute t o  the time trace observed in the experiment at 8.9 T. 
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3) The relaxation operator that describes 
relaxation among the four states is uniquely 
defined in terms of the field-independent 
paramagnetic relaxation time T, of Fc+' as 
the only parameter. 

4) The kinetic effect of an external mag- 
netic field follows entirely from the action 
of the Zeeman Hamiltonian operator, which 
is determined by the g tensors of the two 
radicals. It must be noted that because of 
the distribution of singlet character over the 
states, the recombination rate is not only 
modulated by S' - Th coupling but also by 
Th - T i  and S' - T', couplings. 

At zero field, most of the RP population 
initially resides in S', which decays with a 
characteristic time of -1 ps, mostly to the 
ground states of the reactants but partially to 
the T' states. The decay of the latter either 
directly (in case of Tb) or indirectly via S' or 
Tb (in case of T',) is considerably slower. 

For the maximum field of 8.9 T, the 
calculated time profiles exhibit population 
beats corresponding to a net transfer of the 
population from reactive states to nonreac- 
tive and then back. These population beats 
cause the observed magnetic field effect of 
the recombination. The beat frequencies 
and the states coupled depend on the ori- 
entation of the Fc+' with respect to the 
field. A parallel Fc+' axis results in S' - 
Th oscillations, whereas a perpendicular 
one yields S' - T', and Th - T', beats. 
Summation over all orientations is respon- 
sible for the wide range of Fourier compo- 
nents encountered here. 

The experimental data were analyzed by 

0 1 2 3 4 6 6 7 8 9 1 0  
Delay @s) 

Fig. 4. Time dependence of the magnetic field 
effect (defined as the difference of the field 
time trace and the zero-field trace) for 3 (blue), 
5 (green), 7 (cyan), and 8.9 T (red). (A) Exper- 
imental data. (8) Simulations as described in 

fitting this model to the zero-field kinetics 
(22), the recombination rate constant k,, 
and the spin relaxation time T, being the 
only free parameters. These values can be 
used to predict the kinetics at arbitrary 
fields. Comparison of the predictions with 
the experimentally observed magnetic field 
effect (Fig. 4) shows almost quantitative 
agreement with respect to the amplitude of 
the magnetic field effect and the crossing 
feature at -7 ps between the two sets of 
curves. This emphasizes the validity of the 
determined parameter values of k,, and 7,. 

We determined the value for therecombi- 
nation rate constant k,, to be 1.3 ps-', 
yielding ET lifetimes of S' and Th of 0.9 
and 4.3 ps, respectively. The paramagnetic 
relaxation time T, of Fc+' was determined 
to be 6.5 ps, which compares well with 
indirect results from nuclear magnetic res- 
onance line-broadening measurements 
(11). 

This observation of a magnetic field 
effect in ultrafast spectroscopy demon- 
strates that in RPs involving paramagnetic 
transition metal complexes, magnetic field 
effects can be observed on time scales three 
to four orders of magnitude shorter than in 
organic RPs. Moreover, this effect provides 
insight to the nature of the multiexponential 
kinetics resulting from the interplay be- 
tween ET and spin processes. Thus, it pro- 
vides a basis for accurate determination of 
ET rate constants and of paramagnetic re- 
laxation times not measurable with para- 
magnetic resonance techniques. Further- 
more, this spectroscopy might be used to 
identify RP-type intermediates in transition 
metal-containing reaction systems impor- 
tant in bioinorganic chemistry and in ho- 
mogeneous catalysis. 
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