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Abstract: The radical pair recombination of an intramolecular electron-transfer system containing a transition
metal moiety has been addressed by femtosecond spectroscopy. The radical pair is formed by ultrafast
electron transfer (90 fs) from a ferrocene residue to a photoexcited Nile blue moiety. Its recombination
proceeds on the picosecond time scale in a multiexponential fashion. The kinetic pattern is a manifestation
of spin processes competing with electron transfer. Magnetic field effects on these kinetics allow one to
disentangle the two contributions. Their temperature dependencies yield the activation parameters of the
two processes. The discussion focuses on the mechanism of electron spin relaxation. Strong evidence for

the Orbach/Kivelson mechanism will be given.

1. Introduction

Electron-transfer (ET) processes of transition metal com-
pounds are involved in such diverse phenomena as respiration,
corrosion, and catalys#sThis has motivated numerous experi-

processes may play a role in biological systems involving radical
pair (RP)-type intermediates, where one part is a paramagnetic
metal ion, as in a vitamin B analogué’-18

Possible effects of a transition metal moiety on RP recom-

mental studies aiming at the various factors that may influence bination kinetics are illustrated in the following (Figure 1). As

the ET kinetics of such compounds. As for ET systems in

a first step, let us consider a photoinduced ET between an

general, the energetics and the distance between the donor (DPrganic acceptor cation’Aand an organic donor D, as shown
and acceptor (A) components are cardinal quantities determining'n Figure 1a. Donor and acceptor are supposed to have closed-

the kinetics of the systeft.” Spin processes may be a further
factor influencing ET kinetics. In contrast to hyperfine induced
spin conversion prevailing in organic systemsl(ns)®~12 in

shell, i.e., singlet-phase ground states. As the photoexcitation
of A is a spin-conserving process, the systéfd A™*) is
singlet-phased. Assuming favorable energetics; &ccepts an

compounds containing transition metals, spin processes can havé&lectron from D and the radical pair (RRP** A*) is formed.

an impact on picosecond ET dynamics, as shown in an
exemplary way for oxazine 1/ferrocete1® These ultrafast spin

T Technische UniversitaMiinchen.
¥ Universitd Konstanz.
§ Ludwig-Maximilians-Universita Miinchen.
(1) Astruc, D.Electron Transfer and Radical Processes in Transition-Metal
Chemistry VCH: Weinheim, 1995.
(2) Trautwein, A. X.Bioinorganic ChemistryWiley-VCH: Weinheim, 1997.
(3) Bersuker, I. B.Electronic Structures and Properties of Transition Metal
CompoundsWiley: New York, 1996.
(4) Marcus, R. AJ. Chem. Physl956 24, 966
(5) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265.
(6) Jortner, JJ. Chem. Physl976 64, 4860.
(7) Bixon, M.; Jortner, JElectron Transfer: From isolated molecules to
biomoleculesWiley: New York, 1999.
(8) Michel-Beyerle, M. E.; Haberkorn, R.; Bube, W.; Steffens, E.; Sdarp
H.; Neusser, H. J.; Schlag, E. \hem. Phys. Lettl976 254, 384.
(9) Schulten, K.; Staerk, H.; Weller, A.; Werner, H. J.; Nickel, B.Phys.
Chem. Frankfurtl976 101, 371.

(10) Hoff, A. J.Q. Rev. Biophys.1981, 14, 599.

(11) salikhov, K. M.; Molin, Y. N.; Sagdeev, R. Z.; Buchachenko, A Spin
Polarization and Magnetic Field Effects in Radical ReactioBtsevier:
Amsterdam, 1984.

(12) Volk, M.; Aumeier, G.; Langenbacher, T.; Feick, R.; Ogrodnik, A.; Michel-
Beyerle, M. E.J. Phys. Chem. B99§ 102, 735.

(13) Steiner, U. E.; Ulrich, TChem. Re. 1989 89, 51.

15228 = J. AM. CHEM. SOC. 2005, 127, 15228—-15235

A large distance between the two unpaired electrons results
in a small exchange interactidpi.e., the singlet and the triplet
states of the RP are quasi iso-energetic. Still, starting from a
singlet excited state, only the singlet RP stgfz™ A*) will be
populated in the course of the ET process since, during
elementary processes, spin multiplicity is conserved. As the RP
recombination (or backward ET, BET) originates from a single
(and singlet) stat&(D** A*), the decay of the RP population is
single-exponential. The triplet RiPD™ A*) comes into play if
interactions of the electron spins and other magnetic moments
drive transitions between the spin states. Such interactions are
effective only if their magnitude (in angular frequency units) is
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Figure 1. lllustration of spin effects in fast RP recombination (top) and their influence on the RP population in zero (black lines) and high (red lines)
magnetic field (bottom). Primediabels for multiplicity refer to Kramers notation (see text, Model and Data Analysis section, for details). Singlet (triplet)-
phase states are marked in blue (green). Gray shadows correlate with the relative contribution of singlet spin character of states involveairbtakvar

ET. The numerical parameters used for simulating the time traces are close to those best describing the experiments reported here. (a) Ordémgc RP: Sta
from a singlet precursdi(D A™)*, only the singlet-phase RP state is populated and decays in single-exponential fashion. The triplet-phase RP states are not
populated. (b) RP bearing a transition metal moiety (static effect, no spin relaxation):-@pincoupling mixes the multiplicities; consequently, more than

one RP state will be populated. As each state may recombine with a different rate, the RP decay kinetics are multiexponential. In an externatlchagnetic f
transitions between the RP states due toAledriven magnetic mixing lead to altered recombination kinetics. This effect can be used as a diagnostic tool
for the kinetics in zero field. (c) RP comprising a transition metal moiety (fast spin relaxation): In addition to state mixir@rbficoupling will also

speed up relaxation-induced transitions among the RP states. Thereby, the RP kinetics can become even further involved. The field effect now is less
pronounced. This damping is directly correlated with the relaxation time of the spin located at the transition metal. For better comparisorrattestime
corresponding to scenario (b) are included as dotted lines.

comparable to or larger than the decay rate constant of the RP. Experimental access to these spin effects involving transition

In organic RPs the dominating interaction is the hyperfine
interaction, with a typica? magnitude of 10-10°rad s'*. Thus,
hyperfine interaction will only affect kinetics of organic RPs

metals can be gained via the modulation of the kinetics by static
magnetic field$3 An external magnetic field alters the transition
rates between the RP states in a predictable way and allows

with lifetimes longer than several nanosecofids. conclusions to be drawn on these rates in a zero-field situation.
A different situation may prevail for RPs with an unpaired In the present case, the field-induced transitions are caused by
electron located on a transition metal moiety. (We assume thatthe Ag mechanism. In spinorbit coupled systems thgfactor
the donor D contains the transition metal ion and is not Of the unpaired electron deviates from that of the free electron,
photoexcited.) In transition metal ions, small ligand field e~ 2, and is no longer isotropic. Thus, the electron spin located
splitting of partially filled d-orbitals in combination with large ~ at the organic acceptor-A&and the one located at the transition
spin—orbit coupling constants results in strongly coupled spin ~ metal ion D™ precess with different angular frequencies. This
orbit states. In other words, in such compounds the factorization results in a continuous rephasing of the RP states. The effect
of the electronic wave function in a spin and an orbital part of this rephasing was first observed as a modulation of reaction
often fails. For the kinetics of the RP, this has two consequences.yields in the photo-oxidation of ruthenium(ll) complexés!
Since the spin state of a “transition metal radical” cannot be Later, it was shown that the same approach can be used to
described by a simple spin wave functiandr j3), this is also analyze the photosensitized oxidation of ferroc&8In these
not possible for a RP bearing such a radical. This RP will not experiments, effects on both the reaction yiéidsd directly
have pure singlet or triplet wave functions but wave functions on the reaction kinetiéd were observed.
describing mixtures of the two multiplicities (see Figure 1b).  Inthe latter experimerif the organic dye oxazine 1 is excited
Thus, even when starting from a purely singlet-phase excited by femtosecond laser pulses. The excited dye then accepts an
state, RP states with a partial triplet character will be poputated electron from a ferrocene derivative (ethylferrocene) present in
with concomitant consequences on the decay of the RP, resultinghigh concentration¢2 M). The forward ET (FET) process takes
in non-single exponential kinetics. Furthermore, in strongly place on a time scale 0¥200 fs, forming a RP consisting of a
spin—orbit coupled systems, spin relaxation times can be very ferricenium cation and the semireduced form of oxazine 1, both

short (down to picoseconds). Spin relaxation then leads to species solvated in ethylferrocene and acetonitril&:{ v:v).

incoherent transitions between the different RP stasemin
with consequences for the RP kinetics (Figure 1c).

(19) Ayscough, P. BElectron Spin Resonance in Chemistijethuen & Co.
Ltd.: London, 1970.

This represents a situation similar to the ultrafast intermolecular
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(22) Gilch, P.; Linsenmann, M.; Haas, W.; Steiner, U.Gem. Phys. Lett.
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Figure 2. Structures of the intramolecular ET system FcptNind its methanol (v:v). The arrows indicate the spectral positions of pump and
constituents. probe beam for the femtosecond MFE experiments.

ET between solvent and soléteeviewed in ref 24. The RP  femtosecond setup (data not shown). This is completely in line
recombines on the picosecond time scale in a multiexponential with the results of the foregoing stuthin which with a setup
fashion. Applying magnetic fields of some teslas slows down with a higher time resolution of15 fs and arf5, lifetime of

the recombination. An analysis based on a stochastic Liouville 90 fs was determined. The additional information obtained in
equation approach (for details see below) shows that thethe experiments here is that this lifetime stayed below the 200
multiexponential reaction kinetics are a direct consequence of fs response time in a temperature range between 295 and 170
the involvement of spin processes. Furthermore, the “unmasked”K. Furthermore, within the limit given by the response time,
BET rate for the RP as well as the spin relaxation time of the the S lifetime is not affected by magnetic fields of up to 7 T.

ferricenium catioq can be extracted whger = (0-8?371 and' The rapidS, decay is assigned to an ET process from the
s = 6.5 ps. This underscores the above notion that in & (ground-state) Fcp moiety to the excited Npart forming a
transition metal D/A system, both BET and spin dynamics can (Fcp™-Nb*) RP25 The recombination of the radical pair, i.e.,
occur on the picosecond time scale and may influence recom-yhe BET process, repopulates the electronic ground states of
bination dynamics significantly. _ ~ the two moietied(Fcp-Nb™) and therefore is probed as a strong
The intermolecular ET system described above prohibits gitference absorption signal at 610 nm (“ground-state bleach-
tempere}ture-dependept studies since the SQ|UI.IOI.’I e>.<h|b|ts phasqhgu)_ Ground-state recovery (Figure 4, left column) is evidently
separation upon cooling. To overcome this limitation and 0 1, \ch siower than the decay of stimulated emission, underscor-

minimize the influence of diffusion, the intramolecular ET ing once again that, in Fep-Nban intermediate state (namely
system Fcp-Nb has been synthesized, bearing a ferrocenophanethe RP) is formed upon the decay of the excited state 1{Fiup-

(Fep) and a Nile blue (N moiety (Figure 2). In a femtosecond Nb*) ground state recovers in a multiexponential pattern with

tr?tr;]5|e£|t3?bsorp:_tlor$5 _?xperl?ent alr:url[g dn,:ﬁ'rllilhatér_:_ekk'n?“cs characteristic times ranging from 1 to 100 ps. After 1 ns only
otthe ormation,’ It was demonstrated that the INEUCS 5 small offset is seen, most likely due to a signal contribution

of the intramolecular system are similar to those of the of a byproduct (see Experimental Section). Upon cooling to 170

blmo_lecular_ sy_stem. In the present \_/vork, we will _explore_m K, the characteristic times shift to slightly longer values, the
detail the kinetics of the RP recombination in particular with S
recombination slows down.

respect to the interplay between ET and spin dynamics as well o
as their temperature dependence. This temperature dependence At all temperatures, a strong magnetic fielioT affects
of the spin relaxation points to an Orbach/Kivelson-type the recombination kinetics. The common features of this effect

relaxation mechanism involving an electronically excited Kram- are the following: around time zero the time traces at zero field

ers doublet state. and at 7 T are identical in magnitude and slope. In other words,
the magnetic field does not affect the initial recombination rate
2. Experimental Results given by the derivative of the time trace around time zero. From

Selective photoexcitation of the Nimoiety of Fcp-Nb is delay times of~1 ps onward, ta 7 T traces starts to deviate
easily achieved by tuning the pump pulse to the absorption bandfTom the zero field traces. In high magnetic field the recombina-
centered at 642 nm, which strongly resembles the one of thetion of the RP is delaye_d. This effect is most prominent gro_und
free Nb+ dye (Figure 3), as the Fcp moiety does not absorb in 3—6 Ps; toward longer times, the influence of the magnetic field
this spectral region. The population of the photoexcited state PECOMES again marginal. Time traces at intermediate field
I(Fcp-Nb™) is followed by probing the stimulated emission at strengths lie between the zerodan T traces (data not shown).

700 nm and decays within the response tim@Q0 fs) of the The field effect is slightly sensitive to the temperature. The
smallest effect is seen at 295 K, and it is most pronounced at

(23) Kandori, H.; Kemnitz, K.; Yoshihara, Kl. Phys. Chem1992 96, 8042. 170 K.

(24) Yoshihara, K. Ultrafast Intermolecular Electron Transfer in Solution. In . . .
Electron Transfer: From isolated molecules to biomolecullestner, J., The observed effects are caused by field-induced transitions
Bixon, M., Eds.; Wiley: New York, 1999; Vol. 107. ; H H

(25) Baigar, E; Gilch, P.; Zinth, W.; Sekl, M.. Harter, P von Feilizsch, 7., PEWeen the spin states of the RP. The active part in the RP
Michel-Beyerle, M.Chem. Phys. Let2002 352, 176. responsible for these transitions is the oxidized Fcp moiety
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L ' 1.61 andg, = 3.86, with the “parallel” value representing the

’ M"- S| i situation of the magnetic field aligned normal to the cyclopen-
L _ tadienyl rings. We note that this anisotropy is smaller than the
) _f one reporte#?30 for the ferricenium cation, with values of
4L % 205 K i = 1.3 andg, = 4.4. The substitution of the ferrocenophane in
Fcp-Nb" should not influence the distortion of the cyclopen-
0 o, - tadienyl rings. Thus, thg-values of Fcp* are expected to be
: (W valid for Fcpr-Nbr, too.
. ‘jy 3. Model and Data Analysis
AR 260 K . The data analysis relies on a mod@éf which has been

successfully employed to deal with the RP recombination of
the intermolecular ET analogue to the present!RR/e will
briefly review this model and then demonstrate how crucial input
parameters for the model can be extracted from the EPR
spectrum and finally determine rate parameters by comparison
of simulations based on this model with the experimental results.
In the Introduction, we stated that the total spin is no longer a

ground state depletion [a.u.]

o= good quantum number for RPs bearing transition metal ions.
_— ] Instead, it proves to be useful to treat the RP states as a
N ~._,=e="" combination of the spin wave function (or ) of the organic
AR & 170K - radical moiety (NB) with the lowest spir-orbit states of Fcpr
: cl) TR g TR 6 P !Is ' (o' or f'). Also in the presence of spirorbit coupling, a

molecule or ion with one unpaired electron will retain a two-
fold degeneracy that is only lifted by magnetic fields (Kramer’s

Figure 4. Ground-state recovery of FcNkat 0 T (black lines) and 7 T doublet). Arranging the wave functions of the two unpaired
(red lines). Sample temperatures are indicated. To compare these results

with the illustration in Figure 1, the times traces have to be multiplied by €l€ctrons in the common fashion, i.e.
—1. Left: Measured time traces probed at 610 nm after excitation at 650 , ,
nm. Right: Simulation of the experimental time traces with the model T, = ao
described in text.

T =pp

time [ps]

1

Ty = + )
of - S = —=(af - o)
V2

provides a set of basis functions for RP states. Note that this is
a symbolic notation. In actual calculations, one has to work with
Slater determinants to account for the indistinguishablity of the
200 300 200 500 electrons. The priming of the symbols denotes that these
B-field [mT] effective spin functions are not spin functions of precisely
Figure 5. EPR spectrum of Fop measured at 10 K at 9.42 GHz in the d(_efined multiplicities. Yet states denot&dcarry predomi_nately
usual differential representation. Conditions: 0.5 mM Fc, 0.5 mM AgBF  triplet character, whereas the one denddeldas predominately
in MeOH. singlet character. The singlet charaqieof these states can be
derived from EPR data as outlined below. Using these basis
(Fcp™). As outlined in ref 26 and later on with emphasis on functions, the time evolution of the RP is described by the
ferricenium cations in refs 15 and 22, relevant information on following stochastic Liouville equation:
these transition can be derived from EPR spectrosébfPR
spectra of ferricenium cations respond rather sensitively to dog _
distortions of the two cyclopentadieny! ringsIn the bridged at
Fcp moiety, the two rings are strongly distorted by the C
bracket. To quantify the effect of this distortion, the X-band Here, p denotes the spin density matrix in the basis of the
EPR of Fcg* was measured. Fcp was oxidized by addition of effective pair spin states specified above, its diagonal elements
AgBF; to a solution of this compound. The EPR spectrum Presenting the populations of the four RP states, &hd
(Figure 5) of Fcrf' is characteristic for a Compound with |arge SymbOIizeS the orientation of a particular RP with reSpeCt to
axial g-tensor anisotropy. The values of thgensor aregy =

intensity [a.u.]

1277, ~ 2 1.
- T[Hgvpg]— + Rpg - E[Kapgh

(29) Prins, RMol. Phys.197Q 19, 603.
(30) Materikova, R. B.; Babin, V. N.; Solodovnikov, S. P.; Lyatifov, I. R;;

(26) Steiner, U. E.; Bissner, D.Z. Phys. Chem. N. FL99Q 169, 159. Petrovsky, P. V.; Fedin, E. E. Naturforsch. (B}198Q 35, 1415.
(27) Warren, K. D.Struct. Bondingl976 27, 45. (31) Burssner, D.; Wolff, H. J.; Steiner, U. EZ. Phys. Chem. N. FL993 254,
(28) Ammeter, J. HJ. Magn. Reson1978 30, 299. 384.
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the magnetic field. [...] + stands for the commutator and anti-
commutator, respectively. The first term of this equation

Table 1. Rate Constants for Electron Transfer and Spin
Relaxation Resulting from Simulating the Recombination Time
Traces at Zero Field and at 7 T2

describes the coherent evolution of the RP states induced by

the external field. This evolution is caused by the difference of 295K 260K 20K 110k B
_ - ] il (kser) ™t 1.2 ps 1.2ps 1.7 ps 2.4 ps 24 meV
the g-values of the two radicals\@ mechanism). The Hamil (ko 143ps  182ps  250ps  400ps  26mev

tonian matrix Ho depends only on the magnetic field, the
g-values of the two radicals, and the orientatién?® The a Accounting for the IF2 term in the pre-exponential factor of the
orientation dependence is a manifestation of the anisotropic Marcus equation, the activation energy for the BET process increases to
g-tensor of Fepr. Trivially, this first term vanishes in zero field. 2 = 36 meV.

The second term accounts for incoherent transitions among the T T T T
RP states induced by spin relaxation. The relaxation drives the
relative population of the four RP states toward equilibrium and
destroys coherence among these states. The matrix elements of

the relaxation super operat® are determined solely by the

spin relaxation timers of Fcp*.22 The longitudinal and 8

transverse relaxation times are taken to be e¢fushe short “01f E
relaxation time is a further manifestation of the large spin ]
orbit coupling at the Fcfp moiety. The relaxation of the spin \\
located at the Nbmoiety does not have to be considered since

the spin relaxation times of organic radicals are by several orders 0.01

of magnitude too long to be of importance hét&he last term 3'20' 2{30 ' 2:;0 260
describes the depletion of the RP states by recombination. The temperature [K]
reaction operatoK is a diagonal matrix; its diagonal elements  Figure 6. Arrhenius representation of the rate constants for ET (blue line)
are the recombination rate constants of the individual RP and spin relaxation (black line).

substates, given by the product of a rate constgat and the
singlet characteps. The rate constariker characterizes the ET

n rely singlet-ph RP n inglet recom- " . . .
b_etwge a purely sing _et phase state and a singlet reco with a width of 150 fs, accounting for a delayed rise of the
bination product. Since in the present case all substates are more ) . e .
xperiment signals due to the finite experimental response

rl riplet-contamin ,ther nstant h r (f . ) .
or less triplet-contaminated, the rate constant has to be reduce nction and the forward ET reaction generating the RP.

u
<
by the factorps = 1. Furthermore, a small offset (5%) was added to the simulated

Having outlined the formalism for the problem, we now have e races, accounting for the signal contribution of free Nb
to find numerical parameters to perform the simulations. For ., acles (cf. Experimental Section).

the HamiltonianHo this is straightforward. The parameters o gqch temperature, a two-dimensional array of simulated
required are the-tensor values of Fcp determined above and  jme traces was generated where in one dimension of the array
the g-value of the Nbradical, which is taken to bg. ~ 2, as the ET rate constarer was varied in steps of (0.1 pgand

commonly found for organic radicals. RPs in solution are i, the gther dimension the spin relaxation timavas varied in
randomly distributed with respect to the magnetic field, and thus steps of 0.5 ps. Best-fit values were obtained by comparing the

accounting for the orientation dependence requires taking an,erq field simulations with the experimental result obtained in
orientational average. The relaxation super operator is deter-yq ghsence of an external field. The consistency of the obtained
mined by one single parameter, namely the spin relaxation time parameters was checked by comparing experimental and
7 Its value will result from the simulation described below. gjnulatel 7 T time traces (Figure 4). The nice agreement
This also applies for the ET rate constdgtr, one of the  penveen experiment and simulation shows that the model
parameters of the reaction operakorThe singlet characters outlined above captures all features of the RP kinetics. This in
can be derived independently from t¢ensor values of Fcp. turn renders the rate parameters of BET and spin relaxation
A previous analys® afforded the singlet characters as fol-  gerived from these simulations very reliably. Their values are
lows: py(T+',T-") = 0, p{To’) = 0.5 — g/4 = 0.1, andp«(S) summarized in Table 1. The temperature dependence of these

= 0.5+ go/4 = 0.9. The numerical values are basedgn= parameters obeys Arrhenius behavior (Figure 6); the pertinent
1.61 as given above. The singlet character determines both the, iy ation energie€, are also compiled in Table 1. These

initial population and the depopulation rate of the RP states. numerical values will be addressed in the Discussion. We

The RP is formed by an ET process from a singlet precursor giready stress here that the nearly equal activation energies for
state; the RP states are thus populated according to their singlef ot processes are, to the best of our knowledge, just incidental

160

For a direct comparison of the simulation and the experimental
results, the simulated time trace was convoluted with a Gaussian

character.

Altogether, only two parameter&get andrs) remain to be
determined from the simulation. The stochastic Liouville
equation was solved numerically, affording a time-dependent
spin density matrixo(t). The time interval in the numerical
integration was set to 10 fs. For each timehe trace ofp(t)
was calculated, which is equal to the total population of the RP
(sum over all RP states). It is this total population which is

observed experimentally as the ground-state recovery signal.

15232 J. AM. CHEM. SOC. = VOL. 127, NO. 43, 2005

and bear no deeper meaning.
4. Discussion

The experimental findings presented in this paper demonstrate
once more that picosecond ET kinetics involving transition metal
compounds can be influenced by spin processes. This can lead
to multiexponential reaction kinetics. A careful analysis of these
kinetics allows us to pin down genuine ET contributions and
separate them from spin-induced processes. In this context, a
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magnetic field effect is an indispensable diagnostic tool. Once 100 T T T
such an analysis is performed, the rate parameters extracted can
be interpreted in the usual fashion. Here, these parameters are
the ET rate constant and the spin relaxation time and their
temperature dependence.

In a basic Marcus-type treatmefitthe ET rate constamger
in the non-adiabatic limit is cast in the following form:

o(T) / 1(295K)
S

An® —(AG+A)242ksT
kB = V2— e B
= hy/AmikgT 1} ;

whereAG andA represent the free enthalpy change associated 320 280 240 200 160
with the ET process and the total reorganization energy of the temperature [K]
process, anl stands for the electronic coupling. Qualitatively, Figdure 7. TeTperatlur_e dePendeqcelof tQ? spin relaxatiog 'fiﬂ(;ied |irr1]e) |
ine e -4 e exponent ca b cquated i e 2 on oton et oy o
small activation energy of 36 meV obtained above; i.e.,
recombination has to be assigned to the activationless or invertedmotion. In his mechanism, the stochastic motion of solvent
Marcus region. The precise relationship between the activation molecules generates fluctuating electric fields, which may induce
energy and the exponent is complex and is given in ref 5. In «spin” transitions in highly spir-orbit coupled systems. In the
the inverted region the classical Marcus treatment breaks dOWn,lgGOS’ Finn and Orbaéh3treated spin relaxation for Systems
and approaches incorporating quantum effects are in place ifwith large spir-orbit coupling in solids as phonon-induced
ET is coupled to high-frequency modes. These approaches, fortransitions between closely spaced electronic levels. This
instance the one put forth by Bixon and Jorthpredict aweak  approach was then transferred to processes in solution by
temperature dependence not only for the activationlgssi|( Kivelson40 where incoherent solvent fluctuations take the role
= A) but also for the inverted regimeXG| > 1). Thus, based  of phonons. According to this theory, spia systems with large
on the temperature dependence alone, the ET process canndpin—orbit couplings and electronically excited but thermally
be classified as activationless or inverted. Supplementary accessible states exhibit fast spin relaxation. For the ruthenium-
electrochemical experiments addressing this issue are currently(jj)) complexes, Steiner et &.showed that spin relaxation times
being undertaken. Assuming a close-to-activationless processfor these complexes are in line with the Orbach/Kivelson
the Marcus treatment yields a couplikgf 80 cnt?, which is mechanism. For ferricenium, the same relaxation mechanism
in line with a non-adiabatic ET reactiGA.A comprehensive  \yas put forth5.22 However, since ferricenium is substantially
treatment of the ET kinetics of Fcp-Nbincorporating forward  smaller than ruthenium(lll) complexes, the separation of the
and backward ET, is the subject of ongoing research. time scales between rotational motion and spin relaxation is
The data presented here represdnt the best of our not so distinct.
knowledge-the first set of temperature-dependent picosecond  Based on the present results, a much clearer statement on
electron spin relaxation data measuirethe time domainwith the rotational independence of spin relaxation in ferricenium is
a value ofrs = 14.3 ps at 295 K, spin relaxation for the possible. The rotational correlation tinre of a molecule in
intermolecular FCp-Nb SyStem is well in line with values solution is given by the Debye equation’
determined for isolated ferrocenes. The remaining deviation by

afactor of 2-3 (rs = 6.6 ps measured with the present technique 7(T)

in the time domain for ethylferriceniuth and rs = 4.05 ps (N =Vi 7

measured by NMR methods on ferricenitihwill be addressed

below. Regarding Fcp-Nb as a rigid molecule with an approximate

The mechanisms of the relaxation of spifa systems in hydrodynamic volume/, of 4/37(7 A)3, one arrives at a room-
solution can be divided into those driven by rotational diffusion temperature correlation timg ~ 100 ps for a viscosity of =
and those independent of 3. In detailed studies on the 1 cP (weighted mean of the viscosities of ethanol and metha-
relaxation of ruthenium(lil) complexes, Steiner et al. (see ref nol*). This is much larger than the spin relaxation time
35 and references therein) demonstrated that in this case thgeported here. Since the ferricenium moiety might be able to
relaxation timess, which are on the order of several picosec- rotate around the €N bond in Fcp-NB, the effective hydro-
onds, are substantially shorter than rotational diffusion times. dynamic volume could be smaller, and the calculated correlation
This is a clear indication that processes independent from time 7. could come close to the measured spin relaxation time
rotational diffusion are operative. As early as 1939, van 7s. When relying on the temperature dependence, no reference
Vleck3637 suggested a mechanism not relying on rotational to this volume is required. In the temperature range covered by
the experiments presented here, an increase by nearly 2

(32) Newton, M. D.Chem. Re. 1991, 91, 767. i i i i i

(33) Klingert, A. Untersuchungen zur Elektronenspinrelaxation paramagnetischer orders of magnltUde IS pre.dlcted by the Debye equ,atlon (Flg,ure
Spin-1/2-Metallocene in fissiger Lsung. PhD thesis, Universitionstanz, 7). In contrast, the experimental value of the spin relaxation
Konstanz, 2003. time changes only by a factor of3.

(34) Banci, L.; Bertini, I.; Luchinat, CNuclear and Electron RelaxatiopfVCH
Verlagsgesellschaft: Weinheim, 1991.
(35) Hazer, K. A.; Klingert, A.; Klumpp, T.; Krissinel, E.; Bissner, D.; Steiner, (38) Finn, C. B.; Orbach, R.; Wolf, W. FProc. Phys. Socl961, 77, 261.

U. E. J. Phys. Chem. 2002 106, 2207. (39) Orbach, RProc. Phys. Socl961, 77, 821.
(36) van Vleck, J. HJ. Chem. Phys1939 7, 72. (40) Kivelson, D.J. Chem. Phys1966 45, 1324.
(37) van Vleck, J. HPhys. Re. 194Q 57, 426. (41) Handbook of Chemistry and Physi@RC Press Inc.: Cleveland, OH, 1977.
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These findings rule out rotational contributions being effective kinetics of the system. Irrespective of the kinetics, the system
in the spin relaxation of ferriceniums. In the Orbach/Kivelson recombines to the same ground state. This need not always be
mechanism, fast spin relaxation independent of rotational the case. For instance, singlet and triplet radical pair states might
processes is achieved through spin transitions via excitedform different products. In this case, spin effects will have an
electronic states. Only in such a coupling scheme can purelyimpact on the reaction outcome, i.e., on reaction yields and the
electric interactions with the environment become effective. Due type of product formed.
to Kramers’ theorem, an electrostatic perturbation cannot induce
direct transitions between the two components of the same6. Experimental Section
Kramers doublet. The difference in energy between the two
lowest Kramers doublets has to be supplied by vibrational and

librational modes of the environment. Consequently, this process | & 4 previousl: The product was identified by NMR spectro-

can be relevant only if these dlﬁerence_s In energy are Sm_a” scopy and CHN analysis with a purity of better than 99.5%. Thin-film
enough that they can be in resonance with thermally accessible

. i . chromatography indicated a faint amount of a byproduct, possibly the
soIvenF modes. As shown experimentally t?y inelastic neutron Nb* dye. The ferrocenophane (Fcp) was synthesized according to ref
scattering® and underscored by DFT calculatioiishe Kramers 43 and characterized by NMR and CHN analysis. Nile blue*(Nb
doublets in ferricenium are separated by only a few tens of chjoride was used as received from Sigma Aldrich.
m'"'eleCt_ronvons'_ which is in good agreement with the activa- Solvents used were of spectroscopic grade or better. A mixture of
tion barrier for this process. 1:2 (viv) methanol:ethanol served as solvent with a low freezing pbint.

Within this framework, spin relaxation rates should respond small amounts (2% vol) of acetic acid were added to the solvents in
to changes of this separation. With increasing separation, theorder to prevent deprotonation of the exocyclic amino group of Fcp-
rates are expected to become slower. According to studies byNb*. Sample concentration was adjusted to an optical density of 1.0
Ammeter® and Pring® the energetic separation of the two for an optical path length of 1 mm, corresponding to a concentration
lowest Kramers doublets grows with increasing deviation from of 0.1 mM. Femtosecond experiments were performed in 1-mm fused
the axial symmetry of the ferricenium cation. Such a deviation silica cuvettes.
is already present for ferricenium itself due to the constraints  6.2. Experimental Techniques. Steady-State SpectrAbsorption
of the solvent environment, but it is much larger for the Fcp spectrawere recorded on either a Perkin-Elmer Lambda 2S or a Varian
moiety due to the €bridge linking the two pentadienyl rings. ~ Cary 100 Bio instrument. Fluorescence spectra were obtained by a
The present finding of the spin relaxation rate for Fcpeing Fluorolog-2 fluorimeter (Spgx). The spectr; reported were corrected
by a factor of 2 slower than that for ferricenium is in line with ~ for the spectral characteristics of the detection system.
this notion. An increased separation should also translate into ~ Electron Paramagnetic ResonancezPR spectra were recorded on
a larger activation energ\Es. However, the value of 26 mey @ commercially available cw X-band spectrometer, ElexSys ES00
reported here for Fcp is even slightly lower than the one  (Bruker Biospin), operated at 9.42 GHz.
determined for ferricenium by NMR experiments ¢339 Magnetic Field-Dependent Transient Difference Absorption
meV)33 At present we cannot judge whether this discrepancy Experiments. The transient absorption experiments in high mag.netic.
really manifests shortcomings of the theoretical approach or is fields were performed using a femtosecond laser setup described in
just a consequence of (small) different systematic errors of the detail in refs 45 e_md 46. Magnetic fields of upd T were supplied by
two experimental techniques. Still, noting that both technigues a superconducting magnet (Oxford Instruments, SM-4000-9). Its

experimentally disparate as the ield the same orders of incorporation in the transient absorption setup is described in refs 15
Xperi y disp S yand S S and 47. The relevant technical parameters of the experiment were the

ma_gnlt_ude fo_r both the absol_ute relax_atlon rates and the following. Pump pulses centered at 650 nm (150 f8J11 kHz) were
activation barriers, rather small discrepancies should not be takenicysed down to a diameter 6%5004m at the sample location, where
too serlou§ly. Most important, the conclusion on the mechanlsm they were crossed by a probe beam under a small angi&ofProbe
of the spin relaxation (Orbach-type mechanism) is strongly pulses were obtained by selecting a spectral portion of a white light
underscored by the present investigation. continuum using a grating monochromator. Care was taken to keep
the diameter of the probe beam smaller than the one of the pump beam
at the point of intersection. The difference absorption signal was
Complex picosecond kinetics of an intramolecular radical pair obtained by blocking every second pump pulse; consecutive transmitted
bearing a ferricenium moiety is attributed to spin processes intensities of the probe beam after the sample in a “pump-on” and
affecting its recombination dynamics. The assignment of the “Pump-off” situation were detected at various time delays between the
kinetic components rests on a quantitative analysis of magneticPump and probe pulses. The time resolution of the setupvi&® fs.
field modulations and the temperature dependence of the;rhe relatlvtz)e p:""’,‘”za??n °f,p“ma,a.”.d Ft)fo?e light wastturneq glarallel
picosecond time traces. This analysis led to electron transfer 0 ensure best signal-to-noise raflo, In test expenments, no infiuences
. . . . L of rotational effects on the time traces could be detected. The high
and spin relaxation rates and their respective activation param-
eters. The electron transfer is consistent with the activationless - -
. . . . (43) Rinehart, K. L. J.; Curby, R. J. J.; Gustafson, D. H.; Harrison, K. G.; Bozak,
or inverted case according to Marcus theory. The activation R. E.: Bublitz, D. E.J. Am. Chem. Sod.962 84, 3263.
ner f th in relaxation ints t n Orl h/Kivelson- (44) Ayotte, P.; Smith, R. S.; Teeter, G.; Ddlela Z.; Kimmel, G. A.; Kay,
energy ot the spin retaxafion points fo al Orbach/Kivelso B. D. Phys. Re. Lett. 2002 88, 245505.
type relaxation mechanism involving an excited Kramers doublet (45) Lossau, H.; Kummer, A.; Heinecke, R.:Iifwger-Dammer, F.; Kompa,
i i C.; Bieser, G.; Jonsson, T.; Silva, C. M.; Yang, M. M.; Youvan, D. C.;
state._ Wlth respect t_o other electron _transfer systems b(_earlng a MichelLBeyerie. M. E.Cherm. Phys1996 213 1
transition metal moiety, we would like to stress that, in the (46) Pdlinger, F.; Musewald, C.; Heitele, H.; Michel-Beyerle, M. E.; Anders,
i i ; C.; Futscher, M.; Voit, G.; Staab, H. Ber. Bunsen-Ges. Phys. Chem.
system presently studied, the spin effect influencely the Chem. Phys1998 100 2076,

(47) Musewald, C.; Gilch, P.; Hartwich, G.;"Hoger-Dammer, F.; Scheer, H.;
(42) Stebler, A.; Furrer, A.; Ammeter, J. thorg. Chem.1984 23, 3493. Michel-Beyerle, M. EJ. Am. Chem. Sod.999 121, 8876.

6.1. Chemicals and SolventsThe synthesis of the intramolecular
ET system holding a ferrocenophane and a Nile blue moiety was

5. Conclusion
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magnetic fields employed here could potentially lead to signal distor- magnetic field. Theory predicts no magnetic field effect at time zero,
tions caused by, for instance, torques on mirror holders. To avoid such and indeed the transient absorption signal was unaffected by the rise
interferences, the use of ferromagnetic materials in a radius of 1.5 m of the field.
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for residual “technical” influences of the magnetic field, the transient

absorption signal around time= 0 was recorded in zero and 7 T  JA0547174
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