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Temperature-Dependent Spin Relaxation: A Major Factor in Electron Backward Transfer
Following the Quenching of *Ru(bpy)?" by Methyl Viologen®
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The magnetic-field dependence of the cage escape efficiengyof [Ru(bpy)]*t and methyl viologen radicals
(MV**) from the primary redox pair formed upon quenching of photoexcited [Ruglpyby MV was
measured by laser flash spectroscopy in aqueous solution as a function of the magnetic-285 (D) in

the temperature range from 5 to 89. Furthermore, théH NMR T; times of the paramagnetic [Ru(bp}p"

were measured betweerd0 and 42°C. The kinetic data were analyzed in terms of a kinetic model that
takes into account spin conservation in the forward reaction betweeib@T state of [Ru(bpyj]?t and

the electron acceptor MV yielding a triplet spin-correlated radical pair (RP) and the in-cage backward
electron transfer requiring singlet character of the RP. The triplet-to-singlet spin conversion of the geminate
RP is explicitly treated by the stochastic Liouville equation formalism. By theoretical simulation of the observed
magnetic field dependence gte, the temperature dependent absolute values of the rate constafuiasge
escape)kyet (backward electron transfer in singlet RPs), &ng(magnetic-field independent triplet-to-singlet
interconversion) could be assessed. The temperature dependdggexdfibits a very good proportionality

to the solvent viscosity. The values obtained kes are in good agreement with the results on the electron
spin relaxation time of [Ru(bpy]?* derived by the Solomon relation from tfd NMR T; times. The effective

rate of backward electron transfer in the geminate RP turns out to be close to spin-controlled, i.e., it is
determined by the rate constdat of the triplet-singlet spin conversion process. The true rate con&tant
varying from 5.5x 10'°s1to 1.2 x 10 s, is about seven times larger than the effective value for the total
backward electron transfer comprising spin conversion and spin-allowed backward electron transfer.

1. Introduction coherent spin processes that are due to interactions such as
isotropic hyperfine coupling and Zeeman interaction, notably
nthe difference between the two radicals in a pair, and incoherent
spin processes, usually described as spin relaxation, that is due

‘to fluctuating magnetic fields. The typical time scale for these
processes in organic RPs is nanoseconds to microseconds. Much
shorter time scales, however, apply to many paramagnetic

lecular triplet states. The effects observed are non-Boltzmann fransition metal complexes. Here paramagnetic relaxation times

polarizations of nuclei (CIDNP) and electrons (CIDEP) and/or O the picosecond time scale can be foithdt may be assigned

magnetic field effects (MFES) on rates and yields of chemical to the effect of collisional modulation of spm)_rblt couph_ng
reactions. The relevance of such phenomena to reaction kineticd SOC)- The effects of strong SOC appear also in large anisotropy
is due to the fact that spin processes, usually involving nearly @1d large deviations of thg-factor from the value of the free
degenerate sets of spin levels, which is the reason Zeemanelectro_n, which is esser_ma_lly found in typical organic r_ad|cals.
splittings much smaller than thermal energies may have ap- 1NUS, in strong magnetic fields of several Tesla, the difference
preciable effects, are kinetically coupled to spin-selective N Larmor precession time periods of a paramagnetic transition
chemical processes. Thus the spin chemical effects can beMetal complex and an organic counter radical may even be
exploited as diagnostic tools not only of the spin processes Pushed into the picosecond region, and the spin chemistry of
themselves but of the whole reaction mechanism of which they such RPs may be exploited for investigating the kinetics of
are a part. For selected reviews, see ref§1 chemical processes on the picosecond time scale.

It is of importance to note that the time scale of reactions  After the first experimental effects of this kind were
that can be probed by spin chemistry is defined by the time- discovere&® in the photoinduced electron transfer reaction of
scale of spin processes that lead to multiplicity changes, e.g.,[Ru(bpy)]?" with methyl viologen (M\t"), our laboratory has
in a radical pair (RP). Here one has to distinguish between systematically explored the effect experimentgiy® and
theoretically'*15 The connection between spin processes and

* Corresponding author. Fax:++49 7531 88 3014. E-mail:  chemical kinetics in the Ru(bpy)/MV 2" system is represented
“'“Tcgjrtteg}et’h%‘;’;;'é?;ﬁiﬁ‘?%obom Mataga Fesischrif. by Scheme 1. The essential point is spin conservation during

# Present Address: European Bioinformatics Institute, Genome Campus, (€ chemical reaction steps of forward electron transfer from
Hinxton, Cambridge CB10 1SD, United Kingdom. the photoreactiveMLCT state of the complex to the electron

During the past 35 years an area of research has bee
established that connects the field of reaction kinetics and
mechanisms with the field of magnetic resonance spectroscopy
This branch of physical chemical science, spin chemistry, deals
with the role and effects of paramagnetic reaction intermediates
occurring in pairs, most prominently radical pairs, or as mo-
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SCHEME 1 they are determined by the rate of spin processes and to what
R 4 MV K [Q] extent by the rate of the backward electron transfer itself.
\ ! In 1996, Clark and Hoffmai investigated the temperature

dependence ofpc for the Ru(bpy)**/MV?* system and
evaluated among other parameters the temperature dependence
and activation parameters fki; in this system. In the present

= RU . MV*™) v_vork we report investigations of the temperature and magn_etic
. [ field dependence ofpce as well as of the paramagnetic
bet
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relaxation timers of the oxidized [Ru(bpyg 3t complex in this
system. The analysis of these data clearly shows that the
temperature dependence of has a dominant effect on the
temperature dependence @fe and its magnetic field depen-
dence, and that the rate of backward electron transfer in the
geminate RP is essentially determined by the spin process.

Ru®*..MV*

acceptor M\** and of geminate backward electron transfer from
the MV** radical to the Ru(lll) complex in the primary electron
transfer product that, as a pair of tw® = 1/2 systems,
essentially represents a radical pair.

The constraint of spin conservation in the second (backward)
electron transfer step that regenerates both reactants in their 2.1. Sample Preparation[Ru(bpy)](PFe)2 (tris(2,2-bipyr-
singlet ground states necessitates a multiplicity change of theidine)-ruthenium(ll)-di(hexafluorophosphate)) was prepared ac-
radical pair because it originates with triplet spin correlation. cording to a procedure developed at the chemistry department
Thus, a spin process connects the sequence of the two electroof the University of Fribourg, Switzerland. The laser flash
transfer reactions. Because the thermodynamic driving force for photolysis experiments were carried out in aqueous solutions
backward electron transfer is strong, yet not so strong as to putusing deionized water with 2.8 107> M of the Ru complex
it too far into the Marcus inverted region, the spin-allowed and 2.5 x 103 M methyl viologen (purum, Fluka). The
backward electron transfer should be very fast. It is due to the solutions were adjusted to an ionic strength of 0.1 M by adding
slower spin process that a sizable fraction of the radicals cansodium chloride (Solvay 98%). All solutions were freed from
escape from geminate recombination and be observed as fre@xygen by bubbling with nitrogen gas (5.0, Sauerstoffwerk
radicals. Modulating the rate of the spin process by an external Friedrichshafen).
magnetic field will affect the efficiency of backward electron Solvent viscosities for all temperatures relevant to the MFE
transferand of free radical formation. From the MFE on the measurements were determined using a falling ball viscosimeter
free radical yield, detailed information about the rate constant (Haake, model C).
of all geminate processes can be deduced. By this method, the [Ru(bpy)]3* for the NMR experiments was obtained by in
absolute determination of very large rate constants is possiblesitu oxidation with Pb@ (Riedel de Haen, 99%). For this
even though the radicals are observed on the nanosecond tgurpose, 2530 mg of [Ru(bpyj](PFe)2 was dissolved in 0.9
microsecond time scale. By scavenging the Ru(lll) complex with mL of CDsCN (acetonitrilees, Aldrich, 99.6% D) and 0.1 mL
a sacrificial electron dondit is even possible to conserve the D,SO;, (98% sulfuric acides, Aldrich, 99.5% D) and some 50
picosecond information encoded in the MFE for many seconds, mg of PbQ added. The color of the solution quickly changed
i.e., as long as the M¥ radicals persist. Aside from homoleptic from red to green. Aftel h of stirring, excess PbOand
and heteroleptic complexes of the [Ru(bg}¥) type, the effect precipitated PbSpwere allowed to settle and 0.5 mL of the
has also been investigated with ferrocetfe®ur research in supernatant solution was taken up with a syringe and transferred
this area has benefitted from several collaboratiérig.1° to the NMR tube.

Recently it has even been possible to probe in real time the 2.2. NMR.H NMR measurements were performed in £D
magnetic field induced modulation of an electron transfer CN on a JEOL JMN-GX 400 MHz FT spectrometer. The

2. Material and Methods

process on the time scale of a few picosecofids. frequency window was set to 50 kHz (125 ppm). Typically 64
To date, few other research groups have independently scans, each with 16 384 data points, were accumulated at pulse

investigated these extreme spin chemical sysféniéThus the intervals of 1 s. The ppm scales of all spectra were referred to

consequences of the spin chemistry of Ru(epylype com- the solvent peak of CECN as 1.93 ppm. Sample concentrations

plexes have not been fully realized in other areas of chemistry, were about 0.05 MtH NMR T; times were determined by the
even though the Ru(bpy)/MV 2+ system is “the model system  inversion recovery technigue. The time delaytsbetween the
for the photosensitized reduction of water that serves as thes andsx/2 pulse were varied betweenu$ and 1 s irintervals
prototype against which all others are compar&d® In of 15 equal steps on a logarithmic time scale. Thetimes
traditional mechanistic studies of photoinduced electron transfer,were obtained by fitting the peak valuHg\t) to the equation
the aspect of spin multiplicity in geminate radical pairs is

generally neglected and the rate constants of geminate backward [(At) = I ,(2f exp(—AUT)) — 1) @)
electron transfer are evaluated from the efficieggy of free

radical formation (cage escape) using the simple relation where the factof was introduced to account for the dead time

between thes{/2), pulse and the beginning of the FID signal,
Poe= Kee (1) due to which the initial signal intensitly does not reach the
€ Kot Kiet full negative value of the equilibrium magnetization.

2.3. Nanosecond laser Flash Photolysishese experiments
By using absolute values d. as estimated from diffusion  were carried out using a dye laser (Lambda Physik FL 2000)
models, absolute values kfe;can be obtained. While this may  optically adapted to pumping by the third harmonic (355 nm)
yield realistic values okyet for singlet reactions, for triplet  of a Nd:YAG laser (Spectra Physics Quanta Ray GCR 150,
reactions thesekye: values are at best effective values of repetition rate 5 Hz, pulse width ca. 5 ns). Coumarin 47 (Radiant
backward electron transfétQuestions remain as to what extent Dyes) in methanol (Merck, p. A.) was used as the laser dye.
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The dye laser was tuned to 454 nm. The dye laser beam had dion maximum at this wavelength witkhggs = 39 100 M1
cross section of about 5 nfand the pulse energy was adjusted cm~13*whereas for M\?* € = 0. Thee value of [Ru(bpyj]3"

to 7.7 & 0.4 mJ. The laser beam and the probe light beam was measured after in situ oxidation of [Ru(bg¥) in acidified
crossed in the probe cell at an angle of abcutThe detection solutions ([HSOy)] = 0.5 M) by PbQ. The following values
system comprised a pulsed Xe-lamp (Osram XBO 150) with a were obtained:eryqy = 1800 Mt cm™! and egyqy = 5700
home-built power supply, a /3.4 monochromator (Applied M~1cm™

Photophysics), and a Hamamatsu R955 photomultiplier. The The relative MFE onpc. Was measured by comparifddisgs
signal was recorded with a LeCroy 9354A digital oscilloscope for experiments with and without a magnetic field averaging
and transferred to a PC equipped with customized software for 20—30 signals in each case. The field effégt.(Bo) is defined
monitoring and data analysis. A home-built trigger generator as

was used to control the clock time and the synchronization of

all elements active in the measurement. The sample was AA54By) — AAgeB, = 0)

contained in a cylindrical flow cell of quartz glass with an optical R,.(Bo) = AAodBy = 0) (7)
path length of 10 mm and fixed in a temperature-controlled 950
support. The sample solution was delivered in a temperature-
controlled flow line, and the temperature of the sample solution
was adjusted between 5 and 8. The temperature in the cell

was calibrated by a type-K thermocouple. During rneasurementsoped?5 It is based on theoretical work published in refs 10, 14,

the flow rate was adjusted such that a full replacement of the L .
cell contents was achieved after three laser shots. The cell was.>7 >0 37 and solves the stochastic Liouville equation (SLE)

positioned between the pole pieces of an electromagnet (BrukerOf the spin density matrix of the RP. For describing the spin
B—E 15, power supply B-MN C5). The magnetic induction dynamics, theg-tensor valuegy, andgg of the Ru(lll) moiety

varied between 0 and 2.9 T, was measured by a Bell Inc. mode|2Nd Its spin relaxation times (wherers = T1 = T, is assumed)
615 Gaussmeter with an FTRD415 Hall probe. For details are required as input parameters. For dealing with the diffusional

of the laser apparatus see ref 32. dynamics of the RP, two options are provided: (i) description

Quenching rate constanks of the Ru(bpy)?* triplet were in terms of a radially symmetric continuous diffusion/reaction
determined %y recording the Iuminescenpcye decgy at 610 nm equation where the rate constant of backward electron transfer

Exponential fits of the decay curves yielded the effective decay is explicitly treated as a distance dependent, exponentially

. decaying function; (ii) description in terms of the so-called
S/%T;tgpiiﬁi;zat were analyzed on the basis of the Stern exponential mode® where the transition between RP in contact

and free radicals is described by a first-order rate congtant
_ 2+ and the spin-allowed recombination by a rate condtgntThe
Kett = ko k“[MV ] (3) analysis of the MFEs in this paper were mainly based on the

whereko denotes the decay constant in quencher-free solution. 8XPonential model. » _ o
The cage escape yielg. of radicals, i.e., the net efficiency The program provides a f|tt[ng routine for the three kinetic

of electron transfer, was determined by the saturation method, Parametersce ke, andzs. It minimizes the mean square de-

detecting the MV'* absorption at 395 nm as a function of the Viation between experimental and theoretical funcgeg(Bo)

laser energy and extrapolating to saturation by the following by using a standard Nevv_tonian_minimizatio_n with global search
equations3 strategy?® Furthermore, it provides an option to calculate the

isolines of the root-mean-square (rms) deviation in a 2-D field
AAggs = AAggs (1 — exp(= bl)) 4 of any two of the three parametets, koe, andrs, with one of
them kept fixed. Such diagrams provide instructive visualizations
wherel, denotes the relative energy of the laser pulselaisd of the extent of variability that the fitting procedure allows for
a fit parameter that should be proportional to the extinction the values of the fit parameters.
coefficient of the irradiated complex at the wavelength of the
laser. The value aAAggs was determined by averaging the signal 3. Results

intensity over a time range where the signal intensity was 3 41 Paramagnetic NMR. The complete assignment of the

essentially constant after aA contribution§ due to the fact paramagneticH NMR spectra of the trisbipyridine and the
that unquenched triplet had decayed. Typical ranges are 1.2 yisphenanthroline complexes of the trivalent metals of the iron

1.7us at5°C_and 0.3—0.5;_:5 at 6S_J°C. Fo_r varying the laser group have been given by De Simone and Dréy@hese
energy, a series of transmission filters with 70, 50, 35, 25, 18, 5 thors were mainly interested in the evaluation of isotropic
10, and 5% transmission were used. Each valua/Ajos was hyperfine coupling constants of these compounds and did not
determined as the average of 80 individual signals. From — jaaq e ther, times of the protons, although they noted a
AAggs s the saturation value of the absorbance change at 395 jitative (negative) correlation of the NMR line widths with
nm, ¢ce Was obtained by the expression the distance of the protons from the paramagnetic center. The
— temperature-dependent values of chemical shiftsTanimes
Pee = Mggs sl RUIN] Acsos () of thpe equivalenF: pairs of protons are given in Table 1 (for the
numbering of the protons, see Figure 1).
The Curie plots for thé-values yield excellent straight lines.
1q = KQ(L/7y + k,[Q]) (6) In principle, the intercepts should represent the values of the
diamagnetic reference compounds and might be used to support
[Ru(Il], is the total concentration of ruthenium complex, the assignments of the proton. However, the accuracy of this
andAesgs is the change of molar absorbance giverchy+ — extrapolation is not sufficient for a safe assignment on this basis.
emv2t + erugiy — €rugry at 395 nm. The main contribution to  The Ty values allow a much more reliable assignment. It is in
Aesgs is from the MV™ radical cation that exhibits an absorp- full accord with that of DeSimone and Dradb.

2.4, Computer Simulations.For numerical simulations of
the spin-dependent reaction dynamics outlined in Scheme 1, a
program package QYIELD written in €+ code was devel-

whererq is the quenching efficiency, given by
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TABLE 1: Temperature Dependent'H NMR Chemical
Shift (in ppm), T, data (in ms), andz. (in ps) of [Ru(bpy)z]®*

Hotzer et al.

TABLE 2: Geometric Coordinates of the Protons in the
Molecular Axis System of [Ru(bpy)]®*

H(3,3) H (4,4) H (5,5) H (6,6) proton 0, ded® r, A4 Feir, A2 Ar, Ab
TK o Ty 0 T 60 T o T 33 77.74 4.942 5.100 +0.16
3149 1545 10.36-0.30 18.27 8.30 10.48-28.60 0.95 16.3 o o o pr ey,
304.9 15.80 9.28—0.50 16.68 8.20 9.51-30.20 0.89 17.9 6’6' 3736 3132 3075 +0.14
2943 16.00 8.42—0.75 15.32 8.20 8.64-31.80 0.78 19.8 ’
284.5 16.30 7.41-1.00 13.48 8.20 7.67-33.50 0.71 22.4 aDistance from the center that should be chosen in order that the
274.5 16.65 6.80—-1.20 12.11 8.10 6.96-35.50 0.63 24.7 75 values for all protons coincide with the averaggvalue.® Ar =
264.5 16.90 5.76—1.40 10.64 8.10 6.01—37.00 0.55 28.6 Teft — T.
2545 17.20 5.21-155 9.44 8.20 5.29-38.00 0.49 32.3
ggig i;:gg g:géi%:?g g:ﬁ g:ég 2:83:2%:88 8:;’; ig:é Rgof‘5 While the result of tl_1e former is applicable to systems
with axial g-tensor and havingg > 75, the result of the latter
100000 —— applies to systems with rhombig-tensor andrg’ > 75"
slow motional region . . . . . . L .
10000 / motional narrowing Further_more, it takes isotropic hyperfine coupllng_ into account.
/’eg'°" For anisotropicg-tensor, the nuclear relaxation times depend
1000 4 not only on the electroAnuclear distance but also on the angular
100% positi(_)n of the nuclear spin in the molecular frame. The
T1", s’ % coordinates of the protons in [Ru(bg}p" from X-ray crystal-
10+ lographic daté are given in Table 2.
1] 6.6 By using theg-tensor and the geometric data, the dependences
43,3 of the T; times of the various protons as a function of the
0,14 133 correlation timer. can be predicted. In Figure 1 the curves
0.01 . ' . . calculated with the relations of Bertini et #land Vasavada
"o 10° 10 10" 10”  10° 10" and Rad® are shown together with the curves corresponding to
st the simple Solomon eq 8.

c

Figure 1. Curves representing the theoretical relation betwiei;
times for specified ligand protons and electronic correlation tige

according to the Solomon eq 6 (dotted lines) and the relations due to

Bertini et al** and Vasavada and R&dsolid lines). The latter curves
differ only in the regionwsts ~ 1, whereT-* according to Vasavada
and Rao is somewhat higher. The Solomon curves for protohsaifch
6,6 are practically identical with the solid lines calculated after Bertini

The two terms in the Solomon eq 8 are contributed from spin
transitions where only nuclear spins are changedtérm) or
when both electronic and nuclear spins are changedgrm).
Each of these terms yields a curve with an increasing branch
(wte > 1, “slow motional” region) and a decreasing branch
(wte < 1, “motional narrowing” region) with a maximum at
w7 = 1. Since the maximum value @41 is proportional to

et al., while they are somewhat below the more refined results for the 7 = 1w, the higher contribution is found fax. = 1/w,. As the

3,3 and 4,4 protons.

In paramagnetic compounds, not only the chemical shifts bu

Tfl(rc’l) curves are non-monotonic, measurifg does not

t lead to a unique assignment ©f However, because it can be

_l - .
also the nuclear relaxation times are dominated by the dipolar "€@sonably expected thaf " increases with temperature, we

interaction between electronic and nuclear spinghe basic
relation has been derived by SolonfBrFor S= 1/2, it reads

can judge from the negative temperature dependendea of
that our system is in the motional narrowing region, and to any
T, observed, a unique. value can be assigned (see Figure 1).

2kH%)%21 7 3 The differences between the curves from the simple Solomon
L 1 [m\PRyvivd  Te. T : . :
T, = I 5 > > (8) equation and the more refined treatments are subtle (Figure 1).
r [1 +og, 1+ w7t For protons 5,5and 6,6, the angular position is such that they

Hereuo is the magnetic permeability constant of the vacuum,
yi1 andys are the magnetogyric ratios of proton and electron,
respectively,r is the electron-proton distance,z; is the
correlation time of the electremuclear dipolar magnetic
interaction, andvs andw, are the Larmor frequencies of electron

feel to a very good approximation the averagictor used in

the Solomon equation. For the other protons that are closer to
the main axis of the complex, the effectigefactor is smaller
(closer to the axial value) than the isotropic average value and
the T1 Y(z, ) curves are shifted somewhat downward, espe-
cially for protons 3, 3 For the [Ru(bpyj]3" complex, the curves

and proton, respectively. For paramagnetic complexes in dilute according to Bertini et &* and to Vasavada and R&dliffer

solutions, the correlation time; is, in general, composed of
two contributions:

T =T TS 9)
whererr is the rotational correlation time angthe correlation
time of the electron spin. Equation 8 is strictly applicable only
for systems with an isotropig-factor. For [Ru(bpyj]3t, the

only in the region wherest. ~ 1, i.e., where combined nuclear
and electronic spin transitions have their maximum contribution
to spin relaxation. However, since isotropic hyperfine coupling
constants are less than 0.2 G for all the protons in the complex,
this small difference is not relevant in the rangeTef! values
measured for our system.

Strictly speaking, each proton should probe the same value
of .. From Figure 2, for the given geometry, thevalues of

g-tensor is axially symmetric. Measurements in our laboratory the different protons show some distribution with#t25% of
yieldedg, = 1.18 andgy = 2.60%2 These values are in good their average. However, these deviations are systematic and do
agreement with those given by DeSimone and Drage-(1.14 not depend on the temperature. The assignment of the chemical
andgp = 2.64)% shift values of the protons as given in Table 1 (and in agreement

For systems with an anisotropigtensor, generalizations of ~ with DeSimone and Dragf) corresponds to the case where
eq 8 have been derived by Bertini et*dhnd by Vasadava and the deviation of the individuat. values is smallest.
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Figure 2. lllustration ofz. evaluation from the experimentaf? values

for the four sets of protons at the extremes of the temperature range

investigated.

To seek a better understanding of the uncertainty.ofve
investigated the error propagation in the determinatior 6bm

T, on small variations of the magnetic and geometric parameters,
viz. of Ag = (go — gy), of rj, and of6;. The results depend on

the position of the particular proton:
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Figure 3. Transient absorption signals detected at 395 nm (maximum
of the MV** radical absorption) for 3C and 69°C in different magnetic
fields. The indicated set of magnetic fields applies to both temperatures.
The signal amplitudes decrease monotonically with the field. Each

signal represents an average over 30 laser shots?{M¥ 2.5 mM,
[Ru(bpy)]?t = 2.0 x 105 M.

TABLE 3: Temperature Dependence of Observed
Quantities and Evaluated Kinetic Parameters for the
Quenching of *[Ru(bpy)s]?" by Methyl Viologen?

— -1
From these values it is clear that the evaluation is most sensitive o 1/7 b ;lfq o kcl kbe‘l vs krs (4113) k"et’iﬁ
. . C cP1® nsiM @ee NSt nst ps ns ns-
to the radial distance of the proton from the center. In Table 2
we present effective values ofthat would be required for all 0.65 08 016 13 55 31 8 7
S . 0.87 1.0 0.17 1.7 69 26 10 9
7¢ values to coincide with the average value of all protons at 55 ggg 11 018 20 73 24 11 9
each temperature. The deviations from the actual crystal- 25 111 1.2 0.18 22 79 21 12 10
lographic values are less than 0.2 A in each case. The observed33 1.32 1.5 0.19 2.6 86 18 14 11
deviations may be due to the shortcoming of the point dipole 42 12; %? 8-3(1) g% 1%; ﬁ ig ﬁ
_?_pplroxmatlon that lies at the basis of the® dependence of 61 214 54 022 43 114 12 2 16
1 69 2.39 2.7 0.23 48 116 12 22 16

The temperature variation af ranges from 43 ps at 233 K
to 16 ps at 315 K. Itis by 1 order of magnitude smaller than
(see ref 47). From this we conclude that the correlation tigne
of the electror-nuclear interaction is almost exclusively due
to the electron spin correlation timre. Hence the electron spin
relaxation must be caused by a mechanism that is independentonstant, it is evident from Figure 3 that the yield of free radicals
of molecular rotation. In the following it will be assumed that increases with temperature. The efficiengy: of cage escape
7c = ts and thatrs = T s = To s (See Discussion). has been determined by measuring the laser-intensity depen-
3.2. Magnetic Field Effects.Typical transient absorption  dence ofAA and the quenching constakyj (see Experimental
signals recorded for the quenching of *[Ru(bg¥y by MV2* Section). Thepee values at different temperatures are given in
at different temperatures are shown in Figure 3. The fast signal Table 3.
rise during the laser pulse is due to the excited-state absorption There is good general agreement between the previously
of *[Ru(bpy)s]2", the slower one, on the time scale of several published values by Clark and Hoffn#rand our results (see
100 ns, is due to the creation of M¥radicals in the quenching  Figure 4). Our data cover a somewhat wider interval of
process. The time constant of this process is the same as thatemperatures and show a smoother variation. As can be seen in
for the luminescence decay of *[Ru(bg}A". The increase of Figure 3, the signal amplitude is magnetic field dependent. It
the quenching rate constant with increasing temperature ishas been demonstrated in detail in ref 9 that this effect is due
clearly apparent from the rise times of the signals shown in exclusively to the magnetic field dependenceget, which
Figure 3 (note the different time scales in the two panels of the decreases as the magnetic field is increased. To our knowledge,
figure). the temperature dependence of magnetic field effects with
The plateau oAA reached after the quenching is completed unlinked radical pairs has not been investigated to date. As
marks the yield of free radical formation in the quenching shown in Figure 5, the relative magnetic field effect og,
process. Since the concentrations and the laser energy were keplefined as

2 The fit values ofk,et andzs were determined by using the refined
values ofk.e employing the assumptidq. [ 1/ (see text). For standard
errors see Figures 4 and 6 and the comment in ref Sscosity of
water with an ionic strength of 0.1 M (NacCl).
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0.25 corresponds to a standard first-order reaction kinetic treatment
§/§/§ of Scheme 1. It includes, however, the additional feature of the

0.20 Q—é/é/ﬁ//§ coherent magneticfield induced T/S and S/T transitions that are
o L caused by the different Larmor precession frequencies of the

_ oo~ oo
0 018 3 ¢ spins at the Ru(lll) center and at the MVradical. The

0.10- characteristic quantities to be used here aregttensor com-
ponents of the [Ru(bpy)P* complex ¢ = 1.18andy; = 2.60)*3

0.05- and of the MV** radical @ = 2.00). The strongly anisotropic
g-tensor of [Ru(bpyy®* indicates efficient mixing of different

000 T T T e 40 50 60 70 spin—orbit states. The spin is therefore not a good quantum

number for this species and has to be replaced in the spin
Hamiltonian by the effective spin. As a consequence, the formal
substates of the electronic ground multiplet of the radical pair
cannot be assigned sharp spin values either. As has been
shown! the formal spin substates, 3., To' (where the prime
denotes that they are composed of effecBwe 1/2 components)

of the RP can be assigned singlet charagbgrthat are related

to the g-tensor components of the Ru(lll) moiety. For [Ru-
(bpy)]®*, the assignments amy = 0.858,pr,» = 0.071, and

pry = 0.0. We use these to differentiate the backward electron
transfer rate constants of these substates as

kbetj' = pi’kbet (12)

All the specifications just described enter the various terms of
the stochastic Liouville equation (SLE) for the spin density
matrix p of the radical pair:

T,°C
Figure 4. Cage escape efficienayce as a function of temperature.
Open circles: this work; closed circles: data from Clark and HofffAan.

relative magnetic field effect R

, i : 1
magnetic field B, T p(t) = = glHpl + %o = SKipl (13)
Figure 5. Relative magnetic field effed® of cage escape efficiency
as a function of magnetic field. The data points represent average valuesvhere []- and [}, denote the commutator and anti-commutator,
from five to eight experiments, each of them averaging the signals of respectivelyH is the Zeeman spin Hamiltonian (characterized
30 laser shots. The lines represent the best fits obtained by a three+,y theg-values), 77 is the relaxation super operator (character-
parameter optimiziation (for details see text). ized by the spin correlation timg; and assumings=T; =T,

@By — @.(0) for the effective spin of the Ru(lll) center), akdthe reaction
R%e(BO) I T (10) operator (characterized Iy, kne, and thepy). From the time-
¢d0) integrated solutioryyp(t) dt calculated for a random orienta-

o ] tional distribution of the Ru(lll) complexes and isotropically
exhibits a marked temperature dependence. The field effeCtaveraged, we obtain the efficiency of cage esaagBo) as a
decreases as the temperature increases. It should be clear thagynction of the magnetic field*4°
compared to the situation where only the valuepef at zero For each temperature represented in Figure 5, the parameter
field is available for each temperature, the accessibility of the gg¢ kee Koew Ts was determined by fitting the theoretical
magnetic field dependence @t at each temperature represents  gependence afce ca{Bo) to the observed data. A general fitting
a significant increase of information on the kinetics of the yoytine minimizing the rms deviation between experimental and
system. Actually, with the magnetic field dependence a full theoretical data was implemented in the computer program. It
further dimension becomes available. It is equivalent to observ- myst be emphasized that no preinformation or physical restraint
ing the radical pair with a time resolution of some picoseconds for these parameters enters the fitting procedure at this stage.
(see Discussion). . . The resulting best fit curves yield an excellent representation

Th_e analysis of_ the MFE was camed out on the basis of the 4f the experimentap{Bo) data (see Figure 5). The temperature
reaction mechanism represented in Scheme 1. Here the ratgjependence of the parameters together with their standard
constants ofkce, kney 7s are defined. They characterize the grror$0 gre represented in Figure 6.
kinetics of radical pair dissociation (page escape),spin-allqwed To obtain a quantitative representation of the degree of
backward electron transfer, and spin conversion, respectively. ampiguity inherent in the determination of the kinetic parameters
For spin-statistical reasons the rate constant of singlet-to-tripletf,om the fitting of the MFE curves, we plotted the lines of
conversions must correspond to three times the rate constant otgnstant rms deviation of the fits for each pair of the three
triplet-to-singlet conversion. The NMR results demonstrated that parameters with the third parameter kept fixed. For 5 °C

spin relaxation at the Ru(lll) center is a very fast process. these iso-rms line maps are shown in Figure-ZaWhat is
Actually, it is this process that determines the S/T or T/S gpparent from them is the elongated elliptic shape of the isolines

conversion of the geminate redox pair [Ru(by)/MV *. It that is rather extreme in the case of #ag/ke plane. It means
can be shown thatrs is related tors by+* that along the long axes of these ellipses the effects of the two
parameters on the.«Bop) curve largely compensate each other.
krs = (473)_1 (11) If one takes this property into account, the ambiguity of the

fits is wider than estimated with the propagation scheme of
The theoretical treatment of the reaction kinetics employed hereindependent errors (see ref 50). If we set a relative rms value
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Figure 6. Rate constant&c keet (@), andzs (b) as a function of . . 1 . . . . . [
temperature: open symbols with error bars. The solid linekfer 90 -
represents the best fit of the functiblp = A/y to theke data points.
Here A is a fit parameter angl the solvent viscosity. The solid lines 80 8
for kpet andzs result from a two-parameter fit of the MFE curves with
ke fixed to the viscosity-adapted value. The solid symbols in panel (b) 70 8
represent the. values determined by the NMR experiments. Kger, ns-" r
6 B
of about 1% as the limit of a significant deviation between ;
experimental and calculateg.{By) data, we obtain the limits 50 4
of acceptable parameter values given in Table 4 f6€CHsee
Figure 7a-c). 40 T
For each of the parameters the admissible variation covers a . )
factor of ~1.5. In the case of thé./kee COMmpensation the B Y S R ey
parameter variation is a factor ef3.5. This may seem quite 09 1 11 12 13 14 15 16 17
large. However, when taking into account that no preinformation Kce, ns”’

on any of the parameters was used, it is still a fairly good kinetic Figure 7. Plots representing lines of constant rms deviation between

. Sheoretical and experiment@ldBo) values. The numbers given indicate
parameter values cannot be selected in an uncorrelated way OUghe rms value in percent.

of the given ranges but are strongly correlated. To narrow the
admissible ranges of the parameter values we introduce aTABLE 4: Ranges of Fit Parameters Yielding Relative rms
plausible physical constraint. In their spin-free analysiggf Values of Less than 1.1% for the Simulated MFE Curves
Clark and HoffmafP51assessed the value kg by employing fixed value ranges of fit parameters

the absolute value predicted by the Eigédebye equatiof? kee=1.29 NS 26 ps< s < 36 ps 51 nst < kye < 60 NSt
We will assume only the proportionality &, to the relative kpet=55.2 ns? 1.22 ns! < ke < 1.36 NSt 25 ps< 75 < 38 ps
diffusion coefficients of the two radical moieties, i.e., within 7=30.9ps  37ns' < kper< 128 ns?  0.99 nS? < kee <

the Stokes Einstein approximation, to the inverse of solvent 2.15ns*
viscosity  that has been measured for all temperatures (see
Table 3). In fact, the temperature dependence pfcbtrelates
well with that of thekeevalues obtained from the global rms
deviation minima. Using the relation

rms deviations, fixes the valueslgt{T) andzg(T). The resultant
temperature-dependent values for all three kinetic parameters
are provided in Table 3 and are represented by solid lines in
Figure 6. As can be seen here, the “viscosity-adapted” values
A for the temperature dependence of the parameter values yield
Kee = (14) rather smooth lines through the data points determined by the
three-parameter fitting routine. The slopes of these lines yield
with a value ofA = 2.0 ns’cP we obtain the curve shown in  the following values for the Arrhenius activation energies: 16
Figure 6a. This curve is used to assiggT) and, by virtue of kJ molt = 1340 cn? (kee, 1/7), 9.1 kJ mof! = 760 cn1?!
the correlations established in the diagrams with the isolines of (kya), 12.8 kJ mot? = 1070 cn? (krs, 1/rs). The 75! data
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from the NMR experiments (see Table 1) are also plotted in the same trend. When comparing the valuek,gf.iswith those
Figure 6b. In this case the slope corresponds to an activationof krs for the system under investigation, the valuekf e

energy of 7.5 kJ mol(620 cn?).

4. Discussion

If the coherent spin motion induced by an external magnetic
field is to be fully taken into account, an adequate kinetic
treatment of the reaction mechanism represented in Scheme

are close to spin-controlled, i.e., what was taken to correspond
to the rate constant of backward electron transfer in refs 30 and
54 is actually closer to the rate constant of the spin conversion
process than to that of the electron transfer step proper.

To understand the MFE qualitatively, it is sufficient to know

{hat the substates of the RP are coherently interconverted among

is only possible with the SLE formalism. However, in zero field ©2Ch other by virtue of the different Larmor frequencies of the

or for a qualitative account of the MFE, a conventional kinetic

treatment in terms of first-order rate processes is appropriate. .
As has already been explained, singlet character is not restricted®'°¢€sS. 1-€.,
to a single substate of the radical pair but is distributed over

three of them (S T4/, T-") so that each of them has a finite

rate constanp; koetfor reacting back to the singlet ground state.
Including this general reactivity of the substates, the cage escap

efficiency in zero field can be expressed as

120 + (2a + 4b + 6c)d + ac+ 2bc

4a+ 2b + 2c)d? + (3ab+ 3ac+ 2bc)d + 2abc
(15)

2
Pee ™ ékce(

with
a= pTi,kbet_'_ Kee
b= ke

c= pSkbet+ kce
d = 2kg

two unpaired spins. The rate of substate interconversion is
proportional to the magnetic field. Although this is a coherent

it leads to a periodic motion through the spin
substates, one can qualitatively describe its effect by interpreting

it as an effective increase dfs (although it should be clear
that in the rigorous treatment this quantity is assumed to be

dield independent, see below). Thus, the magnetic field acceler-

ates the tripletsinglet spin conversion and thereby enhances
the backward electron transfer. Consequently, the free radical
yield decreases in a magnetic field. To see how the various
kinetic parameters affect the magnetic field sensitivitygof

we consider the expression

0
R i( @ce)
Pee\ OKrs/i b
For the purpose of a qualitative interpretatiéti,should be a
good indicator of the sign and size of the MREBY using the

simplified expression (eq 14) fapce, We obtain in the limit of
small kee:

(19)

TSkbet

R= _4151 + TeKpet

(20)

For zero field, eq 15 represents an exact solution. Its results
exactly match the numerical solution of eq 13 for zero field.
We may proceed to a more transparent analytical expression
that allows the qualitative rationalization of various aspects of

This shows that the MFE is negative and does not depend on
kee (to first order). It is only sensitive tos andke:. Increasing

the MFE, if we consider the limit okee << ks, kpet and set

ps = 1, andpr+ = 0. With these assumptions and using the

identity krs = (4rs) %, eq 15 simplifies to
1+ TSkbet

e 1

kce(l + TSkbeo + Zkbet

Pee= ke (16)

With this result it can be easily shown what a spin-free

interpretation ofpce means, i.e., analyzing it in terms of eq 1.
Let us define an effective rate constd®i e as

1-¢
kbet.ef‘fE kce = (17)
Pee
Then we obtain from eq 16
1 Ker (18)

Koetet ™= 3 T+ 7

Itis easy to see that, depending on the valueski;, the value
of kpeterf Will range between (1/4)et andkrs. The latter limit

koet affectsR’ only for values of this parameter that are not too
large. Iftekoer™> 1, the sensitivity oR' to kyetbecomes saturated.
The same does not hold fog. While a quadratic dependence
of R onts prevails forrskyet < 1, @ linear dependence Bf on
Tsremains in the limitrskpe;> 1. The experimentally observed
decrease of the MFE with increasing temperature (see Figure
5) is caused by the temperature dependences.ofhe weak
increase okyet With increasing temperature (see Table 3) that
should tend to increase the MFE cannot counterbalance the
stronger effect due to the decreasergf

We have emphasized that the present method of exploiting
the magnetic field dependencegat is superior to the evaluation
of gce Only at zero field. From the magnetic field dependence
the absolute values of the rate constdgiskye; andkrs can be
assessed. Although our present measurements did not employ
a time resolution matching the rate constants in real #htlee
physical dimension of the magnetic field strength provides an
internal “Larmor clock” through the relation

_ Adug

Aoy =——B (21)

whereAw, is the difference of the Larmor frequencies of the

corresponds to the case when the spin conversion process iswo spins caused by the differenag of their g-factors>6 With

rate limiting for the backward electron transfer. According to

Table 3, the productskyet ranges around 1.5. For this value eq
18 predictskpeterf to be only about 1/10 okyer The values
obtained forkpet et DY inserting the experimental values @fe

Ag of the order of unity, a magnetic field @ T corresponds to

a Aw_ of about 10! rad s1. Due to the kinetic coupling of
spin processes and chemical processes it is possible to “read”
the Larmor clock from the MFE on the cage escape efficiency

into eq 17 are listed in Table 3. They are about 30% larger ¢c«Bo). In practice, this reading of the Larmor clock amounts
than obtained from approximation (eq 18) but they show exactly to performing a three-parameter fit of the obseryggBo) data.
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i , i - . T . exhibit parallel shifts relative to the correct reference curve
i calculated with the parameter sets corresponding to the centers
of the rms isoline ellipses (see Figure 8b).

In general, the uniqueness of the three-parameter fit, i.e., the
absence of significant compensation fpg as a function of
the magnetic field, depends on the experimentally resolved
features of the magnetic field dependence, in particular on its
initial slope and its curvature. In that respect it would be
desirable to scan a field range as wide as pos§iblée range
up to 3 T turns out to give sufficient information for most of
the temperatures of the present investigation, although for the
highest temperatures the smallness of the MFE and a lack of
curvature lead to sizable error bars for the kinetic parameters
and would certainly benefit from the application of higher
magnetic fields. Fortunately, including the reasonable assump-
tions of the expected viscosity dependencégfits value can
be extrapolated from lower to higher temperatures and the
accuracy of the assignment kfe; andkrs also increased. We
now discuss in detail the results obtained for the various rate
parameters.

Rate Constant of Cage EscapeThroughout the literature
the Eigen-Debye equatiott is widely used for estimating the
rate constant of separation of a pair of unbound particles,
eventually taking into account the effect of Coulombic forces
if the particles are charged. In general form, the EigBebye
equation is expressed as

3D, expW()/kT)
kce_ a2 ® o
af " r 2 expW(r)/kT) dr

0 1 o 2 3 where D1, is the relative diffusion coefficient of the two
magnetic field, T particles,a the reaction distance, aMi(r) the work needed to

Figure 8. Representation of fit quality for parameter values varied Pring the particles from infinity to the distanceAccording to
along the long and short axes, respectively, of the iso-rms line ellipses the Stokes Einstein equation, the relative diffusion coefficient
of Figure 7a. While the best fit corresponds to an rms deviation of D; ;of the two particles is inversely proportional to the viscosity
0.2%, the set of curves shown in each panel comprises values of 0.33%y,; of the solvent:

0.6%, 1.1%, and 1.9% for parameter variation in both directions from

the best fit. The fit curves with an rms deviation of 1.9% are clearly kT/1 1
outside the tolerable range. D1’2 = %(— )

0.16

0.13 +

012

0.16
0.15 +
Pce

0.14 1

0.13 1

(23)

012 1

24

r, r (24)
The narrowness of the ranges within which the kinetic param- o B .
eters can be fixed by such a procedure alone, has been illustrated!€r€ '+ andr, are the individual radii of the two particles.
with the rms isoline diagrams in Figure 7. Here the more or COMbINing egs 23 and 24, the constanin eq 14 can be
less compressed shape of the elliptical contour lines indicates®XPressed as
that changes in the kinetic parameters can compensate each other

to some extent in their effect opce If we denote the kinetic A= szll + l\ expM@)/kT)
parameterskee, kne, and krs by the general symbok;, the 2na\l1 Tolg (172 exp(Mr)/KT) dr
condition for compensation of two parametdssk;, i.e., the

directionm,j of the |0ng axis of the Corresponding rms isoline From a |east_squares fit of Oche data from the MFE

(25)

ellipse, can be stated as simulations, a value of = 2.0 x 10° s'1 has been obtained.
ok Theoretically,A should be proportional to the temperatdre
m. = (_) (22) However, the deviations from the central temperature amount
b \K g8, to only & 16%, which will be neglected in our discussion. The
theoretical value of for 25 °C according to eq 25 is 5.4 10°
with all cyclic permutations of the indicask, | (i.e.,i = ce, s 1if the extended DebyeHuckel expression folMr), e.g.,
k = bet,| = TS. Moving along such a direction will leavg:e given in ref 30, is used. Thus the valueskgfdetermined from
invariant for a certain value @y, but not forgc{Bo) in general. the magnetic field dependenceqad. is about 2.8 times smaller

The effect of a parameter variation along the main axis of an than predicted by the EigerDebye equation. When discussing
rms isoline ellipse is shown in Figure 8a. We note that the this discrepancy, one should keep in mind that a geminate
predictedgc for some central field value remains invariant, reaction of freely diffusing particles should be properly described
but the variousp.«Bo) curves deviate from the correct one in  with continuous diffusion theory. Actually the diffusional
different directions before and after the invariant point. If the description cannot be unambiguously reduced to a reaction
two parameters are chosen to vary along the direction of the model employing first-order rate processes only (see ref 19 and
short axis of the rms isoline ellipse, the effects of the changes references given therein). The EigeDebye assignment de

of the two parameters enhance each other. The resultant curvess derived by combining the rate constant of a bimolecular
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diffusion-controlled reaction with the equilibrium constant of electron transfer) in the present system range between 10 and
contact pair formation between the two particles. The expression20 ps and show only a weak temperature dependeiice=(
employed for the equilibrium constant contains some arbitrari- 9.1 kJ mol! = 760 cnm1). The observed values represent a
ness with regard to the interval of distances that is admissible very fast electron transfer process. This is consistent with the
to define a contact pair. It is noteworthy that, by employing expectation that witmGgetz — 1.7 eV*3the system should be
diffusion dependent theory for general, not necessarily diffusion- near the top of the Marcus curve in the Marcus inverted region.
controlled reactions, Kikuchi and co-workeétssing Tachiya's

method?® arrived at a value ok that is only 1/3 of the value 5. Conclusion

from the Eiger-Debye equation. Thus, their result would be ) ]
very close to what we find from ouk. data. Finally, in our ~ In this work we have shown that the study of the magnetic
laboratory magnetic field effects apce have been simulated _fleld d_ependence of the cage escape efficiency in radical pairs
using a SLE based on the continuous diffusion equation. iNvolving strongly spir-orbit coupled systems such as the
Reanalyzing thes.«(Bo) curves simulated in this way for various ~ [RU(bPY)]*" complex yields a complete quantitative picture of
values of D1, in terms of the three-rate-constant model as the diffusional, spin, and react_lon processes competing in such
employed for the analysis of our experimentak(Bo) data in systems. The accuracy at which the various rate constants on
this paper, the dependencelaf on D1, was 2 times smaller the plcosecond time scale can be determined without further
than predicted from the EigerDebye equatioR260Thus there assumptions has been assessed. In systems where the photo-

is good evidence that the. values determined by fitting our induced forward electron transfer is slower than backward
experimental data with gurves based on the SLE for the electron transfer (either because it is intermolecular and limited

exponential model are reasonable and reliable. by the quencher concentration or because of insufficient

. . . thermodynamic driving force, e.g., in intramolecular electron
Electron Spin Relaxation Time.The parametets has been y g d

) ) transfer of supramolecular compounds (see, e.g., ref 17)), the
obta|ned3+by two completely different methods: NMR of the e hased method is the only one to resdiye Furthermore,
Ru(bpy)*" complex and MFE in the photoreaction between  gtetive hackward electron transfer rate constants observed for
*Ru(bpy)?t and MV2*. In the overlapping temperature range

; radical pairs involving strongly spirorbit coupled paramagnetic
of the results from the two methods, the values differ by metal complexes by direct time-resolved methods should be

less than 25%. Exactly oequal values of 17.5 ps are obtainedyreated with caution, since spin processes might dominate the
with both methods at-30°C. In view of the different methods  gpserved rates. The study of MFEs in strong magnetic fields

employed, this is an excellent agreement. The activation energiesprovides a unique means to discriminate such kinetic contribu-
resulting from the Arrhenius plots of thes values from the  tjgns.
two methods differ by about a factor of 2. At present it is not
clear whether this is a systematic deviation due to the different
methods or the different solvents. Thedata from the MFE in
aqueous solution exhibit a small “jump” around 30.

The spin relaxation times observed are clearly shorter than
the orientational relaxation timeg that may be estimated from  References and Notes
the Debye relatioft
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