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Nanosecond time-resolved absorption studies in a magnetic field ranging from 0 to 2.0 T have been performed
on a series of covalently linked donor(PXZiRu(bipyridine}—acceptor(diquat) complexes {EC>t—A2").

In the PXZ moiety, the heteroatom (% O (oxygen), T (sulfur), and S (selenium)) is systematically varied

to study spin-orbit coupling effects. On the nanosecond time scale, the first detectable photoinduced electron-
transfer product after exciting the chromophore & the charge-separated (CS) staté;{T?"—A*, where

an electron of the PXZ moiety, D, has been transferred to the diquat mofetyT e magnetic-field-dependent
kinetic behavior of charge recombination (monoexponentifl & progressing to biexponential for all three
complexes with increasing field) can be quantitatively modeled by the radical pair relaxation mechanism
assuming creation of the CS state with pure triplet spin correlafi@$)( Magnetic-field-independent
contributions to the rate constaktof T. — (T,,S) relaxation are about 4% 10° s™* for DCA-POZ and

-PTZ (due to a vibrational mechanism) and %5.C° s for DCA-PSZ (due to spin rotational mechanism).
Recombination to the singlet ground state is allowed only from@®espin level; spin-forbidden recombination

from 3CS seems negligible even for DCA-PSZ. The field dependenée (fiEld-dependent recombination)

can be decomposed into the contributions of various relaxation mechanisms. For all compounds, the electron
spin dipolar coupling relaxation mechanism dominates the field dependengg,aft fields up to about 100

mT. Spin relaxation due to thg-tensor anisotropy relaxation mechanism accounts for the field dependence
of 750w for DCA-PSZ at high fields. For the underlying stochastic process, a very short correlation time of 2
ps has to be assumed, which is tentatively assigned to a flapping motion of the central, nonplanar ring in
PSZ. Finally, it has been confirmed by paramagnetic quenching (here Heisenberg exchange) experiments of
the magnetic-field effects with TEMPO that all magnetic-field dependencies observed with the present DCA-
PSZ systems are indeed due to the magnetic-field dependence of spin relaxation.

Introduction | o X N
Donor—chromophore-acceptor (DCA) triad systems (vide NN \

infra) are a class of supramolecular assemblies that have played
an important role in deepening the understanding of photoini-
tiated electron-transfer processes. These systems are utilized as
analogues of natural photosynthesis where nature converts solar
energy to chemical energy. Such systems have been studied for
many years yielding much information relevant to natural
photosynthesis as well as providing insight into possible
applications of synthetic photosynthesis mimics in photochemi-
cal cells’=7 Our group studies complexes exemplified by the
triad in Figure 18-11 These supramolecular assemblies consist
of a central trisbipyridine ruthenium chromophore covalently — /
linked through variable-length polymethylene chains to a —
“diquat” electron acceptor and a pair of azine-type electron N
donorst? These triads have proven to be a very fruitful platform
for the study of photoinduced electron-transfer processes and ¢ \>
charge separation. Specific details about the various triads can =
be found in the literature, but a brief description of the processes
of interest is necessary here before considering the present study.
In these triads, a phOtOﬂ of around 450 nm will directly excite Figure 1. Donor—chromophore-acceptor (DCA) triad (X= O, S, or
Se).

*To ~whom correspondence ~should be addressed. E-mail: 3 metal-to-ligand charge-transfer transition (MLCT) in the
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SCHEME 1 are incoherent processes such as anisotropic hyperfine interac-
tion (ahfi), g-tensor anisotropy (gta), spin rotational coupling
(src), and electron spinspin dipolar interaction (esdi). Also,
direct spin-orbit coupling (soc) assisted spin-forbidden recom-

o 3Cs(T,) binationkr to the singlet ground state could contribéte.
K scs %Ukm , Our previous MFE study yielded much kinetic detail about
ics =L 'cs STy CS(Ty) the formation and recombination 8€S in one class of triad

XU"” 3CS(T) molecules; however, a number of unanswered questions remain.

" We were unable to establish which incoherent process or
Zero Field . Nonzero Field processes dominated recombination at intermediate to high

ks ! ks e magnetic fields. We established that at moderate fields it was
likely that the esdi or ahfi mechanisms were dominant, but we

Ground State (S;) Ground State (S,) were unable to distin.guish betwegn the two. Also, we assumgd
that a direct spin-forbidden recombination was contributing. This
assumption, while reasonable, was not unambiguously verified.
Further inquiry is necessary to clearly distinguish among the
operative recombination processes across the medium to high

Sield region.

To this end, we have synthesized an expanded series of triad
complexes in an attempt to answer some of the questions
remaining from our earlier studies. We chose one triad from
the previous study, namely, the triad DCA-PTZ shown in Figure
1 where X=S, and modified it by changing the chalcogen

state MLCT). Within a few nanoseconds, a series of electron
transfers occur initiating from tiILCT and yielding a charge-
separated state (CS) wherein the acceptor is reduced; th
chromophore is in its original ground state, and one donor is
oxidized. Interestingly, in the case where donors are phenothi-
azine (i.e., X=S; PTZ), the radical cation pair that constitutes
the CS is formed with almost pure triplet spin correlatfon.
Depending on the structural details of the particular triad

complex, thi’CS recombines to the ground state with a lifetime heteroatom in the donor. A series of three triads results in which

n thg range (.)f 10630.0 ns? . only the donor heteroatom differs, where=Xoxygen (DCA-
Spin chemical studies of these triads have proven to be 2p07), sulfur (DCA-PTZ), or selenium (DCA-PSZ). These
valuable tool for developing a more sophisticated understanding complexes are useful for spin study because they provide a

of the complexiges of the C_S formation (_and_recomllgglation 10 variation of 1 order of magnitude of donor heteroatom soc while
the ground statéBecause direct recombination of tHeS to remaining very similar in redox properties and essentially

the singlet ground state is formally a spin-forbidden process, jgosryctural. Variation of soc of this magnitude is expected to

magnetic-field effect (MFE) studies of CS formation and gramatically affect processes dominant in recombination at

recombination have proven to be of critical importance to the higher fields, specifically direct spin-forbidden recombination,
understanding of this spin chemistry. In previous studies (again, gta, and sré4

involving DCA triads incorporating PTZ donors), the model = oo “several unexpected findings arose in the course of

we have successfully employed to explain the spin chemical this stud . :
. ) ; . . . y that provide a powerful route for strengthening the
behavior of the triad CS is theelaxation mechanisrof Hayashi model. An extreme sensitivity of the MFE of these complexes

and Nagakurd® Scheme 1 shows the processes operative in : ;

S ) to paramagnetic spin catalysts (such as molecular oxygen and
°CS recombination. Bec_au%@S andl_CS_ state_s are esse_nually_ TEMPO) was observed. Studies have shown that the effect of
degengratg at zero applleql magnetic fleld. (vide infra), Isotropic spin catalysts on the MFE of diradical pairs can provide a means
hyperflpg m;eractlor; provides a mechanism for coupling :_;md to distinguish the dominant recombination proc¥salso, the
thus miXing®CS gnd 0.8. stat.es. .In thg absence of any apP"ed high field behavior of recombination of the DCA-PSZ complex
field, 3CSACS spin equilibration is rapid relative to recombina- requires a broadening of the model because none of the

tion via the spin-allowed patk; (which is the only kinetically ~ ochanisms discussed previously can explain the magnetic-field
important route to recombination in zero applied field), resulting dependence at fields above 100 mT.

in a nearly monoexponential decay ¥S back to the ground
state*?_Upon application c_)f_a magnetic fi(_ald, the triplet state Experimental Section

experiences Zeeman splitting, as shown in Scheme 1, wherein

the Tp state energy is unchanged and the energies of the T  Materials. 2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO).
and T_ states move as indicated. At relatively small fields, the TEMPO (99%) was purchased from Aldrich and used without
difference in energies of the_Tand T states and those of the  further purification.

1CS and T states becomes significant relative to the hyperfine  10-Methylphenoxazine (Me-POZ), 10-Methylphenothiazine
coupling energy, thus resulting in a slowing of the rate of their (Me-PTZ), and 10-Methylphenoselenazine (Me-P$&g. syn-
conversion to théCS state. Stated another way, the coherent thesis and characterization of Me-POZ and Me-PSZ are reported
isotropic hyperfine coupling is suppressed, resulting in inefficient elsewheré®1”Me-PTZ was obtained from Aldrich and recrys-
mixing of the S, T, T— states. Thus, strongly biexponential tallized three times from 10:1 toluen@exanes yielding a
kinetics develop characterized by a “fast” field-independent colorless crystalline solid.

component due to ¢f recombination and a “slow” field- 10-(4-(4-Methyl-2,2-bipyridin-4-yl)butyl)-10H-phenoxaz-
dependent component corresponding to recombination of theine (44-POZ)A procedure from the literature was modified as
T_ and T, states. As the applied field is increased from 0 to 3 follows:!*in a drybox under Matmosphere, phenoxazine (0.45
T, kinetics of the “slow” component of the CS decay, and thus g, 2.46 mmol) was combined with NaH (0.0531 g, 1.48 mmol),
the mechanism responsible for it, undergoes a transition. At low a catalytic amount of Nal, and 4-(4-bromobutyl}methyl-2,2-
fields, isotropic hyperfine coupling is still operative in mixing  bipyidine (0.5002 g, 1.64 mmol) in THF (freshly distilled from
states and allows recombination, albeit progressively less Na/benzophenoné}.The solution was then refluxed for 12 h,
efficiently as the field is increased. At medium fields, a number quenched with ethanol, and then dried by rotary evaporation.
of other processes start to become potentially important. TheseUpon silica gel chromatography (20:1 methylene chloride-
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acetone), 44-POZ (a colorless oil) was isolated. The compoundwere taken into a nitrogen-filled drybox (below 1 ppm oxygen)
was characterized with NMR, TLC, and electrospray mass and allowed to equilibrate with the box atmosphere (30 min).
spectroscopy (Mt H 408.3). Measurements.Cyclic Voltammetry (CV)A conventional
10-(4-(4-Methyl-2,2-bipyridin-4-yl)butyl)-10H-phenoselena-  three-electrode electrochemical cell with a BAS 100B electro-
zine (44-PSZ).The compound was prepared, isolated, and chemical analyzer was used for all CV measurements. 0.1 M
characterized by a method analogous to that of 44-POZ giventetran-butylammonium hexafluorophosphate (TBAJPH ac-
above: phenoselenazine (0.2446 g, 9.93 mmol); NaH (0.0215etonitrile was used as the electrolyte. A glassy carbon working
g, 8.96 mmol); 4-(4-bromobutyl)~methyl-2,2-bipyidine (0.202 electrode was used along with a platinum wire auxiliary
g, 6.62 mmol); mass spectroscopy (M2H 472.2)11 electrode and a saturated sodium calomel (SSCE) reference
(423-DQ)(PF)2. A procedure from the literature was modi- electrode. A scan rate of 200 mV/s was used for all measure-
fied as follows!! 1,2 bis[4-(4-methyl-2,2bipyridyl)] ethane ments. All solutions were purged with argon prior to electro-
(0.70 g, 1.91 mmol) was dissolved imheptane with a large ~ chemical experiments.
excess of diiodopropane (purified over alumina), and the solution ~ Spectroelectrochemistr¥he optically transparent thin layer
was refluxed for 6 days. The crude product, (423-DQ)Mas electrochemical cell (OTTLE) was adapted from the literatfire.
isolated as a red solid, dissolved in water, and precipitated asThe electrochemical cell consisted of an optically transparent
the PR~ salt. Pure (423-DQ)(RJ» was isolated as a purple oil  gold minigrid working electrode (4.38 1072 cm path length),

from this solid using Soxhlet extraction with methaf®l? The a platinum wire auxiliary electrode, and a silver wire quasi-
product was characterized using TLC (eluent 40%+.0% reference electrode. The electrolyte solution consistedloM
KNO3 (aqg satd)-50% acetonitrile (4:1:5(vol)) and electrospray tetraethylammonium perchlorate (TEAG)Gsolution in aceto-
mass spectroscopy (M H 699.4). nitrile. Samples with concentrations of M of the free donor
Ru(44-POZ)Gl. A procedure from the literature was modified (Me-POZ, Me-PTZ, or Me-PSZ) in electrolyte solution were
as follows! in a drybox under N atmosphere, Ru(DMS@®) injected into the optically transparent portion of the cell, and a

Cl,(0.1947 g, 0.402 mmol) and LiCl (0.170 g, 4.01 mmol) were potential 100 mV positive of the first oxidation wave for the
dissolved in DMF (dried over molecular sieves) and refluxed donor was applied. The cell was placed perpendicular to the
until an orange color appeared (30 min); 44-POZ (0.327 g, 0.803 optical train of a Hewlett-Packard 8452A WWisible spec-
mmol) dissolved in minimum DMF was added over several trometer, and electronic spectra were takeh siintervals until
minutes, and the solution was refluxed for 90 min. After the current passing through the cell dropped to a minimal level

removing from the drybox, upon doubling the volume withCH (usually around 60 s). Extinction coefficient spectra were
a purple solid precipitated, which, upon silica gel chromatog- calculated for the oxidized donors from the resulting data.
raphy (10:1 methylene chloridemethanol saturated with am- Nanosecond Laser Flash Photolysistypical magnetic-field-
monia), yielded Ru(44-POZ)glas a purple oil. Light was  dependent transient spectrum was obtained as follows: The
rigorously excluded throughout the above proceddre. frequency-tripled beam of a Quanta-Ray Nd:YAG laser pumped

Ru(44-POZ)423-DQ)(PR)a. A procedure from the literature @ Spectra Physics PDL-3 dye laser. Coumarin 450 laser dye
was modified as follows! in a drybox under B atmosphere ~ Was used with methanol, which was operated at 450 nm. Dye
Ru(44-POZ)Cl, (0.061 g, 0.062 mmol) was heated to 12D laser power output was typically 85 mW at 30 Hz witha%
in ethylene glycol for 30 min; (423-DQ)(R)z (0.0561 g, 0.080 ns pulse width. The probe beam was provided by a home-built
mmol) dissolved in acetone, was added, and the solution wasPulser powering a Xenon arc lamp (1 ms pulses). This probe
heated for 30 min at 120C. The mixture was removed from beam was passed through the sample cell and then focused onto
the drybox, diluted with KO, and separated as PFsa": using the slit of a Jarrell Ash model 82-310 monochromator. A
centrifugation; silica gel chromatography (eluent 40%@H 0% Hamamatsu R2496 photomultiplier tube measured the intensity
KNO; (aq satd)-50% acetonitrile (4:1:5(vol)) yielded the product Of the probe beam, and a Tektronix oscilloscope triggered by a
as a dark solid. Light was rigorously excluded throughout the Thorlabs DET210 photodiode was used to record and display
above procedurg: A combination of TLC, electrospray mass the data. The experiment was run at 30 Hz, and transient signals
spectroscopy (M 1 1759), and electrochemistry was used for Were averaged over 500 pulses. Magnetic-field effect measure-
determination of sample integrity. ments were collected by the placement of the sample between

Ru(44-PSZCl,. The compound was prepared, isolated, and the poles of a Walker Scientific Inc. HV4H e!ectromagnet
characterized by a method analogous to that of Ru(44-PO2Z)- (Hewlett-Packard 6574A power supply) and routing the optical
Cl, given above: Ru(DMSQEI, (0.0824 g, 0.170 mmol); LiCl train thr_ough the sample_. The magnetic f_|elq was applied
(0.150 g, 3.54 mmol); 44-PSZ (0.1683 g, 0.3579 mmol). perpendlcular to the optical path. Magnetic induction was

RU(44-PSZ2)423-DQ)(PR).. The compound was prepared, measured with a Hall probe (F. W. Bell, model 5080).
isolated, and characterized by a method analogous to that of
Ru(44-P0OZ)(423-DQ)(PK). given above: Ru(44-PSZl, Results

(0.0796 g, 0.0715 mmol); (423-DQ)(F)t (0.06497 g, 0.093 Prior to photoexcitation, only the chromophore moiety of

mmol); electrospray mass spectroscopy {ML 1885). DCA triads exhibits any significant visible absorbance above
Ru(44-PTZ)(423-DQ)(PFs)a. The preparation of this com-  ca. 375 nm. In contrast, each oxidized donor and the reduced

pound was reported previously. acceptor have various strong absorption bands across the visible

Preparation of Samples for Kinetic Studies.Samples for spectral region. Figure 2 shows spectra of oxidized donors Me-
kinetic studies were initially prepared in cells as described POZ, Me-PTZ, and Me-PSZ*, obtained using an optically
previously using multiple freezgpump—thaw cycles to remove  transparent thin layer electrode spectroelectrochemical cell. Each
dissolved oxygefl. Samples consisted of a 2.5 1075 M donor exhibits a strong increase in absorbance around 520 nm
solution of the complex in 1,2 dichloroethane (Acros). It was upon oxidation. Upon reduction, the acceptor moiety also
found that a further deoxygenation step was necessary to obtaindevelops a number of absorption bands, the strongest appearing
truly reproducible kinetics with moderate applied magnetic fields at 388 nme-2% In our earlier study with DCA-PTZ, we showed
(>300 mT). Once freezepump—thaw degassed, the samples that the transient absorption spectrum of the CS could be
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Figure 2. Extinction coefficient spectra for the radical cation of each e L = = L
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Figure 4. Transient decays for CS of DCA-PSZ. Upper panel:
experimental curves. Lower panel: simulation using the relaxation
scheme with parameteks= 7.6 x 10’ s, kr = 1.0x 10°s™}, ko=
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Figure 3. Transient decays for CS of DCA-POZ. Upper panel: »
experimental curves. Lower panel: simulation using the relaxation !
scheme with parameteks = 3.5 x 10’ s7%, kr = 0, k.10 = 6.4 x 1C° 0 ' ' '
S kos=28x 10°s% kgo=1.5x 10PsL, K 100= 9.3 x 10F 577, 0 500 1000 1500 2000
k(ygoo =57x 10° Sﬁl, kr,600 =54x 10° Sﬁl, and k;ylgoo: 51x 1 Field (mT)
s L (For zero field, a monoexponential with= 1.1 x 10" st is Figure 5. 7sow VS B for DCA-PTZ and DCA-POZ.
shown).

faithfully reproduced by summing equally weighted individual identical MFEs with increasing field up to a saturation limit of
spectra of Me-PTZ* and DQ.821 Therefore, transient absorp- about 500 mT (Figure 5). The DCA-PSZ, however, shows
tion measurements at either 388 or 520 nm should show identicalqualitatively similar behavior except that the rate constant of
CS decay rates as is indeed observed. the slow component is an order of magnitude larger (Figure 6).
Decay profiles for the CS of DCA-POZ and DCA-PSZ are Also, the time constant of the slow component passes through
shown in Figures 3a and 4a, respectively. As expected from a maximum between 100 and 400 mT and shows a definite
previous nanosecond and picosecond studies, all decays showdecrease with increasing field up to at least 3000%T.
“instantaneous” formation of the CS upon laser excitation (i.e.,  In our earlier study of DCA-PTZ and other PTZ containing
well within the 6 ns fwhm laser pulsé)The zero field decay  triads, we were able to show that the amount of CS initially
for each of the complexes deviates slightly from monoexpo- formed upon photoexcitation has a subtle field dependence
nential behavior due to the presence of several geometric isomer@above 500 mT (i.e.<10% decrease between 500 and 3000
of each triac®? mT).2 We presume that similar changes may exist with DCA-
With increasing magnetic field, all three complexes undergo POZ and DCA-PSZ; however, because of issues in the present
qualitatively similar changes in CS decay. Between 0 and ca. studies with long-term power stability of the dye laser, we were
500 mT, decays become distinctly biexponential. In this field unable to experimentally verify this assumption.
regime, the rate of the major component progressively decreases Finally, in the course of these studies, we observed that the
with increased field and the rate of the minor component remains MFEs for all of these compounds are extremely sensitive to
unchanged. DCA-POZ and DCA-PTZ triads show almost trace Q, so much so that we were unable to obtain quantitatively
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400 TABLE 1: EPR Parameters? of Me-PXZ Cation Radicals!’
304 , Me-POZ Me-PTZ Me-PSZ
A
300 {4 AtAad e a(1N) 9.18 7.56 6.82
= i — - a(3H) 9.07 7.22 7.30
. aed 1 a(2H) 2.99 2.17 2.13
3 200 » DCA-PSZ a(2H) 1.49 0.96 0.92
= —10ps a(2H) 0.56 0.75 0.77
v 150 a(2H) 0.57 0.31 0.43
100 1 —2ps a("’Sey 235
—1ps g 2.0040 2.0052 2.0153
50 line width 0.30 0.30 0.55
0 T T T aHyperfine couplings and line widths in gaugs\atural abundance
0 500 1000 1500 2000 of 7.6%.
Field (mT)

estimated by the semiclassical effective hyperfine fielgh B

Figure 6. 750w VS B for DCA-PSZ. The solid lines correspond to defined a227

theoretical predictions according to the gta mechanism and adopting
values of 10, 2, and 1 ps for the orientational correlation time as

indicated. For the calculation of the theoretical curves, cf. discussion. By,= (BZaiZIi I+ 1)) 1)
|
| » 0 TEMPO = 0.38 MM TEMPO & 0.75 mM TEMPO
o 15MMTEMPO 25mMTEMPO e 3.3 mMTEMPO whereg; andl; are the isotropic hyperfine coupling constant
350 1, and nuclear spin quantum number of a nucleus and the index
300 1¢ Teveer Lo 2 | runs over all magnetic nuc'lei of the RP. For the CS state w_ith
15 PTZ, a value of 2.82 mT is obtained. Because the hyperfine
- 250 ':- . = coupling constants for the radicals of POZ and PSZ are very
2 200 _.‘:..‘.‘ ‘ e e similar to that of PTZ (cf. Table 1), thB,, value is essentially
¥ a2 sl B o e, B the same for the three systems. It corresponds to a time constant
3 gortirivie 5t * 5 @ § & of about 2 ns, that is, a very short time scale in relation to the
100 ! S = e time scale of the observed kinetics. So, in zero field, established
50 ¢ spin equilibrium between all spin sublevels can be assumed.
As the field is increased above the valueBaf,, the Zeeman
0 ' : ' splitting of Ty and T- exceeds the typical hyperfine coupling
0 500 1000 1500 2000 and the coherent spin transitions between To, and S are
Field (mT) guenched, whereas the coherent transitions betweemd S
Figure 7. Tempo effect orrsow for DCA-PSZ. are not affected. On a longer time scale, transitions between

T+ and T, S are brought about in an incoherent fashion through

reproducible CS decay rates when we attempted to removethe individual longitudinal (7) spin relaxation of the radical
dissolved @ by multiple freeze-pump-thaw cycles on a  SPins or through their combined. T~ To relaxation caused by
Schlenk line. Only when sample cells were loaded inpandrt dipolar electron spifrspin interaction. The rates of these
atmosphere box having an,@oncentration of<1 ppm were processes are magngtlc-fleld-dependent at least to some dfegree
we able to obtain consistently reproducible rdeBhe observa- SO that a magnetic-field effect on the overall recombination
tion of this extreme @sensitivity led us to study the effects of ~ Kinetics of the CS state results.
a spin catalyst, specifically TEMPO, on the MFE for the DCA- Itis appropriate to despnbe the klngtlcs in terms of coupled
PSZ triad. Figure 7 shows plots ofow as a function of field at rate equations for relaxation and reaction as or_|g|nally suggested
a series of TEMPO concentrations. As this data shows, at about?y Hayashi and Nagakuéand also employed in our previous
3 mM TEMPO the MFE on this triad is essentially obliter- mvesqgauorﬁ The rate constants assigned in Scheme 1 are the
ated. following: ks and kr denote the rate constants of direct
recombination of the singlet and triplet substates of CS,
respectively. For the singlet stat€S, this process is spin-
allowed and therefore much faster than that for the triplet
substatesCS. In the latter case, spin conversion must go along
with the backward transfer of the electron, which is only possible
nder special conditions with enhanced spimbit coupling.
he rate constant& ; and k;' characterize the relaxation
transitions T. — To and T. — S, respectively. The effective
sum of all processes contributing to the establishment of ghe T
— S equilibrium is denoted bigs 7,. It is assumed thaks 1, >
> ks,kr so that this equilibrium is maintained during all stages
of the recombination of CS. For this reason, the rate constants
k-1 andk;;' can be combined and only their sugn= k1 +
k.1 enters the kinetic result.
y Assuming initial population of théCS states only, the decay
' kinetics of CS is described By

Discussion

The kinetic analysis of the observed magnetic-field depen-
dence of the recombination kinetics of the CS state must be
based on a detailed spin substate-dependent reaction sche
as depicted in Scheme 1. As has been shown previdualy,
magnetic fields bel 1 T it can beassumed that the CS state
originates with almost pure triplet spin. The CS state represents
a radical pair (RP) with an average separation of more than 10
A so that exchange interaction is negligible for most conforma-
tions of the chains linking the radical moieties to the bipyridine
ligands. Therefore, in zero magnetic field all of the spin substates
are degenerate and the three triplet substates are kineticall
equivalen®® For the radical species we are dealing with here
the most effective mechanism for tripteginglet transitions in
the CS state is due to isotropic hyperfine interaction causing a

— —kat kot
coherent tripletsinglet mixing process at a rate that can be [CY =[CT(ce ™ +ae ™) (2a)



3490 J. Phys. Chem. A, Vol. 111, No. 18, 2007 Rawls et al.

7
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Figure 8. Representation df. andkr pairs that are compatible with
the same value d{; and yield the exact same quality of the kinetic fit .
(ks =5 x 107 s7Y). 10 . . |
] ) ) 1 10 100 1000 10000
The corresponding equation holds for the transient absorbance B.mT
Aif [C] is replaced byA ’
Figure 9. Magnetic-field dependence &f as obtained from fitting
- —kat kot the signal decays for DCA-POZ and DCA-PSZ (cf. Figures 3 and 4)
A=Afce T Fee ™) (2b) for different values ok.
withc, + ¢, =1 3 L : .
used when criteria limiting the sensible range of values of either
1 3k + (kg — ky)/4 k. or kr are at hand.
a:§+ > > (4) The rate constank, may be generally decomposed into a
6\/kr + (ks — ky)716 magnetic-field-dependent contributiys and a magnetic-field

independent contributiok ¢, viz.

k=K + 7k + ke =k + (s~ k)16 (5)
k (B) =k g(B) + k. (8)

1 3 2 2
=k +>Kks+ - ki + + (ks — ky)/16 6
=k 4 ks 477 \/kr (ks = ka) ©) Through its magnetic-field dependenk&gs(B) can be separated

) ) ) i . from k.. So the problem of separatirkgandky is reduced to
Eq_uat|on 2b represents a b|e>_<ponent|a| decay_ fu_nct|on with a separation ok, c andkr, that is, to the situation prevailing at
four independent parameters, ViA,, C,, ks, K. Variations of high fields.
A, are due to variations in the laser intensity and can be o
eliminated by normalization of the signal curves. The remaining _ | n€ magnetic-field dependence of tkevalues for DCA-
three degrees of freedom can be represented by the rate constanf80Z and DCA-PSZ obtained from fitting the decay curves by
ks, kr, andk;. Of these, onlyk; is expected to be magnetic- assuming specific values f&r are shown in Figure 9. No data
field-dependent. Thus, in fitting a set of normalized kinetic traces Points for DCA-PTZ are shown here because they are actually
for a certain sample for varying magnetic fieldsandkr should very close to the results for DCA-POZ. As becomes clear from
be kept fixed as global parameters and dalis free for fitting Figure 9, the results fdt. depend to a significant extent on the
the complete decay curve. This is a strong criterion for the assumed value dér. The quality of the fits is independent of
validity of the kinetic model. As is shown in Figures 3 and 4, the value assumed fd and thus does not provide a criterion
the procedure describes the complete behavior of the observedor narrowing the bounds of this parameter. There are, however,
decay curves very well. other criteria at hand.

According to Scheme 1, there are two chansnels, the “  As the value ofkr is increased, the value ¢¢ decreases.
channel” and the Ky channel’, through which®’CS can  gpyigysly, for DCA-POZ the relative change kfwith kr is

recqmbine. Althougtk, and kr do not enter eqs 46 in an small for large values df (low fields) and large for small values
equivalent manner (for the phenomenological parameters of the ¢ k (high fields). As can be seen in Figure 9, far= 10° s 1

biexponential), their influence becomes essentially indistinguish- the low field value ofk, for DCA-PSZ equals those for DCA-

able if only kinetic reason|ng7|s_|r11voke_d. ke > k’.’kT’ thenk, POZ (cf. the data points at 10 mT, which converge for khe
— (k + k). Forks ~ 5 x 10" s74, as is the typical order of .
. ; . . values adopted for DCA-POZ). For higher valueskef(not
magnitude for the systems under consideration, this is not exact
and one has to resort to the general equation shown) thek: value for DCA-PSZ would even drop below the
9 q k- values of DCA-POZ. Such a result is not sensible, however,

5 1 2 because spin relaxation in PSZ must be faster than that for POZ,
(ks — kp)7/16 — (Z(ks + 3ky) — ka) as is qualitatively borne out by the EPR linewidths of the cation

k = 1 ) radicals (cf. Table 1) and as to be expected from the increased
2(;1('(3 + 3ky) — ka) spin—orbit coupling of selenium with respect to oxygen. Thus,

kr = 10° s~ seems to represent an upper bound for DCA-PSZ.
to obtain kinetically equivalent pairs & andkr for a certain However, this limit can still be lowered. If we assume that all
value ofk,.28 The relation between equivalent pairslefand relaxation mechanisms operating in the DQ-POZ radical pair
kr for fixed values ofk, is shown in Figure 8, which will be are also effective in the DQ-PSZ pair and we add to the
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TABLE 2: Contributions to the Relaxation Rate Constant k,

mechanism rate constant
anisotropic hyperfine interaction (ahfi) kr.a
g tensor anisotropy (gta) Krg
combined action of ahfi and gta Krag
spin-rotational interaction K sri
electron spin dipolar interaction Kr esdi

experimentalk, values of the former the field-independent
contribution (3.8x 10° s71) of the latter, then the resulting
values exceed thk values for DQ-PSZ obtained under the
assumptiorkr = 10° s71. Actually, in the case of DQ-PSZ the
possible contribution ok must be within the experimental
accuracy limit.

The relative strength of spirorbit coupling in oxygen and
selenium provides an argument for an upper bounérdbr
POZ. The process to whidk refers, that is, direct recombina-

J. Phys. Chem. A, Vol. 111, No. 18, 2003491

where the indicek, |, m, andn run over the (1, 0;-1) hyperfine
states of the two nitrogen nuclei, we arrive at

2
Ve (o}
1+ wyt?

383

205 AA)? (10)

Ka=

In eq 9 a factor of 2 is included, taking into account that the
transitions between T(or T-) and T, as well as S contribute
to k- and that their probabilities are equal. In eq 9denotes
the gyromagnetic ratio of the electron, is the orientational
correlation time, anay is the angular Larmor frequency. The
symbolsS,, Iy, andly, denote the vector operators of electron
spin and nuclear spins, respectively, on the diquat radigal;
andty; are the anisotropic hyperfine tensors of the two nitrogen
nuclei. We assume axial symmetry and hence may neglect that
their main axes< andy are rotated with respect to each other
around the commonaxis, the one perpendicular to the aromatic

tion of the3CS state to the singlet ground state, requires a spin Plane. Thus

flip during electron transfer. As may be concluded from the

way they can be influenced by heavy atom substituents, such

processes have been shown to be controlled by—spibit
coupling?® A proportionality of the rate constant to the square

I = tho i = Inyy = An ty = A|| (11)

For axially symmetric tensors a single quant¥y is defined

of the atomic spir-orbit coupling constant has been observed. as

Considering that the atomic spitorbit coupling constants
of selenium and oxygen are in the ratio of 1990:£58.2.6,
the kr value for PSZ is expected to be about 150 larger than
for POZ. Thus, the upper bound & for POZ would be
established at about 4Gt Such a small value okr is
indistinguishable fromkr = 0 in the k; curves obtained from
the kinetic fits and one can realistically assume tkatis
negligible for POZ and hence also for PTZ because the
experimental results for it are almost indistinguishable from
those for POZ.

The fact that soc in the donor radical is in fact governed by
the heteroatom center is also supported by the observallies
of the Me-PXZ cation radicals. It has been establidh¢iaat
the deviation of the factor from the valug of the free electron
(9—ge) is proportional to the spinorbit coupling constant if
spin—orbit coupling at one particular atomic center is responsible
for this deviation. The values of{-ge) for Me-POZ, Me-PTZ,
and Me-PSZ were found in the ratio 0.59:1:4.5 (cf. Table 1),
which is in reasonable agreement with the atomic spirbit
coupling constants of O, S, and Se (158:396:189M.4:1.:
5.0)31.32

Theoretical Estimation of Various Contributions to k; .
The contributions to the relaxation rate const&ptto be
explicitly considered are listed in Table 2.

Expressions accounting for the contribution asfisotropic
hyperfine couplingto k; have been given by Hayashi and
Nagakuras for model radical pairs with one proton spin on each
radical. In our systems, the radicals carry one (PXZ radical
cation) or two (diquat cation radicalfN spins withly = 1.
The anisotropic hyperfine interaction in these radicals is by far

dominated by these nuclei. Therefore, we derived appropriate

expressions accounting for this situation. Starting from the
general equation for a radical pair with two nuclear sping of
= 1 in one radical, that is, the diquat cation radical

Ka=
4

VeTe
z T KISyt g+t ) Tomin?

©)

9(1+wor ) kfm

AA=A — Ay (12)
is sufficient to define the anisotropy.

For thecombined action of anisotropic hyperfine coupling
and g-tensor anisotropys taking place in the PXZ cation
radical, we take into account the anisotropic hyperfine coupling
of one nitrogen nucleus. The analogue of eq 9 is

2
Ve
T ; |CT, KISy(tyl y + 9'By/gI Tol OF
3 a+ a)ozt 19)

4
kr,ag

The symbolg' denotes the anisotropic part of thgensor. We
assume that it is axially symmetric and that its main axis
coincides with the axis of the anisotropic hyperfine tertsor
As for the anisotropic hyperfine tensor, the effect of the axially
symmetric anisotropig tensor can be expressed by a single
quantity:
A9 =Ag=g9,— 0y (14)

It should be noted that the effects of ahfi and gta are not
simply additive: there is an interference term. Evaluating the
matrix elements in eq 13, we obtain

2
_4 2 YeTlc _ 1 YeWolc 1
kr,ag_ 27 (AA) 1+ w 2 2 90(AgAA) 1 a)OZICZ 60
2
W T
(AQY’ ——— (15)
1+ w7,

An expression for the longitudinal and transversal relaxation
timesT; and T, of a radical due tepin-rotational relaxation
has been derived by Atkins and Kivels&®*If one radical in
the radical pair relaxes due to spin rotational interaction, then
the contribution tdk in the radical pair is given by

10¢
18 7,

1
2T, o

=_1
2.

2,sri

kr,sri

(16)

1,sri
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wheredg? is given by

60°="Y (g —9)°

i=Xy.z

(17)

with gi being the main values of the diagorgatensor andje
being theg factor of the free electron. Assuming tiggensor

to be axially symmetric, and spirorbit coupling effects at the
heavy atom center in the aromatic ring to contribute only to
the components in the ring plane, we have

9= % andgn= (3g — go)/2 (18)
whereg is the isotropic average of thgefactor. Hence
29 2
09" =5(9-9J) (19)

The role ofelectron spin dipolar interactionn electron spin

Rawls et al.

From the isotropig factor of 2.015 for the Me-PSZ radical

cation, we obtairdg® = 7.26 x 1074, Assumingk: i = 3.5 x

10° and using eq 16 yields an orientational correlation time
of 11.5 ps. We may convert this value into an effective
hydrodynamic radius of the linked PSZ radical by resorting
to the Debye equatidh

— 4mn r’ — loflzlr_3

T T cPas®

(21)

On the basis of a value of = 0.62 cP for the viscosity of
nitromethane at room temperature, we obtain2.65 A, which
is a reasonable order of magnitude for the size of the donor
and the acceptor moieties. Alternatively, this result, which is
based on the bulk viscosity of the solvent, indicates that the
rotational mobility of the linked PSZ species does not seem to
be severely impeded by the tetramethylene linker.

We now turn to the interpretation of the low-field limits of
k- for which, in the case with the POZ-moiety, only the ahfi

relaxation in the confined space of a micellar supercage, wheremechanism and the esdi mechanism can be invoked. The

the stochastic modulation of the interaction is due to the
translational diffusion of the two radicals in the micelle, has
been guantitatively analyzed by Steiner and*\using Monte
Carlo simulations. Ifg denotes the contact distance of the two
radicals andy is the radius of the micelle, then the result can
be cast into the following phenomenological form

Ty
1+ wy't?

a,T
222 | (20)
1+ w7,

3 3 -
kr,esdi= kT:tﬂTO,esdi: Ehzye4ro 3rM ’

with a3 = 0.6,a, = 0.4,71 = 1.10x 1016 cn?s iDL, andr,

= 7.70 x 107 cnm?s DL The symboD denotes the sum of
the diffusion coefficients of the two radicals. Later these results
were corroborated analytically by Isakov ef&llhe situation

in the present linked radical pairs is very similar to the situation
in a micelle. The conformational changes of the linkages

modulate the distance of the two radical moieties between a

separatiom, of closest approach and a lengthof most distant

separation. The conformational chain dynamics can be ap-

proximated by a diffusional process of the radical moieties with
a phenomenological diffusion constdén{for a similar treatment
of energy transfer, cf. refs 37 and 38).

To assess the parameters of the various mechanistic contribu

tions from the observed experimental datakpnwe start by

comparing the high-field values for the DQ-PSZ pair with the
results for the EPR line width of the Me-PSZ cation radical
(cf. Table 1). This line width exceeds the values for Me-POZ

and Me-PTZ by about 0.25 G. This suggests assigning the

difference to the effect of spin-rotational interactfdnA
Lorentzian width contribution of 0.25 G corresponds to a value
of 1/T, of 7.4 x 10° s, If we assume that the same mechanism
is operative in the PSZ moiety of the DQ-PSZ radical pair, then
ak: ¢ value of 3.7x 10° st would be expected on the basis of
eq 16. Allowing for the uncertainty of the EPR line width, a
k- s Value in the range of 24 x 10° s~1 should be acceptable.
This is in good agreement with the limiting high-field value
for the DQ-PSZ radical pair of about 3-8 x 1 s1, which

anisotropic hyperfine coupling of the nitrogen nucleus may be
estimated by analogy with the stable TEMPO radféatlere

the isotropic hyperfine coupling constant of nitrogerAis =
16.6 G andAAy = 29.5 G. We assume that the ratio of 1.77
betweenAAy and Ay can be also applied to other nitrogen-
centered radicals. For the DQ radical cation, the two isotropic
nitrogen couplings aréy = 4.0 G#? leading to an estimation

of AAy = 7.1 G, and for POZ the nitrogen coupling is taken as
An = 9.2 G as listed in Table 1, leading to an estimatet

= 15.9 G. Employing these values together with the value of
the orientational correlation time. obtained above from the
contribution of the spin-rotational mechanism, we obtqifi°Z

= 3.0 x 1® st at 10 mT, the lowest field, for which the
experimental value ok has been unambiguously determined.
The experimental value of 54 10° st is more than 10 times
larger than the theoretical value from the ahfi mechanism. Also,
as a consequence of the used correlation time of 1116 87

is constant up to about 100 mT, which is at variance with the
experimental behavior.

Thus, it is clear that the ahfi mechanism cannot account for
the behavior ok; in the low field region up to about 100 mT.
Electron spin dipolar interaction is a promising candidate to
fill this gap. To apply eq 20, we need to fix the parametgrs
the distance of closest approach of the two radicals,the
maximum distance, and, the effective relative diffusion
constant of the two radicals. Fog we chose the value ofr2

that is, twice the value of the hydrodynamic radius of the
individual radicals; forry a value of 20 A can be estimated
from a molecular model. It has already been pointed out that
the conformational chain dynamics of the linkers, which
determines the modulation of the distance between the two
radicals, can be simulated by a diffusion model. It should,
however, not be expected that this diffusion is as fast as that
for unbound molecules in homogeneous solution. Nevertheless,
we may estimate an upper limit of the corresponding diffusion
constant using the EinsteirStokes relation

2kT

ry \~lcm?
DZDDQ+DPXZ=m= 77) cm

4.37x 10*5(—
AcPl s 22)

thus may be largely assigned to the sri mechanism (for a yieldingD = 2.3 x 105 cmés™L. The expected field dependence

discussion of the weak field dependencedt high fields, cf.
below). A contribution ok, however, on the order of & 10°
s~ cannot be ruled out.

of k esgiObtained with these parameters is shown in Figure 10.
It is evident that thé esgivalues obtained fab > 1075 cnrs™t
are much too small. However, by decreasing the effective value
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contributions to k. field value ofk; is constantly contributing at all fields, then in
4 DCAPOZK;=0 B DCAPSZA =0 kPOZDa the field region between 50 and 600 mT, the overall sum
" i " including ahfi results in up to 50% too high values fir,

« - keSHD=2ES .. .kesdiD=SE6 - - - .kesd D=1E-5 indicating an overestimation of the ahfi contribution. A good
fit is obtained (cf. Figure 10) if the anisotrogyA is taken only

to be a factor of 1.1 times the isotropic hyperfine constant of
the nitrogen atoms.

None of the mechanisms discussed so far can account for
the limiting high-field value of about & 1C° st in the DCA-
POZ case. Although in the case of DCA-PSZ the magnetic-
field-independent contribution tiy is explicitly accounted for
by the spin-rotational mechanism, this mechanism has only a
negligible contribution (about 2&™1) to the field-independent
part ofk; in the case of POZ. At present, we cannot assign an
explicit mechanism for it. After consideration of all rotational
and translational contributions to the stochastic modulation of
magnetic interactions as possible sources of spin relaxation, only
local inner vibrational motions remain as have been invoked
for contributions to radical spin relaxation occasion&fiyn

Figure 10. Contributions tok: in the theoretical simulation of spin  the case of DCA-PTZ, the high field limit df is similar to
relaxation in the radical pairs from DCA-POZ and DCA-PSZ evaluated POZ. However. here the theoretical contribution of the sri

under the assumption & = 0 (cf. data points). The full simulations

ks

10* . - -
1 10 100 1000 10000

Bo/mT

. T .
are represented by the curves dendétDZ/DQtesdi-c andk-PSz/ mechanism (3'5f< 10° s%) is considerable and accounts for
DQ+esdi-c, respectively. The contributions from the esdi mechanism the largest part if not all ok .

(k-esdiD = ...) are given for various values of the effective diffusion In the case of the DCA-PSZ radical pair, a slight but

constantD. The best fit is forD = 9 x 1077 cés™. The curves  gjgnificant decrease & at high fields is observed. Similar high-

indicated a-POZ/DQ anck-PSZ/DQ, respectively, represent the sum o4 reversions of magnetic-field effects with radical pairs have
of the contributions of the ahfi and gta mechanisms. The constant values,

. 45 e
¢ POZ andc’ PSZ represent the field-independent contributions to ~ Peen observed by Hayashi and co-workers:#In principle,
For details of the calculation, cf. text. two g-tensor-dependent mechanistic explanations can account

for such observations:

of D and keeping all of the other parameters as given, the field i. the Zeeman mechanism (oAf§ mechanism”Y8 which is
dependence df; esqinicely approaches the observed behavior. due to a magnetic-field-dependent enhancement of the coherent
ForD = 9.0 x 1077 cn?s™?, not only the low-field values for ~ T;—S process, due to differegtfactors of the two radicals and
POZ and for PSZ are well-approximated but also the field i the gta mechanism, which is due to a magnetic-field-
dependence up to 100 mT. It has been noted earlier by Steinbergjependent enhancement of spin relaxation in the individual
and co-worker¥38in the theoretical study of energy transfer 54icals.
in linked donor-acceptor systems that the effective relative
diffusion constant for two chain ends attached to an oligopeptide
linker is much slower than that for the unbound donor and
acceptor molecule. Values in the range between»0.9077
cn?stand 6.4x 1077 cmés™ ! for the diffusion constant were
found to appropriately describe the behavior eamino acid
oligopeptides in ethanol as the solvent. In the light of these
findings, the present observation of an effective diffusion
constant of 9.0x 1077 cn? s~ seems quite reasonable and
strongly supports the leading role of the esdi spin relaxation
mechanism in linked radical pairs at low fields.

At high fields, thek, contribution of the esdi mechanism drops

below the experimental values, which approach a magnetic- | EMPO effect onzsiow Shown in Figure 7 is a clear indication
field-independent limit. If this limiting value is added as a that it is the gta mechanism that is working here; what we see

constant contribution (4.5 1C° s in the case of DCA-POZz) IS thatnotonly the value dfsow in general becomes shorter by
to the esdi contribution, then the full field dependence is quite € addition of TEMPO but also that the high-field reversion
well reproduced. Thé esq contribution as adapted to the field ©f the magnetic-field effect disappears at higher TEMPO
dependence of the DCA-POZ data yields, at the same time, anconcentration.
excellent description of the field dependence of the DCA-PSZ  Another criterion against the Zeeman mechanism as an
data if the appropriate constant valuekgf;, as discussed above, —explanation of the observed high-field reversion of the magnetic-
is added. field effect in the DCA-PSZ system is the observed validity of
Now we consider the role of the ahfi mechanism at higher the kinetic model. If this model is correct, then effects according
fields. As can be seen in Figure 10 for the case of DCA-POZ, to the Zeeman mechanism cannot show up in the kinetics
up to about 75 mT the ahfi contribution is much below the esdi because the model assumes establishment of ke equi-
contribution. At 150 mT the order of these two mechanisms is librium at any stage of the recombination. The fact that the
reversed, and at fields above 500 mT the ahfi contribution is model is indeed correct is borne out in the amplitude ratio of
about 2 orders of magnitude larger than the esdi contribution. the slow and fast decay components, which is not a free
Nevertheless, at all fields the ahfi contribution is much smaller parameter in the fitting of the kinetic curves but a function of
than the observed; . If it is assumed that the limiting high  the adopted rate constants (cf. eq 4).

The former mechanism only becomes apparent if the fre-
qguency of 5—S mixing due to the coherent action of isotropic
hyperfine interaction is not sufficient to establish—TS spin
equilibrium between two radical pair encounters. The latter
mechanism is slower than or comparable with the frequency of
reencounters. If the effect of a magnetic field is observed through
a time-integrated observable, for example, as the radical escape
yield in case of unlinked radical pairs, then a decision as to
whether mechanism i or ii is operating may be found by using
a paramagnetic quencher, which, at not too high of a concentra-
tion, can only affect the gta relaxation mechani$nThe
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The effect of the gta relaxation mechanism can be assessed 8x10°

by eq 15. At high fields, the quadratic termAg dominates. It ’ ?g ﬂl
leads to a contribution tk , which increases quadratically with & 100 mT
the magnetic fieldB,. At high fields, however, it approaches a 6x10%/ = soomT
constant limit. The half field valudy, g for the saturation - — regression line

occurs at <

=

Byp ga= — (23) E

- =

1/2,gta Verc,gta f':'

k4

For a simulation (cf. Figures 6 and 10), all parameters except
for 7¢ gaare known. An optimum fit is achieved fag g ~ 2
ps. This value is about 1 order of magnitude shorter than that
reasonably expected for rotational tumbling (cf. eq 21) of the
PSZ radical moiety. A stochastic motion modulating gitensor 0 1 2 3 4
might be sought in a modulation of the butterfly-like central [TEMPOJ/mM
ring deformation in the PSZ molecule. Because of the nonplanar _ o j ) )
hybridization of the methylated ring nitrogéfthis species (and ~ Fgure 11. Com”b‘_mor} K.rempo t0 spin re'?‘x;".‘t'lon as a function of
its radical) is bent along the axis connecting the two central TEMPO concentration for various magnetic fields.
heteroatoms. By Raman spectroscopy as well as by DFT
calculations, several thermally easily excitable vibrational modes
of the central ring deformation have been assessed in the range
of 50-500 cn11.48 Variations of vibrational excitation of these
modes will affect they tensor. Vibrational correlation times on 3
the order of some picoseconds (corresponding to vibrational _ 1271, (25)
linewidths of several cm) appear reasonable and could account € KT
for the observation of a correlation timeg, as short as that
observed. Using a value 5 A for ro, the distance of closest approach,
Paramagnetic Quenching of the Magnetic-Field Effect by one obtaing. = 710 ps. In this case, eq 24 predicts a limiting,
TEMPO. Several studies of the effects of paramagnetic speciesconstant value oky—esqi at fields above about 50 mT. This is
on spin chemical magnetic-field effects have been reported in the region where the paramagnetic quenching effect has been
the literature. Among the species that have figured prominently investigated in our experiments. The saturation value,>2.3
as paramagnetic perturbers are*Limons'*®52 and transition- 18 M~1s71, is about 10 times smaller than the value to be
metal ions?®:53 nitroxyl radicals (in particular TEMPCY¥;~58 expected for the Heisenberg spin exchange mechanism.
and molecular oxyge®. In some cases, the paramagnetic From the time regime of the magnetic-field-dependent kinetics
perturber is covalently linked to either the biradical spediehs where the TEMPO effect is observed, as well as from the low
or to one of the radicals in the radical p#iin these cases, the  concentrations of TEMPO employed, it is clear that in our
total spin system is strongly coupled. It is the situation of a experiments this quencher accelerates the-TTo, S relaxation
triplet-doublet pair wherein the coupled spin states of a quartet processes. Denoting this contribution of relaxatiorkby:mpo,
and a doublet that are energetically separated by considerablehe total rate constant of relaxation can be decomposed as
exchange splitting, are kinetically relevant. In our experiment
with unlinked TEMPO, this perturber interacts with the rather K =Ko T K tempo (26)
weakly coupled radicals of the CS state. Formally, it enhances
the transitions betWeer&Tand T()/S or the transitions between Wherekro denotes the relaxation constant in the absence of
Toand S. In a magnetic field, the latter occur on a much faster TEMPO. Substituting eq 24 into eq 5 and using the relsutt
time scale than the former and rather high concentrations of g arrived at above, we can determikgempo as follows:
the paramagnetic perturber would have to be used to affect the

where 4, the magnetic moment of the perturber in case of
TEMPO, is equal to 1.738 (8 representing Bohr's magneton)
and the correlation time is given by

To and S process. Such enhancementsqf Transitions have ka(ka ky/2)

been observed with a 1M concentration of G# ions!®> With K TEmPO = — Ko (27)
. : . 2(ka ke/4) (0]

a TEMPO concentration of 0.1 M, even in zero field, a

noticeable effect was observed on the recombination of a radical

pair®! For the low TEMPO concentrations employed in our The values ofk rempo @s a function of the concentration of
experiments only the slow.T— To/S relaxation can be affected. TEMPO obtained for various magnetic fields are plotted in
This can occur by two mechanisms: electron spin dipolar Figure 11.

interaction, or Heisenberg spin exchange. If the latter mechanism In the field range from 50 to 800 mT where the values of
operates between typical organic radicals in low viscous k.tempo have been determined, they exhibit no significant

solvents, then rate constants of2 x 10° M~ s7%: that is, dependence on the magnetic-field strength. The data points are
close to diffusion controlled, seem to be typi€af! The well represented by a linear correlation

relaxation effect due to the electron spin dipolar interaction

between a paramagnetic perturber and a radical can be estimated K. tempo = Kq rempo[TEMPO] (28)
according to an equation derived by R&&

with kg tempo = 2.0 x 10° M~1s7, This result indicates that
the magnetic quenching by TEMPO is close to diffusion
1+ wyt? 1+ 4wl controlled and about 10 times faster than that expected for an
4) electron-dipolar relaxation mechanism, but it fits well to the

87N, 3 6
kq esdi — O’ 3Ve
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typical range observed for Heisenberg spin exchange between (17) Rawls, M. T.; Kollmannsberger, G.; Elliott, C. M.; Steiner, U. E.,

organic radicals in low viscous solution (cf. above).

Conclusions

The conclusions from the analysis of our results may be
summarized as follows:

Contributions of direct, spin-forbidden recombination of
triplet RPs seem negligible, that is; < k, (B — ).

Spin-rotational interaction has been explicitly confirmed as
being responsible for the saturating limit of the magnetic-field
effect in high fields for PSZ. Electron spin dipolar interaction
is the dominant relaxation mechanism for the presently inves-
tigated linked radical pairs in the field range between 1 and
100 mT.

Contributions of anisotropic hyperfine interactions to spin

to be submitted for publication.

(18) Schmehl, R. H.; Ryu, C. K.; Elliott, C. M.; Headford, C. L. E.;
Ferrere, SAdv. Chem. Ser199Q 226, 211.

(19) Elliott, C. M.; Freitag, R. AJ. Chem. Soc. Chem. Re1985 156.
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(22) Treadway, J. A.; Chen, P.; Rutherford, T. J.; Keene, F. R.; Meyer,
T. J.J. Phys. Chem. A997 101, 6824.

(23) The time constants shown in Figure 6 were taken from a
biexponential fit with no restraints as imposed by the kinetic model (cf.
egs 4 and 5). If such restraints are employed, then the data points in the
region between 100 and 400 mT are less scattered and show a rather broad
plateau aroundsow, = 280 ns. At higher fields, both fitting methods yield
identical results.

(24) The modest difference between thevalue reported herein and
those in ref 8 is likely due to trace oxygen impurities present in the samples
considered in the earlier study.

(25) Strictly speaking, when the Zeeman splitting in the external field

relaxation in the present systems are minor and seem tOdrops below the isotropic hyperfine coupling, it is no longer appropriate

contribute mainly in the intermediate field region around 200
mT.

The limiting high-field contribution to spin relaxation in the
DQ-POZ is not of rotational origin. A vibrational mechanism
might be invoked.

The slight increase df; at high fields in the case of PSZ is
most likely due to the gta mechanism. The extremely short
correlation time of about 2 ps for the underlying stochastic
modulation of theg tensor is tentatively assigned to a confor-
mational flapping of the ring system about the centrat$é
axis. The coherent Zeeman mechanism g3 mixing can
definitely be excluded as an explanation of this effect.
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