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The stable free radical 2,2,6,6-tetramethylpiperidinoxyl (TEMPO, T•) was covalently attached to the electron
acceptor in a donor-chromophore-acceptor (D-C-A) system, MeOAn-6ANI-Phn-A-T•, having well-
defined distances between each component, where MeOAn) p-methoxyaniline, 6ANI) 4-(N-piperidinyl)-
naphthalene-l,8-dicarboximide, Ph) 2,5-dimethylphenyl (n ) 0,1), and A ) naphthalene-1,8:4,5-
bis(dicarboximide) (NI) or pyromellitimide (PI). Using both time-resolved optical and EPR spectroscopy, we
show that T• influences the spin dynamics of the photogenerated triradical states2,4(MeOAn+•-6ANI-Phn-
A-•-T•), resulting in modulation of the charge recombination rate within the triradical compared with the
corresponding biradical lacking T•. The observed spin-spin exchange interaction between the photogenerated
radicals MeOAn+• and A-• is not altered by the presence of T•, which interacts most strongly with A-• and
accelerates radical pair intersystem crossing. Charge recombination within the triradicals results in the formation
of 2,4(MeOAn-6ANI-Phn-3*NI-T•) or 2,4(MeOAn-3*6ANI-Phn-PI-T•) in which T• is strongly spin
polarized in emission. Normally, the spin dynamics of correlated radical pairs do not produce a net spin
polarization; however, the rate at which the net spin polarization appears on T• closely follows the
photogenerated radical ion pair decay rate. This effect is attributed to antiferromagnetic coupling between T•

and the local triplet state3*NI, which is populated following charge recombination. These results are explained
using a switch in the spin basis set between the triradical and the three-spin charge recombination product
having both T• and3*NI or 3*6ANI present.

Introduction

Controlling the lifetimes of photoinduced radical ion pairs is
important for developing molecular materials for electronics,
photonics, and spintronics.1-16 We have developed several
methods for controlling charge transport in organic donor-
chromophore-acceptor (D-C-A) triads using multiple ultrafast
laser pulses to manipulate the course of electron-transfer
reactions.17-19 Building on this work, we are now exploring
the use of spin dynamics to control charge and spin transport
properties within D-C-A molecules. Photogenerated radical
pairs are capable of exhibiting coherent spin motion over
microsecond time scales,20,21which is considerably longer than
coherent phenomena involving photogenerated excited states.
This affords the possibility that coherent spin motion can provide
the basis for novel organic computational devices.22-31 A greater
fundamental understanding of the factors controlling spin
dynamics in complex organic donor-acceptor systems is
necessary to achieve this goal.

The rate of radical pair intersystem crossing (RP-ISC)
between photogenerated singlet and triplet radical pairs (RPs)
has been shown to increase in the presence of stable free radicals
and triplet state molecules.32-36 In some of these systems, the
photoinduced RP is covalently linked to the stable radical using
a flexible connection, which results in a broad distribution of
distances and spin-spin interaction strengths that make the
analysis of the spin dynamics difficult.37-40 We have addressed
this problem by rigidly attaching a stable radical to a donor-
acceptor system having restricted distances and orientations
between all molecular components. We recently showed that

covalently attaching a 2,2,6,6-tetramethylpiperidinoxyl (TEMPO,
T•) stable free radical to the acceptor of a rigid D-C-A
molecule perturbs charge recombination rates via an enhanced
intersystem crossing (EISC) mechanism similar to that observed
for intermolecular systems,32,33,35while not altering the spin-
spin exchange interaction within the photogenerated radical ion
pair.41 Given these encouraging results, we have expanded our
studies of how the spin dynamics of D-C-A triads are
influenced by the presence of a third spin attached specifically
to the electron acceptor at a relatively close distance.

The spin density distribution of T• is localized largely on its
N-O group and not on the molecule to which T• is ap-
pended,42,43so that attachment of T• to A within the triad does
not result in significant spin delocalization onto A itself. We
have modified the well-characterized D-C-A triad system,
MeOAn-6ANI-Phn-NI (or PI), 1a-4a,41,44,45where MeOAn
) p-methoxyaniline, 6ANI) 4-(N-piperidinyl)naphthalene-1,8-
dicarboximide, Ph) 2,5-dimethylphenyl (n ) 0, 1), NI )
naphthalene-1,8:4,5-bis(dicarboximide), and PI) pyromelliti-
mide to probe the spin dynamics of the photogenerated three-
spin system (Scheme 1). We have demonstrated that photoex-
citation of D-C-A triads1a-4a with 416-nm light results in
a two-step charge separation (CS) to form a singlet radical ion
pair (RPS), which undergoes radical pair intersystem crossing
(RP-ISC) to the corresponding triplet radical ion pair (RPT).41,45-47

Charge recombination (CR) can occur either from RPS to the
ground state or from the RPT to the lowest neutral triplet state.
We have now synthesized analogues of this system: MeOAn-
6ANI-Phn-NI(or PI)-T•, 1b-4b, in which the stable T• radical
is attached to the terminalN-imide of either the NI or PI
acceptors. The resulting molecules position T• at a fixed distance
and orientation relative to each electron donor and acceptor
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within the triad. The spin dynamics of the photogenerated
triradicals are studied using magnetic field effects on the triplet
yields following CR as well as time-resolved electron para-
magnetic resonance spectroscopy (TREPR).

Experimental Section

The synthesis and characterization of compounds1a-4a, 1b,
and3b have been reported previously,41,45and those of2b and
4b can be found in the Supporting Information. Samples were
purified for spectroscopy by preparative thin-layer chromatog-
raphy and stored for at most 7 days at 4°C until measurements
were performed. All solvents were spectrophotometric grade
or distilled prior to use.

Cyclic voltammetry measurements were performed in buty-
ronitrile solutions containing 0.1 M tetra-n-butylammonium
perchlorate (TBAP) electrolyte using a CH Model 622 electro-
chemical work station. A 1.0-mm diameter Pt disk electrode,
Pt wire counter electrode, and Ag/AgxO reference electrode were
employed. The ferrocene/ferrocinium couple (Fc/Fc+, 0.52 V
vs SCE) was used as an internal reference for all measurements.

Ground-state absorption measurements were made on a
Shimadzu (UV-1601) spectrophotometer. Sample solutions were
prepared in toluene, transferred to a sealable cuvette, degassed
by three freeze-pump-thaw cycles and then kept under vacuum
throughout each spectroscopic run. The optical density at the
pump wavelength was 0.4-0.6 per 2-mm path length for
femtosecond transient absorption (TA) experiments and 0.8-
1.0 per 1-cm path length for nanosecond transient absorption.
Absorption spectra taken after each experiment indicated that
there was no degradation of the samples over the course of the
transient absorption runs.

The apparatus for femtosecond transient absorption has been
described in detail previously.48,49 Briefly, a home-built Ti:
sapphire regenerative amplifier operating at a 2-kHz repetition
rate generates 250-µJ, 130-fs pulses at 828 nm. A portion of
this output is split off and focused with all reflective optics
through a 3-mm sapphire plate to generate a white-light probe
extending from 450 nm through the near-IR region. The
remainder of the amplifier output is frequency doubled to
generate the 414-nm pump pulse. After passing through the
sample, the visible portion of the probe is isolated, dispersed,
and detected with a fiber-optic coupled charge-coupled device

(CCD, Ocean Optics). Before the sample, the pump is attenuated
to 1.0 µJ/pulse, focused to a 200-µm spot within the sample,
polarized at 54.7° relative to the probe, and chopped at 50 Hz.
Sequential 10-ms pump-on and pump-off exposures of the
detector are measured to generate the transient absorption
spectrum. The temporal instrument response was measured using
the optical Kerr effect (OKE) and was wavelength dependent
because of the group-velocity mismatch between the pump and
probe wavelengths.50 OKE cross-correlations ranged from 230
fs at 450 nm to 480 fs at 700 nm. Transient absorption kinetics
were fit to a sum of exponentials with a Gaussian instrument
function using Levenberg-Marquardt least-squares fitting.

Samples for nanosecond transient absorption spectroscopy
were placed in a 10-mm path length quartz cuvette equipped
with a vacuum adapter and subjected to five freeze-pump-
thaw degassing cycles. The samples were excited with 5-ns,
1-mJ, 420-nm laser pulses generated using the frequency-tripled
output of a Continuum 8000 Nd:YAG laser to pump a
Continuum Panther OPO. The excitation pulse was focused to
a 5-mm diameter spot and matched to the diameter of the probe
pulse generated using a xenon flash lamp (EG&G Electrooptics
FX-200). The signal was detected using a photomultiplier tube
with high voltage applied to only 4 dynodes (Hamamatsu R928).
The total instrument response time is 7 ns and is determined
primarily by the laser pulse duration. The sample cuvette was
placed between the poles of a Walker Scientific HV-4W
electromagnet powered by a Walker Magnion HS-735 power
supply. The field strength was measured by a Lakeshore 450
gaussmeter with a Hall effect probe. Both the electromagnet
and the gaussmeter were interfaced with the data collection
computer, allowing measurement and control of the magnetic
field to (1 × 10-5 T during data acquisition. Kinetic traces
were recorded over a range of 1µs. Between 50 and 80 shots
were averaged at each field strength with a LeCroy 9384 digital
oscilloscope and sent to a microcomputer, which calculated the
∆A. Due to the length of the sample runs (>3 h), a small amount
of sample degradation was observed, resulting in a decrease in
the triplet yield at zero field,∆A(B ) 0), over the course of the
experiments. To compensate for this, the magnetic field was
reset toB ) 0 mT every 3 kinetic traces and∆A(B ) 0) was
plotted and fit with a polynomial or a series of polynomials.
These functions were used to calculate the relative triplet yield

SCHEME 1
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as a function of applied field strength. The relative triplet yield
is thus

The results presented are an average of two or more experiments
conducted on separate days with freshly prepared samples.

Samples for EPR measurements were prepared in toluene
(0.2-2 mM), loaded into quartz tubes (4 mm OD× 2 mm ID),
and subjected to several freeze-pump-thaw degassing cycles
on a vacuum line (10-4 mBar). The tubes were then fused with
a hydrogen torch and kept in the dark when not being used.
The samples were excited at 416-nm, 1-mJ, 7-ns laser pulses
from the H2-Raman shifted output of a frequency-tripled
Q-switched Nd:YAG laser (Quanta Ray DCR-2).

Steady-state EPR spectra, transient CW EPR spectra and pulse
EPR spectra were measured using a Bruker Elexsys E580
X-band EPR spectrometer with a variable-Q dielectric resonator
(Bruker ER 4118X-MS5) at room temperature. Steady-state CW
EPR spectra were measured under the conditions of 0.2-2 mW
microwave power and 0.01-0.05 mT field modulation at 100
kHz. The g values of the spectra were calibrated with a
crystalline 2,2-diphenyl-1-picrylhydrazyl (DPPH) standard (g
) 2.0036). Transient CW EPR measurements were carried out
under CW microwave irradiation (typically 2-20 mW) by
accumulating kinetic traces of transient magnetization following
photoexcitation. The field modulation was disabled to achieve
a response timeτ ) Q/πυ ≈ 30 ns51 and microwave signals in
emission (e) and/or absorption (a) were detected in both the
real and the imaginary channels (quadrature detection). Sweep-
ing the magnetic field gave 2D complex spectra vs time and
magnetic field. For each kinetic trace, the signal acquired prior
to the laser pulse was subtracted from the data. Kinetic traces
recorded at off-resonant fields were considered background
signals, whose average was subtracted from all kinetic traces.
The spectra were subsequently phased into a Lorentzian part
and a dispersive part, and the former, also known as the
imaginary magnetic susceptibilityø′′, is presented.

High-power microwave pulses were generated by a 1-kW
TWT amplifier (Applied Systems Engineering 117X). The
typical length of aπ/2 pulse was 8 ns. The resonator was fully
over-coupled to achieveQ < 200 and a dead time of∼72 ns.
All the quadrature-detected spectra were properly phased, and
ø′′ is presented. In the pulse EPR kinetic measurements, the
first microwave pulse was initially timed 200 ns earlier than
the laser pulse and was delayed incrementally relative to the
laser pulse. A kinetic trace was formed by measuring the
intensity of the free induction decay (FID) at different time
delays of the microwave pulse with respect to the laser pulse.

Results

Steady-State Properties.The photophysics of the 6ANI
chromophore have been previously described in detail.44,52

Briefly, the electronic absorption spectra of ground-state1aand
3a in toluene have a broad charge-transfer band centered at 397
nm due to 6ANI. The NI acceptor has ground-state absorptions
due to π-π* transitions at 343, 363, and 382 nm. The PI
acceptor and the T• radical have no appreciable ground-state
absorption atλ > 350 nm. Steady-state UV-vis spectra of1b-
4b, 5, and NI in toluene are shown in Figure 1.

The redox potentials for 6ANI, MeOAn, NI, and PI within
1a-4a have been used to calculate the energies of the charge-
separated states generated following photoexcitation of 6ANI.45,53

The redox potentials of the corresponding donor and acceptor
components within1b and3b were reported earlier,41 and those
of 2b and4b measured here are unchanged by attachment of
T•. Hence, substitution of T• onto the NI or PI acceptors does
not change significantly the energetics of CS and CR within
1b-4b relative to those of1a-4a. Relevant energy level
diagrams are given in Figure 2 and numerically in Table S2.
The lowest neutral triplet states energies of NI, 6ANI, and PI
are 2.03, 2.05, and 2.45 eV, respectively.41

Ultrafast Transient Absorption Spectroscopy. Charge
separation and recombination time constants for1a-4a were
measured previously and are reported in Table 1.44,45,54Charge
separation time constants for1b-4b were determined after
direct excitation of 6ANI with 414-nm light by monitoring the
femtosecond transient absorption kinetics atλmax of the acceptor
radical anions (NI-• at 475 nm in1b and 478 nm in2b; PI-• at
709 nm in3b and 723 nm in4b)53 and at 510-540 nm, where
the initial 1*6ANI stimulated emission and subsequent MeOAn+•

absorption lie.44 Representative transient spectra at selected times
are shown in Figure 3, while kinetic traces are given in the
Supporting Information (Figure S1). In1b, the signals at 510
and 475 nm both rise in<0.5 ps, very close to the instrument
response of 0.25 ps. However, the transient spectra show no
evidence of a broad shoulder between 510 and 540 nm at the
earliest positive time delays, indicating that the NI-• species is
formed slightly faster than MeOAn+•. In contrast,2b, which
has the dimethylphenyl spacer, shows clear kinetics in which
the 1*6ANI stimulated emission is replaced by a distinct
MeOAn+• absorption around 500 nm with a time constant of 7
ps. Subsequently, the NI-• signal at 478 nm grows in with a
time constant of 400 ps. The kinetics of the PI compounds (3b
and 4b) are particularly simple to interpret, because the PI-•

absorption is spectrally distinct from the MeOAn+• signal. In
3b, the 1*6ANI stimulated emission is replaced by MeOAn+•

absorption withτ ) 2.9 ps, while the appearance of the PI-•

signal at 709 nm is dominated by a time constant of 10 ps. In
4b, the 540-nm kinetics are dominated by the 8-ps growth of
the MeOAn+•, while the large PI-• peak at 723 nm grows in
with τ ) 3.5 ns. Thus, in1a/b, the CS sequence is MeOAn-
1*6ANI-NI-X f MeOAn-6ANI+•-NI-•-X f MeOAn+•-
6ANI-NI-•-X, where X) n-C8H17 or T•, while for triads2a/
b-4a/b the CS sequence is MeOAn-1*6ANI-Phn-A-X f
MeOAn+•-6ANI-•-Phn-A-X f MeOAn+•-6ANI-Phn-
A-•-X, where A ) NI or PI.45

Nanosecond Spectroscopy and Magnetic Field Effect
Measurements. We have reported that attaching T• to NI
increases the RP lifetime of1b (τ ) 49.9 ns) to almost twice

T
T0

)
∆A(B)

∆A(B ) 0)

Figure 1. Ground-state UV-vis spectra of the triads1b/2b, 3b/4b,
the dyad5, and the NI acceptor in toluene.1b and2b exhibit essentially
the same spectrum and so do3b and4b. Theλmax for PI is 318 nm. T•

has very little absorption atλ > 300 nm.
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as long as that of1a (τ ) 28.5 ns).41 A similar increase in RP
lifetime is observed for2b (τ ) 506 ns) relative to2a (τ ) 210
ns) and for4b (τ ) 109 ns) relative to4a (τ ) 73 ns).
Conversely, the RP lifetime of3b (T ) 10.5 ns) is about 40%
shorter than that of3a (τ ) 18 ns).

Magnetic field effects (MFEs) on the yield of the lowest
neutral triplet states that result from RP-ISC followed by CR
reveal the exchange coupling 2J between the radical ions within
the pair; see Table 1.55,56 The MFEs for2b and4b are shown
in Figure 4, while those for the remaining molecules have been
reported earlier.41,45Two values for 2J are observed for4a and
4b that most likely result from two slightly different conforma-
tions that lead to differences in the electronic coupling between
the radicals.57 The MFE experiment demonstrates little differ-

ence between the values of 2J measured in the presence and
absence of T• for a given triad, where 2J ) 1.0 mT and<1.0
mT for 2a and2b, respectively, while 2J ) 2 mT, 19 mT, and
1 mT, 16 mT for4a and 4b, respectively. As expected, the
shorter triads have much larger exchange couplings, with the
2J resonances for1a and 1b occurring at 47.5 and 47.0 mT,
respectively, and those for3a and3b occurring at 66 and 60
mT, respectively. Thus, attachment of T• does not significantly
change the energy gap between RPS and RPT in all pairs of
molecules.

EPR Spectroscopy.Each T•-containing triad,1b-4b, has a
doublet ground state (D0) with the total spin density tightly
confined to the N-O bond of T• by its aliphatic backbone. This
is confirmed by the CW EPR spectra of1b-4b, which exhibit
the three-line hyperfine splitting characteristic of T•, with |aN|
) 1.54 mT andg ) 2.0057. A representative spectrum for2b
is shown in Figure 5. In contrast to the unsubstituted T• radical,
the line widths of the three hyperfine lines are nonlinearly
dependent on the nuclear quantum numberM. On the other hand,
the small splittings caused by the 12 methyl protons with|aH|
) 0.040 mT are resolved, and line shape simulations with
WinSim58 reveal the homogeneous line broadening to bee0.026
mT, equivalent to aT2 of g0.4µs. Both the hyperfine-dependent
line widths and the prolonged relaxation time signify relatively

Figure 2. Electron-transfer pathways: (A)1a/b and2a/b and (B)3a/b and4a/b, where D) MeOAn, C ) 6ANI, X ) n-C8H17 or T•, andn )
0 or 1. The Zeeman splittings of the RP triplet states are exaggerated by a factor of 104.

TABLE 1: Time Constants for CS and CR and Magnitudes
of 2J Determined by MFE in Toluene

compound τCS1(ps) τCS2(ps) τCR (ns) 2J (mT)

1a 0.7( 0.2 1.3( 0.5 28.5( 0.5 47.5( 0.5
1b <0.5 <1.0 49.9( 0.5 47.0( 0.5
2a 9.8( 0.2 430( 20 210( 5 1 ( 0.5
2b 7.0( 0.2 400( 20 506( 10 <1
3a 2.7( 0.2 19( 5 18.0( 0.5 66( 0.5
3b 2.9( 0.2 10( 3 10.5( 0.5 60( 0.5
4a 6.9( 0.2 5000( 500 73( 2 2, 19( 0.5
4b 8.0( 0.2 3500( 500 109( 3 1, 16( 0.5

Figure 3. Femtosecond transient absorption spectra of1b (MeOAn-6ANI-NI-T•), 2b (MeOAn-6ANI-Ph-NI-T•), 3b (MeOAn-6ANI-
PI-T•), and4b (MeOAn-6ANI-Ph-PI-T•) in toluene following excitation by a 414-nm 130-fs laser pulse.
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slow rotational averaging of theg and hyperfine anisotropies,59,60

which can be attributed to the covalent attachment of T• to the
relatively large triad systems.

At room temperature in toluene, molecular tumbling renders
EPR spectra of molecular triplet states broad and structureless,61

if not completely undetectable. Thus, time-resolved EPR spectra
observed aroundg ≈ 2.00, Figure 6, are due to both the
photogenerated RPs and the neutral T• radicals. Immediately
after laser excitation, the2b and4b triads show an intense signal
with an emission, absorption (e,a) polarization pattern, centered
at g ) 2.0033 (2b) or 2.0035 (4b), very close to theg values of
MeOAn+• and the respective NI-• or PI-• radical ions,57,62which
is assigned to the photogenerated RP state. For all four triads
1b-4b, a new set of emissive peaks grow in at long times,
which have identicalg factors, hyperfine splittings, and line
widths to those measured in the dark, Figure 5, and are thus

Figure 4. Magnetic field effects on the triplet yield of the indicated molecules in toluene.

Figure 5. Steady-state CW EPR spectrum, in the derivative form, of
∼10-4 M 2b in toluene. EPR spectra of other triads1b, 3b, and4b are
similar. The black curve is the experiment result, and the red curve is
the simulation, which yieldsg ) 2.0057,|aN| ) 1.54 mT, and|aH| )
0.040 mT (× 12).

Figure 6. Transient CW EPR spectra of the RP state and/or the polarized T• of 1b, 2b, 3b, and4b, at various times after the laser pulse, in toluene
at room temperature. Dashed lines are fitted line shapes of the RP and D2 states (see text).3b and4b show a broad and relatively weak signal in
emission centered atg ∼ 2.000 superimposed on the T• peaks; this signal is designated as the D2 state (see text).
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signals from the T• moiety, which becomes transiently polarized
following charge recombination of the RP state.

The TREPR kinetics of the RP and the polarized T• in the
ground state (labeled D0) are shown for2b and3b in Figure 7.
These kinetic traces are measured at the field values indicated
in the insets, where signals from different states are reasonably
well separated. For2b, where the RP signal is broad and very
intense, the kinetic behavior of the transient polarization at T•

is monitored using the magnitude of its free induction decay
(FID) at various times with pulse EPR, taking advantage of the
good temporal fidelity of the pulse technique at long times over
transient CWs methods.63 More importantly, in contrast to
doublet radicals, the FID signals from spin-correlated RPs are
suppressed by aπ/2 microwave pulse64-66 and thus do not
interfere with selective observation of the polarized T•. The
kinetic traces for2b and 3b are fit well with a rise-decay
biexponential model. For2b, the decay of the RP signal (τ )
169( 1 ns) occurs faster than the emergence (τ ) 252( 9 ns)
of the polarized T•; see Figure 7A. The RP signal lifetime
measured by TREPR reflects polarization decay and differs from
the intrinsic lifetime of the RP state measured by transient
absorption; see Table 1. In the case of3b, the RP state decays
too fast (τCR ) 10.5 ns by transient absorption) to observe by
TREPR. The polarization decay time of T• (τ ) 1.83 ( 0.04
for 1b and 2.07( 0.06µs for 2b) conforms to the usual spin-
lattice relaxation timeT1 of nitroxides at room temperature.67

At early times, the TREPR spectra of3b and 4b exhibit a
broad, emissive peak growing in at a lowg value of 2.000(
0.001; see Figure 6. This signal is assigned to the recombinant
states2(MeOAn-3*6ANI-Ph0,1-PI-T•), labeled D2 (see Dis-
cussion). In X- and W-band TREPR studies68,69 of zinc
tetraphenylporphyrin (ZnTPP) coordinated to a pyridyl nitronyl
nitroxide (nitpy) free radical, theg value of its excited doublet
state, 2(3*ZnTPP-nitpy•), was determined to be 2.0016(
0.0002, even though its ground state has ag value as high as
2.0068( 0.0002. From Figures 6 and 7, the D2 state of3b and
4b exhibits very broad peaks relative to those of D0, while in
1b and2b, the D2 signal is overwhelmed by the intense D0 or
RP polarization. This is most likely due to lifetime-broadening
of the transient D2 state. In terms of lifetimes, Figure 7B, the
D2 decay time of3b (τ1 ) 283 ( 6 ns) matches the D0 rise
time (τ2 ) 285 ( 2 ns) very well. These kinetic data are
consistent with the polarized D0 ground state being generated
via the CR pathway RPf D2 f D0 (see Discussion). The
kinetics of the different states of4b following photoexcitation
are severely convoluted with one another, preventing an
unequivocal analysis.

Discussion

Energetics and Electron-Transfer Dynamics.The CS time
constants given in Table 1 show that the rates of the CS reactions
for the series of molecules with T• (1b-4b) are similar to those
without T• (1a-4a). This is reasonable and expected given that
these CS rates are much faster than RP-ISC and thus should
not be influenced by the presence of the third spin.70-75 In
contrast, the T• radical clearly influences the slower CR
dynamics, as evidenced by the different CR time constants
exhibited by the T•- and octyl-terminated molecules. The energy
levels and charge-transfer pathways shown in Figure 2 provide
a basis for explaining these effects, while the detailed spin
dynamics will be discussed in sections below. The total
reorganization energy (λCR) for CR in 1a/b-4a/b is 0.54-0.79
eV (see Table S2), so that the CR of the final RP product to
the singlet ground state (kCRS) lies deep within the Marcus
inverted region76 for each of these triads and hence is relatively
slow. Charge recombination of the RP to the lowest neutral
triplet state (kCRT) lies in the Marcus normal region and depends
strongly on the free energy for this process, so that the relative
magnitudes ofkCRSandkCRT as well as the relative populations
of RPS and RPT determine the overall measured CR rate. RP-
ISC between RPS and RPT usually occurs slowly via the
hyperfine mechanism; however, the paramagnetic T• radical
creates a strong local magnetic field that accelerates RP-ISC
resulting in rapid population of RPT. This mechanism has been
termed spin catalysis or enhanced intersystem crossing
(EISC).32,34,39,77

Photoinitiated two-step CS within1b-4b rapidly produces
triradicals,2(MeOAn+•-6ANI-Phn-A-•-T•), where A) NI
or PI andn ) 0 or 1, having overall doublet spin configurations.
Charge recombination within2(MeOAn+•-6ANI-Phn-A-•-
T•) produces the doublet ground state2(MeOAn-6ANI-Phn-
A-T•) (kCRS), Figure 2, while EISC leads to a triradical having
a pair of doublet states and a quartet state:2,4(MeOAn+•-
6ANI-Phn-A-•-T•). Depending on whether A) NI or PI,
CR within the triradical (kCRT) produces the neutral doublet and
quartet states2,4(MeOAn-6ANI-Phn-3*NI-T•) or 2,4(MeOAn-
3*6ANI-Phn-PI-T•), respectively.46,78 Note that in this case
two unpaired electrons reside on3*NI or 3*6ANI, so that these
species are formally “triplet” excited states that can be observed
optically.

The free energy of the CR process2,4(MeOAn+•-6ANI-
Phn-NI-•-T•) f 2,4(MeOAn-6ANI-Phn-3*NI-T•) in 1a/b
and2a/b is 0.06 eV, so that an equilibrium between these states
is established.46 In contrast, for the corresponding CR process

Figure 7. (A) Blue curve: transient CW kinetic trace of2b after laser excitation (t ) 0); red curve: FID-detected kinetic trace of the polarized
D0 (see text). (B) Transient CW kinetic traces of the polarized D0 (red) and D2 (blue) states of3b. All three transient CW traces are measured at
the fields indicated in the respective inset: (A) 338.7 mT, (B) 337.1 mT for the D0 state, and 339.4 mT for D2.
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2,4(MeOAn+•-6ANI-Phn-PI-•-T•) f 2,4(MeOAn-3*6ANI-
Phn-PI-T•) in 3a/b and4a/b, ∆G ) -0.2 eV, so thatkCRT is
faster than that for1a/b and2a/b and there is no equilibrium.79

The lifetime of triradical2,4(MeOAn+•-6ANI-NI-•-T•) in
1b (τCR ) 49.9 ns) is almost double that of the corresponding
RP in 1a (τCR ) 28.5 ns). Similarly, the lifetime of triradical
2,4(MeOAn+•-6ANI-Ph-NI-•-T•) in 2b (τCR ) 506 ns) is
more than double that of the corresponding RP in2a (τCR )
210 ns). Given that the triradicals in1b/2b and the RPs in1a/
2aare in equilibrium with their respective2,4(MeOAn-6ANI-
Phn-3*NI-T•) states,78 EISC driven by the presence of T• in
1b/2bshifts the population toward the corresponding RPT, which
presents a bottleneck to overall CR decay due to the fact that
2,4(MeOAn-6ANI-Phn-3*NI-T•) is slightly higher in energy
than2,4(MeOAn+•-6ANI-Phn-NI-•-T•).

In contrast, the lifetime of triradical2,4(MeOAn+•-6ANI-
PI-•-T•) in 3b (τCR ) 10.5 ns) is about a factor of 2 shorter
than3a (τCR ) 18 ns), and the yield of CR product2,4(MeOAn-
6ANI-3*PI-T•) increases significantly upon addition of the T•

radical.41 As noted above, based on energetic considerations,
kCRT should be much larger thankCRS for 3a/b. EISC increases
the rate at which RPT is produced, so that a larger RP population
accesses the more efficient triplet recombination pathway
leading to both an increased CR rate and yield of2,4(MeOAn-
6ANI-3*PI-T•). Given the similar energetics of3a/b and4a/
b, we would expect the same relative ordering of CR rates for
4a/b as were observed for3a/b. However, the lifetime of
triradical 2,4(MeOAn+•-6ANI-Ph-PI-•-T•) in 4b (τCR ) 109
ns) is about 50% longer than that of4a (τCR ) 73 ns). This
divergence between3b and 4b is most likely due to the fact
that the CR rate is determined by factors other than simply the
free energy change. We have shown recently in a variant-
temperature study that in1a the electronic coupling for charge
recombination between MeOAn+• and NI-• is gated by con-
formational motions within the molecule andkCRT exceedskCRS

only at temperatures above 280 K.80

Electron Spin-Spin Couplings in the Photogenerated
Triradical. It was shown years ago81 that the value of 2J in
biradical6 involving nineσ bonds and twoπ bonds between
the two nitroxide radicals greatly exceeds the 1.44 mT hyperfine
coupling of these radicals.

Also, Mori et al.37 studied the NI-•-T• biradical anion with
a spin-spin distance of 8.44 Å in the steady state and estimated
2J ≈ 1 T (10-4 eV). Therefore, we can assume that the exchange
coupling between PI-• and T• over a slightly shorter distance
(center-to-center 8.2 Å82) will be comparable or even larger,
because of the similarity between the structures of NI and PI.
Our previous research on the1a-4a control dyads, including
MFE45,54,55 and TREPR57 experiments, has shown that the
exchange coupling within the RP is on the order of tens of
millitesla for MeOAn+•-6ANI-A-• and 1-2 mT for MeO-
An+•-6ANI-Ph-A-•, where A) NI or PI, as listed in Table
1. Last, the exchange coupling between MeOAn+• and T• must
be negligibly weak, since they lie at the two termini of all the
rodlike triads and 2J decays exponentially as a function of spin-
spin distance.75

Following photoexcitation, the triradical MeOAn+•-6ANI-
Phn-A-•-T• has three pairs of exchange interactions, 2JDA,
2JDT, and 2JAT, where the subscripts denote the spins on
MeOAn+•, A-•, and T•, respectively, and 2JAT dominates,
following the above analysis for the individual two-spin
subsystems. These noncommutative exchange interactions remix
the spin manifold into two doublets and a quartet,32 shown in
Figure 8 as D1, D1′, and Q1 states. As usual, Q1 refers to the
state where all the three spins are parallel, and in the two doublet
states, only one pair of them is parallel. Here, we use D1′ to
label the state in which the parallel pair of spins lies on A-•

and T•. We use D1 to label the other doublet state (see Appendix
for their wave functions). Now that D1′ and Q1 both possess
parallel A-• and T• spins, their energy levels are close to each
other, but far removed from D1, due to the magnitude of 2JAT.
On the other hand, the small energy gap between D1′ and Q1 at
zero field, denoted∆DQ in this paper, can be calculated as a
complicated expression in terms of all three pairs of 2J values32

and turns out to be comparable with the small values of 2JDA

and 2JDT.
In Figure 9, we plot the Zeeman splittings of D1′ and Q1 as

a function of the external magnetic field. It is clear that, at the

Figure 8. Energy level diagram showing the spin manifolds of1b-
4b after charge separation and charge recombination, in a magnetic
field of ∼0.35 T. Blue arrows denote charge separation forming the
triradical state; orange arrows, charge recombination to the ground
doublet state; and magenta arrows, reversible D-D and Q-Q charge
recombination steps leading to the local triplet3*NI, which is nearly
isoenergetic with the RP state in toluene (see text). D1, D1′, and Q1

form a complete spin basis set of the triradical state. Dashed lines mean
less probable transitions. Red double arrows stand for processes that
mix certain Zeeman levels of the relevant D and Q states. The size of
the ellipse on each spin level represents its population qualitatively.

Figure 9. Zeeman splitting of the D1′ and Q1 states as a function of
the magnetic field. There are two level crossings at the field strength
equivalent to∆DQ, at which the MFE resonance appears.
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field strength equivalent to∆DQ, the two Zeeman sublevels|D1′
+ 1/2〉 and |Q1 + 3/2〉 cross each other and so do|D1′ - 1/2〉
and |Q1 + 1/2〉. This means that at the level-crossing point
B(∆DQ), the rate of RP-ISC from D1′ to Q1, driven by nuclear
spin flips, is maximized, and a peak in local triplet yield appears
in the MFE plot. However, the transition|D1′ - 1/2〉 f |Q1 +
3/2〉 is still a forbidden process even though they coincide at
1/2B(∆DQ). On the other hand, in the EPR context where the
high-field limit is appropriate, only those Zeeman sublevels with
the samemS number, namely,|D1′ ( 1/2〉 and |Q1 ( 1/2〉, are
subject to hyperfine mixing. In other words, the well-known
S-T0 mixing mechanism47,55,63,83of RP-ISC directly translates
into D ( 1/2 - Q ( 1/2 mixing in this context and TREPR
spectra with the same polarization pattern should be observed.
This is a consequence of the fact that the two Zeeman sublevels
of D1′ are split by only∼0.35 T or∼10-5 eV, which is ne-
gligible compared with the overall free energy change for charge
separation∆G(*D f D1′) = -0.8 eV (1b/2b) or -0.5 eV (3b/
4b), Figure 2, producing a nonpolarized D1′ state (ignoring ther-
mal polarization), which is analogous to the singlet RP produced
in the1a-4a model systems. The Q1 state is not populated ini-
tially as a result of spin conservation during the ultrafast charge
separation. The D1 state, which is energetically far removed
from the D1′ and Q1 states, does not mix with them at∼0.35 T,
the field strength at which all TREPR spectra were measured.

The above reasoning is corroborated by the TREPR and MFE
results for1b-4b, which both probe the D1′-Q1 splitting,∆DQ,
of the triradical RP state.41 The TREPR spectra of MeOAn+•-
6ANI-Ph-NI-•-T• and MeOAn+•-6ANI-Ph-PI-•-T•, Fig-
ure 6, are simulated with a two-state-mixing model similar to
the one outlined previously,57 yielding ∆DQ ) 0.65 mT and 1.8
mT, respectively, in agreement with the values obtained with
MFE. In this model, the|D1′ ( 1/2〉 and |Q1 ( 1/2〉 states are
mixed by ∆B, the difference in local magnetic environments
of the individual spins due to hyperfine interactions and spin-
orbit coupling. This makes all four transitions from|D1′ + 1/2〉
or |Q1 + 1/2〉 partially allowed, two toward|Q1 + 3/2〉 in
absorption (a) and the other two toward|Q1 - 1/2〉 in emission
(e) and likewise in the case of|D1′ - 1/2〉 or |Q1 - 1/2〉. The
overall observed TREPR spectra are simulated by the sum of
all the abovee anda peaks weighted by the nuclear spin states,
and the RP sign rule47,57 indicates the sign of∆DQ from the
polarization pattern of field-swept TREPR spectra

whereµ equals-1 or +1 for a doublet or a quartet precursor,
the former being the case here. Therefore, the experimentale a
pattern confirms∆DQ to be positive, that is, D1′ is higher in
energy than Q1. Compared with the S-T splittings in the RP
states of the2a and4a dyads (Table 1), the D1′-Q1 splittings
of 2b and 4b decrease slightly when T• is introduced. The
TREPR spectra of MeOAn+•-6ANI-NI-•-T• (the RP state
of 1b) and MeOAn+•-6ANI-PI-•-T• (that of 3b) are not
observed, as well as their parent molecules1a and3a, partly
because of their fast CR rate (τCR ) 49.9 and 10.5 ns,
respectively) and partly because of the low EPR line intensities
determined by63

where∆B ranges between-3.0 and 3.0 mT, compared with
∆DQ of 1b and3b measured to be 47 and 60 mT, respectively
see Table 1. Nonetheless, the existence of the RP state in these

systems has been verified by the ultrafast transient absorption
results shown earlier in this paper.

Charge Recombination and Switching the Spin Basis Set.
Our earlier studies of1a-4a,44,45,54 1b, and 3b,41 as well as
other closely related molecules,55,57,78have shown that RP-ISC
is followed by CR, returning part of the population to the
ground-state D0 and the remainder to the states MeOAn-
6ANI-Phn-3*NI-T• or MeOAn-3*6ANI -Phn-PI-T•. The
neutral free radical T• is spin coupled to NI-• or PI-• with 2JAT

≈ 10-4 eV, and therefore does not redirect the charge
recombination, but instead establishes a new basis set of doublet
and quartet states, labeled in Figure 8 as D2 and Q2. No spin
flip occurs during charge recombination, so that the Q2 state
inherits the population of the(1/2 sublevels of Q1 generated
by RP-ISC from D1′. However, the D2 state becomes a mixture
of the D1′ and D1 states,84 because CR is accompanied by the
rise of an extremely large same-site exchange interaction
between the two unpaired spins of3*NI or 3*6ANI, which are
estimated at 0.90 and 0.75 eV, their respective S1-T1 gap.78

Thus, D0, D2, and Q2 form a complete spin basis set for the
recombinant states, which are different from the other set, D1,
D1′, and Q1, which characterizes the three-spin RP state.

Consequently, CR from the RP state requires switching or
projection of the spin basis set. Generally speaking, CR rates
depend explicitly on the electronic couplingV

where FCWD is the Franck-Condon weighted density of
states85 andΨk ) ψkSk (k ) i, f) are the wave functions of the
initial and final states, including their orbital (ψ) and spin (S)
components. The electronic couplingV operates only on the
orbital wave function so that eq 3 can be expanded to give

Upon photoexcitation, the1a-4a model triads form biradicals
with one singlet sublevel1(MeOAn+•-6ANI-Phn-A-•) and
three triplet sublevels3(MeOAn+•-6ANI-Phn-A-•), which
subsequently recombine, respectively, to the singlet ground-
state MeOAn-6ANI-Phn-A and the lowest triplet state
MeOAn-6ANI-Phn-3*NI or MeOAn-3*6ANI-Phn-PI with
the singlet and triplet CR rates

and

where the spin projections are dropped, since both recombination
processes conserve the spin wave function to the zeroth order.
The presence of the third spin on T• has negligible effects on
the orbital wave functionsψS, ψT, andψRPor on the (FCWD)S,T.
Rather, it reshapes the spin subspace such that the spin
projections〈Sf|Si〉2 become (see Appendix)

Plugging eqs 6a-6c back into eq 4 yields the CR rates from
the three-spin state MeOAn+•-6ANI-Phn-A-•-T• in terms

Γ ) µ‚sign(∆DQ) ) {- ea
+ ae

(1)

I ∝ ∆B2/(∆DQ
2 + ∆B2) (2)

kCR ) (2π/h)〈Ψf|V|Ψi〉
2 (FCWD) (3)

kCR ) (2π/h)〈ψf|V|ψi〉
2〈Sf|Si〉

2 (FCWD) (4)

kCRS) (2π/h)〈ψS|V|ψRP〉
2 (FCWD)S (5a)

kCRT ) (2π/h)〈ψT|V|ψRP〉
2 (FCWD)T (5b)

〈D0|D1′〉
2 ) 〈D2|D1〉

2 ) 3/4 (6a)

〈D2|D1′〉
2 ) 〈D0|D1〉

2 ) 1/4 (6b)

〈Q2|Q1〉
2 ) 1 (6c)
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of kCRS and kCRT as shown in Figure 8. In the following, we
continue to usekCRSandkCRT, defined in eq 5, in the context of
doublets and quartets so as to compare the charge recombination
rates of1a-4aand1b-4b conveniently. Note that eq 6c implies
that the rate of CR from the quartet triradical state Q1 is the
same as if the third spin does not exist:kCR(Q1 f Q2) ) kCRT.
In contrast, the total observedkCR from the D1′ state turns into
a weighted average ofkCRS andkCRT

compared withkCRS for the singlet RP state1(MeOAn+•-
6ANI-Phn-A-•) of the1a-4a model triads. This recombina-
tion rate is similar for the D1 state and also qualitatively correct
if an effective overall decay rate out of both D1 and D1′ states
is considered. Accordingly, overall CR from the triradical state
is accelerated ifkCRT > kCRS and otherwise slowed down. In
the cases of1a and2a, where MeOAn+•-6ANI-Phn-NI-• is
in equilibrium with MeOAn-6ANI-Phn-3*NI, it has been
shown that the netkCRT < kCRS,80,86and thus MeOAn+•-6ANI-
Phn-NI-•-T•, lives longer by coupling to the third spin (50 ns
vs 28 ns for1a/b and 506 ns vs 210 ns for2a/b, Table 1), as
observed here by both nanosecond transient absorption and
TREPR. The situation is reversed for MeOAn+•-6ANI-PI-•,
wherekCRSlies deeply in the Marcus inverted region whilekCRT

is basically barrierless,86 namely,kCRT > kCRS, so that in3b the
RP lifetime decreases from 18 to 10.5 ns. Finally, the experi-
mental observations that MeOAn+•-6ANI-Ph-PI-•-T• has
a longer lifetime than MeOAn+•-6ANI-Ph-PI-• suggests that
like 1a/b and 2a/b kCRT < kCRS in these two photogenerated
species. One structural property that distinguishes4a/b from
all the other molecules examined here is that the single bond
between the 2,5-dimethylphenyl spacer (Ph) and the five-
membered cyclic imide of PI has the least amount of steric
hindrance to torsional motion. Increased torsional motion
increases theπ-π interaction between Ph and PI leading to an
increase inVDA, the electronic coupling matrix element between
MeOAn+• and PI-•. At room temperature, torsional motion
around this bond most likely modulateskCRS and kCRT to
differing degrees, which may once again lead tokCRT < kCRS.

Spin Polarization following Charge Recombination.The
observed polarization of T• following CR is unusual, Figures 6
and 7, since the CS, CR, and RP-ISC processes in these systems
do not generate a net overall spin polarization. The theory of
chemically induced dynamic electron polarization87 (CIDEP)
has been well established for doublet-doublet63,83,88and triplet-
doublet89-92 interactions, when these paramagnetic species
diffuse in solution. We have examined2b at concentrations
ranging from 0.2 to 2 mM and find no appreciable difference
in the spectra or kinetics. It is also conceivable thatintramo-
lecular spin-spin interactions occur at rates orders of magni-
tudes faster thanintermolecularprocesses. The overall spin
polarization in the system can be traced back to nonadiabatic
spin evolution driven by hyperfine interactions, spin-orbit
coupling, and/or zero-field splitting (ZFS). Moreover, Gast and
Hoff71,93,94observed that reduction of the ubiquinone electron
acceptor (UQ) in the primary electron transport cofactor
sequence of bacterial photosynthetic reaction center proteins,
(BChl)2-BPheo-UQ-•, followed by photogeneration of the
primary radical pair, (BChl)2+•-BPheo-•-UQ-•, results in a
net emissively polarized UQ-•, which they attributed to
polarization transfer from the nearby BPheo-• due to spin-
spin exchange coupling of BPheo-• with UQ-•.

A variety of triplet-radical systems have been studied, in
which T• is attached, covalently or as a ligand, to molecules

such as C60,60,95porphyrins,61,68,69and phthalocyanines.40 Upon
photoexcitation, these large conjugateπ systems undergo spin-
orbit intersystem crossing (SO-ISC) to form polarized doublet
and quartet states, as opposed to the electron-transfer and RP-
ISC processes in our D-C-A triads. The presence of the
electron-transfer pathway makes it necessary to introduce a new
spin basis set, that is, D1, D1′, and Q1, to describe the charge-
separated triradical states, in addition to the existing set*D, D2,
and Q2, which have been established for the neutral excited
states in systems for which SO-ISC occurs.61,92,96 A second
noteworthy difference is that in the above-mentioned triplet-
radical systems the three spin-spin distances are better balanced
than those in MeOAn-6ANI-Phn-3*NI-T• or MeOAn-3*-
6ANI-Phn-PI-T•. Accordingly, the three unpaired spins in
the delocalized triplet-radical systems experience similar pair-
wise exchange and dipolar interactions and as a whole behave
more like an ideal quartet. On the other hand, the difference
between the magnetic environments of the local triplet (3*NI or
3*6ANI) and T•, although overcome by the exchange coupling
between the two, contaminates and mixes the D2 and Q2 states.
In particular, the ZFS term of triplets

contains the double-quantum termsS+
2 andS-

2 when the triplet
is localized andE is significant.

From the experimental point of view, in all the above
delocalized triplet-radical systems, the T• radical exhibits a
switch in the sign of the polarization as a function of time
following photoexcitation, but in our case, we see only a single
rise and decay with the sign of the polarization maintained. The
experimental observation that generation of the dynamic spin
polarization on T• is synchronous with the decay of the
polarization of the charge-separated state suggests that the
recombinant local triplet3*NI or 3*6ANI is responsible for the
generation of net polarization. This can be explained by the
fact that the two ZFS termsS+

2 andS-
2 in eq 8 couple the|D2

- 1/2〉 sublevel, populated from the D1 and D1′ states and the
vacant |Q2 + 3/2〉 sublevel due to their proximity in en-
ergy.90,91,96Consequently, a net emissive polarization suggests
that the energy level of Q2 lies below D2, corresponding to an
antiferromagnetic coupling between3*NI (or 3*6ANI) and T•,
so that|D2 - 1/2〉 gets depopulated by theS+

2 term before the
ground D0 state inherits this spin polarization from D2 and
remains polarized until spin-lattice relaxation destroys the
polarization. Specifically, for3b/4b, the broad signal centered
at g ) 2.000 (Figure 6) is assigned to the emissively polarized
D2 state, because the outer two transitions of the Q2 state are
averaged out during tumbling in solution and its inner transition
is not polarized, according to the above analysis. This designa-
tion is also supported by the fact that the decay rate of D2

matches closely the rise of the polarized D0 state; see Figure
7B. In the cases of1b or 2b, the D2 signal is covered by the
intense D0 or RP peaks and is not resolved.

Conclusions

In this study of four linear donor-chromophore-acceptor-
radical molecules, we observed significant modulation of the
lifetimes of the photogenerated triradical states MeOAn+•-
6ANI-Phn-A-•-T• vs their two-spin counterparts MeOAn+•-
6ANI-Phn-A-•, where A ) NI or PI andn ) 0 or 1. We
rationalize this effect as due to spin catalysis using a model in
which the triradical intermediates and the more stable recom-

kCR(D1′ f D0 + D2) ≈ 3/4kCRS+ 1/4kCRT (7)

HZFS ) D(Sz
2 - 1/3S

2) + E(Sx
2 - Sy

2) ) D(Sz
2 - 1/3S

2) +
1/2E(S+

2 + S-
2) (8)
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bination products belong to different spin spaces and the CR
processes are accompanied by switching of the spin basis set.
From a different point of view, the presence of T• does not alter
the driving force for CR but rather loosens the conventional
selection rules and opens new pathways of CR. Depending on
the rate of CR through these new pathways, the overall CR rate
is either faster or slower than the corresponding rates for
molecules lacking T•. Given the rich information on energetics,
kinetics, and polarization obtained from the magnetic field effect
and time-resolved EPR experiments, we are able to elucidate
the spin dynamics of the triradical state and other photogener-
ated, spin-polarized intermediates. These results combine to
further our understanding of the photochemistry of these novel
electron-transfer systems.

Acknowledgment. The work was supported by the National
Science Foundation under Grant No. CHE-0415730 and by
DARPA. E.A.W. thanks the Graduate School of Northwestern
University for a fellowship. E.T.C. thanks the Natural Sciences
and Engineering Research Council of Canada (NSERC). The
Bruker E580 spectrometer was purchased with partial support
from NSF Grant No. CHE-0131048.

Appendix

Spin wave functions of the states shown in Figure 8 are listed
below

In these spin wave functions, the three spins listed from left to
right in each term are the unpaired spin at, or transferred from,
the MeOAn+•, A-•, and T• moieties, respectively. The dominant
couplings are emphasized with parentheses.

Supporting Information Available: Synthesis and charac-
terization details for all new compounds, calculations of
energetics, as well as femtosecond transient absorption kinetics
are available in the Supporting Information. This material is
available free of charge via the Internet at http://pubs.acs.org.
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