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The stable free radical 2,2,6,6-tetramethylpiperidinoxyl (TEMPQwBs covalently attached to the electron
acceptor in a donefchromophore-acceptor (B-C—A) system, MeOAr-6ANI—Ph,—A—T*, having well-

defined distances between each component, where Me©pmethoxyaniline, 6ANE= 4-(N-piperidinyl)-
naphthalene-l,8-dicarboximide, P& 2,5-dimethylphenyl f = 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 Tinfluences the spin dynamics of the photogenerated triradical st{tdsOAn™*—6ANI—Ph,—

A~——T"), resulting in modulation of the charge recombination rate within the triradical compared with the
corresponding biradical lacking.TThe observed spifispin exchange interaction between the photogenerated
radicals MeOAnr* and A is not altered by the presence of Which interacts most strongly withAand
accelerates radical pair intersystem crossing. Charge recombination within the triradicals results in the formation
of 24{MeOANn—6ANI—Ph,—3NI—T°) or 24{MeOAn—"6ANI—Ph,—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® @hogely follows the
photogenerated radical ion pair decay rate. This effect is attributed to antiferromagnetic coupling between T
and the local triplet staféNI, 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 Tand®* NI or *6ANI present.

Introduction covalently attaching a 2,2,6,6-tetramethylpiperidinoxyl (TEMPO,
T*) stable free radical to the acceptor of a rigid-D—A
molecule perturbs charge recombination rates via an enhanced
intersystem crossing (EISC) mechanism similar to that observed
for intermolecular system;33:35while not altering the spin

spin exchange interaction within the photogenerated radical ion
pair#! Given these encouraging results, we have expanded our
studies of how the spin dynamics ofIC—A triads are
influenced by the presence of a third spin attached specifically
to the electron acceptor at a relatively close distance.

Controlling the lifetimes of photoinduced radical ion pairs is
important for developing molecular materials for electronics,
photonics, and spintronids!® We have developed several
methods for controlling charge transport in organic denor
chromophore-acceptor (B-C—A) triads using multiple ultrafast
laser pulses to manipulate the course of electron-transfer
reactions.’~1° Building on this work, we are now exploring
the use of spin dynamics to control charge and spin transport
properties within B-C—A molecules. Photogenerated radical i R . .
pairs are capable of exhibiting coherent spin motion over The spin density distribution of*Ts localized Igrgely on its
microsecond time scal@&2lwhich is considerably longer than  N~O group and not on the molecule to which 16 ap-
coherent phenomena involving photogenerated excited statesPeNded:*+3so that attachment of"To A within the triad does
This affords the possibility that coherent spin motion can provide not result in significant spin delocalization onto A itself. We

the basis for novel organic computational dev%ed! A greater ~ have modified the weII-characterizedZE;‘A triad system,
fundamental understanding of the factors controlling spin MEOAN—6ANI—Ph—NI (or PI), 1a-4a*" “where MeOAn

dynamics in complex organic doneacceptor systems is . p-methoxyaniline, 6ANE 4-(N-piperidinyl)naphthalene-1,8-
necessary to achieve this goal. dicarboximide, Ph= 2,5-dimethylphenyl f = 0, 1), NI =

The rate of radical pair intersystem crossing (RP-ISC) naphthalene-1,8:4,5-bis(dicarboximide), and=ppyromellii-
between photogenerated singlet and triplet radical pairs (RPs)Tide to probe the spin dynamics of the photogenerated three-
has been shown to increase in the presence of stable free radicalSPin System (Scheme 1). We have demonstrated that photoex-
and triplet state moleculéd:% In some of these systems, the ~citation of D-C—A triads 1a—4awith 416-nm light results in

photoinduced RP is covalently linked to the stable radical using & WO-Step charge separation (CS) to form a singlet radical ion
a flexible connection, which results in a broad distribution of Par (RR), which undergoes radical pair intersystem crossing

distances and spirspin interaction strengths that make the (RP-ISC) to the corresponding triplet radical ion pair gRP*7
analysis of the spin dynamics diffict-40We have addressed ~CNarge recombination (CR) can occur either fromsfi>the
this problem by rigidly attaching a stable radical to a denor ground state or from the RRo the lowest neutral triplet state.
acceptor system having restricted distances and orientations/V& have now synthesized analogues of this system: Me©An

between all molecular components. We recently showed that 8AN!~P—NI(or P)=T+, 1b—4b, in which the stable ‘Tradical
is attached to the terminal-imide of either the NI or PI

*To whom correspondence should be addressed. E-mail: @cceptors. The resulting molecules positiorffa fixed distance
m-wasielewski@northwestern.edu. and orientation relative to each electron donor and acceptor
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within the triad. The spin dynamics of the photogenerated (CCD, Ocean Optics). Before the sample, the pump is attenuated
triradicals are studied using magnetic field effects on the triplet to 1.0 uJ/pulse, focused to a 2Q@m spot within the sample,
yields following CR as well as time-resolved electron para- polarized at 54.7relative to the probe, and chopped at 50 Hz.

magnetic resonance spectroscopy (TREPR). Sequential 10-ms pump-on and pump-off exposures of the
detector are measured to generate the transient absorption
Experimental Section 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 wavelength®. OKE cross-correlations ranged from 230

fs at 450 nm to 480 fs at 700 nm. Transient absorption kinetics

raphy and stored for at most 7 days &Cluntil measurements Were_fit to asum of exponentials with a Gaussian in_strument
were performed. All solvents were spectrophotometric grade 'Unction using LevenbergMarquardt least-squares fitting.
or distilled prior to use. Samples for nanosecond transient absorption spectroscopy
Cyclic voltammetry measurements were performed in buty- Were placed in a 10-mm path length quartz cuvette equipped
ronitrile solutions containing 0.1 M tetrabutylammonium ~ With & vacuum adapter and subjected to five freqzemp-
perchlorate (TBAP) electrolyte using a CH Model 622 electro- thaw degassing cycles. The samples were excited with 5-ns,
chemical work station. A 1.0-mm diameter Pt disk electrode, 1-MJ, 420-nm laser pulses generated using the frequency-tripled
Pt wire counter electrode, and Ag/#&Qreference electrode were ~ Output of a Continuum 8000 Nd:YAG laser to pump a
employed. The ferrocene/ferrocinium couple (FC/F8.52 V Continuum Panther OPO. The excitation pulse was focused to
vs SCE) was used as an internal reference for all measurements2 5-mm diameter spot and matched to the diameter of the probe
Ground-state absorption measurements were made on gPulse generated using a xenon flash lamp (EG&G Electrooptics
Shimadzu (UV-1601) spectrophotometer. Sample solutions wereFX-200). The signal was detected using a photomultiplier tube
prepared in toluene, transferred to a sealable cuvette, degasse¥ith high voltage applied to only 4 dynodes (Hamamatsu R928).
by three freeze pump-thaw cycles and then kept under vacuum The total instrument response time is 7 ns and is determined
throughout each spectroscopic run. The optical density at the Primarily by the laser pulse duration. The sample cuvette was
pump wavelength was 0-0.6 per 2-mm path length for placed between the poles of a Walker Scientific HV-4W
femtosecond transient absorption (TA) experiments anet 0.8 €electromagnet powered by a Walker Magnion HS-735 power
1.0 per 1-cm path length for nanosecond transient absorption.supply. The field strength was measured by a Lakeshore 450
Absorption spectra taken after each experiment indicated thatgaussmeter with a Hall effect probe. Both the electromagnet
there was no degradation of the samples over the course of theand the gaussmeter were interfaced with the data collection

The synthesis and characterization of compourads4a, 1b,
and3b have been reported previoush/>and those o2b and
4b can be found in the Supporting Information. Samples were
purified for spectroscopy by preparative thin-layer chromatog-

transient absorption runs. computer, allowing measurement and control of the magnetic
The apparatus for femtosecond transient absorption has beerield to £1 x 107° T during data acquisition. Kinetic traces
described in detail previoush?:#° Briefly, a home-built Ti: were recorded over a range ofu%. Between 50 and 80 shots

sapphire regenerative amplifier operating at a 2-kHz repetition were averaged at each field strength with a LeCroy 9384 digital
rate generates 25@3, 130-fs pulses at 828 nm. A portion of oscilloscope and sent to a microcomputer, which calculated the
this output is split off and focused with all reflective optics AA. Due to the length of the sample runs3 h), a small amount
through a 3-mm sapphire plate to generate a white-light probe of sample degradation was observed, resulting in a decrease in
extending from 450 nm through the near-IR region. The the triplet yield at zero fieldAA(B = 0), over the course of the
remainder of the amplifier output is frequency doubled to experiments. To compensate for this, the magnetic field was
generate the 414-nm pump pulse. After passing through thereset toB = 0 mT every 3 kinetic traces amiA(B = 0) was
sample, the visible portion of the probe is isolated, dispersed, plotted and fit with a polynomial or a series of polynomials.
and detected with a fiber-optic coupled charge-coupled device These functions were used to calculate the relative triplet yield
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as a function of applied field strength. The relative triplet yield 3.0
is thus — 1b,2b
2.5 —— 3b, 4b
T —_—8
T__AAB) §20 — NI
Ty, AA(B=0) T
€15
The results presented are an average of two or more experiments v; 1.01
conducted on separate days with freshly prepared samples. "
Samples for EPR measurements were prepared in toluene “ 0.51
(0.2—2 mM), loaded into quartz tubes (4 mm OD2 mm ID),

and subjected to several freezgump-thaw degassing cycles i T —
on a vacuum line (10* mBar). The tubes were then fused with 300 350 400 450 500 550
a hydrogen torch and kept in the dark when not being used. Wamlemiblam

; ) } } igure 1. Ground-state UV-vis spectra of the triad$b/2b, 3b/4b,
The samples were excited at 416-nm, 1-mJ, 7-ns laser pulse he dyadb, and the NI acceptor in toluengb and2b exhibit essentially

from the Hb—Raman shifted output of a frequency-tripled b same spectrum and so 8 andab. The A for Pl is 318 nm. T
Q-switched Nd:YAG laser (Quanta Ray DCR-2). has very little absorption &t > 300 nm.

Steady-state EPR spectra, transient CW EPR spectra and pulse

EPR spectra were measured using a Bruker Elexsys E580The redox potentials of the corresponding donor and acceptor
X-band EPR spectrometer with a variable-Q dielectric resonator components withirLb and3b were reported earlié# and those
(Bruker ER 4118X-MS5) at room temperature. Steady-state CW of 2b and 4b measured here are unchanged by attachment of
EPR spectra were measured under the conditions efDraW T*. Hence, substitution of “Tonto the NI or Pl acceptors does
microwave power and 0.610.05 mT field modulation at 100 not change significantly the energetics of CS and CR within
kHz. The g values of the spectra were calibrated with a 1h—4b relative to those ofla—4a. Relevant energy level
crystalline 2,2-diphenyl-1-picrylhydrazyl (DPPH) standagd ( diagrams are given in Figure 2 and numerically in Table S2.
= 2.0036). Transient CW EPR measurements were carried outThe lowest neutral triplet states energies of NI, 6ANI, and Pl
under CW microwave irradiation (typically-20 mW) by are 2.03, 2.05, and 2.45 eV, respectivély.
accumulating kinetic traces of transient magnetization following  (jtrafast Transient Absorption Spectroscopy. Charge
photoexcitation. The field modulation was disabled to achieve separation and recombination time constantslior4a were
aresponse time = Q/rv ~ 30 n$! and microwave signals in  measured previously and are reported in Ta#é454Charge
emission €) and/or absorptiona) were detected in both the  geparation time constants fdib—4b were determined after
real and the imaginary channels (quadrature detection). Sweepgjrect excitation of 6ANI with 414-nm light by monitoring the
ing the magnetic field gave 2D complex spectra vs time and femtosecond transient absorption kineticaqag of the acceptor
magnetic field. For each kinetic trace, the signal acquired prior y5gical anions (NI* at 475 nm inlb and 478 nm ir2b; PI~* at
to the laser pulse was subtracted from the data. Kinetic traces7og nm in3b and 723 nm inb)53 and at 516-540 nm, where
recorded at off-resonant fields were considered backgroundine initial *6 ANI stimulated emission and subsequent Me®An
signals, whose average was subtracted from all kinetic traces.apsorption lig Representative transient spectra at selected times
The spectra were subsequently phased into a Lorentzian parre shown in Figure 3, while kinetic traces are given in the
and a dispersive part, and the former, also known as the sypporting Information (Figure S1). Ith, the signals at 510
imaginary magnetic susceptibility’, is presented. and 475 nm both rise ir0.5 ps, very close to the instrument

High-power microwave pulses were generated by a 1-kW response of 0.25 ps. However, the transient spectra show no
TWT amplifier (Applied Systems Engineering 117X). The ayidence of a broad shoulder between 510 and 540 nm at the
typical length of a7/2 pulse was 8 ns. The resonator was fully - gayjiest positive time delays, indicating that the Ngpecies is
over-coupled to achiev@ < 200 and a dead time of72 ns. formed slightly faster than MeOAR®. In contrast,2b, which
All the quadrature-detected spectra were properly phased, andy5s the dimethylphenyl spacer, shows clear kinetics in which
x" is presented. In the pulse EPR kinetic measurements, theihe 1*6AN| stimulated emission is replaced by a distinct
first microwave pulse was initially timed 200 ns earlier than peoAnt absorption around 500 nm with a time constant of 7
the laser pulse and was delayed incrementally relative to theps_ Subsequently, the Nisignal at 478 nm grows in with a
laser pulse. A kinetic trace was formed by measuring the {ime constant of 400 ps. The kinetics of the PI compoustis (
intensity of the free induction decay (FID) at different time g,q 4b) are particularly simple to interpret, because the* Pl
delays of the microwave pulse with respect to the laser pulse. absorption is spectrally distinct from the MeO&rsignal. In
3b, the 1"6ANI stimulated emission is replaced by MeORn
absorption witht = 2.9 ps, while the appearance of the PI

Steady-State Properties.The photophysics of the 6ANI  signal at 709 nm is dominated by a time constant of 10 ps. In
chromophore have been previously described in d&&fl.  4b, the 540-nm kinetics are dominated by the 8-ps growth of
Briefly, the electronic absorption spectra of ground-statand the MeOAn™, while the large Pi* peak at 723 nm grows in
3ain toluene have a broad charge-transfer band centered at 39With = = 3.5 ns. Thus, irla/b, the CS sequence is MeOAnN
nm due to 6ANI. The NI acceptor has ground-state absorptions *'6ANI—NI—X — MeOAn—6ANI**—NI—*—X — MeOAn**—
due tor—ax* transitions at 343, 363, and 382 nm. The PI 6ANI—NI""—X, where X= n-CgH;7 or T*, while for triads2a/
acceptor and the *Tradical have no appreciable ground-state b—4a/b the CS sequence is MeOAA"6ANI—Ph—A—X —
absorption at > 350 nm. Steady-state Uwis spectra oflb— MeOAn**—6ANI—*—Ph—A—X — MeOAn"—6ANI—Ph,—
4b, 5, and NI in toluene are shown in Figure 1. A~*—X, where A= NI or P|#

The redox potentials for 6ANI, MeOAn, NI, and PI within Nanosecond Spectroscopy and Magnetic Field Effect
la—4ahave been used to calculate the energies of the charge-Measurements. We have reported that attaching 7 NI
separated states generated following photoexcitation of 6ANI. increases the RP lifetime db (r = 49.9 ns) to almost twice

Results
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Figure 2. Electron-transfer pathways: (A)a/b and2a/b and (B)3a/b and4a/b, where D= MeOAn, C= 6ANI, X = n-CgHy7 or T*, andn =
0 or 1. The Zeeman splittings of the RP triplet states are exaggerated by a factdr of 10

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

compound  7cs1(PS) 7cs2(ps) 7cr (NS) 2 (mT)
la 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+05
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 29+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

as long as that ofa (r = 28.5 ns)*! A similar increase in RP
lifetime is observed fob (7 = 506 ns) relative t@a (r = 210
ns) and for4b (r = 109 ns) relative toda (r 73 ns).
Conversely, the RP lifetime &b (T = 10.5 ns) is about 40%
shorter than that o8a (r = 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 Between the radical ions within
the pair; see Table .56 The MFEs for2b and4b are shown
in Figure 4, while those for the remaining molecules have been
reported earlief>:4>Two values for 2 are observed fotaand
4b that most likely result from two slightly different conforma-
tions that lead to differences in the electronic coupling between
the radical$’ The MFE experiment demonstrates little differ-
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ence between the values o theasured in the presence and
absence of Tfor a given triad, where 2= 1.0 mT and<1.0

mT for 2a and2b, respectively, while 2=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 fota and 1b occurring at 47.5 and 47.0 mT,
respectively, and those f&a and 3b occurring at 66 and 60
mT, respectively. Thus, attachment ofdoes not significantly
change the energy gap betweensRfad RR in all pairs of
molecules.

EPR SpectroscopyEach T-containing triad Lb—4b, has a
doublet ground state (P 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 b—4b, which exhibit
the three-line hyperfine splitting characteristic of With |ay|
= 1.54 mT andg = 2.0057. A representative spectrum &iy
is shown in Figure 5. In contrast to the unsubstitutedadical,
the line widths of the three hyperfine lines are nonlinearly
dependent on the nuclear quantum num¥de®n the other hand,
the small splittings caused by the 12 methyl protons \ath
= 0.040 mT are resolved, and line shape simulations with
WinSimP8 reveal the homogeneous line broadening tebe026
mT, equivalent to , of >0.4us. Both the hyperfine-dependent
line widths and the prolonged relaxation time signify relatively
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Figure 3. Femtosecond transient absorption spectrdmi{MeOAn—6ANI—NI—T*), 2b (MeOAn—6ANI—Ph—NI—T*), 3b (MeOAn—6ANI—
PI-T+), and4b (MeOANn—6ANI—Ph—PI-T*) in toluene following excitation by a 414-nm 130-fs laser pulse.
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slow rotational averaging of thgand hyperfine anisotropi€&8°
which can be attributed to the covalent attachment*dbThe
relatively large triad systems.

At room temperature in toluene, molecular tumbling renders
EPR spectra of molecular triplet states broad and structuf@less,
if not completely undetectable. Thus, time-resolved EPR spectra
observed aroundy ~ 2.00, Figure 6, are due to both the
photogenerated RPs and the neutrak&dicals. Immediately
after laser excitation, th2b and4b triads show an intense signal
with an emission, absorptioe,§) polarization pattern, centered
atg = 2.0033 2b) or 2.0035 4b), very close to thg values of

Figure 5. Steady-state CW EPR spectrum, in the derivative form, of MeOAn** and the respective Ni or PI radical ions3”-62which

~10~*M 2bin toluene. EPR spectra of other triatls, 3b, and4b are

similar. The black curve is the experiment result, and the red curve is

the simulation, which yieldg = 2.0057,|any| = 1.54 mT, anday| =

0.040 mT (x 12).
1000 ns ’g =2.0057 a
e
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1b
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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 identical factors, hyperfine splittings, and line
widths to those measured in the dark, Figure 5, and are thus

800 ns a

Y e i

‘g =20033  2p

335 336 337 338 339 340 341

Field / mT
W
400ns lDz °

; ‘ g=2.0035

. 4b

336 337 338 339 340 341
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Figure 6. Transient CW EPR spectra of the RP state and/or the polarizefiIb, 2b, 3 and4b, at various times after the laser pulse, in toluene
at room temperature. Dashed lines are fitted line shapes of the RPstdtEs (see textBb and4b show a broad and relatively weak signal in
emission centered & ~ 2.000 superimposed on the peaks; this signal is designated as theskate (see text).
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Figure 7. (A) Blue curve: transient CW kinetic trace @b after laser excitationt (= 0); red curve: FID-detected kinetic trace of the polarized
Do (see text). (B) Transient CW kinetic traces of the polarizedred) and B (blue) states o8b. All three transient CW traces are measured at
the fields indicated in the respective inset: (A) 338.7 mT, (B) 337.1 mT for thset&le, and 339.4 mT for D

signals from the Tmoiety, which becomes transiently polarized Discussion

following charge recombination of the RP state. ] ] )
The TREPR kinetics of the RP and the polarizediTthe Energetics and Electron-Transfer Dynamics.The CS time
ground state (labeleddpare shown fo2b and3b in Figure 7. constants given in Table 1 show that the rates of the CS reactions

These kinetic traces are measured at the field values indicated©" the series of molecules wittr TLb—4b) are similar to those
in the insets, where signals from different states are reasonablyVithout T" (1a—44). This is reasonable and expected given that
well separated. Fa2b, where the RP signal is broad and very these CS rates are much faster than RP-ISC and thus should
intense, the kinetic behavior of the transient polarizationat T NOt be influenced by the presence of the third spiri® In
is monitored using the magnitude of its free induction decay contrast, the T radical clearly influences the slower CR
(FID) at various times with pulse EPR, taking advantage of the dynamics, as evidenced by the different CR time constants
good temporal fidelity of the pulse technique at long times over €xhibited by the T-and octyl-terminated molecules. The energy
transient CWs method8. More importantly, in contrast to  |eVels and charge-transfer pathways shown in Figure 2 provide
doublet radicals, the FID signals from spin-correlated RPs are @ asis for explaining these effects, while the detailed spin
suppressed by a/2 microwave puls¥-¢ and thus do not dynamlc_:s Wlll be discussed in sections b(_alow. The total
interfere with selective observation of the polarized The reorganization energyi¢g) for CR in 1a/b—4a/bis 0.54-0.79
kinetic traces for2b and 3b are fit well with a rise-decay ~ €V (See Table S2), so that the CR of the final RP product to
biexponential model. Fa2b, the decay of the RP signat & the singlet ground statekdrg) lies deep within the Marcus
169+ 1 ns) occurs faster than the emergence 252+ 9 ns) inverted regioff for each of these triads and hence is relatively
of the polarized T see Figure 7A. The RP signal lifetime Slow. Charge recombination of the RP to the lowest neutral
measured by TREPR reflects polarization decay and differs from triPlet state ker) lies in the Marcus normal region and depends
the intrinsic lifetime of the RP state measured by transient Sirongly on the free energy for this process, so that the relative
absorption; see Table 1. In the case3bf the RP state decays ~Magnitudes okersandkerr as well as the relative populations
too fast gcr = 10.5 ns by transient absorption) to observe by of RPs and RR determine the overall measured CR rate. RP-
TREPR. The polarization decay time of & = 1.83+ 0.04 ISC between RPand RR usually occurs slowly via the
for 1b and 2.07+ 0.06us for 2b) conforms to the usual spin ~ "yPerfine mechanism; however, the paramagneticatical
lattice relaxation timeT; of nitroxides at room temperatufé, ~ Créates a strong local magnetic field that accelerates RP-ISC
At early times, the TREPR spectra 8b and 4b exhibit a resulting in .rap|d popullatlon of RPThis mgchamsm has beeq
broad, emissive peak growing in at a lgwalue of 2.000+ termed spin catalysis or enhanced intersystem crossing

0.001; see Figure 6. This signal is assigned to the recombinant(EISC)#254%77

state2(MeOAN—3"6ANI—Ph, 1—PI1-T*), labeled D (see Dis- Photoinitiated two-step CS withihb—4b rapidly produces
cussion). In X- and W-band TREPR stud®® of zinc triradicals,2(MeOAN**—6ANI—Ph—A~"—T*), where A= NI
tetraphenylporphyrin (ZnTPP) coordinated to a pyridyl nitronyl ©or Pl andn = 0 or 1, having overall doublet spin configurations.
nitroxide (nitpy) free radical, thg value of its excited doublet ~ Charge recombination withifMeOAn**—6ANI—Ph,—A~*—
state, 2(3*ZnTPP-nitpy’), was determined to be 2.001& T*) produces the doublet ground stégeOAN—6ANI—Ph,—
0.0002, even though its ground state hag\alue as high as  A—T°) (kcr9), Figure 2, while EISC leads to a triradical having
2.0068+ 0.0002. From Figures 6 and 7, the &tate of3b and a pair of doublet states and a quartet staté&MeOAn*™*—

4b exhibits very broad peaks relative to those of While in 6ANI—Ph,—A™—T-). Depending on whether A= NI or PI,

1b and?2b, the D signa] is overwhelmed by the intens@ or CR within the triradical KCRT) prOdUCES the neutral doublet and
RP polarization. This is most likely due to lifetime-broadening quartet state3(MeOAn—6ANI—Ph—>"NI—T) or 2{MeOANn—

of the transient Bstate. In terms of lifetimes, Figure 7B, the ¥6ANI—Ph—PI—T*), respectively’®’8 Note that in this case

D, decay time of3b (r; = 283 & 6 ns) matches the {xise two unpaired electrons reside &I or 3*6ANI, so that these
time (- = 285 + 2 ns) very well. These kinetic data are Species are formally “triplet” excited states that can be observed
consistent with the polarized@yround state being generated optically.

via the CR pathway RP~ D, — Dy (see Discussion). The The free energy of the CR proce3§MeOAN—6ANI—
kinetics of the different states d following photoexcitation Ph—NI——T*) — 24MeOAn—6ANI—Ph,—3NI—T*) in 1a/b

are severely convoluted with one another, preventing an and2a/bis 0.06 eV, so that an equilibrium between these states
unequivocal analysis. is established® In contrast, for the corresponding CR process
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24MeOAN™—6ANI—Ph,—PI—*—T*) — 24MeOAn—36ANI — E

Ph,—PI=T°) in 3a/b and4a/b, AG = —0.2 eV, so thakcgrr is Triradical State Local Triplet

faster than that fota/b and2a/b and there is no equilibriurff. —— + Radical
The lifetime of triradicaP4MeOAn™*—6ANI—NI~*—T*) in

1b (tcr = 49.9 ns) is almost double that of the corresponding T D,

RP inla (rcr = 28.5 ns). Similarly, the lifetime of triradical Yakogy ——

24MeOAN—6ANI—Ph—NI—*—T%) in 2b (zcgr = 506 ns) is T g
more than double that of the corresponding RRan(zcr = o’ i
210 ns). Given that the triradicals Ib/2b and the RPs iia/ =
2aare in equilibrium with their respectiv&(MeOAn—6ANI|— D, RP-ISC . Q,
Ph,—%"NI—T") states’® EISC driven by the presence of
1b/2b shifts the population toward the corresponding-R#hich i
presents a bottleneck to overall CR decay due to the fact that
24MeOAN—6ANI—Ph,—3NI—T*) is slightly higher in energy
than24MeOAN *—6ANI—Ph—NI——T*).

Jr<\'_I['IT ——
—_—— >
——

== -

—— Charge separation

In contrast, the lifetime of triradica@4MeOAnR~*—6ANI— Do / — CRtothe ground state
PI=*—T*) in 3b (rcg = 10.5 ns) is about a factor of 2 shorter <— CRto the local triplet
than3a (zcr = 18 ns), and the yield of CR produ&t{(MeOAN— Figure 8. Energy level diagram showing the spin manifoldslbf-

6ANI—3"PI-T*) increases significantly upon addition of the T  4b after charge separation and charge recombination, in a magnetic
radical®! As noted above, based on energetic Considerations,ﬁEId of ~0.35 T. Blue arrows denote charge separation forming the
kerr should be much larger tha@rsfor 3a/b. EISC increases triradical state; orange arrows, charge recombination to the ground

. ! . doublet state; and magenta arrows, reversibtdbDand Q-Q charge
the rate at which RPis produced, so that a larger RP population o.omphination steps leading to the local tripfél, which is nearly

accesses the more efficient triplet recombination pathway jspenergetic with the RP state in toluene (see text).', and Q
leading to both an increased CR rate and yiel@4feOAn— form a complete spin basis set of the triradical state. Dashed lines mean
6ANI—3"PI-T*). Given the similar energetics @&/b and4al less probable transitions. Red double arrows stand for processes that
b’ we would expect the same relative ordering of CR rates for mix ce_rtain Zeeman |e\(e|5 of the relevant D and Q Stf':ltes. The S.iZe of
4alb as were observed foBalb. However, the lifetime of the ellipse on each spin level represents its population qualitatively.
triradical24MeOAn™*—6ANI—Ph-PI*—T*) in 4b (7cr = 109
ns) is about 50% longer than that 4& (tck = 73 ns). This
divergence betweeBib and4b 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 ita the electronic coupling for charge
recombination between MeOAnand NI is gated by con-
formational motions within the molecule akgrt exceed¥crs
only at temperatures above 280°K.

Electron Spin—Spin Couplings in the Photogenerated

Q, +3/2
D, +1/2
Q, +112

D, -1/2

Energy

Triradical. It was shown years agbthat the value of 2in Aoy Q, -2

biradical 6 involving nine ¢ bonds and twor bonds between Magnetic Field ——

the two nitroxide radicals greatly exceeds the 1.44 mT hyperfine Figure 9. Zeeman splitting of the D and Q states as a function of
coupling of these radicals. the magnetic field. There are two level crossings at the field strength

equivalent toApg, at which the MFE resonance appears.

Following photoexcitation, the triradical MeOAR-6ANI—
O-N N Ph,—A™—T* has three pairs of exchange interactiond;a?
N N-O 2Jot1, and at, Where the subscripts denote the spins on
MeOAn*, A=, and T, respectively, and At dominates,
following the above analysis for the individual two-spin
6 subsystems. These noncommutative exchange interactions remix
the spin manifold into two doublets and a quaffeshown in
Also, Mori et al3? studied the Nt*—T* biradical anion with Figure 8 as I, D/, and Q states. As usual, Qrefers to the
a spin-spin distance of 8.44 A in the steady state and estimated state where all the three spins are parallel, and in the two doublet
2J~ 1T (10*eV). Therefore, we can assume that the exchange states, only one pair of them is parallel. Here, we uset®
coupling between Pt and T over a slightly shorter distance label the state in which the parallel pair of spins lies ort A
(center-to-center 8.2 %) will be comparable or even larger, and T. We use [ to label the other doublet state (see Appendix
because of the similarity between the structures of NI and PI. for their wave functions). Now that Dand Q both possess
Our previous research on tle—4a control dyads, including parallel A~ and T spins, their energy levels are close to each
MFE*5455 and TREPR’ experiments, has shown that the other, but far removed from Ddue to the magnitude ofJzr.
exchange coupling within the RP is on the order of tens of On the other hand, the small energy gap betwegrabd Q at

millitesla for MeOAN™—6ANI—A~* and -2 mT for MeO- zero field, denoted\pq in this paper, can be calculated as a
AnT*—6ANI—Ph—A~, where A= NI or PI, as listed in Table complicated expression in terms of all three pairs.bfalues?

1. Last, the exchange coupling between MeO®®and T must and turns out to be comparable with the small valuesJgh 2
be negligibly weak, since they lie at the two termini of all the and 2pr.

rodlike triads and 2decays exponentially as a function of spin In Figure 9, we plot the Zeeman splittings of'@&nd Q as

spin distancé® a function of the external magnetic field. It is clear that, at the
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field strength equivalent thpg, the two Zeeman sublevelB,'

+ 1/20and |Q; + 3/200cross each other and so {d9," — 1/200
and |Q: + 1/20] This means that at the level-crossing point
B(Apg), the rate of RP-ISC from Dto @, driven by nuclear
spin flips, is maximized, and a peak in local triplet yield appears
in the MFE plot. However, the transitig,' — 1/200— |Q; +
3/20is still a forbidden process even though they coincide at
1/2B(Apg). On the other hand, in the EPR context where the
high-field limit is appropriate, only those Zeeman sublevels with
the samems number, namely|D;" + 1/200and |Q; &+ 1/2[] are
subject to hyperfine mixing. In other words, the well-known
S—To mixing mechanisitr55.63.8%f RP-ISC directly translates
into D £ 1/2 — Q £ 1/2 mixing in this context and TREPR

Mi et al.

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 ola—4a4445541b, and 3b,*! as well as
other closely related molecul&z%”.8have shown that RP-ISC
is followed by CR, returning part of the population to the
ground-state B and the remainder to the states MeGAn
6ANI—Ph,—3'NI—T* or MeOAn—3*6ANI —Ph,—PI-T*. The
neutral free radical Tis spin coupled to Ni* or PI=* with 2Jat
~ 10 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 gsabd Q. No spin
flip occurs during charge recombination, so that thes@te

spectra with the same polarization pattern should be observedinherits the population of the-1/2 sublevels of @ generated
This is a consequence of the fact that the two Zeeman sublevelsby RP-ISC from @'. However, the D state becomes a mixture

of Dy are split by only~0.35 T or~107° eV, which is ne-
gligible compared with the overall free energy change for charge
separatiolMG('D — D;') = —0.8 eV (Lb/2b) or —0.5 eV @b/

4b), Figure 2, producing a nonpolarized'Btate (ignoring ther-
mal polarization), which is analogous to the singlet RP produced
in the la—4a model systems. The (3tate is not populated ini-
tially as a result of spin conservation during the ultrafast charge
separation. The Dstate, which is energetically far removed
from the D' and Q states, does not mix with thema0.35 T,

the field strength at which all TREPR spectra were measured.
The above reasoning is corroborated by the TREPR and MFE

results forlb—4b, which both probe the D—Q; splitting, Apg,

of the triradical RP statt. 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 previoush,yielding Apgo = 0.65 mT and 1.8
mT, respectively, in agreement with the values obtained with
MFE. In this model, theD," + 1/200and|Q; + 1/20states are
mixed by AB, the difference in local magnetic environments
of the individual spins due to hyperfine interactions and spin
orbit coupling. This makes all four transitions frap,' + 1/201

or |Q: + 1/20partially allowed, two towardQ; + 3/20in
absorption &) and the other two towar; — 1/2(0n emission

(e) and likewise in the case ¢b,' — 1/200or |Q; — 1/2[0 The

of the Dy and D, states* because CR is accompanied by the
rise of an extremely large same-site exchange interaction
between the two unpaired spins NI or 3*6ANI, which are
estimated at 0.90 and 0.75 eV, their respective 1§ gap’®
Thus, Dy, D, and Q form a complete spin basis set for the
recombinant states, which are different from the other sgt, D
D', and Q, 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 coupling
ker = (27/h)W,|V|W,[3 (FCWD) (3)
where FCWD is the FranekCondon weighted density of
state8® and Wy = y& (k = i, f) are the wave functions of the
initial and final states, including their orbitaj§ and spin §)
components. The electronic couplingoperates only on the
orbital wave function so that eq 3 can be expanded to give

ker = (2G| VIy,B8ISE (FCWD) (4)

Upon photoexcitation, th&éa—4a model triads form biradicals
with one singlet sublevel(MeOAn™—6ANI—Ph,—A"") and
three triplet sublevel§(MeOAN™—6ANI—Ph,—A~), which

overall observed TREPR spectra are simulated by the sum ofsubsequently recombine, respectively, to the singlet ground-

all the abovee anda peaks weighted by the nuclear spin states,
and the RP sign rufé®’ indicates the sign of\pg from the
polarization pattern of field-swept TREPR spectra

—ea
+ ae

['= p-sign(Apg) = { 1)

whereu equals—1 or +1 for a doublet or a quartet precursor,
the former being the case here. Therefore, the experimertal
pattern confirmsApg to be positive, that is, P is higher in
energy than @ Compared with the ST splittings in the RP
states of th&2a and4a dyads (Table 1), the D—Q; splittings
of 2b and 4b decrease slightly when*Ts 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 moleculesand 3a, partly
because of their fast CR rateck = 49.9 and 10.5 ns,
respectively) and partly because of the low EPR line intensities
determined bS?

| OAB(Apg” + AB?) 2
where AB ranges between-3.0 and 3.0 mT, compared with
Apg of 1b and3b measured to be 47 and 60 mT, respectively

state MeOAr-6ANI—Ph,—A and the lowest triplet state
MeOANn—6ANI—Ph—3'NI or MeOAN—3"6ANI—Ph,—PI with
the singlet and triplet CR rates

Kers = (Zn/h)@)sNWRPD? (FCWD)g (5a)

and

kerr = (270/h) @1 |V] s (FCWD),

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 fas negligible effects on

the orbital wave functiongs, v, andyrpor on the (FCWDJ 1.
Rather, it reshapes the spin subspace such that the spin
projections[%|S[@ become (see Appendix)

(5b)

D,|D,'d = ,|D,[A = 3/4 (6a)
D,|D,'d@ = D,|D,A = 1/4 (6b)
@IQE=1 (6c)

Plugging eqs 6a6c¢ back into eq 4 yields the CR rates from

see Table 1. Nonetheless, the existence of the RP state in thesthe three-spin state MeOAR-6ANI—Ph,—A™*—T* in terms



Electron Donor-Chromophore-Acceptor-TEMPO Molecules J. Phys. Chem. A, Vol. 110, No. 23, 2006331

of kcrs andkert as shown in Figure 8. In the following, we  such as ,%9%porphyrinst1.68.69and phthalocyanine®.Upon
continue to usécrsandkcrr, defined in eq 5, in the context of  photoexcitation, these large conjugateystems undergo spin
doublets and quartets so as to compare the charge recombinationrbit intersystem crossing (SO-ISC) to form polarized doublet
rates ofla—4aandlb—4b conveniently. Note that eq 6¢ implies  and quartet states, as opposed to the electron-transfer and RP-

that the rate of CR from the quartet triradical stateiQthe ISC processes in our BC—A triads. The presence of the
same as if the third spin does not exi&Er(Q1 — Q2) = KerT- electron-transfer pathway makes it necessary to introduce a new
In contrast, the total observé@g from the D)’ state turns into spin basis set, that is,;PD’, and Q, to describe the charge-

a weighted average d&rs andkcrr separated triradical states, in addition to the existing3eD,,

and Q, which have been established for the neutral excited
keg(Dy — Do+ D) & 3/4keps+ dkegr  (7) states in systems for which SO-ISC occfir&2% A second
noteworthy difference is that in the above-mentioned triplet-
compared withkcrs for the singlet RP staté(MeOAn**— radical systems the three spispin distances are better balanced
6ANI—Ph,—A™) of the la—4amodel triads. This recombina-  than those in MeOARBANI—Ph,—3*NI—T* or MeOAn—3"-
tion rate is similar for the Pstate and also qualitatively correct  6ANI—Ph,—PI—T*. Accordingly, the three unpaired spins in
if an effective overall decay rate out of both Bnd D)’ states  the delocalized triplet-radical systems experience similar pair-
is considered. Accordingly, overall CR from the triradical state wise exchange and dipolar interactions and as a whole behave
is accelerated ikcrr > kcrs and otherwise slowed down. In more like an ideal quartet. On the other hand, the difference

the cases ofa and2a, where MeOAr*—6ANI—Ph—NI"* is between the magnetic environments of the local trigiédI(or
in equilibrium with MeOAR-6ANI—Ph—3*NI, it has been  3"6ANI) and T, although overcome by the exchange coupling
shown that the nékcrr < kers®2®and thus MeOAR —6ANI— between the two, contaminates and mixes theull Q states.

Ph—NI~—*—T-, lives longer by coupling to the third spin (50 ns  |n particular, the ZFS term of triplets

vs 28 ns forla/lb and 506 ns vs 210 ns f@&a/b, Table 1), as

observed here. by .bot.h nanosecond transient absorption andH,, .= D(SZZ — 1/332) + E(S(z — %2) = D(Szz — 1/332) +
TREPR. The situation is reversed for MeORa6ANI—PI~, ey P 2
wherekcgrslies deeply in the Marcus inverted region whidgxr E(S+S59) (8)
is basically barrierles®¥ namely kcrt > kcrs SO that in3b the . i
RP lifetime decreases from 18 to 10.5 ns. Finally, the experi- _contaln_s the doub_le-q_uap_tum ter®s andS-? when the triplet
mental observations that MeOA®-6ANI—Ph—PI—*—T* has is localized and= |s.5|gn|f|cant.. . .

a longer lifetime than MeOAt—6ANI—Ph—PI* suggests that From the experimental point of view, in all the above
like 1a/b and 2a/b kerr < kers in these two photogenerated delocalized triplet-radical systems, the fadical exhibits a

species. One structural property that distinguisha® from switch in the sign_of_the polgrization as a function of t.ime
all the other molecules examined here is that the single bond 0llowing photoexcitation, but in our case, we see only a single

between the 2,5-dimethylphenyl spacer (Ph) and the five- rise and decay with the sign of the polarization maintained. The
membered cyclic imide of PI has the least amount of steric XPerimental observation that generation of the dynamic spin
hindrance to torsional motion. Increased torsional motion polar!zat!on on Tis synchronous with the decay of the
increases the—x interaction between Ph and Pl leading to an Pelarization of the .chaEge-seg?rated. state suggests that the
increase inVoa, the electronic coupling matrix element between "€combinant local triple¥'NI or ¥6ANI is responsible for the
MeOAn* and Pr*. At room temperature, torsional motion generation of net polarization. This can be explained by the
around this bond most likely modulatdgrs and kegrr to fact that the two ZFS termS.? andS-2in eq 8 couple theD,
differing degrees, which may once again leadgar < kers — 1/20sublevel, populated from thelliand_ D states ar_ld the
Spin Polarization following Charge Recombination.The vacagr:)tJngzB + 3/2sublevel due t_o t_he|r pro?qm!ty in-en-
observed polarization ofFollowing CR is unusual, Figures 6 ~ €r9y- ~ ~>Consequently, a net (lem|sswe polarization suggests
and 7, since the CS, CR, and RP-ISC processes in these systen{gat the energy level of £lies below D, corresponding to an

do not generate a net overall spin polarization. The theory of 2ntiferromagnetic coupling betweérNI (or23*6ANI) and T,
chemically induced dynamic electron polarizafib{CIDEP) so that|D, — 1/2Lgets depopulated by i term before the

has been well established for doubtelbuble®38388and triplet- ground [ state inherits this spin polarization from; &nd
double#®92 interactions, when these paramagnetic species rema]ns.polarlze(j. 'untll spirlattice relaxatlon. destroys the
diffuse in solution. We have examinetb at concentrations  Pelarization. Spemflcally, foBk_)/4b, the broad _S|g_nal center_ed
ranging from 0.2 to 2 mM and find no appreciable difference 9 = 2.000 (Figure 6) is assigned to the emissively polarized
in the spectra or kinetics. It is also conceivable timatamo- D, state, because the outer two transitions of thestate are
lecular spin—spin interactions occur at rates orders of magni- gveraged qut during tumbllng in solution and |ts'|nner.tran3|.t|on
tudes faster thaintermolecularprocesses. The overall spin IS Not polarized, according to the above analysis. This designa-
polarization in the system can be traced back to nonadiabaticiOn IS @lso supported by the fact that the decay rate of D
spin evolution driven by hyperfine interactions, sprbit matches closely the rise of the pola}rlzed.ﬁate; see Figure
coupling, and/or zero-fieid splitting (ZFS). Moreover, Gastand /5 In the cases ofb or 2b, the I, signal is covered by the
Hoff71.93940bserved that reduction of the ubiquinone electron Nt€Nse 3 or RP peaks and is not resolved.

acceptor (UQ) in the primary electron transport cofactor

sequence of bacterial photosynthetic reaction center proteins,,conCIUSIonS

(BChl);—BPheo-UQ™, followed by photogeneration of the In this study of four linear donerchromophore-acceptor
primary radical pair, (BChp*—BPheo*—UQ™, results in a radical molecules, we observed significant modulation of the
net emissively polarized UQ, which they attributed to lifetimes of the photogenerated triradical states Me®An
polarization transfer from the nearby BPhealue to spin- 6ANI—Ph,—A~*—T* vs their two-spin counterparts MeOA®-
spin exchange coupling of BPheowith UQ™. 6ANI—Ph,—A~*, where A= NI or Pl andn = 0 or 1. We

A variety of triplet-radical systems have been studied, in rationalize this effect as due to spin catalysis using a model in
which T is attached, covalently or as a ligand, to molecules which the triradical intermediates and the more stable recom-
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