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Abstract: Appending a stable radical to the bridge molecule in a donor—bridge—acceptor system (D—B—
A) is potentially an important way to control charge- and spin-transfer dynamics through D—B—A. We have
attached a nitronyl nitroxide (NN*) stable radical to a D—B—A system having well-defined distances between
the components: MeOAn—6ANI—Ph(NN*)—NI, where MeOAn = p-methoxyaniline, 6ANI = 4-(N-piperidinyl)-
naphthalene-1,8-dicarboximide, Ph = phenyl, and NI = naphthalene-1,8:4,5-bis(dicarboximide). MeOAnN-
6ANI, NN, and NI are attached to the 1, 3, and 5 positions of the Ph bridge. Using both time-resolved
optical and EPR spectroscopy, we show that NN* influences the spin dynamics of the photogenerated
triradical states 2*(MeOAn**—6ANI—Ph(NN*)—NI"*), resulting in slower charge recombination within the
triradical compared to the corresponding biradical lacking NN°. The observed spin—spin exchange interaction
between the photogenerated radicals MeOANn™ and NI~ is not altered by the presence of NN*, which only
accelerates radical pair intersystem crossing. Charge recombination within the triradical results in the
formation of 24(MeOANn—6ANI—Ph(NN*)—3*NlI), in which NN* is strongly spin-polarized. Normally, the spin
dynamics of correlated radical pairs do not produce a net spin polarization; however, net spin polarization
appears on NN* with the same time constant as describes the photogenerated radical ion pair decay. This
effect is attributed to antiferromagnetic coupling between NN* and the local triplet state **NI, which is
populated following charge recombination. This requires an effective switch in the spin basis set between

the triradical and the three-spin charge recombination product having both NN* and 3*NI present.

Introduction

Electron-transfer reactions are important in applications
ranging from solar cells and light-emitting diodes to molecule-
based materials for electronics and photo#Aid§.With regard
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to the latter, we have developed several approaches to control-
ling charge transport in organic dorelrridge—acceptor (BD-
B—A) arrays that take advantage of the speed and efficiency
of ultrafast photoinduced electron-transfer reactidn’ How-

ever, using spin dynamics to control charge and spin transport
properties within molecules is an important aspect of this
problem that has received only limited attention. Photogenerated
radical pairs are capable of exhibiting coherent spin motion over
microsecond time scal@&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 devi€eg? However,
before efficient organic spintronic devices can be realized, a
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greater fundamental understanding of the factors controlling spin
dynamics in complex organic doneacceptor systems must be
obtained.

largely on its two N-O groups and not on the molecule to which
NN is appended? so that attachment of NNto B within
D—B—A does not result in significant spin delocalization onto

The presence of additional unpaired spins provided by stable B itself. Modulating the degree of spin delocalization from the
free radicals and triplet-state molecules (e.g. oxygen) has beenappended radical onto B is potentially an important means to
shown to increase the rate of radical pair intersystem crossingcontrol the electron-transfer dynamics through B, and the work

(RP-ISC) between photogenerated singlet and triplet radical
pairs32-36 For molecules in which the stable radical and the

photoactive system are connected by a flexible covalent linkage,

presented here is the first step toward this goal. We have chosen
to modify a previously well-characterized-HB—A system to
test these ideas, MeOABANI—Ph—NI (8),5-52where MeOAnN

the resulting large degree of conformational freedom translates= p-methoxyaniline, 6ANIE= 4-(N-piperidinyl)naphthalene-1,8-

into a distribution of distances and spispin interaction
strengths that complicate the analysis of the spin dynaffiés.
Our approach to studying the influence of spin dynamics on
charge and spin transport in-EB—A molecules strongly
restricts conformational freedom and controls electronic coupling
between each component of aB—A molecule having a stable
radical covalently bound to it. For example, we recently
demonstrated that covalently attaching a 2,2,6,6-tetramethyl-
1-piperidinyloxyl (TEMPO) stable free radical to the acceptor
terminus of a rigid B-B—A molecule perturbs charge recom-

bination rates via an enhanced intersystem crossing (EISC)

mechanism similar to that observed for intermolecular sys-
tems32:3335while not altering the spiaspin exchange interaction
within the photogenerated radical ion pair.

These results, along with the fact that the structural and
electronic properties of the bridge molecule within aB—A
system are critical to determining the rate of electron (or hole)
transfer from D to A% prompted us to explore how a stable
paramagnetic center (a radical or radical ion) attached directly
to the bridge molecule of a BB—A system affects the
dynamics of photoinduced charge and spin transport. Nitronyl
nitroxide (NN') is a stable, easily functionalized radical that

has been studied extensively in the organic magnetic materials

field.43~4° The spin density distribution of NNis localized
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dicarboximide, Ph= phenyl, and NI= naphthalene-1,8:4,5-
bis(dicarboximidep! We have now synthesized an analogue to
this system, MeOArRB6ANI—Ph(NN)—NI (7), in which
MeOANn—6ANI, NN*, and NI are attached to the 1, 3, and 5
positions, respectively, of the Ph bridge. Here we report on the
influence of NN on both electron transfer and spin dynamics
in 7, studied using time-resolved optical and EPR spectroscopy.

NN’
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N~(CHa1CHs
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Experimental Section

The synthesis and characterization of compotrede described in
the Supporting Information. Compoufdwvas purified by preparative
TLC on alumina. All solvents were spectrophotometric grade or distilled
prior to use.

Ground-state absorption measurements were made on a Shimadzu
(UV-1601) spectrophotometer. The optical density of all samples was
maintained between 0.3 and 0.6 at 420 re@AN 420 nm = 7000 cnm?t
M~Y) for both femtosecond and nanosecond transient absorption
spectroscopy. Femtosecond transient absorption measurements were
made using the 420 nm frequency-doubled output from a regeneratively
amplified titanium-sapphire laser system operating at 2 kHz as the
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excitation pulse and a white light continuum probe pulse as described gave 2D complex spectra versus time and magnetic field. For each
earlier> Samples were placed & 2 mmpath length glass cuvette and  kinetic trace, the signal acquired prior to the laser pulse was subtracted
stirred using a motorized wire stirrer to prevent thermal lensing and from the data. Kinetic traces recorded off-resonance were considered
sample degradation. The samples were irradiated with D@ J/pulse background signals, whose average was subtracted from all kinetic
focused to a 20@m spot. The total instrument response time for the traces. The spectra were subsequently phased into a Lorentzian part
pump—probe experiments was 150 fs. Transient absorption kinetics and a dispersive part, and the former, also known as the imaginary
were fit to a sum of exponentials with a Gaussian instrument function magnetic susceptibility”, is presented.
using LevenbergMarquardt least-squares fitting. High-power microwave pulses were generated by a 1-kW TWT
Samples for nanosecond transient absorption spectroscopy wereamplifier (Applied Systems Engineering 117X). The typical length of
placed in a 10 mm path length quartz cuvette equipped with a vacuum a ;7/2 pulse was 8 ns. The resonator was fully overcoupled to achieve
adapter and subjected to five freezgump-thaw degassing cycles.  Q < 200 and a dead time 672 ns. All the quadrature-detected spectra
The samples were excited with 5 ns, 1 mJ, 420 nm laser pulses were properly phased, and is presented. In the pulse EPR kinetic
generated using the frequency-tripled output of a Continuum 8000 Nd: measurements, the first microwave pulse was initially applied 200 ns
YAG laser to pump a Continuum Panther OPO. The excitation pulse before the laser pulse and then was delayed incrementally relative to
was focusedd a 5 mmdiameter spot and matched to the diameter of the laser pulse. A kinetic trace was formed by measuring the intensity
the probe pulse generated using a xenon flashlamp (EG&G Electro- of the free induction decay (FID) at different time delays of the
Optics FX-200). The signal was detected using a photomultiplier tube microwave pulse with respect to the laser pulse.
with high voltage applied to only four 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 SynthesisThe synthesis o8 has been reported previousty,
the poles of a_WaIker Scientific HV-4W eIectroma_gnet powered by a gnd the complete synthesis of radi@ais outlined in Scheme
Walker Zlabgnlonl_ is-;ss p;ov(\)/er supply. The hf'eldH slfre?fgth Was 1. Commercially available 3,5-dinitrobenzyl alcohol was pro-
measured by a Lakeshore 450 gaussmeter with a Hall effect pro ©tected with a triisopropylsilyl (TIPS) group, followed by

Both the electromagnet and the gaussmeter were interfaced with the ducti f the nit 10 Vi 719%). Imid i
data collection computer, allowing measurement and control of the reduction of the nitro groups to yietei(71%). Imide coupling

magnetic field to+1 x 105 T during data acquisition. Due to the  ©f the known MeOAN-6ANI anhydride with diamine2 yields
length of the sample runs-@ h), a small amount of sample degradation 3 (80%). Due to the decrease in nucleophilicity of the remaining
was observed, resulting in a decrease in the triplet yield at zero field, amino group in3 following the first imide coupling, the
AA(B = 0), over the course of the experiments. To compensate for subsequent imide coupling of the NI acceptor proved to be
this, the magnetic field was reset BB= 0 mT every three kinetic inefficient, giving 4 in a modest 59% vyield. Deprotection of
traces and\A(B = 0) was plotted and fit with a polynomial or series  the TIPS group was accomplished with TBAF-a20 °C in
of polynomials. These functions were used to calculate the relative THF, giving alcohol 5 in 97% yield. We observed that
triplgt yiel_d or RP y_ield as a function of applied field strength. The deprotection does not occur a8 °C, while the NI group is
relative triplet yield is thus: cleaved if the reaction is allowed to occur at room temperature.

T AAB) Subsequent oxidation of the alcohol to the corresponding

= aldehyde with fresh barium manganate yietds quantitative

To AAB=0) yield. Formation of the nitronyl nitroxide was accomplished

, using slight modifications to Ullman’s procedi®&58 2,3-Bis-
The results presented are averages of three or more experimentyy, qyoyamino)-2,3-dimethylbutane sulfate was condensed with
conducted on separate days with Tteshly prepared samples In sPeClOaidenydes in dimethyl sulfoxide to form the tetramethylimi-
metric or fr isti r ne.

P ,2; EiRcr:easi?emyemSS’ :toluenei;uzoggz ?nM) was loaded dazolidine intermediate. Attempts to use the typical methanol/

into a quartz tube (4 mm o.ck 2 mm i.d.) and subjected to five freeze ~ Water solvent system for this reaction failed due to the
pump-thaw degassing cycles on a vacuum line (lfibar). The tube insolubility of the aldehyde precursor. The oxidation of the
was then sealed using a hydrogen torch and kept in the dark when nottetramethylimidazolidine intermediate was accomplished with
being used. The sample was excited using 416 nm, 1 mJ, 7 ns lasersodium periodate in a biphasic system of water and methylene
pulses from the pRaman shifted output of a frequency-tripled, chloride to give7 in 22% yield.
Q-switched Nd:YAG laser (Quanta Ray DCR-2). Steady-State PropertiesThe photophysical properties of
Steady-state EPR spectra, transient CW EPR spectra, and pulse EP%ANI, NI, and 8 have been characterized previously in
spectra were measured using a Bruker Elexsys E580 X-band EPR 4etqil51.52.59.60|n summary, the ground-state optical spectrum

spectrometer with a variable-Q dielectric resonator (Bruker ER 4118X- of 6ANI exhibits a broad charge-transfer (CT) band centered

MS5) at room temperature. Steady-state CW EPR spectra were . L o :
measured under the conditions of 82 mW microwave power and at 390 nm, while that of NI exhibits three distinct absorptions

0.01-0.05 mT field modulation at 100 kHz. Thgvalues of the spectra ~ dU€ t0 vibronic structure on the—z* transition at 343, 363,
were calibrated with a crystalline 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 382 nm. In MeOAr6ANI—Ph(NN)—NI there is an
standardq = 2.0036). Transient CW EPR measurements were carried additional predominant absorption belonging to°NMN368 nm,
out under CW microwave irradiation (typically—20 mw) by which overlaps the absorptions of both 6ANI and NI (Figure
accumulating kinetic traces of transient magnetization following

photoexcitation. The field modulation was disabled to achieve a (55) Ullman, E. F.; Osiecki, J. H.; Boocock, D. G. B.; Darcy, RAm. Chem.
—— N ” : : NN Soc.1972 94, 7049-7059.
response time = Q/zzv ~ 30 ns?* and microwave signals in emission (56) Hirel, C.; Vostrikova, K. E.; Pecaut, J.; Ovcharenko, V. I.; ReyCRem.

(e) and/or absorptiona) were detected in both the real and the Eur. J.2001, 7, 2007-2014.

; ; ; ; i~ £414(57) Osiecki, J. H.; Ullman, E. K. Am. Chem. Sod.968 90, 1078-1079.
imaginary channels (quadrature detection). Sweeping the magnetic fleld(58 Klyatskaya, S. V.; Trelyakov, E. V... Vasilevsky, S.Russ. Chem. Bull.,

)
)
Int. Ed. 2002, 51, 128-134.
)
)

Results

(53) Giaimo, J. M.; Guseyv, A. V.; Wasielewski, M. R.Am. Chem. So2002 (59) Greenfield, S. R.; Svec, W. A.; Gosztola, D.; Wasielewski, MJRAM.
124, 8530-8531. Chem. Soc1996 118 6767-6777.

(54) Schweiger, A.; Jeschke, @rinciples of pulse electron paramagnetic (60) Debreczeny, M. P.; Svec, W. A,; Marsh, E. M.; Wasielewski, MJR.
resonanceOxford University Press: Oxford, 2001. Am. Chem. Socl996 118 8174-8175.
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Scheme 1 @

TIPSO

O L,

HaC( HZC)7 o

MeOAN-6ANI
anhydride

o.‘!!i ‘&

NH,
—»
e
/©/N\) 3
o d
b
OTWPS

HaC( HZC

aReagents and conditions: (a) TIPSCI, imidazole, DMF, reflux, 71%; (b) Pd/CG32Hpsi, quantitative; (c) MeOAn-6ANI anhydride, pyridine, imidazole,
reflux, 80%; (d) NFoctyl anhydride, pyridine, imidazole, reflux, 59%; (e) TBAF, THF20 °C, 97%; (f) BaMnQ, CH.Cl,, quantitative; (g)
2,3-bis(hydroxamino)-2,3-dimethylbutane sulfate, DMSO; (h) NakO, CH,Cl,, 22%.
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Figure 1. UV —vis spectrum of7 in toluene.

1). There is also a weak, broad absorption due to N&r 600
nm. The redox potentials of MeOAT6ANI—Ph—NI have been
described in detail elsewhet&®® Briefly, the first oxidation
potential of ANI occurs at 1.22 V and the first reduction

potential of NI is—0.53 V. These redox potentials are assumed
not to differ significantly in MeOAR-6ANI—Ph(NN)—NI. The
one-electron potentials for oxidation and reduction of* N
approximately 0.82 ané-1.25 V vs SCE, respectivef}.5?

The energy levels of the excited and charge-separated species
for 8 have been calculated previously using the Weller equa-
tion5! It is assumed that there is no significant change in these
levels when the nitronyl nitroxide free radical is appended to
the bridge, so that the energy level diagram displayed in Figure
2 is representative of both radicdland model compoun8.

Time-Resolved Charge Separation and Recombination
Dynamics. Femtosecond transient absorption spectroscopy
allows for the direct observation of the intermediates involved

(61) Sakurai, H.; Izuoka, A.; Sugawara,Jl Am. Chem. So200Q 122, 9723~
9734

(62) Zieséel, R.; Ulrich, G.; Lawson, R. C.; Echegoyen,JLMater. Chem.
1999 9, 1435-1448.
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3.00 eV. .
T D-ICBRMA
Ccs1 D= MeOAn
= \1‘ b e C=6ANI
2.50 e\V—| (D"-CT-B(R)-A) B= Ph
R=NN
A= NI
225eV__| kes2
RP-ISC
kert s
200eV__| (D"-C-BR)-A™) 3D*-C-B(R)-A")y« -~ > D-C-BR)-A
z 2 kers
0.00eV__| D-CBR)-A
Figure 2. Energy level diagram for compourd
behind the MFE have been researched extengiveRyand
0.025+ g'g ps applied to many doneracceptor systentd;53.7277 including
o012p 1'25p3 biologicaP8 7881 systems. For example, photoexcitation of
B ps . L
0.020+ 0.008} 14.1ps model compound, which lacks NN, initially produces the
'50_004_ ——51.7ps singlet RP, which undergoes electramuclear hyperfine coupling-
0.015- ——86.7 ps induced RP-ISC to produce the triplet RBMeOAN *—6ANI—
< o00p ¢ . Ph—NI—*) — 3(MeOAn"—6ANI—Ph—NI—). The subsequent
< ey charge recombination process is spin selective; i.e., the singlet
0.0104 RP recombines to the singlet ground state and the triplet RP
recombines to yield the neutral local triplet MeOABANI—
0.005- Ph—3*NI. Application of a static magnetic field splits the RP
triplet levels, and variation of the field strength modulates the
0.000 efficiency of the ISC by adjusting the energies of triplet
' sublevels relative to that of the singlet level. When the Zeeman
450 500 550 600 650 700 750 800 splitting of the triplet RP levels equals the intrinsic singlet

Wavelength (nm)

Figure 3. Femtosecond transient absorption spectrainftoluene obtained
at the indicated times following a 420 nm, 100 fs laser pulse. Inset: A
kinetic trace obtained at 495 nm.

in charge separation (CS) (Figure 3). Photoexcitation of 6ANI
with a 420 nm, 100 fs laser pulse results in the reaction
MeOANn—*6ANI —Ph(NN)—NI MeOAN*™*—B6ANI—*—
Ph(NN)—NI with a time constantcs; = 11 ps, as indicated
by the formation of an absorption band (shoulder) due to

—

triplet splitting, 2J, of the RP, there is an increase in intersystem
crossing rate. This increase translates into a maximum in triplet
RP production and therefore a maximum in local triplet
production upon recombination. By monitoring the yield of local
triplet production as a function of applied magnetic field, the
magnitude of the magnetic superexchange interac#idncan
be measured directf#.83

The same two rapid, nonadiabatic charge separation steps
occur in radical7, even though the initial state is formally a
doublet, as will be discussed in detail below. Figure 4 shows

MeOAn™ near 510 nm. Subsequently, the absorption featuresthe MFE on the yield of MeOARGANI—Ph(NN)—3*NI

characteristic of Ni* at 480 and 610 nm appear witlis, =
31 ps, indicating that the reaction MeO#r-6ANI—*—Ph-
(NN*)—NI — MeOAn™*—6ANI—Ph(NN*)—NI~* has occurred.

The transient spectra are similar to those observed earlier for(®

resulting from charge recombination. The data Toshow a

(67) Weller, A.; Staerk, H.; Treichel, Rraraday Discuss., Chem. Sdt984
78, 271-278.

8) Hoff, A. J.; Gast, P.; van der Vos, R.; Franken, E. M.; Lous, E. Phys.
Chem.1993 180, 175-192.

8,5 and hence, there is no evidence from the transient absorption(69) Till, U.; Hore, P. JMol. Phys.1997, 90, 289-296.

data that NNis either oxidized or reduced in this process. The

time constants for this sequential charge separation process are

comparable to those reported earlier for MeGAANI—Ph—
NI, wheretcs; = 8 ps andrcs, = 40 ps.

The magnetic field effect (MFE) on the rate and yield of
radical ion pair (RP) recombination directly reveals the mag-
nitude of electron spinspin exchange interactionJ,2between

the spins within the RP, which is proportional to the square of

the donor-acceptor superexchange couplingsa.53-%¢ The

mechanistic details of the RP-ISC mechanism and the theory(79

(63) Weiss, E. A.; Ahrens, M. J.; Sinks, L. E.; Gusev, A. V.; Ratner, M. A.;
Wasielewski, M. RJ. Am. Chem. SoQ004 126, 5577-5584.

(64) Kobori, Y.; Sekiguchi, S.; Akiyama, K.; Tero-Kubota, .Phys. Chem.
A 1999 103 5416-5424.

(65) Paddon-Row, M. N.; Shephard, M.JJ.Phys. Chem. 2002 106, 2935—
2944,

(66) Volk, M.; Haberle, T.; Feick, R.; Ogrodnik, A.; Michel-Beyerle, M. E.
Phys. Chem1993 97, 9831-9836.
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Figure 5. Continuous wave (CW) EPR spectra oin toluene at room
temperature, measured (A) 60 and (B) 320 ns after laser excitation, andtrgces from the TREPR spectra at 340.0 and 339.3 mT were

(C) in steady state in the dark. Note that spectrum C is given in the derivative
form. (D) Hyperfine dependence of the line widths (full width at half-
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Figure 6. Time-resolved EPR kinetics of the RP state (red) and transiently
polarized NN (blue) of7 after laser excitationt (& 0), measured in toluene

at room temperature. The red curve is the difference between two transient
CW kinetic traces obtained at field values of 339.3 and 340.0 mT, as
indicated by the double-arrow lines in Figure 5, to cancel out the uniform
a signal from the polarized Nf\whereas the blue curve is measured by
the FID intensities of the polarized Nt various times after laser excitation
(see text). Inset: The decay of the RP state matches the rise of polarization
at NN-.

not completely undetectable. Thus, time-resolved EPR (TREPR)
spectra (i.e., pulsed laser excitation, CW microwaves) were
measured aroungl~ 2, the region where RPs and stable radicals
are observed. Immediately after laser excitation, an intense
photogenerated RP signal with @mission absorption(e &
polarization pattern appears (Figure 5A), centereg=a2.0033,
similar to theg values of MeOAr"™ and NF~.52 As the RP
decays, a new set of peaks with enhanced absorption grow in
(Figure 5B) which have factors, hyperfine splittings, and line
widths identical to those measured for NiN the steady state.
Thus, NN is transiently polarized following charge recombina-
tion of the RP state.

To obtain a kinetic trace of the RP state alone, the raw data

subtracted, so that the uniforarsignal from the polarized NN

maximum, fwhm) of the individual peaks in spectrum C. Dashed line in cancels out, while the asignal from the RP state gets doubled
spectrum A is the numerical simulation to reveglo = 1.3 mT.

clear resonance at 1:6 0.3 mT, which is very similar to that

observed for model systeé The data indicate that the presence 4 long times than transient CW methd8&/oreover, in contrast

of NN* on the Ph bridge does not perturb the magnitude of the 1, 4o plet-state radicals, the FID from a spin-correlated RP is
spin—spin exchange interaction between the Me®#and NI

radicals.

EPR Spectroscopy.The steady-state EPR spectrum of
consists of five hyperfine lines centeredgat= 2.0062 due to
the two equivalent nitrogens of NNaving|ay| = 0.745 mT

(Figure 5C), which is similar to that reported earlier for nitronyl
nitroxides®® In contrast to unsubstituted nitronyl nitroxides, the

line widths of the hyperfine peaks of are quadratically
dependent on the overall nuclear quantum numi€iFigure
5D), signifying relatively slow rotational averaging of thend
hyperfine anisotropié$in the large D-B—A system.

At room temperature in toluene, molecular tumbling renders

the EPR spectra of triplet states broad and structuré&es,

(84) Carrington, A.; McLachlan, A. Dntroduction to magnetic resonance with

applications to chemistry and chemical physidarper & Row: New York,

1967.

(85) Yamauchi, SBull. Chem. Soc. Jpr2004 77, 1255-1268.

(Figure 6). Furthermore, the kinetic behavior of the transient
polarization at NW was monitored using the magnitude of its
FID with pulse EPR, a technique with better temporal fidelity

suppressed by a/2 microwave pulsé’—2° and thus does not
interfere with selective observation of the polarized-kadlical.

The two kinetic traces in Figure 6 are both well fit with a rise
decay biexponential model, yielding the charge recombination
lifetime of the RP stategcg = 101 ns, and the rise and decay
time of the NN polarizationt; = 95 4+ 7 ns andr, = 2.3 +
0.2us, respectively. Notably, the decay of the RP state matches
the rise of polarization at Nf\the implications of which will

be discussed later in this paper, and the decay lifetime of the

(86) McLauchlan, K. A. InModern pulsed and continuous-weelectron spin
resonanceKevan, L., Bowman, M. K., Eds.; Wiley: New York, 1990; pp
285-363.

(87) Hasharoni, K.; Levanon, H.; Tang, J.; Bowman, M. K.; Norris, J. R.; Gust,
D.; Moore, T. A.; Moore, A. L.J. Am. Chem. Sod99Q 112 6477
6481.

(88) Timmel, C. R.; Hore, P. £hem. Phys. Lettl994 226, 144-150.

(89) Weis, V.; van Willigen, HJ. Porphyrins Phthalocyaninek99§ 2, 353—
361.
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NN- polarization conforms to the spirattice relaxation time
T; of nitroxides at room temperatuf@.

Discussion

Intersystem Crossing.The lifetime of MeOAn*—6ANI—
Ph(NN)—NI~ (zcr = 101 ns) is significantly longer than that
of MeOAN™—6ANI—Ph—NI~* (zcr = 73 ns)°! In both cases,

charge recombination (CR) leading to the ground state lies deep

within the Marcus inverted regi@hbecause-AGcr > 4, where

A =0.54 eV¥ and the rate of this process is therefore expected
to be relatively slow. The slower charge recombination in
MeOAn*—6ANI—Ph(NN)—NI— compared to MeOArr—
6ANI—Ph—NI~*is attributed to EISC induced by the magnetic
field of NN°, which increases the rate of mixing between
2(MeOAN™*—6ANI—Ph(NN)—NI~*) and?4MeOAN"*—6ANI—
Ph(NN)—NI~).32:34.39.93Gimilar effects have been reported in
D—B—A molecules having a TEMPO radical attactég893-9
The energy level diagram for radicé@l(Figure 2) shows that,
for the CR reaction?4MeOANn*"*—6ANI—Ph(NN)—NI"*) is
nearly isoenergetic witB4MeOAn—6ANI—Ph(NN)—3*NI),

so that an equilibrium between these two species is estab-

lished>2% EISC shifts the time-integrated population from
2(MeOAN™*—6ANI—Ph(NN)—NI") to 24{MeOAn"*—6ANI|—
Ph(NN)—NI~) in 7, which creates a bottleneck to overall
charge recombination due to the fact that formation of
24MeOAN—6ANI—Ph(NN)—23*NI) does not provide a fast exit

E D
=== Three-Spin RP State Local Triplet
. —_——— + Radical
foeed Q1 Q2
RPISC ——  Kepo o
—— e
——
S @D-Qmmng
[Ty
- T L=
Vakcro ‘.(' D,
“’4 - '-l.l". .
———= Charge separation

—— CR to the ground state
<« CR to the local triplet

Figure 7. Energy level diagram showing the spin manifolds7o&fter
charge separation and charge recombination in an external magnetic field
of about 0.35 T. Blue arrows denote charge separation forming the three-
spin RP state; orange arrows, charge recombination to the ground doublet
state; and magenta arrows, reversibteand Q-Q charge recombination
steps leading to the local tripl&NI, which is nearly isoenergetic with the
triradical state in toluene (see text);,[D,’, and Q 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.

Magnetic field effect! and time-resolved EPR experiments

channel for the charge-separated state. Therefore, the overalhave shown that the exchange couplidgpdetween MeOAN

rate of charge recombination is slowed, similar to what we
observed previously for a MeOAr6ANI—NI derivative in
which a TEMPO radical was rigidly bound to the terminus of
the NI acceptor grouft This effect is analyzed in terms of the
spin dynamics of the system in more detail below.

Electron Spin—Spin Couplings in the Photogenerated
Triradical. Following photoexcitation of7, the triradical
MeOAn*—6ANI—Ph(NN)—NI*~ has three pairs of exchange
interactions, 212, 2J;3, and 2,3, where the subscripts 1, 2, and
3 denote the spins on MeOAR NI*~, and NN, respectively.
Mori et al3” studied a NI"—TEMPQC biradical anion with a
spin—spin distance of 8.44 A and four bonds between the
two radicals and estimated the exchange couplihgpde~1
T (10~ eV). The exchange interaction) between the two
paramagnetic centers NBnd Nt~ in 7 is assumed to be similar

and Nt~ within the RP state of model compourddis 1.5+

0.3 mT. MFE data presented in Figure 4 show that photoge-
neration of this same pair of radicals talso yields 2;, =

1.5 4+ 0.3 mT. Finally, the exchange couplings2 between
MeOAr* and NN should also be-1 mT due to the similar
spin—spin distances and bonding framework linking Me®An
and NN compared to those for MeOAhand Nt~.

These noncommutative exchange interactions remix the spin
manifold into two doublet states and a quartet stashown in
Figure 7 as I, D/, and Q states. The energy splitting between
the Dy and D' (Qy) states is large due to the magnitude &fs2
while the splittings between the sublevels within' Bnd Q
are small due to the values 08:2 and 2);3. Thus, the well-
known S-To mixing mechanisii-86:98.990f RP-ISC directly
translates into D.1,—Q<1/2> mMixing in this context, and TREPR

because these radicals are also 8.5 A apart (center-to-centerspectra with the same polarization pattern should be observed.

MM+, Hypercherf) and have four intervening bonds. The
magnitude of this interaction is similar to that estimated
previously by our group for a MeOARGANI—NI derivative

in which a TEMPO radical was rigidly bound to the terminus
of the NI acceptor group at a similar overall distante.
Molecular modeling of7 shows that ther systems of 6ANI
and NI are nearly perpendicular to that of the Ph bridge, so
enhanced spinspin coupling via ther electrons is unlikely?!

(90) Eaton, S. S.; Eaton, G. Biol. Magn. Reson200Q 19, 29—-154.

(91) Marcus, R. AJ. Chem. Phys1965 43, 679-701.

(92) Weiss, E. A.; Tauber, M. J.; Ratner, M. A.; Wasielewski, M.JRAm.
Chem. Soc2005 127, 6052-6061.

(93) Kobori, Y.; Kawai, A.; Obi, K.J. Phys. Chem1994 98, 6425-6429.

(94) Mori, Y.; Sakaguchi, Y.; Hayashi, H. Phys. Chem. 200Q 104, 4896~
4905.

(95) Magin, I. M.; Shevel'kov, V. S.; Obynochny, A. A.; Kruppa, A. |.; Leshina,
T. V. Chem. Phys. LetR002 357, 351-357.

(96) Hasharoni, K.; Levanon, H.; Greenfield, S. R.; Gosztola, D. J.; Svec, W.
A.; Wasielewski, M. RJ. Am. Chem. Sod.995 117, 8055-8056.

(97) Holl, N.; Port, H.; Wolf, H. C.; Strobel, H.; Effenberger, F.Chem. Phys.
1993 176, 215-220.
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This is a consequence of the fact that the Zeeman splitting
between the two spin sublevels ofiDnamely~0.35 T or
~1075 eV, is negligible compared to the overall free energy
change for charge separatiohGG(*D — D;') = —0.8 eV (see
Figure 2), producing an unpolarized'Btate (ignoring thermal
polarization), which is analogous to the singlet RP produced in
model systems such & (Figure 7). The @ state is not
populated initially as a result of spin conservation. Thestate,
which is energetically far removed from the'land Q states,
does not mix with these states.

The above reasoning is justified by TREPR and MFE results
for 7, which probe the B—Q; splitting, Apg, of the triradical
state?! The experimental TREPR spectrum is simulated with a
two-state-mixing model similar to the one used for reference

(98) Hasharoni, K.; Levanon, H.; Greenfield, S. R.; Gosztola, D. J.; Svec, W.
A.; Wasielewski, M. RJ. Am. Chem. Sod.996 118 10228-10235.

(99) Closs, G. L.; Forbes, M. D. E.; Norris, J. BR. Phys. Chem1987, 91,
3592-3599.
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compound3,®? yielding Apg = 1.3 mT (Figure 5A). Also, the
sign of this splitting is confirmed to be positive, i.e4' 3 higher
in energy than @ from thee apolarization pattern of the RP
spectrum, using the RP sign réA&8for field-swept spectra:

— ea

I'= e sign(ag) = { N (1)

whereu equals—1 or +1 for a doublet or a quartet precursor,
the former being the case. The magnitude of thg—Q,
splitting, |Apg|l = 1.5 mT+ 0.3 mT, is also obtained directly
from the maximum in the MFE plot shown in Figure 4, and is
in good agreement with the TREPR results. Sifkgg| for 7
and 2 for the photogenerated RP state in reference molegule
are the same within experimental error, the presence of the thir
spin on NN in the photogenerated triradical Trhas essentially
no influence on the spinspin exchange interactiod between
the two photogenerated radical ions.

Charge Recombination and Switching of the Spin Basis
Set.Based on previous studies 8 and other closely related
moleculesi1 75100101 RpP.|SC in 7 is followed by charge
recombination, returning part of the population to the ground
state 3 and the remainder to a state having a local triplet
configuration on NIZ4MeOAn—6ANI—Ph(NN)—3NI), which
is nearly isoenergetic witf4MeOAN™—6ANI—Ph(NN)—
NI~*) in toluene. The neutral stable radical Nisl spin coupled
to NI~ with 2J,3~ 1074 eV, and therefore it does not redirect

presence of the third spin on NMNlthough it reshapes the spin

wave function, has negligible effects on orbital coupling and
the FCWD. Using the following spin-projection relationships
(see Supporting Information),

[D,|D,'( = D,|D,A = 3/4 (3a)
[D,|D,'M = D,|D,A = 1/4 (3b)
|:(Dz|Q1ﬁ =1 (3¢)

the charge recombination rates from the three-spin stafe of
are related tdcr; andkcrz as shown in Figure 7. Note that eq

g3¢ implies that the rate of charge recombination from the quartet

triradical state Qis the same as if the third spin does not exist:
ker(Q1 — Q2) = kera In contrast, the total observdgg from
the Dy’ state turns into a weighted averagekeki and kcgrz:

ker(Dy' = Dg + Dy) = 3/4 kegy + 114 Keg, 4)

compared tdcr: for model compound. This recombination
rate is similar for the B state and also qualitatively correct if
an effective overall decay rate out of both &8nd D' states is
considered. Accordingly, overall charge recombination from the
triradical state is accelerated kcr2 > kcr1 and otherwise
slowed. For7, where2{MeOAN™—6ANI—Ph(NN)—NI"*) is

in equilibrium with24MeOAN—6ANI—Ph(NN)—3*NlI), it has

the charge recombination but establishes a new basis set oheen shown for closely related molecules that thekags is

doublet and quartet states, labeled in Figure 7 agaml Q.
Again, no spin flip is considered during charge recombination,
and hence the Qstate inherits the population of th&l/,
sublevels of @ generated by RP-ISC from;D However, the

D, state becomes a mixture of the'[and D, states, as pointed

slower tharkcry,21%and thus the lifetime of the photogenerated
RP observed foi7 is extended by coupling to the third spin
(101 vs 73 ns), as determined here using both nanosecond
transient absorption and TREPR.

Dynamic Spin Polarization after Charge Recombination.

out by Hoytink;°*because charge recombination is accompanied gaseqd on the above analysis, the observed polarization of NN

by the rise of an extremely largel, the local exchange
interaction between the two unpaired spins>ill, which is
estimated to be 0.9 eV, the-ST; energy gap of NI In other
words, Dy, D,, and @ form a complete basis set for the
recombinant states, different from the other set, Dy’, and
Q1, which characterizes the triradical state.

following charge recombination is unexpected (Figures 5B and
7), since all the charge separation and recombination steps as
well as the RP-ISC process itself in this system do not generate
a netoverall spin polarization. The theory of chemically induced
dynamic electron polarizatid?h (CIDEP) has been well estab-
lished for doubletdouble®991%6 and triplet-doublet®7-110

ansequgntly, chargg repombination from the RP_ state jnteractions, when these paramagnetic species diffuse in solution.
requires switching or projection of the spin basis set. Typically, Generally, overall net spin polarization can be traced back to

charge recombination rates depend critically on the electronic ,onadiabatic spin evolution, triggered by hyperfine interactions,

coupling matrix elemen¥, including its spin component:

)

where FCWD is the FranekCondon weighted density of
states'%3 Upon photoexcitation, model compouBdwhich does
not have NN, forms a two-spin RP with one singlet sublevel
1(MeOANn™—6ANI—Ph—NI~*) and three triplet sublevels
3(MeOAN™—6ANI—Ph—NI~*), which subsequently recombine
respectively to the ground-state singlet MeGAANI—Ph—

NI and the lowest triplet state MeOABANI—Ph—3*NI with
rateskcri andkcro, respectively. Both recombination processes
conserve the spin wave function to the zeroth order. The

ker = (27/h)|VI2(FCWD)

(100) Wiederrecht, G. P.; Svec, W. A.; Wasielewski, M. R.; Galili, T.; Levanon,
H. J. Am. Chem. So200Q 122 9715-9722.

(101) Greenfield, S. R.; Svec, W. A.; Wasielewski, M. R.; Hasharoni, K;
Levanon, H.The Reaction Center of Photosynthetic BacteNachel-
Beyerle, M.-E., Ed.; Springer: Berlin, 1996; pp-8a7.

(102) Hoytink, G. JAcc. Chem. Red.969 2, 114-120.

(103) Jortner, JJ. Chem. Physl976 64, 4860-4867.

spin—orbit coupling, and/or zero-field splitting (ZFS). Gast and
Hoff111.112ppserved that reduction of the ubiquinone electron
acceptor (UQ) in the primary electron transport cofactor
sequence of bacterial photosynthetic reaction center proteins,
(BChl),—BPhea-UQ™, followed by photogeneration of the
primary radical pair, (BChy*—BPheo*—UQ™, results in a

net emissively polarized UQ, which they attributed to
polarization transfer from the nearby BPhealue to spir-

(104) Weiss, E. A,; Sinks, L. E.; Lukas, A. S.; Chernick, E. T.; Ratner, M. A.;
Wasielewski, M. RJ. Phys. Chem. B004 108 10309-10316.

105) Muus, L. T.; Atkins, P. W.; McLauchlan, K. A.; Pedersen, JCBemically
Induced Magnetic PolarizatigrReidel: Dordrecht; Boston, 1977.

(106) Norris, J. R.; Morris, A. L.; Thurnauer, M. C.; Tang,JJ.Chem. Phys.
199Q 92, 4239-4249.

(107) Blattler, C.; Jent, F.; Paul, ELhem. Phys. Lett1990Q 166, 375—-380.

(108) Kawai, A.; Okutsu, T.; Obi, KJ. Phys. Chem1991, 95, 9130-9134.

(109) Goudsmit, G. H.; Paul, H.; Shushin, AJl.Phys. Chenil993 97, 13243~
13249.

(110) Blank, A.; Levanon, HJ. Phys. Chem. 2001, 105, 4799-4807.

(111) Gast, P.; Hoff, A. JBiochim. Biophys. Acta, Bioenergeti@979 548
520-535.

(112) Hoff, A. J.; Gast, PJ. Phys. Chem1979 83, 3355-3358.
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spin exchange coupling of BPheowith UQ™*. In addition, slower charge recombination. The observed-sgjpin exchange
Yamaucht® has put forward a relaxation mechanism to account interaction between the photogenerated radicarsadd A is

for a two-phase polarization pattern where the sign of the overall not altered by the presence of the third spin, which only
polarization switches frorato e or frometo a as time elapses,  accelerates radical pair intersystem crossing. Normally, the spin
but in this case a single rise and decay with no switching of the dynamics of correlated radical pairs do not produce a net spin
sign of the transient polarization is observed. The experimental polarization; however, net spin polarization appears onWitth
observation that generation of dynamic spin polarization on NN the same time constant as describes the photogenerated radical
is synchronous with the decay of the charge-separated statéon pair decay. This effect is attributed to antiferromagnetic
suggests that the recombinant local triphNll is the key to coupling between NNand the local triplet stat&NI, which is

the generation of net polarization. This can be explained by the populated following charge recombination. This requires an
fact that the Hamiltonian that describes the ZFS of triplet states, effective switch in the spin basis set between the triradical and

contains the double-quantum terr8s? and S_2 if the triplet the three-spin charge recombination product having both NN
and ®*NI present. It remains to be seen what effect a radical
Hyes = D(Szz — 1/332) + E(S(Z — 3/2) = having significant spin density delocalized onto the bridge has

on electron transfer. If the bridge within the-IB—A system

is itself a free radical, it is possible that enhanced charge and
spin transport over long distancesimportant for both molec-
state is localized an& is significant. These two terms couple  yjar electronics and photochemical energy conversianay

the |D2 +1/20sublevel, populated from theiland Oy’ states,  resuylt. Current studies are underway to develop -aBB-A
and the vacantQ, —3/20sublevel due to their proximity in  system that tests this limit.

energyl08109.113 Consequently, a net absorptive polarization
suggests that the energy level of i@s above B, corresponding
to antiferromagnetic coupling betweétNI and NN, so that
|D, +1/20gets depopulated by tHe 2 term before the ground
Dy state inherits this spin polarization fromp2nd remains
polarized until spir-lattice relaxation ensues.

D(S*— 1,8 + 'LE(S*+ S ?) (5)
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