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Abstract: The spin—spin exchange interaction, 2J, in a radical ion pair produced by a photoinduced electron
transfer reaction can provide a direct measure of the electronic coupling matrix element, V, for the
subsequent charge recombination reaction. We have developed a series of dyad and triad donor—acceptor
molecules in which 2J is measured directly as a function of incremental changes in their structures. In the
dyads the chromophoric electron donors 4-(N-pyrrolidinyl)- and 4-(N-piperidinyl)naphthalene-1,8-dicarbox-
imide, 5ANI and 6ANI, respectively, and a naphthalene-1,8:4,5-bis(dicarboximide) (NI) acceptor are linked
to the meta positions of a phenyl spacer to yield 5ANI—Ph—NI and 6ANI—Ph—NI. In the triads the same
structure is used, except that the piperidine in 6ANI is replaced by a piperazine in which a para-X—phenyl,
where X = H, F, Cl, MeO, and Me;N, is attached to the N' nitrogen to form a para-X-aniline (XAn) donor
to give XAn—6ANI—Ph—NI. Photoexcitation yields the respective 5ANIT—Ph—NI~, 6ANI*—Ph—NI-, and
XAn*t—6ANI—Ph-NI~ singlet radical ion pair states, which undergo subsequent radical pair intersystem
crossing followed by charge recombination to yield **NI. The radical ion pair distances within the dyads
are about 11—12 A, whereas those in the triads are about ~16—19 A. The degree of delocalization of
charge (and spin) density onto the aniline, and therefore the average distance between the radical ion
pairs, is modulated by the para substituent. The 3*NI yields monitored spectroscopically exhibit resonances
as a function of magnetic field, which directly yield 2J for the radical ion pairs. A plot of In 2J versus rpa,
the distance between the centroids of the spin distributions of the two radicals that comprise the pair,
yields a slope of —0.5 &+ 0.1. Since both 2J and kcr, the rate of radical ion pair recombination, are directly
proportional to V2, the observed distance dependence of 2J shows directly that the recombination rates in
these molecules obey an exponential distance dependence with 8 = 0.5 + 0.1 A1, This technique is very
sensitive to small changes in the electronic interaction between the two radicals and can be used to probe
subtle structural differences between radical ion pairs produced from photoinduced electron transfer
reactions.

Introduction encounter complex, which is followed by diffusive separation
of the radical ions or conformational changes in the linked
systems, both of which increase the distance between the radical
ions, allowing 2 to diminish. Such flexibility results in a wide
distribution of radical ion pair conformations and distances,
thereby complicating analysis of how the magnitude &f 2
n correlates with the specific structure of the radical ion pair and

inhibits the mixing of these states that is necessary for the the distance between the two radical ions. Staerk and co-workers

observation of magnetic field effects (MFEs) at easily accessible @ve shown that BA compounds both with fully flexible
magnetic fields. For this reason MFEs are most often observedPOlymethylene linkers and with polymethylene linkers incor-
in radical ion pairs that are either freely diffusingr tethered ~ Porating arans-cyclohexyl group to limit their conformational
via long polymethylene linkers to ensure thatig smalls In freedom sometimes exhibit a resonance in the magnetic field

these systems efficient charge separation (CS) occurs in andependence of the triplet yield following radical ion pair
recombinatior.®

The spin dynamics of photogenerated radical ion pairs are
sensitive to external applied magnetic fields, which permit the
manipulation of both the radical ion pair lifetimes and the yields
of products arising from radical ion pair dechy. However,
the presence of a large isotropic spBpin exchange interaction,
2J, between singlet and triplet radical ion pair states ofte

(1) Steiner, U. E.; Ulrich, TChem. Re. 1989 89, 51—-147. The bacterial photosynthetic reaction center is the classic
(2) Grissom, C. BChem. Re. 1995 95, 3—24. .. . .
(3) Hoff, A. J.; Gast, P.; van der Vos, R.; Franken, E. M.; Lous, Z. Phys. example of a rigid system that displays large MFEs on the yield
Chem.1993 180, 175-192. i i inati
(4) Schulien K. Staerk. H.. Weller, A Werner, H.-J.: Nickel, . Phys. of |t§ triplet charge .recomblr?at.lor-l product. Electron transport
Chem.1976 101, 371-390. within photosynthetic bacteria is initiated by electron transfer
(5) Staerk, H.; Kuhnle, W.; Treichel, R.; Weller, £&hem. Phys. Lett1985
188 19-24. (6) Werner, U.; Kuhnle, W.; Staerk, H. Phys. Chenil993 97, 9280-9287.

10.1021/ja029062a CCC: $25.00 © 2003 American Chemical Society J. AM. CHEM. SOC. 2003, 125, 3921—3930 = 3921



ARTICLES

Lukas et al.

Zeeman Splitting of the
Triplet Energy Levels

(T,

(T

{2y

Energy

)

(2J)
(T

Magnetic Field

Figure 1. Radical ion pair energy levels as a function of magnetic field.

from the lowest excited state of a bacteriochlorophyll dimer
(P) to an adjacent bacteriochlorophyll (B), followed by sequen-
tial thermal electron transfers to bacteriopheophytin (H), and
finally to a quinone (QY, 1 forming the P—B—H—Q radical
ion pair in about 200 ps. Removal or chemical reduction of Q,
followed by photoexcitation produces theé-PB—H™ radical ion
pair, which is formed in a pure singlet state. Tfe"—B—H"]

radical ion pair singlet state undergoes radical pair intersystem

crossing (RP-ISC) by mixing with the three sublevels of the
triplet state,}[P*—B—H"] <> 3[P™—B—H"], driven primarily

by the electrornuclear hyperfine interactions in each radical
ion of the pair. Subsequent radical ion pair recombination (CR)
produces*P—B—H. Application of a magnetic field as small
as 0.01 T lowers the yield fP—B—H by about 40942 which

is attributed to Zeeman splitting of the triplet sublevels that
diminishes mixing between the singlet and two of the three
triplet radical ion pair states, Figure 1.

Despite many studies of rigid DA arrays synthesized to
mimic the electron transfer dynamics of photosynthetic bacteria,
spin selective CR to a localized triplet state of the donor or the
acceptor has been observed in only a few c&%és$ Previous
work from this laboratory demonstrated the first donacceptor
molecule, MeOAR-6ANI—Me,Ph—NI, Chart 1, which closely
mimics the spin-dependent CR dynamics within the photosyn-
thetic reaction centéi:14 Transient absorption spectroscopy in
toluene determined that excitation of the 6ANI chromophore
results in stepwise CS: MeOA#*6ANI —Me,Ph—NI —
1IMeOANT™—6ANI~—Me,Ph—NI] IMeOANT—6ANI—
Me,Ph—NI~] to form the final radical pair with a quantum yield

—

(@) Ogrodnlk A.; Michel-Beyerle, M. EZ. Naturforsch.1989 44a 763—
764

(8) DlMagno T. J.; Norris, J. R. IMThe Photosynthetic Reaction Center
Deisenhofer, J., Norrls J. R., Eds.; Academic Press: San Diego, 1993; Vol.
2, pp 105-133.

(9) Sumi, H.; Kakitani, T.Chem. Phys. Lettl996 252, 85-93.

(10) Plato, M.; Mobius, K.; Michel-Beyerle, M. E.; Bixon, M.; Jortner,JJ.
Am. Chem. Socl988 110, 7279-7285.

(11) Holzapfel, W.; Finkele, U.; Kaiser, W.; Oesterhelt, D.; Scheer, H.; Stilz,
H. U.; Zinth, W.Chem. Phys. Lett1989 160, 1-7.

(12) Blankenship, R. E.; Schaafsma, T. J.; Parson, WBWchim. Biophys.
Acta 1977, 461, 297—305.

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

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

(15) Carbonera, D.; Di Valentin, M.; Corvaja, C.; Agostini, G.; Giacometti, G.;
Liddell, P. A.; Kuciauskas, D.; Moore, A. L.; Moore, T. A.; Gust, D.
Am. Chem. Socl998 120, 4398-4405.

(16) Wiederrecht, G. P.; Svec, W. A.; Wasielewski, M.RAm. Chem. Soc.
1999 121, 7726-7727.

(17) Wiederrecht, G. P.; Svec, W. A.; Wasielewski, M. R.; Galili, T.; Levanon,
H. J. Am. Chem. So@00Q 122 9715-9722.
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of 0.92. This radical ion pair undergoes RP-ISC to yield
3[MeOANnT—6ANI—Me,Ph—NI~], which recombines to give a
high yield of MeOAnR-6ANI—Me,Ph—3*NI. The sublevels of

this localized triplet state have unique non-Boltzmann spin
populations, which result in spin-polarized EPR spectra that can
be detected using time-resolved EPR spectroscopy (TREPR),
which closely mimic that observed for photosynthetic reaction
centers'®21 Subsequently, Gust and co-workers studied a
donor-acceptor triad based on a chromophoric porphyrin donor
coupled to a fullerene electron acceptor and carotenoid second-
ary donor that also displays the TREPR spin polarization pattern
characteristic of RP-IS& They also showed that its CR rate
was decreased by 50% in the presence of a relatively weak
magnetic field B = 0.041 T)22 The spin dynamics of radical

ion pair recombination on the picosecond scale has also been
controlled using applied magnetic fields of several tesla in
ferrocene complex€s. Up until now there have been no
investigations into magnetic field effects on radical ion pairs
and their products within a series of structurally rigid intramo-
lecular D—A compounds.

We now present data on a family of closely related rigid
donor-acceptor dyads and triads, Chart 2. In the dyads the
chromophoric electron donors are M-pyrrolidinyl) and 4-\\-
piperidinyl)naphthalene-1,8-dicarboximide, 5ANI and 6ANI,
respectively, in which the imide groups are linked imata

18) Thurnauer, M. C.; Katz, J. J.; Norris, J. Rroc. Natl. Acad. Sci. U.S.A.
1975 72, 3270.
(19) Dutton, P. L.; Leigh, J. S.; Seibert, Biochem. Biophys. Res. Commun.
1972 46, 406.
20)
)
)
)

—

Regev, A.; Nechushtai, R.; Levanon, H.; Thornber, JJ.ARRhys. Chem.
1989 93, 2421.

(21) Rutherford, A. W.; Paterson, D. R.; Mullet, J. Biochim. Biophys. Acta
1981, 635, 205.
(22) Kuciauskas, D.; Liddell, P. A.; Moore, A. L.; Moore, T. A.; Gust, D.

Am. Chem. Socd 998 120, 10880-10886.
(23) Gilch, P.; Pollinger-Dammer, F.; Musewald, C.; Michel-Beyerle, M. E.;
Steiner, 0. E Sciencel998 281, 982-984.
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Chart 3 Information. Characterization was performed with a Gemini 300 MHz,
Varian 400 MHz, or INOVA 500 MHz NMR and a PE BioSystems
Oa MALDI-TOF mass spectrometer. All solvents were spectrophotometric
o grade or distilled prior to use.
N Cyclic voltammetry measurements were performed in butyronitrile
sanl © \©\ solution containing 0.1 M tetra-butylammonium perchlorate electro-
lyte using a CH Model 622 electrochemical workstation. A 1.0 mm
diameter platinum disk electrode, platinum wire counter electrode, and
%N Ag/AgO reference electrode were employed. The ferrocene/ferrocinium
fo) couple (Fc/F¢, 0.52 vs SCE) was used as an internal reference for all
N measurements.
X eanl © Absorption measurements were made on a Shimadzu (UV-1601)
spectrophotometer. The optical density of all samples was maintained
D between 0.7 and 1.0 at 416 nmMgduiai6nm = 7000 cnit M™Y.
N/\\/N Femtosecond transient absorption measurements were made using the
X-An o 420 nm frequency-doubled output from a regeneratively amplified
N titanium sapphire laser system operating at 2 kHz as the excitation
6ANI O \©\ pulse3® Samples were placedh ia 2 mmpath length quartz cuvette
and stirred using a motorized wire stirrer. Nanosecond transient
X =H, F, Cl, OCHz, N(CH3), absorption measurements were made using the 416 nrRakhan
shifted output from a frequency-tripled 10 Hz Nd:YAG laser (Quan-
relationship to a phenyl spacer to which a naphthalene-1,8:4,5-taRay DCR-2). Samples were placed in a 10 mm path length quartz
bis(dicarboximide) (NI) electron acceptor is attached. In the cuvette equipped with a vacuum adapter and subjected to five freeze
triads the same structure is used, except thathegiggerazinyl)- pump-thaw degassing cycles prior to transient absorption measure-

naphthalene-1,8-dicarboximide serves as a chromophoric elec-m‘?ms' The probe light in the nanosecond experiments was generated
tron acceptor, the primary donor ipara-X-aniline (XAn), in using a xenon flashlamp (EG&G Electro-Optics FX-200) and detected

. - , using a photomultiplier tube with high voltage applied to only 4 dynodes

\rl]vi?rlggeﬁ ;f ?f;eri(;grgﬂz?r% aar::ii I\t/lhi\lsaer(?oiggcr:;iiégptttﬁ I': NI (Hamamatsu 3928). The total instrument response is 7 ns and is
) ' : " determined primarily by the laser pulse duration. The sample cuvette

The dyads and triads undergo photoinduced electron transferyag placed between the poles of a Walker Scientific HV-4W
to yield the respective 5SANFPh—NI~, 6ANIT—Ph-NI~, and electromagnet powered by a Walker Magnion HS-735 power supply.
XAnT—6ANI—Ph—NI~ radical ion pair states. These radical The field strength was measured by a Lakeshore 450 gaussmeter with
ion pairs undergo RP-ISC before recombining to yi&iNI. a Hall effect probe. Both the electromagnet and the gaussmeter were
Application of a G-1 T external magnetic field prior to interfaced with the data collection computer, allowing measurement
photoexcitation results in Zeeman splitting of the triplet and control of the magnetic field t&cl x 10°° T during data
sublevels, which produces a decrease in the triplet yieldig2  acquisition. _
small, or a resonance ifi2s somewhat larger, due to enhanced _ KInetic traces were recorded over a range p&2Thirty shots were
singlet-triplet mixing for fields at which level crossing occurs, ?S/Zrﬁ)gsec% a; Zizhsrgr???ft: ;';I: iifrn%:iggtigcb?;;miii:'g'tal
Figure 1. The structural rigidity of these compounds permits relative trizlet yield reported is puter,
direct measurement of well-defined Besonances. Within the

dyads, resonances are observed at field strengths of several T AA(B)

tenths of a tesla, while resonances within the triads are observed T, AAB=0) @

at much smaller fields. The energy of th&r@sonance correlates

strongly with the distance separating the radical ion pagis, The results presented are an average of three experiments conducted
which relates directly to the electronic coupling matrix element on separate days with freshly prepared samples.

for CR, Vpa.242° In addition, 2 is sensitive to the geometry Results

of the bonding network joining the radical ion pairs, thus making

it possible to evaluate the dependenc&gf, and thus electron Steady State SpectrosopyThe photophysics of the SANI
transfer rates on the details of the radical ion pair molecular and 6ANI chromophores have been characterized previously
structure. in detail31:32 Briefly, their ground state optical spectra exhibit

broad charge transfer (CT) absorptions centered at 438 and 397

nm in toluene, respectively. Figure 2 displays the ground state
The syntheses of 6ANIPh—NI, 6ANI, HAn—6ANI, and MeOAnR- electronic spectra of 5SANtPh—NI, 6ANI, and 6ANI—Ph—NI

6ANI have been reported previousiA! while those of the remaining in toluene. The 5ANI and 6ANI CT absorption bands are

molecules follow similar procedures and are reported in the Supporting apparent as We” as the Vibronic structure (343, 363, and 382

nm) arising from ar—z* transition within the NI acceptor. The

Experimental Section

(24) Anderson, P. WPhys. Re. 1959 115 2—13.

(25) Soos, ZAnnu. Re. Phys. Chem1974 25, 121—153. spectra of the triads (not shown) are virtually identical to that
(26) Okamura, M. Y.; Isaacson, R. A.; Feher,Bochim. Biophys. Acta979 of 6ANI—Ph—NI. because thp—X-aniIine (X =H. F. Cl. MeO
546, 394. ) H, F, Cl, MeO,
(27) Nelsen, S. F.; Ismagilov, R. F.; Teki, ¥. Am. Chem. Sod998 120, and MeN) electron donors do not absorb significantly in the
2200-2201.

(28) Kobori, Y.; Sekiguchi, S.; Akiyama, K.; Tero-Kubota, .Phys. Chem. visible region of the spectrum.

A 1999 103 5416-5424.
(29) Yago, T.; Kobori, Y.; Akiyama, K.; Tero-Kubota, S. Phys. Chem. B (31) Greenfield, S. R.; Svec, W. A.; Gosztola, D.; Wasielewski, MJRAM.

2002 106, 10074-10081. Chem. Soc1996 118 6767-6777.
(30) Lukas, A. S.; Miller, S. E.; Wasielewski, M. R. Phys. Chem. R00Q (32) Debreczeny, M. P.; Svec, W. A.; Wasielewski, M.NRew J. Chem1996
104, 931-940. 20, 815-828.
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Table 2. Redox Potentials of the Indicated Compounds Measured

= 2.0 € N !
= in Butyronitrile Containing 0.1 M Tetra-n-butylammonium
_&’ SANI-Ph-NI Perchlorate?
= ——BANI
g 157 —— BANI-Ph-NI compound XAn*t ANJ*E ANIFE NI
—_ -
S hgye = 416 nm 5ANI—Ph-NI 1.06 -130  —0.49
= 104 6ANI—Ph—NI 123  -132  —0.49
2 An—6ANI—Ph—NI 1.02 125 —-131  —0.50
S CIAn—6ANI—Ph—NI 1.12 140 —130  —0.49
£ 05- FAn—6ANI—Ph-NI 1.07 120 —-131  —0.49
<) MeOAN—6ANI—Ph—NI 0.82 122 —-130 —0.50
8 Me,NAn—6ANI—Ph—NI 0.33 131 —129  —0.49
<< p0-
: : a All potentials versus saturated calomel electrode (SCE).
300 400 500 600
Wavelength (nm) correspond closely to that of naphthalene-1,8-dicarboximide. The
Figure 2. Ground electronic spectra of compounds 5AIRh—NI, 6ANI, first reduction potential of NI occurs at0.5 V and is constant
and 6ANFPh=NI in toluene. within the series of dyad and triad compounds. The oxidation
Table 1. Steady State Photophysical Properties of the Indicated potentials of the HAn, FAn, ClAn_’ MeOAn, and WAH _
Compounds in Toluene electron donors correlate strongly with the electron-withdrawing
compound Augs (nM) Jew () @y or -releasing nature of thpara substituent attached to the
SANI 438 502 0.92 aniline. Only MeOAn and MgNAn have oxidation potentials
BANI 397 497 0.91 substantially less positive than that of 6ANI.
5?”:—Ehh:m: igg igg g-gfl’g Time-Resolved Charge Separation DynamicsTransient
infele 399 517 0.4 absorption spectroscopy permits direct observation of the
FAN—6ANI 399 51G 0.62 intermediates formed via photoinduced electron transfer. The
CIAn—6ANI 399 516 0.58 CS rates were measured after excitation of the 5SANI or 6ANI
MeOAn—6ANI 390 572 0.033 chromophores with a 416 nm, 130 fs laser flash. The presence
MeNAn—6ANI 399 >60C <0.00P o : i
An—6ANI—Ph=NI 399 517 0.012 of NI within 5ANI —Ph—NI and 6ANI—Ph—NI results in rapld
CIAn—6ANI—Ph—NI 399 51G 0.013 CS to form the 5ANt—Ph—NI~ and 6ANIF—Ph—NI~ radical
EAAF(I)—AM%'A—NFT—P'\:]'_NI ggg g%g 8~8(1)‘2? ion pairs, respectively. These are detected by the presence of
e n— - . _ . . . .. .
Me,NAN—6ANI—Ph-NI 399 - 600 <0.00F the NI~ radical anion, which has distinct absorptions at 480

nm (€ = 28 300 cnT: M~1) and 605 nmd = 7000 cntt M~1),
aFluorescence resulting from charge recombination. as shown in Figure 3A* The time constants for CS are listed
in Table 3. Analogously, attachment of electron donors to the
The *5ANI and *6ANI states can act as either electron 6ANI chromophore within the reference molecules given in
donors or acceptors. Attachment of the NI electron acceptor Chart 3 results in electron transfer to form the XAmANI~
via a metasubstituted phenyl bridge to either 5ANI or 6ANI  radical pairs, as detected by the presence of the 6/dxion
results in nearly complete quenching of their fluorescence in radical, which has distinct absorptions at 420 rm=(23 500
toluene, as reflected in the steady state quantum yield data listeccm=! M~1) and 510 nm{ = 7000 cnt! M~1), as well as by
in Table 1 and suggesting that the 5ANIPh—NI~ and monitoring the formation and decay of stimulated emission
B6ANI*—Ph—NI~ radical ion pairs are formed with quantum resulting from radiative ion pair recombination. The time
yields exceeding 0.98 (see below). Reference compounds-XAn constants for photoinduced electron transfer are listed in Table
6ANI, where X= H, F, Cl, MeO, and MgN, have thepara 3 and show that the reaction XA6ANI — XAnT—6ANI~ is
substituted electron donors attached to 6ANI via a piperazine very rapid for all substituents X.
bridge as shown in Chart 3. The fluorescence quantum yields \ithin the triads the reaction XAR™6ANI —Ph—NI —
from *6ANI in these molecules are alk 0.003, while the XAnt—6ANI~—Ph—NI is much faster than the corresponding
radical ion pair states XAn-6ANI~ all undergo radiative reaction XAn-*6ANI —Ph—NI — XAn—6ANIT—Ph—NI—, so
recombination to ground state, except wherN(CHjz).. The that the overall formation of the distal radical ion pair occurs
radiative recombination makes it possible to accurately assesspy the reaction sequence XA#*6ANI —Ph—NI — XAn*—
the free energy for the reaction XABANI — XAn*—6ANI"3'  6ANI~—Ph—-NI — XAn*—6ANI—Ph—NI~. The rate constants
Redox Potentials.The electrochemical properties of aromatic and free energiésfor these reactions are given in Table 3. For
imide and diimide chromophores are highly sensitive to the example, within MeOArR-6ANI—Ph—NI the primary CS event
nature of the imide substituefit.The 5ANI and 6ANI chro- is formation of the MeOAR—6ANI~ —Ph—NI ion pair, as
mophores undergo reversible oxidation and reduction at modestmeasured by the appearance of the 510 nm absorption band of
potentials, as indicated by cyclic voltammetry. The redox 6ANI~, as seen in the transient spectra of MeG&ANI—
potentials for all the molecules used in this study are given in Ph—NI at early times within Figure 3B. The 510 nm 6ANI
Table 2. The oxidation potentials of 5ANI and 6ANI (1.06 and peak disappears with a time constant of 120 ps, which is
1.23V, respectively) are very similar to the oxidation potentials identical to that for the appearance of the heaks at 480 and
of N-methylpyrrolidine andN-methylpiperidine, respectively, 610 nm. This distal radical ion pair is formed with a quantum
while their reduction potentials are both abotl.3 V and yield in excess of 0.99.

(33) Viehbeck, A.; Goldberg, M. J.; Kovac, C. A. Electrochem. Sod.990 (34) Wiederrecht, G. P.; Niemczyk, M. P.; Svec, W. A.; Wasielewski, MIR.
137, 1460-1466. Am. Chem. Socd996 118 81—-88.
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A population. TREPR measurements on closely related compounds
0.204 have shown that the triplet levels of the radical ion pair are
higher in energy than that of the singlet state, which makies 2
0.154 negative within this series of compountsAccording to the
Heitler—London model, the singlet radical pair is stabilized
0.10 while the triplet is destabilize® Having noted this fact, for
% convenience we will ignore the sign ol 2n our subsequent
0.05+ discussion. At zero field, the degree of mixing of the singlet

and triplet radical pair states is determined by &hd the
0.00 I _— electron-nuclear hyperfine interactions within each radical.

Application of an external magnetic field splits the triplet
sublevels into E; and Tp levels via the Zeeman interaction, as
450 500 550 600 650 700 shown in Figure 1. As the field increases, the; Bublevel
Wavelength (nm) comes into resonance with S, which leads to increased S
B T_; mixing. While absolute changes in the singlet and triplet
sublevel populations cannot be detected using magnetic fields
alone, the increased mixing of the spin states at the level crossing
increases the yield NI formed from CR of the triplet radical
pair, which is detected by transient absorption. Further increases
in the magnetic field strength increase theTS.; energy gap,
which results in a decrease in the triplet yield to a constant value
that is due to STy mixing alone. The overall effect is observed
as an increase in the triplet product of charge recombination
when the S-T_; resonance condition is satisfied, followed by
a decrease when S can only interact with%%” Thus by
[ observing the change in population of the neutral localized triplet
450 500 550 600 650 700 state as a function of magnetic field we have a sensitive direct
Wavelength (nm) gauge of the singlettriplet energy difference, 2 within the
Figure 3. (A) Transient absorption spectra of 6ANPh—NI at the times radical ion pair.
indicated following excitation with a 420 nm, 130 fs laser flash. (B) The production of*NI (formed via RP-ISC) as a function
Transient absorption spectra of MeOABANI—Ph-NI at the times of external magnetic field strength<@ T) within SANI—Ph—
indicated following excitation with a 420 nm, 130 fs laser flash. NI, 6ANI—Ph—NI, and the triads is shown in Figures 6, 7A,
and 7B. Each of these compounds displays a distinct resonance
at 2J. The values of 2are determined from these plots and are
listed in Table 4. The CR time constants at zero field], #hd
1 T are also given in Table 4.

-0.054

0.20+

0.154

S 0.10-

0.05+

0.00

Charge Recombination in the Absence of an External
Magnetic Field. The transient absorption spectra of MeOGAn
6ANI—Ph—NI following excitation with a 416 nm, 7 ns laser
flash are displayed in Figure 4. At early timés< 60 ns), the
spectrum displays sharp features at 480 and 605 nm characterbiscussion

istic of the MeOAT—6ANI—Ph—NI" radical ian pair. While Theory. The formation of triplet states within SANIPh—
the transient absorption spectra of the singlet and triplet radical NI 6ANI—Ph=NI. and XAn—6ANI—Ph—NI occurs via the

ion pair states are indistinguishable from one another, they RP-ISC mechanism. This mechanism can be described by the
undergo CR via different pathways. The singlet radical ion pair spin-Hamiltonian

recombines to ground state, which is the baseline within the
transient absorption experiment, while the triplet radical ion pair
recombines to form the neutral triplet state. The spectrum at Hsr = BBo(015: + 6:S) + zalisl'li +
longer times { = 600 ns) within Figure 4 arises from ' "
*[MeOAN—6ANI—Ph-NI]. TREPR has shown that this triplet Zazksz" «— () +25:S) (2)
state is localized on NI within analogous dyads and tridds.
Therefore the broad absorption centered at 480 nm in the
transient spectrum is due to MeOABANI—Ph—3*NI. These
CR dynamics give rise to transient kinetics at 480 nm, which
are characterized by an instrument-limited rise followed by
exponential decay to a shelf, as seen in the inset to Figure 4.
The rate constants for CR Bt= 0 T are a sum of the rates for
CR of the singlet and triplet radical ion pairs, labeled within
Figure 5 asks andkr, respectively. These rate constants most
likely differ considerably due to large differences in the free
energies of reaction.

Charge Recombination in the Presence of a Magnetic  (35) Alexander, M. H.; Salem, L. Chem. Phys1967, 46, 430.
Field. The amplitude of the long-lived component within the (36) Weller, A.; Staerk, H.; Treichel, Rraraday Discuss. Chem. Sot984

. o ; 78, 271-278.
transient kinetics directly measures the XABANI—Ph—3*N| (37) Weller, A.; Nolting, F.; Staerk, HChem. Phys. Lettl983 96, 24—27.

wheref is the Bohr magnetorB, is the applied magnetic field,

01 and g, are the electronig-factors for each radical; and

S, are electron spin operators for the two radicals within the
radical pair,l; andly are nuclear spin operatoms; anday are

the isotropic hyperfine coupling constants of nucleusith
radical 1 and nucleuswith radical 2, andl is the scalar spin

spin exchange interaction constant. Anisotropic exchange
interactions, dipolar hyperfine couplings, and the magnetic
dipole—dipole interaction are neglected because the measure-
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Table 3. Free Energies and Time Constants for Charge Separation and Recombination in Toluene
compound AGcg (V) CS; (ps) AGcr; (V) CRy (ns) AGcs, (eV) CS,(ps) AGcrz (€V) CR;,(ns)
5ANI—Ph—NI —0.54 85 211 45
6ANI—Ph—NI —0.53 120 2.27 120
An—6ANI —0.08 18 2.72 5.0
FAn—6ANI —0.06 28 2.74 5.2
CIAn—6ANI —0.06 27 2.74 5.4
MeOANn—6ANI —0.32 7.7 2.48 5.3
Me,NAn—6ANI —0.81 1.2 1.99 0.15
An—6ANI—Ph—NI —0.08 18 2.72 —0.19 120 —2.532-0.48 120
CIAn—6ANI—Ph—NI —0.06 30 2.74 —0.10 120 —2.552-0.50 112
FAn—6ANI—Ph—NI —0.06 25 2.74 —0.14 120 —2.602 —0.59 168
MeOAn—6ANI—Ph—NI —0.32 8.0 2.48 —0.48 40 —2.0020.08 73
MeaNAn—6ANI—Ph—NI —0.81 1.3 1.99 —0.53 25 —1.4620.59 100

aRecombination to ground stateRecombination to NI triplet state.
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Figure 4. Transient absorption spectra of MeOABANI—Ph—NI at the
times indicated following excitation with a 416 nm, 7 ns laser flash. Inset:
Kinetics monitoring the 480 nm spectral features.
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Figure 5. Energy level diagram for relevant donegsicceptor electronic
states.

ments are performed in solution. Also, it is assumed that nuclei
associated structurally with a given radical couple only with
the electron spin within that radical.

Zeeman splitting of the triplet sublevels requires an applied
magnetic field, and thus the first term in eq 2 cannot contribute
to S< T mixing at zero field. As the strength of the magnetic
field increases, contributions from this term will begin to
contribute to S= T mixing due to differences in the isotropic
g-factors of the two electron spins. The frequency for conversion
of the spins from singlet to triplet is given by eq 3:

_ AgBB,
==

Aw

®)

where Ag is the difference ing-factors for the two radicals.
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The small differences ig-factors for organic radicals such as
those studied here contribute to singt&iplet mixing only at

field strengths of several tesla. There is no experimental evidence
within Figures 6 and 7 for &g contribution because the data
do not show a monotonic increase in triplet product yield as a
function of field strength. Therefore, for the range of field
strengths in the present study, singl&iplet mixing of the
radical pairs within these compounds is driven largely by the
hyperfine and exchange interactions.

In general, hyperfine interactions (HFI) between the magnetic
moments of the unpaired electrons and those of nearby nuclei
drive singlet-triplet mixing at zero and small magnetic fielis.
Weller and co-workers have shown that for a series of organic
radical ion pairs, the magnetic field value at half-saturation due
to HFI can be approximated by eg?®3’

ByZ + B,’

BT B, @

Bi,=2

where Bp and Bp refer to the energies of the hyperfine
interactions between the nuclear spins and unpaired electron
spins on the donor and acceptor. These may be determined from
the values of the isotropic electrenuclear hyperfine coupling
constantsy for the nuclear sping on radicali using eq 5:

B = [Zlk(lk + 1)aik2] v )

The values ofay for NI~ and MeOAr, as well as those for
the radical cations dil-methylpyrrolidine andN-methylpiperi-
dine, were obtained from the literatui#&*° The values ofay
for XAn* (X = H, Cl, F) were obtained by scaling their
calculated spin densities given in Table 5 using the calculated
and experimental hyperfine couplings observed for Me®©AnN
Values of By, for 5ANIT—Ph—NI—, 6ANIT—Ph—NI—, and
XAn+t—6ANI—Ph—NI~ were calculated using these hyperfine
coupling constants and eqgs 4 and 5 and are listed in Table 4.
For compounds that display distinct resonancBgp
(1/2)AB, whereAB is the full width at half-maximum of the
resonance.

The exchange interaction],ds defined as the energy splitting
between the singlet and triplet radical pairs and likely arises

(38) zZhong, C. J.; Kwan, W. S. V.; Miller, L. LChem. Mater1992 4, 1423~
1428

(39) Ciminale, F.; Curci, R.; Portacci, M.; Troisi, Metrahedron Lett1988
29, 2463-2466.

(40) Eastland, G. W.; Rao, D. N. R.; Symons, M. C.JRChem. Soc., Perkin
Trans. 21984 1551-1557.
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Table 4. Experimentally Determined Values for 2J, By, and Charge Recombination Rates at B= 0 G, 2J, and 1 T, and By, Values

Calculated Using Egs 4 and 5 from HFI Literature Values38—40

By, (T) By (MT) Ter (NS) Tcr (NS) cr (NS)
2J (mT) exptl calc T(0)/RP B=0T B=2J B=1T
5ANI—Ph—NI 305 80 4.2 0.12 45 42 45
6ANI—Ph—NI 320 130 4.2 0.09 120 107 120
An—6ANI—Ph-NI 52.5 725 3.9 0.24 120 96 153
CIAn—6ANI—Ph—NI 325 102.5 3.9 0.31 112 100 177
FAN—6ANI—Ph—NI 60.0 123 4.2 0.26 168 138 214
MeOAN—6ANI—Ph—NI 15 2.2 3.8 0.25 73 84 68
15.0 3.0
Me2NAn—6ANI—Ph—NI 3.9 100 100
1 —2J A
’ — 5ANI-Ph-NI
R, —— B6ANI-Ph-NI
Q2 e
> @
° >
& o
- o
- =
o -
)
= 2
© ©
Q ©
o x
09 T Ll T ) Ll T
0.0 0.2 0.4 0.6 0.8 1.0 ' '
B (T)
B(T) 5
Figure 6. Relative triplet yield for the indicated dyads atD T. 12
from interactions between the frontier orbitals of the radical - T
pairs. Figure 1 shows that the Zeeman splitting of the triplet 0] 1.14
sublevels causes § T-; level crossing whe = 2J, which > q D_‘
leads to the maximum in the triplet product yields observed in ° -
Figures 6 and 7. At higher field strengths onlyST, mixing 2 0.9
occurs, at which point the magnetic field effect saturates. Weller = |
relates the observed resonancéat 2J to rpa using _g 0.8
© ]
2J(r) = 2J0e*°‘(rDA*'°) (6) & 0.7 -
where 3(r) is obtained from the peak of the observed resonance, 0.6+ ' ' ' r r
rpa is the radical ion pair separatiorn, is the van der Waals 0 5 10 15 20 25
contact distance of 3.4 A, andlRand a. are constants. The B (mT)

preexponential & includes the dependence of the spapin

Figure 7. (A) Relative triplet yields for XAr-6ANI—Ph—NI triads at G-1

exhange interaction on the geometry of the radical pair. Equation T- (B) Relative triplet yield for MeOAR-6ANI—Ph—NI at 0—25 mT.
6 predicts that the observed resonance should move to lower

fields as the distance between the radical ions increases.
Magnetic Field Effects on Charge Recombination within
the Dyads and Triads. The two dyads, SAN+Ph—NI and
6ANI—Ph—NI, which differ only in the number of carbon atoms
in the cyclic amine of the chromophore, display broatl 2
resonances near 0.3 T, Figure 6. Likewise, the calculBigd
values are virtually identical for these compounds, Table 4.
However, comparison of the experimental and calcul&gsl
values shows that the observBg, values are 1 to 2 orders of
magnitude larger than those calculated assuming a contributio
from HFI alone. Given that the measured lifetimes of 5ANI
Ph—NI~ and 6ANI"—Ph—NI" are never less than 42 ns atD
T, Table 4, the line widths of theirJZesonances are not due to
uncertainty broadenindi(= 5.7 x 10712 T-s)#1 Thus, within

(41) Staerk, H.; Treichel, R.; Weller, AChem. Phys. Lettl983 96, 28—30.

5ANIT—Ph—NI~ and 6ANIF—Ph—NI~ the spin Hamiltonian
(eq 2) is dominated by the exchange interactiah, &hd the
assumption can be made that2 Eyp,.

The triads are structurally similar to the dyads, but exhibit
smaller 2 values and much sharper resonances. This is due to
delocalization of charge and spin density away from 6ANI
toward the HAn, FAn, CIAn, and MeOAn electron donors
within the triads and increases the radical ion pair distance
relative to that in 6AN+Ph—NI depending on the oxidation

pPotential of XAn. In MeOAn—6ANI—Ph—NI~, the observed
By, values agree very well with those calculated from the HFI
using egs 4 and 5. The fact that 2 Enr implies that the HFI
plays a significant role in S> T mixing at zero field within
MeOANt—6ANI—Ph—NI". In the triads where %= H, F, and
Cl the observed values &;/, are over an order of magnitude
larger than the calculated values, so that2 Eng, as is ob-
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Table 5. Calculated Spin Densities for the Cation Radicals of
5ANI, 6ANI, and XAn—6ANI, where X = H, F, Cl, MeO, and Me;N,
Determined Using UHF-AM1 Calculations?

atom 6ANI S5ANI H F Cl MeO Me;N

C1 0.400 0.385 0.012 0.009 0.008 0.006 0.002
C2 —-0.386 —0.367 —0.012 —0.008 —0.007 —0.006 —0.002
C3 0.429 0420 0.012 0.009 0.008 0.006 0.002
C4 —-0.418 —-0.412 —-0.013 —0.009 —0.008 —0.006 —0.002
C5 0.386 0.366 0.014 0.009 0.009 0.007 0.002
C6 —0.363 —0.334 —0.013 —0.009 —0.008 —0.007 —0.002
Cc7 0.617 0.644 0.018 0.013 0.012 0.009 0.003
C8 —-0.461 —-0.457 —0.016 —0.011 —0.011 —0.008 —0.002

C9 0.545 0551 0.019 0.014 0.013 0.010 0.003
C10 —-0.309 —-0.261 —0.020 —0.014 —0.014 —0.010 —0.003
C11 -0.079 -0.083 —0.002 —0.001 —0.001 —0.001 —0.000
Cl12 0.053 0.051 —0.001 —0.001 —0.001 —0.001 —0.000
01 -0.089 —-0.094 —0.003 —0.002 —0.002 —0.001 —0.000
02 -0.060 —0.059 —0.002 —0.001 —0.001 —0.001 —0.000

N1 0.543 0454 0.018 0.017 0.017 0.011 0.004
N2 —-0.017 —-0.018 0.000 0.000 0.000 0.000 0.000
N3 0.609 0581 0.585 0.528 0.352
C13 —0.280 —0.264 —0.272 —0.151 —0.090
Ci14 0.468 0.429 0445 0.350 0.010
C15 —0.396 —0.377 —0.389 —0.264  0.054
C16 0.531 0.498 0518 0.386  0.066
C17 —0.395 —0.377 —0.389 —0.248  0.055
C18 0.469 0.430 0.446  0.295-0.009

X —0.029 —0.060 —0.035 0.096 0.373

a Atoms are labeled according to Chart 4.

served for the dyads. The degree of>ST mixing at zero field
within the radical pair is best illustrated by the ratio of the local-
ized triplet3*NI yield to that of the radical ion pair, T(0)/RP,
as indicated in the Figure 4 inset. The absorption ratios directly
reflect the T(0)/RP yield ratio and are listed in Table 4. These
data show that, as expected, the yielddfl following charge
recombination is much higher within the triads than the dyads.
Given the smaller values ofJ%or the triads relative to the
dyads, the hyperfine interaction makes a much more significant
contribution to S< T mixing. At low field it is difficult to
separate the contributions of each mechanism in terms of

Chart 4

15 14
triplet radical ion pair originated from an excited triplet state.
The same mechanism occurs for MeGABANI—Ph—NI, in
which repopulation of the radical ion pair results in the longest
CR time constants occurring when<ST_; mixing is strongest,

i.e., atB = 2J.

The 4-dimethylaminoaniline (M&lAn) donor within
Me,NAn—6ANI—Ph—NI undergoes reversible oxidation at
0.33 V vs SCE, the most negative oxidation potential in this
series of compounds. This results in rapid CS with; = 1.3
ps andrcs, = 25 ps, forming MeNAn+t—6ANI—Ph—NI~ with
unity quantum yield. However, no magnetic field effect is
observed for this compound because the radical pair can
only undergo CR to the singlet ground state sinde = 0.59
eV for 3MeNAnT—6ANI—Ph—NI"] — [Me,NAn—B6ANI—
Ph—3*NI]. While significant S<- T mixing is likely to occur
within the radical pair, no field-dependent change is observed
in the CR rate because singlet CR is field independent.

Relating 2J Resonances to Radical lon Pair Structure and
Electronic Coupling. An analysis of the relationship between
the observed 2resonances and the structures of the radical ion
pairs requires an estimation of the spin densities within the
radical ion pairs and the effective distance between the spin
distributions within the radical ion pairgpa. The energy-
minimized structures of the cation and anion radicals within
the dyads and triads were calculated using the unrestricted
Hartree-Fock (UHF) AM1 method? The spin density distribu-
tion within the NI” radical anion is symmetric and principally
resides within the naphthalene ring, so that the geometric center
of NI~ is the center of its spin distribution. The spin densities
for selected atoms within the cation radicals are listed in Table

population and depopulation rates of the mixed states. Never‘[he-s according to the nomenclature given in Chart 4. Significant

less, several observed trends between the CR rafg@s=ad T,

2J), and 1 T should be mentioned. First, it is clear from
comparing CR time constants Bt= 0 and 1 T that S most
likely interacts with all three triplet sublevels at zero field. As
the field increases, the CR time constants become shorker at
= 2J due to increased S T_; mixing. At higher fields, the

spin density resides on the nitrogen atom (N1) attached to the
4-position of the naphthalene-1,8-dicarboximide ring of 5ANI
and 6ANI". In contrast, the largest spin density in each triad
resides on the piperazine nitrogen (N3) that is part of XAn. As
the electron-releasing MeO and Mesubstituents stabilize the
positive charge, the spin distribution within XArshifts away

time constants for CR become longer again because S mixesrom N3 and toward these substituents. The calculated spin

only with To. Interestingly, compound MeOAmGANI—Ph—

NI is an exception to this trend; its CR time constant is longer
whenB = 2J and shorter at high fields. This is a consequence
of an additional mechanistic complexity for this molecule.
TREPR spectra published earlier show that the emission,
absorption spin polarization pattern of the EPR lines observed
at early times for the closely related MeOARGANI—
Me,Ph—NI~ radical ion pair (Chart 1) is a consequence of its
singlet state precursor, MeOAR*6ANI —Me,Ph—NI.13 How-
ever, the energies of MeOAr6ANI—Me,Ph—NI~ and
MeOANn—6ANI—Me,Ph—3*NI are nearly degenerate, so that
as a function of time an equilibrium between these two states
is established, which leads to a significant population of
3[MeOANT—6ANI—Me,Ph—NI"] produced from MeOAr
6ANI—Me,Ph—3*NI. This results in an inversion of the spin
polarization pattern as a function of time, indicating that the
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densities suggest that the average distance between the spin
density distributions of each radical ion within 6ANtPh—

NI~ and 5ANI—Ph—NI~ should be significantly shorter than
the corresponding distances in XARGANI—Ph—NI—. A
reasonable estimate of the effective radical ion pair distances
in these molecules can be obtained using the spin densities to
weight the distances between the individual atoms in the radical
cation and the center of Nlfor each molecule. Since the
through-bond contribution to the overall electronic coupling
between covalently linked radical ion pairs at fixed distances
usually dominates, we measure the distances from the individual
atoms of the radical cation to the center of the phenyl group
attaching it to Nt and then add to it the 7.8 A distance from
the center of the phenyl to that of NIThese distances are then

(42) AML1 calculations were performed using HyperChem; Hypercube, Inc., 1115
NW 1114th St., Gainesville, FL 32601.
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weighted by the calculated spin densities of the radical cation
and summed to yieltha. Generallyypa increases as the radical
cation is stabilized by substituent effects.

6 SANI-Ph-NI
]

The limited degree of conformational freedom within the = | =
radical ion pairs studied here means that eq 6 should provide a +_ 4| SANIPh-NI
reasonable description of the dependencelafrpa. However, S5 |
comparisons between molecules using eq 6 are valid only if (2 3
each radical ion pair in the series has the same free energy of =5
formation and recombination. This stems from the fact that the % 21

exchange interaction for a radical ion pair is directly related to
the electronic coupling matrix elements,, and the respective 14 X=MeO (2J=15mT) m
energy gaps at its relaxed geomet\E,, between the radical
ion pair and then states from which it is formed and to which 11 12 13 14 15 16 17 18 19 20
it decays by a relationship derived from second-order perturba- r (A)

tion theory?4-2° A

Figure 8. Plot of In(2J(AGcrT + 1)) vs distance for the indicated dyads
V2 and triads.

n
2) = ZAE (7) HsCO,

n

n

Given the much smaller energy gap between the triplet radical

ion pair state and the triplet state of NI that results from CR

relative to that between the singlet radical ion pair state and

singlet ground state for each molecule, Table 3, we assume that H3CO,
the term in eq 7 that couples the triplet radical ion pair state to

the triplet recombination product dominates, so that

VCRT2
2)=— m 8
where/ is the vertical reorganization energy for CR within the B

radical ion pair leading to the local neutral triplet state of NI Figure 9. Two conformations of MeOAh—6ANI—Ph—NI~ resulting from
and AGcrr = E(triplet) — E(radical ion pair). The total chair—boat inversion of the piperazine ring.

reorganization energy = 1s + 1,, wherelsis the contribution
from the solvent and, is the internal structural reorganization
of the donor and acceptor. Noting that the static and high-
frequency dielectric constants of toluene are almost equal, the
Marcus dielectric continuum mod&élpredicts thatls is negli-
gible. The value of, typically assigned to aromatic donors and
acceptors is 0.3 e¥ so thatl = 0.3 eV.

The terma in eq 6 can be directly related to the exponential
damping facto)s for the distance dependence of the rate constant
for nonadiabatic electron transfér#4” Since the semiclassical
Marcus-Jortner theory of electron transfer shows that the rate
of electron transfeker 0 V2, eq 8 implies thakcgrt O 2J. Thus,
the exponential damping factor for the distance dependence
of 2J (eq 6) should be equal {& the comparable factor for the
distance dependence of the charge recombination rate. Plottin
IN(2I(AGcrT + 1)) VS pa in Figure 8 results in a best-fit line
with slopea. = 0.5+ 0.1 A1 and an intercept that yieldsl@
= (2.4+ 0.4) x 10* mT. Our data for the distance dependence
of 2J implies thatg = 0.5+ 0.1 A~%, which is consistent with
our previous estimates gffor charge recombination in related

One of the most striking features of the MFE data for
MeOAn—6ANI—Ph—NI is the two resonances observed at 1.5
and 15 mT, Figure 7B. The observation of two distinct values
for 2J suggests two distinct values fapba. The energy-
minimized structure of MeOAh—6ANI is assumed to cor-
respond to the smaller of the two values df @hich is used as
a data point in the plot of INBBAGcrt + 4)) VS pa in Figure
8. The distance that corresponds to the observed resonance at
15 mT can be obtained using this valee= 0.5 A~ and 2,
= 2.4 x 10* mT obtained from the fit to the data in Figure 8,
ro=3.4 A, and eq 6 to yieldpa = 18.2 A. This distance is 1.1
A shorter than the 19.3 A distance obtained for Me®An
6ANI—Ph—NI~ from the energy-minimized structures of the
adical cation and anion. This small change in distance is best
explained by assuming that there is a secondary minimum
energy structure.

The most likely source of two conformations within the
radical ion pair is a chair> boat interconversion of the
piperazine ring, Figure 9. The radical ion pair distance is reduced
slightly in the boat conformation (B), resulting in additional

systemg'8 . e N . . .
¥ Coulombic stabilization of the radical ion pair. While this small
(43) Marcus, R. AJ. Chem. Physl956 24, 966. degree of “harpooning” due to Coulombic attraction of the two
(44) EA{(C))ESM(?; L.; Miller, J. RScience (Washington, D.C., 1883988 240, charges may OCCL‘fP, our MFE data do not support Iarger
(45) Devault, D. Quantum Mechanical Tunneling in Biological Systems  structural changes due to this mechanism. For example, folding
Cambridge University Press: Cambridge, 1954. the MeOAn" radical cation over 6ANI decreases, to values

(46) Newton, M. D.; Sutin, NAnnu. Re. Phys. Chem1984 35, 437-480.

(47) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265-322.

(48) Lukas, A. S.; Bushard, P. J.; Wasielewski, M.JRPhys. Chem. 2002 (49) Lauteslager, X. Y.; van Stokkum, I. H. M.; van Ramesdonk, H. J.; Brouwer,
106, 2074-2082. A. M.; Verhoeven, J. WJ. Phys. Chem. A999 103 653-659.

J. AM. CHEM. SOC. = VOL. 125, NO. 13, 2003 3929



ARTICLES Lukas et al.

less than or equal to those within the dyads and would give The XAn—6ANI—Ph—NI triads, where X= H, F, and Cl,
rise to a second resonance within the triads at much higher fields,are structurally similar to MeOAR6ANI—Ph—NI, differing
which is not observed. Earlier work suggests that deviations only in the substituent on XAn. However, they have substantially
from a zigzag arrangement of saturated bonds diminishes thelarger values for both2andBy/,. The spin density calculations
through-bond coupling for electron transfer reactiefhs. show that the spin is more strongly localized on the nitrogen
However, the transannular interaction of the nitrogen lone pair atom of XAn (N3) within these triads, which results in a
orbitals depicted in Figure 9, structure B, most likely results in decrease inmpa. Due to their structural similarity, it is likely
slightly enhanced electronic coupling consistent with the modest that the radical pairs within all of the triads have both A and B
15 mT value of 2. conformers. However, the greater line widths within the triads
The possibility of two conformations, however, does not where X= H, F, and Cl prohibit resolving the two resonance
ensure the observation of two distindr2sonances. To observe  peaks.
distinct resonances, the time constant for interconversion MUSt~onclusions
be slow relative to the energy difference between the resonances. ) o
The difference in 2 values within MeOAR—6AN|—Ph—NI— We have shown that the effect of applied magnetic fields on
is 13.5 mT, which corresponds to a transform-limited time of the RP-ISC yield of triplet products within a series of structurally
approximately 0.4 ns. Thus, interconversion of the A and B rigid cc.)mpo.unds with fixgd dista.nces allows for gvaluation of
conformers, if it does occur, must occur at times slower than the Spin-spin exchange interactionJ2as a function ofpa,
0.4 ns to observe distinct resonances. The energy barrier forthe donor-acceptor distance. For those compounds that exhibit
ring inversion inN,N-dimethylpiperazine measured by NMR excha_nge mtgractlon_s on the_ order of sevgral t(_anths of a_tesla,
is 13 kcal/moF253Assuming Arrhenius behavior and a prefactor the Singlet-triplet mixing within the radical ion pair is
of about 18352, this corresponds to an inversion rate of only dominated by the exchange interaction, andl 2 Eur.
about 4x 10°s L. However, in a radical ion pair the Coulombic ~HOWever, at largerpa (smaller 2), Exr can contribute to the
attraction of the charges (harpooning) can increase the ehair obseryeq resonance §|gn|f|cantly, and experimentally observed
boat inversion rate substantially. For example, Lauteslager etBvz Within the triad with the smallest value o zgrees very
al54 have observed that harpooning occurs with rate constantsWell with the calculatedB,, value. Changes in both the
of about 16-10° s ! in photogenerated radical ion pair magnitude apd number. ofJ2r.esonances can be d_lrectly
compounds having aN-phenylpiperidine donor attached to a correlated with radical ion pair strupture. The relationship
cyanonaphthalene acceptor. These rate constants are consisteRgween 2 and the electronic coupling matrix element for
with our data for MeOAR—B6ANI—Ph—NI-. From the ampli- electron transfeiVpa, makes_ it possible to probe the dependence
tude of the two resonances, there appears to be a preference foff Voa on subtle changes in molecular structure at an unprec-
the A conformation with the longer 19.3 A distance. However, €dented level of detail, thereby providing insights into how to
it must be remembered that for such smalValues HFIs play optlmlze structures for efficient e.Iecj[ron transfer.. This type of
a significant role in driving RP-ISC. While both resonances detailed understanding of how spispin exchange interactions
within MeOAn*—6ANI—Ph—NI- have contributions from map molecular structure and thereby dictate charge separation
hyperfine and exchange interactions, the relative magnitude of ifetimes should prove very useful in the design of systems for
HFI is significantly greater at the lower field resonance. Photochemical conversion and storage of solar energy.
Therefore, the amplitudes of the two resonances do not Acknowledgment. This work was supported by the Division
necessarily reflect the relative populations of the two radical of Chemical Sciences, Office of Basic Energy Sciences, U.S.
ion pair conformations. Department of Energy (Grant No. DE-FG02-99ER14999).
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