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Abstract: A series of rodlike donoerbridge—acceptor (B-B—A) molecules was synthesized to study the role

of bridge energy levels on electron transfer (ET) rates. In these compounds, a 4-aminonaphthalene-1,8-imide
(ANI) electron donor is linked to a 1,8:4,5-naphthalenediimide acceptor (NI) via the 1,4 positions on a phenyl
bridge. The phenyl bridge is substituted at the 2 and 5 positions with methyl or methoxy groups to yield
ANI-diMe-NI and ANI-diMeO-NI. These molecules differ only in the energy levels of the bridge molecular
orbitals. Other parameters affecting ET rates such as daeweptor distance, orientation, and driving force

are constant between the two systems. The rate constants for charge separation (CS) and charge recombination
(CR) within ANI-diMeO-NI in toluene are 32 and 1400 times larger, respectively, than the corresponding rate
constants for ANI-diMe-NI. Solvents of higher polarity diminish these differences in rate constants, making
them comparable to those observed for ANI-diMe-NI. The relative energies of the ion pair states suggest that
it is possible for the reactiohD —B—A — D—B*t—A" to occur via a double electron-transfer process that is
somewhat analogous to Dexter energy transfer. The lowest excited singlet state of thé*ddtippossesses

about 70% charge-transfer character, so that significant positive charge is localized on its amine nitrogen,
whereas significant negative charge is localized on its naphthalene-1,8-imide ring. Electron transfer from the
naphthalene-1,8-imide ring &fANI to NI is concomitant with electron transfer from tipedimethoxybenzene

bridge to the electron-deficient amine nitrogen atom*iaNI. A series of reference molecules in which the
p-dimethoxybenzene bridge moiety is attached only to ANI or NI alone is used to establish the structural and
electronic requirements for this unusual charge separation mechanism.

Introduction

The bacterial photosynthetic reaction center has been studie
extensively due to its ability to convert light energy into
chemical energy with near-unity quantum yiéld@he initial

events of charge separation consist of electron transfer (ET) from

the initially excited bacteriochlorophyll dimer (P) to the
bacteriopheophytin (H) over a distance of 17 A in 3 ps. The
mechanism of this electron transfer is of particular interest, and
has been studied to determine the function of the intermediary
bacteriochlorophyll (BChl) that is positioned between P and
H.2-6 Discussions in the literature center on whether a two-
step, sequential electron transfer occurs, yielding the intermedi-
ate P—BChI~—H, or whether the BChl participates indirectly
via a superexchange mechanisnt?
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In a typical donotbridge—acceptor molecule (BB—A) the

dsuperexchange mechanism for electron transfer involves mixing

of electronic states of the bridge molecule with those of the
donor and acceptor. This mixing depends critically on both the
spatial overlap of the molecular orbitals of B with those of D
and A and the vertical energy gap betwé&h —B—A and the
energetically higher lying D—B~—A state!! In principle,
several different states of the bridge molecule can contribute to
the overall electronic coupling between the donor and the
acceptor, their relative contributions being determined by the
electronic couplings and the energy gaps between the various
statest?~14 In addition to P—BChI~—H, several other states
have been invoked in an attempt to describe the primary ET
step in the reaction center. Bixon et al. analyzed femtosecond
spectroscopic data on the reaction center assuming that the
sequential and superexchange mechanism operate competi-
tively.5 The relative contributions of the two mechanisms were
found to depend on the energy gap between the infitial-
BChI—H state and the intermediateé" PBChl~—H state. The
authors suggested that the presence of the two mechanisms
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provide redundancy, which allows efficient charge separation =~ Wasielewski et at* have addressed the effects of changing
under many different conditions. Won and Friesheuggested both structural isomers and the energy levels of the bridging
that the initial excited state mixes strongly with a charge molecule. Several compounds were examined which employ a
resonance state of the special pair dimer, increasing thepentiptycene spacer between a ZnP donor and a 1,4-naphtho-
superexchange coupling. Fischer proposed that the involvementquinone acceptor. Addition of two methoxy groups to the central
of a virtual oxidized bridge state, /BChl*—H™, is consistent benzene ring of the pentiptycene spacer did not change the rate
with the energies of the reaction center chromoph&tresd of CS, but produced a 3- to 4-fold increase in the CR rate. By
further proposed a real state called the “tripp singlet” in comparing the intermediate state energies for the unsubstituted
which triplet states on both P and the intermediate BChl interact and methoxy-substituted bridge molecules, theB)—A~ state
in what is formally a singlet stat€.More recently, Sumi and  was suggested as the virtual state that mediates the fast CR
Kakatani have suggested that a more useful approach would beaeaction.
to describe bridge-mediated ET as a single, unique process rather A series of chlorophyt-porphyrin—quinone triads that use
than attempting to characterize the relative contributions of zinc chlorophylls as the primary electron donor has also been
sequential ET versus superexchafige. studied?>26 The bridge species is either a zinc or free-base
Several D-B—A systems have been synthesized and used porphyrin and the electron acceptor moiety is a triptycene-1,4-
as experimental tests of superexchange. Sessler and co-workersaphthoquinone. A comparison of the ET rates in compounds
synthesized a series of triads consisting of two porphyrins and with a ZnP bridge to those with the corresponding HP bridge
a quinone bonded in various orientatidfighis group was able ~ shows that the CS and CR rates increase 11- and 3-fold,
to adjust the ion pair state energies of the bridging porphyrin respectively, when the ZnP bridge is used. These effects were
via selective metalation of one of the two macrocycles. observed despite the fact that HP is approximately 0.25 V easier
Photoinduced charge separation (CS) occurred in these Znto reduce than ZnP. These results flatly contradict the expected
porphyrin-quinone dyads on time scalesdf ps, while thermal behavior if a D'—B~—A virtual state mediates the CS reaction.
charge recombination (CR) occurred ir-@ ps. In free-base  On the other hand, the data are consistent with the possible

porphyrin—zinc porphyrin-quinone (HP-ZnP—Q) triads, ex- involvement of a virtual B-BT—A" state in this reaction, based
citation of ZnP formed a transient species whose-B5 ps on the corresponding relative ease of oxidation of the bridge
lifetime showed little temperature dependence. This species wasmolecule.

identified as the HP—ZnP-Q~ ion pair formed by the Osuka et al. synthesized several multicomponent chlorophyll
superexchange mechanism. and porphyrin systems in an effort to model the photosynthetic

Warman, Paddon-Row, and Verhoeven examined the distanceRC 2728 Chlorophyl-porphyrin-pyromellitimide (ZC-HP—
dependence of photoinduced ET through norbornyl bridges of PI) triads, similar to the structures of Johnson etalyere
varying length in an extensive series of-B—A molecules:®2° studied in which phenyl rings separated each of the components
In addition, ester groups were added to the bridge molecules inand pyromellitimide (Pl) was the acceptor. In these systems
an attempt to adjust their orbital energies. However, no effect superexchange was ruled out as the CS mechanism based on
was observed on the rates for either charge separation orthe similarity between the photophysical behavior of the-ZC
recombination. Unusually fast charge recombination was seenHP—PI triad and the ZEHP dyad. When the bridge molecule
in a triad of the form B—D;—A, which undergoes two-step is HP, sequential CS result$*ZC —HP—P|— ZC"—HP —PI
CS to yield the giant-dipole state;D-D;—A~.21 The observed — ZC"—HP—PI~. This mechanism was confirmed by direct
rapid CR reaction was rationalized in the context of a super- observation of the HP anion radical by transient absorption
exchange mechanism involvingB*—A~ virtual states. The  spectroscopy. In an extension of this work, a 1,2-phenylene-
competition between sequential vs superexchange charge rebridged ZnP dimer (D) was used as the primary chromophore
combination was also considered in a series of triads studiedin an attempt to mimic the dimeric electron donor in the RC. A

by the same grouf superexchange mechanism for CR was implicated in the
Gust, Moore, and Moore have addressed the role of super-D—HP—PI triad as evidenced by the biexponential decay of
exchange in a series of carotenejgbrphyrin—quinone triad$? D*—HP—PI~, in which one of the decay components displayed

The ET rate was observed to decrease when rotation about eno temperature dependence. Another compoundZizP—PlI,
single bond linking the porphyrin and quinone was hindered exhibited CS in 500 ps in THF, yielding the distal ion pait-B

by the steric influence of adjacent methyl groups. Furthermore, ZnP—PI~. Unlike other compounds in this study, the reduced
the direction of the amide linkage between the porphyrin donor state of the bridge was not detected, leading the researchers to
and quinone acceptor demonstrated a larger, almost 30-foldconclude that the electron transfer was superexchange-mediated.

effect on the ET rates in these systems. Zimmt et al. have extended studies of superexchange in
(15) Won, Y. Friesner, R, ABiochim Biophys Acta 1988 935 9—18 structurally well-defined systems to include electron transfer
(16) Fischer. S. F.: Scherer, P. OChem P%'ys 1987 115, 151158, through trapped solvent in a series of C-clamp moledﬂes.
(17) Fischer, S. F.; Scherer, P. O.ELr. Biophys J. 1997, 26, 477— These molecules are based on extended polycyclic norbornyl
483.
(18) Sessler, J. L.; Johnson, M. R.; Lin, T.-Yetrahedron1989 45, (24) Wasielewski, M. R.; Niemczyk, M. P.; Johnson, D. G.; Svec, W.
4767-4784. A.; Minsek, D. W. Tetrahedron1989 45, 4785-806.
(19) Verhoeven, J. WAdv. Chem Phys 1999 106, 603-644. (25) Johnson, D. G.; Niemczyk, M. P.; Minsek, D. W.; Wiederrecht, G.
(20) Warman, J. M.; Smit, K. J.; de Haas, M. P.; Jonker, S. A.; Paddon- P.; Svec, W. A.; Gaines, G. L., lll; Wasielewski, M. R.Am Chem Soc
Row, M. N.; Oliver, A. M.; Jan, K.; Oevering, H.; Verhoeven, J. W. 1993 115 5692-701.
Phys Chem 1991, 95, 1979-1987. (26) Wiederrecht, G. P.; Watanabe, S.; Wasielewski, MCRem Phys
(21) van Dijk, S. I.; Wiering, P. G.; van Staveren, R.; van Ramesdonk, 1993 176, 601—-14.
H. J.; Brouwer, A. W.; Verhoeven, J. WChem Phys Lett 1993 214, (27) Osuka, A.; Marumo, S.; Mataga, N.; Taniguchi, S.; Okada, T.;
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systems that have anthracene donors and dimethyl maleateChart 1
acceptors at opposite ends of the C-shaped molecule. Entrapment

of benzonitrile in the cleft results in a much larger electron- t\ o o o
transfer rate than does the more difficult to reduce acetonitrile. N Q R O -
This suggests that the lower energy BB~ —A virtual state O NQN O N~ Cettr
R
(o] o o

involving benzonitrile results in a faster rate of electron transfer
via the superexchange mechanism.

In the work presented here new-B—A molecules based 1a:R=Me, 1b: R =MeO
on a 4-aminonaphthalene-1,8-imide (ANI) donor and a 1,8:4,5- HJCOON
naphthalenediimide (NI) acceptor have been synthesized to study \?\ ° o o
the influence of bridging group energetics and orbital symmetry N O R O
on the formation of D—B—A~. These particularly simple O N‘QN O N=Cetir
structures are prepared from building blocks that lend themselves o R ° o
readily to such studie®¥-34 Synthetic details are provided in
the Supporting Information. Ihaand1b the 1,4-phenyl bridges 2a:R =Me, 2b: R =MeO
between ANI and NI are substituted at the 2 and 5 positions
with methyl or methoxy groups (diX), respectively. These t\ o o
substituents alter the energies of the highest occupied and lowest N Q R O
unoccupied molecular orbitals (HOMO and LUMO, respec- O N‘Q‘” '
tively) of the bridging groups without changing other significant o " o
factors such as the doneacceptor distance and orientation
which affect electron-transfer rates. In addition, theystem 3a:R=Me,3b:R=MeO
of the bridge is constrained by steric interactions to an

orientation that is nearly orthogonal to those of ANI and NI, O 2 Q2 O 2
which places ther systems of the donor and acceptor in the NQN N—CgH17
same plane. The molecular triada and 2b are analogous to O 5 R g ' 5

the dyads, except that an additional electron donor moiety,
4-methoxyaniline (MeOAn), is attached to ANI via a piperazine
spacer. These compounds were synthesized to study the effects
of bridge energetics on charge separation when its mechanism

4a: R =Me, 4b: R =MeO

involves the initial migration of positive charge away from the \ O 2 E Q a
bridge. Excitation of ANI within2a and 2b results in rapid N—_D—cHs H17Cs—N N—CgH17
electron transfer from 4-methoxyaniline t6ANI to yield O 5 g O 5

MeOAnN"-ANI~-diX-NI. Thus, the initial CS step within triads
2aand2b is the reduction of*ANI, whereas that for dyadsa
and1b is the oxidation of*ANI. Formation of the MeOAm-
ANI-diX-NI ~ state within2a and 2b occurs via a secondary
charge shift reaction.

Compounds3a and 3b were synthesized to determine what
role, if any, the bridge itself plays in quenching tk&ANI
excited state, and to better understand the behavior of the
D—B—A dyads. They consist of identical donor and bridge
moieties, but replace NI with a terminal naphthalene-1,8-
monoimide (NMI), which cannot be reduced ByANI;

ANI NI

been characterized previously in defilThe ground-state
optical spectrum of ANI in toluene exhibits a broad absorption
centered at 398 nm, which possesses about 70% charge-transfer
character. The ground-state absorption spectra of the bridged
dyadsla and1b in toluene show the absorption band due to
ANI as well as bands due to the NI acceptor at 343, 363, and
382 nm3 The lowest energy NI absorption band partially
however, its presence does provide a substituent effect similaroverIapS the blue edge of the ANI charge-transfer absorption

' band, Figure £937 The ground state optical spectra of these

to that of NI on the electronic structure of the phenyl bridge. In ;

L . . compounds are approximately the sum of the spectra of the
an analogous manner, it is possible to study the properties Ofisolated chromophoret(p-tolyl)-4-(1-piperidinyl)naphthalene-
the Bf—A~ state by substituting NMI for ANI. The reference

. ; 1,8-dicarboximide (ANI) andN,N'-di-(n-octyl)-1,8:4,5-naph-
moleculesta and4b, which lack the ANI donor, use NMI again e ) .
to maintain the effect of an imide substituent on the bridge thalene-tetracarboxydiimide (NI), respectively, suggesting weak

- electronic interaction between the ANI and NI moieties in all
electronic structure. . . .
of these molecules. Increasing the solvent polarity results in no
spectral shift of the NI peaks, while the ANI charge-transfer

Results band shifts to 405 nm in butyronitrile (PrCN), further resolving
Steady-State Spectroscopylhe photophysics of the AN it from the NI vibronic bands. The corresponding ground-state
piperidinyl)naphthalene-1,8-imide (ANI) chromophore have absorption spectra for the tria@s and 2b exhibit analogous

behavior.
(30) Korol'’kova, N. V.; Val'’kova, G. A.; Shigorin, D. N.; Shigalevskii, L. .
V. A.; Vostrova, V. N.Russ J. Phys Chem 199Q 64, 206-209. The charge transfer state of ANI decays radiatively in all

(31) Alexiou, M. S.; Tychopoulos, V.; Ghorbanian, S.; Tyman, J. H. P.; solvents, with an emission maximum at 497 nm in toluene. The
Brown, R. G.; Brittain, P. 1.J. Chem Soc, Perkin Trans 2 199Q 837—

842. (35) Greenfield, S. R.; Svec, W. A.; Gosztola, D.; Wasielewski, M. R.
(32) Dietz, T. M.; Stallman, B. J.; Kwan, W. S. V.; Penneau, J. F.; Miller, J. Am Chem Soc 1996 118 6767-6777.

L. L. J. Chem Soc, Chem Commun 199Q 367-9. (36) Adachi, M.; Murata, Y.; Nakamura, S. Phys Chem 1995 99,
(33) Debreczeny, M. P.; Svec, W. A.; Wasielewski, M.Neew J Chem 14240-14246.

1996 20, 815-828. (37) deSilva, A. P.; Gunaratne, H. Q. N.; Habib-Jiwan, J.-L.; McCoy,
(34) Gosztola, D.; Wang, B.; Wasielewski, M. R. Photochem C. P.; Rice, T. E.; Soumillin, J.-Angew Chem, Int. Ed. Engl. 1995 34,

Photobiol, A 1996 102, 71—80. 1728-1731.
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| fluorescence quenching data f2o, Table 2, suggests that the
1.0+ corresponding methoxy-substituted derivative may be undergo-

; ing the same reactiot. Moreover, the data suggest that the
electron-transfer pathways that occuRimare most likely quite
different from those that occur in the corresponding dyHd,
(vide infra).

g. Compoundgtaand4b have the structure NMiB—A where
; 05 NMI is substituted for ANI, while NI is the isolated 1,8:4,5-
g2 T naphthalenediimide chromophore substituted at the amide

nitrogens withn-octyl groups. Excitation within the central
vibronic band of NI with 360 nm light results in formation of
the I*NI excited state, whose emission maximum is 406 nm in
toluene. Inda and4b this emission is quenched significantly,
which suggests that B-A~ may form in these molecules. The
0.0 1 fluorescence quantum yields for these compounds are listed in
T T T T T T T T
300 350 400 450 500 550 1able3. _ _
Wavelength (nm) Redox Potentials.AC voltammetry was used to determine
9 the oxidation potentials of the ANI donor and thelimethoxy-
Figure 1. UV—vis absorption spectra of the indicated molecules in phenyl bridge in the BB—A molecules, Table 4. The value
toluene. of Eox = 1.41 V vs SCE fomp-dimethoxybenzene obtained in
Table 1. Spectroscopic Properties of the ANI Chromophore this study agrees reasonably well with the 1.32 V vs SCE
e /1 S E reported in the literatur® as doesEox = 1.20 V for ANI.3®
solven avs(NM) em (NM) F s@v) = (®s) Compoundlb undergoes two one-electron oxidations at 1.22
toluene 398 497 0.910 2.81 8.5 and 1.67 V. Compoundb, lacking the ANI donor, undergoes
MTHF 397 o14 0.790 2.76 7.5 a single one-electron oxidation at 1.63 V. These results show
PrCN 405 530 0.230 2.70 1.5 v .
that imide groups bound to the 2 and 5 positions paf
. ) ] _dimethoxybenzene increase its oxidation potential by about 0.25
spectroscopic properties of the isolated ANI chromophore in v relative to that ofp-dimethoxybenzene.
the solvents toluene, MTHF, and PrCN are given in Table 1. The similarity between the oxidation potentials of the bridge
shifts to red and the fluorescence quantum yield decreases. TheSghe oxidation potential of the-dimethoxyphenyl bridge relative

effects are consistent with stabilization of theANI excited to that ofp-dimethoxybenzene is not due to the presence of the

state in higher polarity media, due to its charge-transfer aAnj electron donor. There are two possible explanations for

character. ) . this observed change. The imide substituents are somewhat
The steady-state spectroscopic propertieSatnd 3b are electron withdrawing, and are known to raise the oxidation

listed in Table 2. Compounda exhibits a ground-state  potentials of other systend8 A second possibility is that steric
absorption spectrum in which the ANI CT absorption feature hindrance between the methoxy groups and the oxygen atoms
dominates. A weaker absorption due to NMI appears at 340 of the imides forces the methoxy groups out of the plane of the
nm. The absorption and emission spectre3afare virtually  pridge phenyl ring, which reduces the conjugation of the oxygen
identical to those of ANI anda in all solvents, which shows  |gne pair with ther system of the phenyl, presumably making
that NMI has an effect similar to NI on the electronic structure jt more difficult to oxidize. Geometry-optimized AM1 calcula-
of the donor and bridge. Interestingly, the absorption maximum tjgp0.41 predict that inlb the average torsional angle that the
of ANI within 3b exhibits a solvent-dependent red shift of 5t0  c—0 ponds of the twap-dimethoxypheny!l groups make with
10 nm relative to botlBaand ANl itself, which is also reflected  the 7 system of the phenyl is 2£5This compares with a
in the emission spectra. The quantum yieldSbflso display  torsjonal angle of 8in p-dimethoxybenzene. Thus, it is likely
solvent-dependent behavior not observed in the isolated chro-ihat the increased oxidation potential of thdimethoxybenzene
mophores. In toluene and MTHF the fluorescence quantum pridge observed irlb and4b is a combination of steric and
yields of 3b are close to that of ANI, but in PrCN the  glectronic effects. The measured redox potentials for the donors
fluorescence quantum yield is quenched significantly relative anq acceptors, as well as those of selected bridge molecules,
to that of ANI itself. These observations indicate that an \yere used to calculate the ion pair state energies of the various
interaction between the donor and bridge occurs, whose jhtermediates observed in this study (vide infra).
magnitude increases with solvent polarity and lowering of the  Time-Resolved SpectroscopyJltrafast transient absorption
excited-state energy. . . spectroscopy allows for direct observation of intermediate states
The fluorescence emission frofANI is quenched in the  formed during photoinduced charge separation reactions. Tran-
presence of nearby electron acceptors. In the caska ohis sient absorption measurements on the reference mole8ales

quenching has been shown previously to arise from photo- anq 3p in toluene display two features, illustrated f8a in
induced electron transfer froftANI to NI. 3% Fluorescence Figure 2a. The positivé\A at 450 nm is the*ANI excited-
guantum yields and emission maxima for the-B—A dyads
laandlb are given in Table 2. Emission frofib is quenched (38) Meites, L.; Zuman, P.; Scott, W. J.; Campbell, B. H.; Kardis, A.
more strongly than that dfa in all solvents. M. Electrochemical DataJohn Wiley and Sons: New York, 1974; Vol. 1.

. L 39) Wiederrecht, G. P.; Svec, W. A.; Wasielewski, M.Springer Ser
The absorption and emission features of the trzaland2b Chgm)phys 1994 60, 452-3. Jpeing

are very similar to those of the dyads, and are dominated by (40) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.

the ANI and NI absorptions. Earlier data obtainedZarshow ~ Am Chem Soc 1985 107, 3902-9. .
(41) lon pair distances were estimated from structures calculated using

that rapid electron transfer occurs frgemethoxyaniline to the  the MM+ force field and AM1 MO calculations performed  within
adjacent*ANI excited state, quenching the fluorescence. The Hyperchem V5.01a (Hypercube, Waterloo Ontario).
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Table 2. Steady State Spectroscopic Properties of Bridged Compalyrigjsand 3
toluene MTHF PrCN
compd Aabs Aem Dp 71 (NS) Aabs Aem Op 75 (NS) Aabs Aem Op 75 (NS)
la 384 500 0.168 379 523 0.070 383 533 0.044
1b 384 496 0.012 378 511 0.015 383 530 0.015
2a 384 499 0.006 378 500 0.004 383 497 0.002
2b 384 499 0.007 379 501 0.004 383 498 0.002
3a 399 497 0.911 10.0 398 510 0.807 7.1 406 531 0.213 1.82
3b 404 501 0.928 6.3 403 515 0.684 6.2 416 536 0.019 0.17
Table 3. Spectroscopic Properties of NI and-B—A Reference
Compounds in Toluene .04 A e 1a, 4000 ps
toluene ——1b, 125ps
compd Aabs Aem o Tcs(ps)  tcer(PS) E‘ 0.8 1 "‘
NI 382,362,342 406 0.05 < T~ NI
4a 381,362,340 405  0.0005 0.63 125 > 0.6 :
4b 381,362,340 406  0.0006 0.63 114 g '
=
. & 0.4
Table 4. Redox Potentials (vs SCE) %’
compd Eoxa (V) Eox2 (V) Erea (V) o2d -
NI -0.53 .
ANI 1.20 —1.40
p-dimethoxybenzene 1.41 0.0 . T T T T T
1b 1.20 1.67 450 500 550 600 650 700
4b 1.63 Wavelength (nm)
Figure 3. Comparison of the transient absorption spectrdafnd
0.05 1b in toluene at the indicated times following a 400 nm, 130 fs laser
A flash.
0.041 |
b Ta . . . . .
0.031 ——— *ANI transient absorption spectrumd in PrCN, Figure 2b, exhibits
a peak at 485 nm characteristic of tpedimethoxybenzene
0.027 radical catiorf?
0.01+ h The electron-transfer dynamics of the-B—A compounds
0.00 laandlb were studied in several solvents to directly determine
' their rates of charge separation and recombination. Upon
-0.01 1 excitation in toluene their transient spectra display an absorption
0.02 band at 450 nm and stimulated emission at 535 nm. The spectra
<<i ' of laand1b both evolve with time to reveal absorption bands
-0.03 +—+ at 480 and 607 nm characteristic of NP Figure 3 shows the
0.014 signals fromla and1b in toluene at the times at which their
maximum ion pair populations occur. The spectruntoshows
a residual absorption at 450 nm from tH&NI excited state
0.00 and the intense absorption band due to the NI radical anion
(Amax = 475 nm,e = 28000 IM~1). The dielectric constant of
0014 the solvent significantly affects the electron-transfer rates.
e Monitoring the formation and decay &A for NI~ allows for
—— 25ps direct determination of the CS and CR time constants. The CS
0024 N /e 100 ps and CR rates for the BB—A dyads listed in Table 5 show
. - - --500 ps that in toluene these processes occur much fastéb than in
AN 1a However, this difference diminishes in higher polarity media
'003 T T T L T T
450 500 550 600 650 700 and converges to a common set of values.

Wavelength (nm)

Figure 2. Transient absorption spectra of (8ain toluene and (B)
3bin PrCN at the noted times following a 400 nm, 130 fs laser flash.

state absorption, while the negati¥eA at 535 nm is due to
stimulated emission from this state. Both features appeaain
and3b within the 180 fs instrument response function. As the

The transient absorption spectraZzfand2b in toluene are
shown in Figure 4. Following excitation, a broad absorption
band appears near 500 nm, which is characteristic of the ANI
radical anion and the MeOAnN cation radiéaf* This spectral
feature is indicative of the formation of the MeOA®RNI -
diX-NI state, and evolves over several hundred picoseconds to
a spectrum characteristic of MeOARNI-diX-NI ~, with peaks

solvent polarity increases, the stimulated emission red shifts, 8 480 and 607 nm. The time constants for each of these

mirroring the steady-state spectra. While no electron transfer

occurs within either3a or 3b in toluene and MTHF, the
fluorescence foBb in PrCN is quenched and its excited-state
lifetime is much shorter. Fdb in PrCN thep-dimethoxyphenyl
bridge is a good enough electron donor to redd@eNl. The

(42) Shida, T.Electronic absorption spectra of radical ionElsevier:
Amsterdam, 1988.

(43) Kimura, K.; Yoshinaga, K.; Tsubomura, Bl. Phys Chem 1967,
71, 4485-4491.

(44) Hester, R. E.; Williams, K. P. J. Chem Soc, Perkin Trans 2
1982 559-563.
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Table 5. Electron Transfer Time Constants for Compouddsnd 2

toluene MTHF PrCN
compd 7cs1(ps) Tcs2(Ps) cr (PS) Tcs1(ps) Tcs2(Ps) cr (PS) Tcs1(Ps) Tcs2(Ps) er (PS)
la 1500 170000 516 2410 86 456
1b 47 119 152 594 85 350
2a 8 430 230000 2 370 1350 1.5 4
2b 8 600 25000 2 95 170 1 10
0.20 1.0 1
A i A .
*ANI .
0.15 P - 2 %
: Iy ANI 1ps e
0.6 1
Pand
0.101 £
S 041
&
0.051 S 02
<
400 450 500 550 600 650 700
Wavelength (nm)
Figure 5. Comparison of the transient absorption spectradtand
1ps 4b in toluene at 25 ps following a 360 nm, 130 fs laser flash.
""" 100 ps the solvent dependence of the excited-state enerdyAdl.
-~ -1000ps Thus, to a reasonable approximation the calculation of the ion
e pair energy depends only on the donacceptor distance, and
e - ] differences in redox potentials. Using this model, no additional
N — - solvation terms are material to the calculation, wherein the use
. . . . r . of these terms in the dielectric continuum model of Wéfer
450 500 550 600 650 700 consistently underestimates the degree to which a polarizable
Wavelength (nm) solvent, such as toluene, stabilizes an ion ffaidsing the
Figure 4. Transient absorption spectra of (B and (B)2bin toluene  SPectroscopic data foANI and the redox potentials of the
at the noted times following a 400 nm, 130 fs, laser flash. donor and acceptor, the ion pair state energy of AbiMe-

NI~ in toluene is 2.42 eV The energy of the ANi-diMeO—
electron-transfer events are listed in Table 5. Interestingly, the NI~ ion pair is also 2.42 eV in toluene because the donor,

kinetics of the charge shift reaction MeOARANI ~-diX-NI — acceptor, and ion pair distance are identical. The energies of
MeOAN*-ANI-diX-NI ~ show only a weak dependence on the the ion pair states involving the bridge molecules, ANB —
substituent X. NI and ANI-B*—NI~, in toluene were calculated relative to

The reference compounds Mia, and4b have no significant ~ the energy of ANt-diMe-NI~ using the relationship
ground-state absorption at 400 nm, so that transient absorption

data were acquired by direct excitation of the NI component at _ _ e_2 1 1

360 nm. The excited-state spectrumtil has an asymmetric AGip, = AGpy + B, — By + AT @
absorption centered at 510 nm, Figure 5, which decays with

= 3 ns. This lifetime is significantly reduced #a and4b. In where AGjp; and rp; are the ion pair energy and distance,

each of these compounds, the transient spectra evolve rapidlyespectively, in compoundla, AGp, andr e, are the ion pair

in <1 ps to yield the absorption spectrum characteristic ot NI gnergy and distandérespectively, for ANf—B~—NI or ANI—
Figure 5. This can be attributed to electron transfer from the g+_Nj- E, is the oxidation or reduction potential of the bridge

adjacent phenyl ring t&*NI, forming the ion pair NM-B*— molecule E; is the oxidation potential of ANI or the reduction
A~. The lifetimes of these ion pair states are listed in Table 3. potential of NI, e is the electronic charge, and is the static
It should be noted that the ion pairs formed witdin and 1b dielectric constant of the solvent. The ion pair energies in MTHF

have nearly identical CR rates, which suggests that the same;ng prCN were calculated directly using the oxidation and
charge separated state may be formed in both compounds.  yeqyction potentials of the donor and acceptor, respectively, and
the Coulomb stabilization of the ion pair

Discussion

Energetics. The lowest excited-state energies of ANI in &
toluene, MTHF, and PrCN are listed in Table 1. Greenfield et AGp=Eyy — Eggp — —— (2)
al. showed that*ANI possesses about 70% charge-transfer €s''pa

characte®® Using this fact and the solvent dependence of the 35) Weller. A Z.Z Phys Chem 1682 133
i eller, A. £.£. yS em
energy of this state, electron transfer frétANI to NI can be (46) Warman. J. M. Smit. K. J- Jonker. S. A Verhoeven, J. W.:

treated as a charge shift reaction. Energy changes due t00evering, H.; Kroon, J.; Paddon-Row, M. N.: Oliver, A. K@hem Phys
solvation of the charge distribution are taken into account by 1993 170, 359-380.
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Figure 6. Energy levels foiBb in the indicated solvents.
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Figure 7. Energy level diagram featuring the frontier molecular orbitals
of D, B, and A withinla(- - -) and1b (—). All orbitals above 2.0 eV
are o orbitals, while those below 2.0 eV areorbitals.

whererpya is the distancE between the separated ions. The
corresponding values of the free energies of CS and CR are

AGes=AGp — Eg 3
whereEs is the lowest excited-state energy of the donor, and
AGr= —AGp (4)

Miller et al.
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Figure 8. Energy levels forla and1b in toluene.

diMeO"™-NMI ion pair state lies well above the excited state of
the ANI chromophore, while in PrCN the ion pair and excited
state are nearly isoenergetic. The transient spectrugban
PrCN (Figure 2b) supports this mechanism. A peak at 485 nm,
which is resolved from the short-lived absorption®®NI at
450 nm, appears in neithdain PrCN nor3b in MTHF, where
the D"—B™ state is not energetically favored. Thus, the observed
485 nm peak is attributed to thedimethoxyphenyl radical
cation#? whose formation is strictly dependent on solvent
polarity.

The dyadsla and 1b are analogous to the model com-
pounds3a and 3b except that the NI electron acceptor ia
and 1b can be reduced b%ANI. These compounds demon-
strate that methoxy substituents on the phenyl bridge dramati-
cally increase both the CS and CR rates relative to those
observed for the dimethyl-substituted phenyl bridge. Again,
solvent polarity plays a major role in determining the mecha-
nisms of CS and CR. Previous work has demonstrated that
electron transfer inla occurs predominantly through the
o-bonded framework of the bridge in all solvedtsThe data
are consistent with small donebridge and bridge acceptor
electronic couplings due to the orthogonal arrangement of the
bridge relative to both the donor and the acceptor. In low polarity
media this superexchange mechanism results in slow rates for
both CS and CR, while both processes become faster in higher
polarity media.

In toluene the CS and CR rates fily increase by factors of
32 and 1400, respectively, over those fba, despite the

The calculated CS free energies predict that electron transf(arseeming|y small electronic coupling due to the orthogonal

is thermodynamically possible in all three solvents for all
compounds having both the ANI donor and the NI acceptor. A

bridging group. If electron transfer itb also occurs predomi-
nantly through ther-bonded framework of the bridge, then one

selection of these data relevant to the arguments discussed belo%ight expect an enhancement of the electron-transfer rates due

are presented in Figures 6 and 8.

Photoinduced Charge Separation and Recombination
Mechanisms.Model compound8aand3b contain the terminal
NMI group that thermodynamically cannot be reduced by
*ANI. In toluene and MTHF both compounds have fluores-

cence quantum yields comparable to or greater than that of ANI
alone, suggesting that electron transfer does not occur. In the
polar solvent PrCN, however, the fluorescence quantum yield

of 3b is reduced by more than an order of magnitude relative
to those of ANI anda. This suggests the possibility of bridge-
to-donor electron transfer, forming ANidiMeO"™-NMI. The
energies of this state in toluene, MTHF, and PrCN were
calculated using eq 2, the reduction potential of ANI, and the
oxidation potential of thg@-dimethoxyphenyl bridge, Figure 6.
The calculations indicate that in toluene and MTHF the ANI

to the inductive electron withdrawing effect of the methoxy
groups on the bridge. The electronic coupling matrix element
for an electron-transfer reaction mediated by a superexchange
interaction involving the bridge is given by

Vo = VosVea )
DA AE

whereVpg andVgp are the electronic coupling matrix elements

for the donot-bridge and bridge acceptor interactions, anskE

is the vertical energy difference between the potential energy

surfaces of the donor and bridge stdfeGiven that the electron-

transfer rate constamba O V2pa, and assuming thatpg and

Vga are similar forlaandlb, the ratio of electron-transfer rate
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constantskip/kia can be expressed as

ki _ AE,;
AE,?

(6)

kla

It is not possible to obtain the relevant energies of ¢he
orbitals of B to include in eq 6 using electrochemical data
because the LUMO of B, which would accept the electron, is
a 7 orbital. Even the energy of the symmetric LUMO of
benzene itself is difficult to obtain from electrochemical data

J. Am. Chem. Soc., Vol. 122, No. 32, 2800

Figure 9. Proposed orbital interactions for the double electron-transfer
mechanism.

because its reversible thermodynamic reduction potential is veryto the donor and the donor to the acceptor. In addition, these

negative Ey, = —3.4 V vs SCEY As an alternative, the orbital
energies of the frontier MOs localized on D, B, and A within
laandlb were calculated using the AM1 model and are shown
in Figure 7. The calculations show that the lowest energy
unoccupied orbitals in both compounds arerbitals localized

on A. The lowest unoccupied orbitals localized on B irla
andlbare 1.4 and 1.2 eV above the HOMO of D, respectively,
while the corresponding orbitals of B are 5.0 and 3.9 eV above
the HOMO of D. This is the usual energy ordering forB—A
molecules. The orientation of ANI relative to the bridge suggests
that electron transfer from the HOMO of ANI to NI involves
the o orbitals of B in a superexchange interaction. Using the
energy difference between the HOMO of ANI and the lowest
unoccupieds orbital of B for laand1b in eq 6 yieldskip/kia

= 1.6, while the experimentally determined ratio is 32. Thus,

two electron-transfer processes must be coupled to each other,
otherwise electron transfer frotiD to A that uses the LUMO

of the bridge would be rate limiting. The highly CT nature of
*ANI may promote such coupling, as visualized in Figure 9.
The positive charge residing in the lone pair orbital of the amine
nitrogen within*ANI has a convenient route to the-system

of the bridge viac orbitals of the aryl G-H bonds of the
naphthalene-1,8-imide and the lone pair orbitals of the carbonyl
groups. The negative charge of the CT state, which resides
primarily in the z-symmetric orbitals of the imide group,
likewise can undergo electron transfer directly to therbital

of NI. Interestingly, this mechanism is observed only in toluene,
while the difference in both the CS and CR rates between dyads
laand1b is less pronounced in MTHF, and nearly absent in
PrCN. This is a consequence of the fact that in both MTHF

the inductive effect of the methoxy groups and a superexchangeand PrCN the B-BT—A~ state within botilaand1b is higher

mechanism that uses tlwebonds of the bridge cannot account
for the observed increase in CS and CR rated.forelative to
those forla

On the other hand, if the orbitals of the bridge are involved
in the electron transfek;p/k;4 should be influenced significantly
by replacing the methyl substituents on the phenyl bridge with
the morex electron-releasing methoxy substituents. Experi-
mentally, p-dimethoxybenzene is easier to oxidize thpn
dimethylbenzene by about 0.4 4 which is reflected in the

in energy than the correspondingtBB—A~ state and the
electron transfer proceeds via the conventional superexchange
mechanism.

This mechanistic picture is further supported by examination
of the CS dynamics in the triadga and 2b. As previously
mentioned, the fundamental difference between the dyads and
triads centers on the initial electron-transfer reaction; in the
dyads™ANI acts as an electron donor, whereas in the triads, it
functions as an electron acceptor. In the triads, ANI is reduced

ordering of the energies of the calculated HOMOs for the bridges in the initial photoinduced electron transfer to yield MeOAn

and ANI in laand1b, Figure 7. Inla,the HOMO is localized
on ANI, while the next highest occupied orbital (HOMO-1) is
localized on thep-dimethylphenyl bridge. The energy gap

ANI~-diX-NI. In this intermediate a full negative charge resides
on the naphthalene-1,8-imide ring of ANI, while the positive
charge is moved farther away and resides on the oxidized

between these two orbitals is 0.3 eV. The situation is reversed p-methoxyaniline donor. Thus, only the charge shift from ANI

in 1b where the HOMO is localized on thedimethoxyphenyl

to NI occurs. The coplanar orientation of thesystems of ANI

bridge, and the energy difference between it and the highestand NI within 2a and2b suggests that only direct interactions

occupied orbital localized on ANI is 0.3 eV. Notwithstanding

of these orbitals and/or participation of tleorbitals of the

the fact that these calculations were made on isolated moleculephenyl bridge should be important in transferring the electron
in the gas phase, these results predict that bridge-to-donorfrom ANI~ to NI. If this model is correct, changing the

electron transfer is possible ith, but not inla. Thus,*D —
B—A may undergo a double electron transfer in which electron
transfer from*D to A occurs concomitant with electron transfer
from B to *D, as shown in Figure 7. The energy of the
hypothetical intermediate BPB*—A~ state in the CS reactions
of 1laand1b can be calculated using eq 1. The results of this
calculation forla and 1b in toluene are shown in Figure 8.
The D-B*—A~ state inlais higher in energy than DB—
A~, while the energy of the BBT™—A~ state inlb lies below
that of D'—B—A~ by 0.06 eV as well as significantly below
that of *D —B—A. These data show that the reactibb —
B—A — D—B*—A" is thermodynamically possible ihb.

While thermodynamic arguments favor the formation of a
D—B*—A~ state withinlb, the rapid formation of this state

substituents on the phenyl bridge should have a minor impact
on the charge shift rate constant. The spectral (Figure 4) and
kinetic (Table 5) data both show that there is no significant
difference between the dynamics observe@arand2b in any
solvent. These data lend further support to the arguments
presented earlier that the inductive effect of the methoxy groups
on the bridge molecule have only a small impact on electron-
transfer rates that employ thebonded pathway through the
bridge. Thus, the unusual double electron-transfer mechanism
proposed follb depends primarily on the energy and symmetry-
dependent electronic interaction between the HOM®&ANI
and that of thep-dimethoxypheny! bridge.

Additional support for the double electron-transfer mechanism
in 1bis presented by transient absorption data on the reference

requires an electronic interaction that couples both the bridge compounds4a and 4b. These systems lack the ANI electron

(47) Mortensen, J.; Heinze, Angew Chem 1984 96, 64—65.
(48) Howell, J. O.; Goncalves, J. M.; Amatore, C.; Klasinc, L.;
Wightman, R. M.; Kochi, J. KJ. Am Chem Soc 1984 106, 3968-3976.

donor and thus present the possibility of forming the-B\~
state independent of the production¥ANI. If this state is
formed in the dyadlb, then identical CR rates should be
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observed forlb and4b in toluene. As noted previously, when The femtosecond transient absorption apparatus for time-resolved
the NI chromophore is photoexcited with 150 fs, 360 nm laser measurements has been described in detail elsewhamnsient
flashes, the transient spectrum evolves rapidly with time to show lifetimes of longer than 5 ns were determined using a 10-Hz Nd:YAG
the excited state with an asymmetric band centered at 520 nm,laser system. The frequepcy-trlpled output of _the Nd:YAG laser (355
Figure 5. However, ida and4b identical excitation shows the 1M ~7 ns) was focused in a pressure cell with 100 Pglahd the

. _ . - Raman line at 416 nm was used to excite the sample and could be
prgsencg .Of NM.I-d'X'NI. - The most Ilkt_aly mechanlsm. by blocked by a computer-controlled shutter. The probe light was generated
which this ion pair forms is electron donation from the adjacent

by a xenon flashlamp (EG&G) driven by a homemade circuit, and

phenyl to™*NI. This reaction occurs in<1 ps in both idaand detected with a Hamamatsu R928 photomultiplier tube with only four
4b, Table 3. The NMI-diMé-NI" state undergoes CR to the  dynodes connected. Typically, 10 laser shots each with the pump beam
ground state withr = 50 ps, while the NMI-diMeO-NI~ ion on and pump beam off were averaged by a LeCroy 9384 digital

pair decays withe = 114 ps. This latter time constant agrees oscilloscope and sent to a computer. Lifetimes of up ta$@ould be
very well with ther = 119 ps decay observed for the ANI-  determined with this apparatus. Samples had an optical density-ef 0.2

diMeO*-NI~ ion pair proposed to form idb. 0.4 in a 1-cm cuvette. All samples were deoxygenated by bubbling
with N3 for 10 min prior to the experiment.
Conclusions Absorption measurements were made on a Shimadzu spectrometer

Addition of 7 electron-donating methoxy groups to the bridge (UV-1601), and fluorescence measurements were made on a single-
photon-counting fluorimeter (PTI), exciting at 400 or 340 nm. Samples

of the ANI'diX'Nl mole_cul_e Increases the rates of charge for quantum yield measurements had absorptions oft00L05 at the
separation and recombination relative to those of the corre- gyitation wavelength. Quantum yields for 400 nm excitation were

sponding dimethyl-substituted bridge. The effect is particularly getermined by comparison to ANgE = 0.91), while samples excited
strong in toluene and decreases as the solvent polarity increasesit 340 nm were determined by comparison to pyrene=t 0.7).

A mechanism consistent with the observed spectroscopic and  Ejectrochemistry was performed using a model 173 potentiostat, a
kinetic behavior is the formation of a charge-separated state model 179 digital coulometer, and a model 175 universal programmer,
ANI-diMeO™-NI~ via a double electron transfer mechanism that all from Princeton Applied Research. A small AC signal was applied
is somewhat analogous to Dexter energy transfer. This mech-on top of the voltage sweep using an Ithaco Dynatrac 391 lock-in
anism depends critically on the orbital energies and symmetriesamplifier, and the response was plotted. All AC voltammetry was
of the donor relative to those of the bridge. In polar media the Performed in 0.1 M tetra-butylammonium perchlorate in twice-
energies change sufficiently to return the system to a normal distilled PrCN using a platinum working electrode, a platinum mesh
ET mechanism in which electron transfer occurs by means of counter electrode, and a saturated calomel reference electrode (SCE).
bridge-mediated superexchange involving the virtudHB~— . .

A state. These observations suggest that the scope of mechanistic Acknowledgment. This work was supported by the National
possibilities for bridge-mediated electron transfer within organic >cience Foundation (CHE-9732840). The authors also thank Dr.
molecules is very broad, and that given a set of appropriate Martin Debreczeny for carrying out preliminary experiments

conditions, unusual mechanisms can strongly dominate thein this study.

overall electron-transfer reaction. ) ) ) )
Supporting Information Available: The synthesis and

Experimental Section characterization of all new molecules (PDF). This material is

All solvents used were either HPLC or spectrophotometric grade available free of charge via the Internet at http://pubs.acs.org.

except for THF and MTHF. The latter two were distilled over lithium  jA001298W
aluminum hydride prior to use. The synthesis and characterization of

the new molecules studied in this paper are given in the Supporting  (49) Lukas, A. S.; Miller, S. E.; Wasielewski, M. R. Phys Chem B
Information. 200Q 104, 931-940.




