CIS

A RTTCUL E S

Published on Web 06/09/2009

Toward an n-Type Molecular Wire: Electron Hopping within
Linearly Linked Perylenediimide Oligomers

Thea M. Wilson,T Michael J. Tauber,¥ and Michael R. Wasielewski*

Department of Chemistry and Argonne—Northwestern Solar Energy Research (ANSER) Center,
Northwestern University, Evanston, Illinois 60208-3113, and Department of Chemistry and
Biochemistry, University of California San Diego, La Jolla, California 92093-0314

Received March 22, 2009; E-mail: m-wasielewski @ northwestern.edu

Abstract: A series of linearly linked perylenediimide (PDI) dimers and trimers were synthesized in which
the PDI & systems are nearly orthogonal. These oligomers and several model compounds were singly
reduced, and intramolecular electron hopping between the PDI molecules was probed by electron
paramagnetic resonance (EPR) and electron nuclear double resonance (ENDOR) spectroscopy. When
the functional groups attached to the ends of the oligomers were chosen to make each PDI molecule
electronically equivalent, the single electron hops between the PDI molecules with rates that significantly
exceed 107 s™'. Rapid electron hopping between pairs of PDI molecules having orthogonal = systems is
unexpected and may expand the possible design motifs for organic electronic materials based on PDI.

Introduction

Efficient charge transport among neighboring molecules is a
requirement for the successful implementation of organic
electronics, which have gained popularity because of their
potential low-cost, ease of processability, and mechanical
flexibility. Perylene-3,4:9,10-bis(dicarboximide) (PDI) and its
derivatives have attracted significant interest as active materials
for light harvesting,' ~* photovoltaics,’'* and studies of basic
photoinduced charge and energy transfer processes.'> '® PDI
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* University of California, San Diego.
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is both photochemically and thermally stable'® and can be easily
modified at its imide nitrogens and its 1, 6, 7, and 12 positions.
Modifications at these positions tune the electronic properties
of PDI, resulting in derivatives that absorb light from the near-
ultraviolet to the near-infrared region of the spectrum and that
are either good electron acceptors®® or donors.?’ PDI also
demonstrates the ability to self-assemble in solution via
hydrophobic/hydrophilic interactions as well as by w—a stack-
ing, a phenomenon which has been extensively studied in a
variety of self-assembled, 77-stacked PDI systems.?* ** We have
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recently investigated covalent PDI-based electron donor—acceptor
systems that self-assemble to form larger structures for energy
and electron transport.** 3® Many of these systems take
advantage of the tendency of these chromophores to form
H-aggregates having roughly cofacial orientations. This pro-
motes enhanced electronic communication between adjacent
chromophores enabling efficient energy and/or charge transport.

The motivation for attaching molecules in linear arrays or
rod-like assemblies has been extensively reviewed.®” Prior
elegant work has demonstrated efficient hole hopping within
porphyrin arrays,*® yet our knowledge of how molecular
structure determines efficient charge hopping within a linear
array of chromophores is not understood well enough to make
predictions based on structure alone. To address the general
question of electron transport within linear molecular arrays,
we have examined a series of linear PDI dimers and trimers.
Energy and charge migration along linear chains of rylene
imides have been primarily explored by single molecule
spectroscopy and by photoinduced intramolecular charge sepa-
ration and recombination, which were found to occur with rates
of ~10° s~1.%°7*¢ This behavior is surprising given the nearly
orthogonal orientation of the rylene sr systems combined with
the fact that both their HOMOs and LUMOs have nodes that
bisect the N—N axis within each rylene, therefore minimizing
the electronic coupling between the donor and acceptor rylenes.
Questions remain, however, about the rate of charge migration
between equivalent rylene sites, when an excess charge has been
deposited into the oligomer by radiolysis, chemical, or electro-
chemical reduction. It is likely that the dependence of charge
recombination rates within PDI-based electron donor—acceptor
systems on the subtleties of molecular and electronic structure
is different than the corresponding dependence of charge
hopping rates between discrete monomer units within an
oligomer.

In this study, we have used continuous wave electron
paramagnetic resonance (EPR) and electron nuclear double
resonance (ENDOR) techniques to explore electron hopping
within monoreduced, directly linked PDI dimers and trimers.
These two magnetic resonance techniques are very well-
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Figure 1. Structures of molecules.

established as probes of charge hopping in both chemical and
biological systems.®**%4775% T enhance the solubility of PDI,
as required for these solution phase studies, phenoxy groups
were attached to the perylene core, as shown in Figure 1.
Additionally, in an effort to make each of the PDI molecules
electronically equivalent, the 2,6-diisopropylphenyl capping
groups in the series la—3a were replaced by naphthalimide
groups in the series 1b—3b. We find that electron hopping
between PDI molecules is faster than the ENDOR time scale
(~107 s in both monoreduced dimers, 2a and 2b. We also
observe electron hopping on the ENDOR time scale among all
three PDI molecules in the linear trimer 3b, a remarkable result
given the node in the LUMO of PDI at the point at which it is
attached to the neighboring PDI molecules. The results from
these solution-phase studies point out possible new avenues of
molecular design for organic charge transport materials that are
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alternative or complementary to the predominant charge transfer
routes mediated by intermolecular interactions based on 7—m
stacking.

Experimental Section

Synthesis. The synthesis of 1c has been described previously,**
while the syntheses of the remaining molecules are detailed in the
Supporting Information. Briefly, the PDI dimers and trimers were
linked through N—N bonds at their imide groups via condensation
of the monoanhydride of 1a, first with hydrazine hydrate, followed
by condensation of the resulting aminoimide with the appropriate
mono- or dianhydride. The oligomers in series 1a—3a are terminated
with 2,6-diisopropylphenyl groups, while those in series 1b—3b
are terminated with naphthalene-1,8-dicarboximide (NMI). Mol-
ecules 1c,d are terminated with cyclohexyl groups. Characterization
was performed with a Varian INOVA 500 MHz NMR spectrometer
and a PE Voyager DE-Pro MALDI-TOF mass spectrometer at
Northwestern University (IMSERC). High-resolution mass spectra
were obtained at Northwestern University and University of Illinois
at Champaign—Urbana as described in the Supporting Information.
Molecules 3a, 3b, and 1d are mixtures of two diastereomers
resulting from steric hindrance to rotation about the N—N bonds
joining the PDI derivatives. These isomers proved difficult to
separate, and their presence is only evident in broadening of the
aromatic "H NMR resonances of the PDI derivatives. The presence
of the isomers does not impact the studies described herein.

UV—Vis Spectroscopy and Electrochemistry. Steady-state
absorption measurements were performed at room temperature on
a Shimadzu 1601 UV/vis spectrometer. Spectra of the reduced
species were obtained in the same 1.4 mm i.d. quartz tubes
employed for EPR measurements. UV—vis and electrochemical
measurements were performed in nonstabilized HPLC grade
dichloromethane (DCM) (Fisher) or ACS reagent grade N,N-
dimethylformamide (DMF) (Aldrich), which were dried using a
Glass Contour solvent system. Electrochemical measurements were
performed using a CH Instruments Model 622 electrochemical
workstation. All measurements were performed in DCM containing
0.1 M tetrabutylammonium hexafluorophosphate (TBAPF) elec-
trolyte. A 1.0 mm diameter platinum disk electrode, platinum wire
counter electrode, and Ag/Ag,O reference electrode were employed.
The ferrocene/ferrocenium redox couple (Fc/Fc™, 0.46 vs SCE)™°
was used as an internal reference for all measurements. TBAPFq
was purchased from Aldrich and recrystallized twice from ethyl
acetate prior to use.

EPR and ENDOR Spectroscopy. EPR and ENDOR spectra
were acquired with a Bruker Elexsys E580 spectrometer, fitted with
the DICE ENDOR accessory, EN801 resonator, and an ENI A-500
RF power amplifier. RF powers ranged from 200 to 400 W across
the 7 MHz scanned range, and microwave power ranged from 2 to
20 mW. The sample temperature was controlled by a liquid nitrogen
flow system. All samples and solvents were handled in a nitrogen
atmosphere glovebox (MBraun Unilab). Samples were prepared in
DMF with 1—4% triethylamine (TEA) (w/w) and loaded into 1.4
mm i.d. quartz tubes which were sealed with a 0.5—1.0 cm plug of
vacuum grease and wrapped tightly with Parafilm. TEA was dried
with CaH, and filtered through dry silica gel prior to use and storage
in the glovebox. Photochemical reduction to form monoanions was
accomplished by exciting the sample with an Ar* laser (514.5 nm,
40 mW) beam elongated in one dimension with a cylindrical lens.
In all cases, the photochemical reductions using TEA formed solely
monoanions of the PDI oligomers as monitored by UV—vis.
UV —vis spectra acquired through the quartz tube match the spectra
of PDI radical anions generated electrochemically. Reductions of
the dimers and trimers were halted before 50 and 30% completion,
respectively, to ensure maximum production of the singly reduced
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Figure 2. Normalized UV—vis absorption spectra of 1a, 2a, and 3a in
DCM.
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Figure 3. Normalized UV —vis absorption spectra of 1b, 2b, and 3b in
DCM.

species. A spline fit baseline correction was applied to the ENDOR
spectra following integration.

Results

Steady-State Spectroscopy. The UV—vis absorption spectra
of 1la—3a and 1b—3b are presented in Figures 2 and 3,
respectively. The absorption maxima in each series red shift
slightly with increasing oligomer length. These trends are similar
to prior reports and are expected based upon exciton coupling
of parallel, end-to-end transition dipoles of the PDI mole-
cules.***3%° Additionally, in both series, the absorption of the
lowest energy peak in the vibronic progression is enhanced with
an increase in the number of chromophores, also as expected
from exciton coupling.**®"%> A representative radical anion
absorption spectrum of 2a is shown in Figure 4 (radical anion
UV—vis spectra of 1a, 3a, and 1b—3b are shown in Figures
S1—S5 in Supporting Information). As the samples were
photoreduced with TEA in DMF, anion bands at 725, ~770
(shoulder), and 897 nm appeared and the vibronic progression
in the visible region decreased in intensity, with the exciton-
enhanced low-energy band diminishing more rapidly. Aggrega-
tion of the neutral species was not observed for any of the
molecules in this study based upon comparisons of UV—vis
spectra at concentrations ranging from dilute to saturated
samples in solvents that included DCM, DMF, methylcyclo-
hexane, and toluene.

Electrochemistry. Reduction potentials for both series are
summarized in Table 1 and their differential pulse voltammo-

(60) Langhals, H.; Ismael, R. Eur. J. Org. Chem. 1998, 191, 5-1917.

(61) Kasha, M.; Rawles, H. R.; El-Bayoumi, M. L. Pure Appl. Chem. 1965,
11, 371-392.

(62) Langhals, H.; Jona, W. Angew. Chem., Int. Ed. 1998, 37, 952-955.
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Figure 4. UV—vis absorption spectra of 2a upon increasing (black, red,

orange, ochre, green, blue) photochemical reduction with 514.5 nm light
and TEA in DMF.

Table 1. Redox Potentials (V vs SCE)

peak 1a 2a 3a 1b 2b 3b
1¢ —0.60 —0.55 —0.56 —0.56 —0.58 —0.58
2 —0.84 —0.75 —0.71 —0.73 —0.76 —0.77
3 —0.85 —0.82 —0.82

“ All PDI units are singly reduced, so 17, 227, 33",

W

04 -06 -08 -1.0
V vs. SCE

Figure 5. Differential pulse voltammograms.

grams presented in Figure 5. The first and second reduction
potentials of 1a are —0.60 and —0.84 V vs SCE, respectively.
Dimer 1b is slightly easier to reduce than 1a by 0.04 V, and
the relative difference between the first and second reduction
potentials is also smaller in the 1b—3b series. A third reduction
can be distinguished near —0.8 V for both dimers; however,
only two reduction steps are distinguished for 1a, 1b, and 3b.

EPR and ENDOR Spectroscopy. The EPR spectra of all PDI
radical anion species presented here are inhomogeneously
broadened due to the large number of isotropic hyperfine
coupling constants (hfcc’s). While the hyperfine splittings in
each of the monomer systems are partially resolved (Figure S6
in Supporting Information), those for the dimers are significantly
broadened and both trimers exhibit a single unresolved line (2b"~
and 3b~ shown in Figure S9 in Supporting Information).
Isotropic hfcc’s (ay) were obtained from ENDOR spectroscopy
in liquid DMF at the ENDOR resonance condition vgxpor =
v, & aw/2| where vifxpor are the ENDOR transition frequencies
and v, is the proton Larmor frequency.®> The ENDOR spectra
of 1a’", 1¢'", and 2a" obtained at 290 K are presented in Figure
6. The monomer 1a’~ spectrum shows three well-defined line
pairs with hfcc’s of 5.0 (protons 6, 12), 2.1 (protons 5, 11),

(63) Kurreck, H.; Kirste, B.; Lubitz, W. Electron Nuclear Double Reso-
nance Spectroscopy of Radicals in Solution; VCH: New York, 1988.

11 12 13 14 15 16 17 18
RF (MHz)

Figure 6. 'H ENDOR spectra of 1a"~ (a), 1¢"~ (b), and 2a"~ (c) in DMF
with ~1—4% TEA (w/w) at 290 K. Microwave powers were 2—20 mW,
and RF power was 240—400 W with a frequency modulation depth of 100

kHz.
390K
350K

290K

250K
220K

11 1I2 1I3 1I4 15 16 17 18
RF (MHz)

Figure 7. Temperature-dependent 'H ENDOR spectra of 3a"~ in DMF
with ~1—4% TEA (w/w). Microwave power was 20 mW, and RF power
240—400 W with a frequency modulation depth of 100 kHz.

and 1.5 (protons 2, 8) MHz as previously assigned.”® The
additional single line at the proton Larmar frequency (14.5 MHz)
is due to small unresolved hfcc’s. The ENDOR spectrum of
1d"™ also has three paired lines with similar splittings of 4.8,
2.5, and 1.5 MHz (not shown). However, the spectrum of 1¢"™
displays six line pairs, which result from a splitting of each
proton resonance of 1a” by ~1.9 MHz. The ENDOR spectrum
of the linearly linked dimer 2a" also exhibits these extra
splittings, but each hfcc is reduced by a factor of 2 (within 5%)
compared to that of 1¢"~, as shown in Figure 6¢c. There are no
significant changes in the ENDOR spectrum of 2a"~ over the
temperature range of 250—350 K (Figure S7 in Supporting
Information). Unlike 2a’, the ENDOR spectrum of 3a’™
changes significantly from 220 to 390 K, as shown in Figure 7.
Among other changes, the overall spectral width narrows from
4.4 to 3.6 MHz as the temperature is increased from 220 to
390 K.

The proton ENDOR spectra of 1b*", 2b"", and 3b"™ at 290
K are presented in Figure 8. The spectrum of the NMI-capped
monomer 1b°™ has hfcc’s of 4.8, 2.6, and 1.8 MHz. The ENDOR
spectrum of 2b*~ reveals hfcc’s that are exactly half as large as
those of 1b*". While relative intensities and line widths of the
peaks in the ENDOR spectra of the dimer depend significantly
on temperature, the hfcc’s are nearly unchanged over the liquid

J. AM. CHEM. SOC. = VOL. 131, NO. 25, 2009 8955
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Figure 8. 'H ENDOR spectra of 1b"~ (a), 2b"~ (b), and 3b"~ (c) in DMF
with ~1—4% TEA (w/w) at 290 K. Microwave powers were 2—6 mW,
and RF power was 240—400 W with a frequency modulation depth of 100
kHz.

390,
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Figure 9. Temperature-dependent 'H ENDOR spectra of 3b"~ in DMF
with ~1—4% TEA (w/w). Microwave powers were 2—20 mW, and RF
power was 240—400 W with a frequency modulation depth of 100 kHz.

temperature range of DMF (Figure S8 in Supporting Informa-
tion). The ENDOR spectrum of 3b*~ has an overall spectral
width of 1.9 MHz at 290 K. The temperature-dependent
ENDOR spectra of 3b"™ are shown in Figure 9, which also
exhibit line broadening upon increasing temperature.

The EPR spectra of 1b"—3b"" are presented in Figure S9 in
Supporting Information. The second moments given in Table 2
were calculated from the measured first derivative signals using
eq 1

(0 = D) flw)de
(Aw®y = S (1

[ fiw)do

where W ener 1S the magnetic field at the center of the band and
flw) is the experimentally measured spectrum. Experimental
parameters were chosen to exclude broadening due to micro-
wave saturation or over modulation. Calculations were repeated
on 2—3 separate measurements to obtain averages.

Discussion

A qualitative and quantitative understanding of electron
hopping in the linearly linked PDI oligomers benefits from
comparisons made with model compounds 1a—d. The results
indicate that the ENDOR spectra of the radical anions strongly

8956 J. AM. CHEM. SOC. = VOL. 131, NO. 25, 2009

Table 2. Assignments of Hyperfine Coupling Constants (MHz) and
Experimental Second Moments at 290 K

molecule 6,12 position 5,11 position 2,8 position ~extra peaks? (Aw?)
la 5.0 2.1 1.5 - -
1b 4.8 2.6 1.8 - 2.74 + 0.08
1c 59 40 32 13 25 07 - -
1d 4.8 2.5 1.5 - -
2a 28 20 16 08 1.2 05 - -
2b 2.4 1.3 0.9 - 1.45 £ 0.05
3a 4.1 2.2 1.6 0.6 0.3 -
3a (390 K) 2.6 1.8 1.3 0.6 0.3 -
3b 19 14 10 08 ~0.5 - 1.11 + 0.06

“ See text for assignment.

depend upon the number of linked PDI molecules, the symmetry
of the PDI, and temperature. The radical anions used in these
solution-phase EPR and ENDOR experiments are generated by
photochemical reduction using a TEA sacrificial donor, which
is closely monitored using UV —vis to ensure exclusive produc-
tion of monoanions. The counterion is presumed to be TEAH*
as described in the literature.®*%> The use of a polar solvent,
such as DMF, diminishes the potential effects of ion pairing,
which might otherwise govern the nature of charge hopping/
delocalization.*”**° The spin density of 1a"~ is substantial on
the carbons nearest the bay region protons (6, 12 positions), as
indicated by the large hfcc (5.0 MHz), which is assigned to
those positions.”® The central peak at 14.5 MHz, the 'H Larmor
frequency, found in the monomer spectra is attributed to small
hfce’s from the N-(2,6-diisopropylphenyl), N-cyclohexyl, or 1,7-
bis(3,5-di-fert-butylphenoxy) groups, or to solvent protons.

Reference compound 1c¢ is asymmetrically substituted at the
two imide nitrogen atoms of PDI. The unpaired electron in 1¢*™
remains localized on the phenoxy-substituted PDI because the
reduction potential of 1,7-bis(pyrrolidin-1-y1)-3,4:9,10-perylene-
bis(dicarboximide) (5PDI) is 0.16 V more negative than PDL*
This asymmetric substitution perturbs the spin density distribu-
tion on the PDI as revealed in the ENDOR spectrum of 1¢*
(Figure 6b), which has twice as many proton hfcc’s compared
to the symmetric monomers. In the case of reference molecule
1d°", PDI is again symmetrically substituted, so only three line
pairs are observed in its ENDOR spectrum (not shown).
However, it is noteworthy to mention that 1b*~ and 1d"™ have
very similar ENDOR spectra, in which the two largest hfcc’s
of both compounds are ~4.8 and ~2.5 MHz. Our results suggest
that the attachment of either NMI or 5PDI at the imide position
of PDI alters the spin density distribution of PDI"™ in a similar
manner.

The ENDOR spectrum of dimer 2a” shown in Figure 6¢
displays six line pairs, as does the monomer reference compound
1c¢”. However, in the case of 2a"", the hfcc’s are reduced by a
factor of 2 compared to those of 1¢"". This result shows unequivo-
cally that the electron hops between the two PDI units in dimer
2a at a rate that exceeds the ENDOR time scale (>107 s7!). A
recent study on monoreduced covalent and self-assembled sz-stacked
PDI molecules also reported halving of the spectral width when
comparing the monomer to the dimers.>® Therefore, on the EPR/
ENDOR time scale, there is no distinction between the rates of
electron transfer among cofacial and linear dimers of PDI. Although
we anticipate the cofacial system to have the faster electron transfer

(64) Dapo, R.; Mann, C. K. Anal. Chem. 1963, 35, 677-680.

(65) Smith, P. J.; Mann, C. K. J. Org. Chem. 1969, 34, 1821-1826.

(66) Gerson, F.; Huber, W. Electron Spin Resonance Spectroscopy of
Organic Radicals; Wiley-VCH: Weinheim, Germany, 2003.
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rate due to greater orbital overlap, the actual rate has yet to be
determined for either of these systems.

The ENDOR spectra of trimer 3a* shown in Figure 7 display
an overall reduction of the hfcc magnitudes; however, they are
not reduced by a factor of 3 compared to a monomer reference
molecule, as would be expected if the unpaired electron was
hopping rapidly between all three units on the ENDOR time
scale. Instead, the three outermost line pairs can be well-modeled
by compressing the spectrum of 1a* by up to 25% at the highest
temperature measured (390 K), indicating that the radical anion
is residing primarily on the central PDI of the linear trimer.
The additional central peaks with splittings of 0.3 to 0.6 MHz
are attributed to a small amount of spin leakage from the central
PDI to the outer PDIs. The fact that the unpaired electron
preferentially resides on the central PDI makes sense, given that
the central PDI is attached to two electron-withdrawing imide
groups which make it easier to reduce.

On the basis of the results in series 1a—3a, the 1b—3b series
was designed with the goal of making each PDI as electronically
similar as possible. Terminating the oligomers with NMI places
electronically similar imide—imide bonds on both sides of each
PDI. NMI acts as a second electron-withdrawing group on the
termini of the PDI oligomers and is much more difficult to
reduce (—1.3 V vs SCE) than PDL® so that essentially no spin
density resides on it. The capping of a PDI dimer or trimer with
NMI groups should then make each PDI group effectively
isoenergetic. The electrochemical data (Table 1) support the
argument that NMI is more electron-withdrawing than 2,6-
diisopropylphenyl because 1b is easier to reduce than 1a by 40
mV. Also, the observation that only one reduction wave is
observed near the second reduction potential of 3b while two
separate waves are observed in 3a indicates that the PDI
molecules in 3b have become nearly isoenergetic, as there is
no longer a distinction between the outer and central PDI
molecules in the 3b trimer.

The ENDOR spectrum of 2b" shown in Figure 8b, unlike
that of 2a’", exhibits only three somewhat broadened line pairs.
This demonstrates that the NMI capping group comes close to
mimicking the electronic environment imposed by the direct
linkage of PDI molecules via N—N bonds between their imide
groups, such that the spin density distribution within each PDI
in 2b*" is nearly symmetric. The hfcc’s of 2b*™ are exactly half
of those of the monomer 1b*", leading to the conclusion that
electron hopping on the ENDOR time scale occurs in this dimer
as well as 2a"". The ENDOR spectrum of 3b*~ (Figure 8c)
shows that the presence of the NMI capping groups does not
result in a completely symmetric spin distribution in the outer
pair of PDI molecules. This is evidenced by the observed
splitting of the ENDOR lines assigned to the 6,12, and 5,11
protons of the outer PDI in 3b"~ (Figure 8c and Table 2). The
unsplit lines due to the inner PDI as well as the small splittings
due to the 2,8 protons are unresolved within the spectral
envelope. The average of the resolved hfcc’s for 3b™™ shows
that these splittings are one-third of the corresponding splittings
of the monomer reference compound 1b*". As far as we are
aware, this is the first example of an ENDOR spectrum narrowed
by a factor of 3 for a linear trimer. Electron hopping in 3b"™ at
rates >107 s™! is still observed upon lowering the temperature
to 250 K.

(67) Viehbeck, A.; Goldberg, M. J.; Kovac, C. A. J. Electrochem. Soc.
1990, 137, 1460-1466.

Additionally, the number of sites over which a radical ion in
a large st system hops or is delocalized on the EPR time scale
can be determined by EPR line narrowing and second moment
analysis.**®® According to the relationship set forth by Norris
et al.,* (Aw}) = I/N(Aw}), the second moment of an EPR
line in which the unpaired spin is delocalized over N molecules
is proportional to 1/N times the second moment of the monomer.
The experimentally determined second moments for 1b*™—3b""
listed in Table 2 follow an approximate 1/N relationship upon
increasing the number of PDI molecules over which the unpaired
electron is hopping.

UV —vis absorption spectra of the dimer and trimer radical
anions as shown in Figure 4 and Figures S2 and S5 in
Supporting Information show only minor perturbations due to
electronic interactions between the chromophores, indicating that
on the time scale of UV—vis absorption the unpaired electron
is localized on a single PDI. Thus the electron hopping rate
(ker) between the linearly linked PDI molecules lies in the
regime between that of UV—vis absorption and ENDOR
measurements (10" s™! > kgr > 107 s™1). This range is consistent
with the rates determined for photoinduced charge transfer in
similar systems.

Our model systems demonstrate that the relative energetics
between neighboring PDI molecules (i.e., degeneracy) is crucial
for efficient electron hopping in linearly linked PDIs. Electron
hopping over longer oligomers is likely and could open the door
to new types of architectures involving PDI molecules, namely,
linear rather than s-stacked, for use in organic electronics. The
fact that PDI molecules are also excellent absorbers of visible
light, and that exciton coupling increases the extinction coef-
ficient with increasing oligomer length, makes them also good
candidates for solar cell applications.

Conclusions

Electron transfer among two different sets of monoreduced
linearly linked, PDI oligomers having perpendicular 7z systems
was studied using EPR and ENDOR spectroscopy. Electron
hopping >107 s™! was found to occur in both of the dimers.
Despite the nodes in both the HOMO and LUMO of PDI that
bisect its N—N axis, it was found that connecting PDI molecules
via a N—N linkage at their imide groups results in a significant
change in their reduction potential relative to attachment of alkyl
substituents. In the case of the trimers, it was found that rapid
electron hopping occurs only when all three PDI molecules are
effectively isoenergetic, as afforded by the use of an NMI end-
capping group. Our results indicate that linear PDI oligomers,
and most likely those in the longer rylene diimide family, show
promise as potential organic electronic materials for long
distance electron transport.
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