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The self-assembly of redox-active molecules into ordered
arrays capable of rapid, long-distance charge transport is
important for the development of functional nanomaterials
for organic electronics. In this regard, DNA shows great
promise as a structural scaffold for the helical arrangement of
chromophores and other (semi)conducting materials.'~*! Base
substitutions and modifications, sugar modifications, and
noncovalent interactions have all been used for the construc-
tion of such DNA-based structures. Perylenediimides (PDIs),
which have the advantages of strong absorptivity, high
fluorescence quantum yields, high photochemical and thermal
stability, strong hydrophobic m—x stacking interactions, and
semiconducting properties, have been incorporated in a
variety of structures.*'®! Recently, Wagner and Wagen-
knecht!"” reported the preparation of a PDI derivative, P
(Figure 1), which is readily incorporated into an oligonucleo-
tide and serves as a base-pair surrogate when located opposite
an abasic site in a duplex structure. The incorporation of P in
opposite complementary oligonucleotides has been shown to
result in the formation of stable duplexes in which the P units
are located in a zipperlike fashion within the hydrophobic
interior of the resulting duplex.®'”! The stacking of P units
within the duplex resulted in an excimer-like state following
photoexcitation.['"!

We report herein the results of our investigation of
intramolecular electron hopping within a series of synthetic
DNA hairpins 1-4 (Figure 1). These hairpins possess compact
3'-CCA loop regions connecting poly(T)-poly(A) stems
containing a single P moiety located opposite an abasic site
(1), two P moieties located opposite abasic sites and attached
either to the same strand (in 2s) or to opposite strands (in 20),
or three or four P moieties positioned adjacent to one another
but on opposite strands in a zipperlike fashion (in 3 and 4).
The EPR spectra of the singly reduced duplexes were
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Figure 1. DNA hairpin structures.

consistent with electron hopping between two sites in both
dimers (the hairpins containing two P moieties) and the
trimer 3, and among three sites in the tetramer 4. Herein, we
discuss the origin and implications of partial electron sharing.

Oligonucleotides containing P were synthesized by the
method of Wagner and Wagenknecht;'”! the CCA linker in
hairpins 1-4 has been employed previously in the synthesis of
stable minihairpins.!*!7!® The characterization of 1-4, includ-
ing mass spectrometry and circular dichroism (CD), is
described in the Supporting Information.

An intensity reversal was observed in the UV/Vis
absorption spectra for the 0—0 and 0—1 transitions in 2-4
with respect to those of 1 (Figure 2). This result indicates that
the m-stacked P chromophores are exciton-coupled.!'*?!
Moreover, the A°~%A°~! ratio for the vibronic bands
decreased as the number of P units increased, and there was
a notable difference between dimers 2s and 20, presumably
as a result of the conformational changes imposed by the
attachment of the two P units to either one strand or opposite
strands within the duplex. Upon the partial chemical reduc-
tion of P with sodium dithionite, peaks corresponding to the
radical anion appeared at 727, 815, and 980 nm, whereas the
vibronic progression in the visible region decreased in
intensity (see Figure S1 in the Supporting Information). The
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degree of reduction was maintained

well under 50, 33, and 25% for the 174"

Table 1: EPR data, calculated second moments, and N values derived from Equations (1) and (2) for

dimers, trimer, and tetramer, Molecule AH  AHu/AHy N&  (Aw?) N a, (1-H, 6-H, 7-H,  a, (2-H, 5-H, 8-H,
respectively, to ensure that each 9] 12-H) [MHz] 11-H) [MHZz]
duplex contained a single P~ unit. ;.- 44 _ 47 - 42 28

The EPR spectra of 1"—4" at 24~ 30 15 2 24 20 29,20 15,1.2
290 K (Figure 3) exhibited Gaus- 20~ 3.1 1.4 2 2.5 1.9 2.1 1.3
sian line shapes and were inhomo- 3" 33 13 2 3.0 1.6 32,25 1.5
geneously broadened into single 4~ 27 16 3 1.5 31 1815 0.9

unresolved lines owing to the large
number of electron—nuclear hyper-
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Figure 2. Normalized UV/Vis absorption spectra of neutral com-
pounds 1-4.
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Figure 3. CW EPR spectra of 17, 2s'7, 20", 3'~, and 4"~ (produced by
the monoreduction of 1-4 with sodium dithionite in TE buffer at

290 K). The microwave power was 0.6 mW with a modulation ampli-
tude of 0.2 G (17) or 0.5 G (25, 20, 3, 47) at 25 kHz.

fine interactions within each molecule, except for the
spectrum of 1", in which some of the hyperfine lines were
observed. Whereas the spectrum of 1'~ was similar to that of
other PDI radical anions,”2* with an overall peak-to-peak
width of 4.4 G, the EPR linewidths, AH, of the dimers, trimer,
and tetramer were narrower than that of the monomer
(Table 1). All radical anions had a measured g factor of
2.0026 4 0.0001, which is typical for organic aromatic mole-
cules.

The number of sites over which the unpaired electron is
shared, either by hopping or delocalization, can be estimated
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© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Determined from Equation (1) and rounded to the nearest whole number. [b] Determined from
Equation (2).

from the narrowing of Gaussian EPR lines on the basis of
Equation (1):%!

AHy = (Vm)AHM 1)

which relates the linewidth of the monomer, AHy, to the
observed linewidth AHy when an unpaired spin is shared over
Ng molecular sites. The AHy/AH)y ratios are reported in
Table 1 along with the number of sites Ng over which the
charge is shared on the EPR timescale according to Equa-
tion (1). This timescale is determined by the hyperfine
coupling constants (hfccs) between the unpaired electron
spin and the proton nuclear spins of P (ay), such that for
typical values of ay, the charge hopping rate between P
moieties must exceed about 107 s™! for complete EPR line
narrowing to be observed. The unpaired spin is fully shared
between the two P molecules in dimers 2s and 20".
However, the spin is only shared between two P moieties in
3 and among three P moieties in 4.

The number of sites over which a radical ion in a multisite
redox system hops or is delocalized can also be determined by
second-moment analysis of the EPR lineshape by using a
different form of Equation (1)

(M0R) = 5 (Adk) @)

according to which the second moment of an EPR line for an
unpaired spin delocalized over Ny molecular sites, (Awy, ), is
proportional to 1/Ng times the second moment of the EPR
line for the monomer 1, (Awy,). The second moments
(Table 1) were calculated from the measured first-derivative
signals by using Equation (3):

* (0 — Deepter)*f (@)d
(ao) = S @

in which o, is the magnetic field at the center of the band
and f(w) is the experimentally measured spectrum. The
values of Ny determined by using Equation (2) were in
agreement with those obtained from Equation (1): 2s"~ and
20" clearly showed charge sharing between the two P
moieties, an intermediate value indicative of partial electron
sharing between two P moieties was found for 37, and 4~
demonstrated electron sharing among three P moieties.
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Isotropic hfccs for 1'"—4~ were obtained by electron—
nuclear double resonance (ENDOR) spectroscopy (Figure 4,
Table 1) in liquid TE buffer (composed of 2-amino-2-hydroxy-

v/MHz —

Figure 4. "H ENDOR spectra of 1, 25", 20", 3", and 4" (produced
by the monoreduction of 1-4 with sodium dithionite in TE buffer at
290 K). The microwave power was 20-62 mW, and the radio-frequency
power was 240-400 W with frequency modulation at 100 kHz.

methylpropane-1,3-diol (Tris) and ethylenediaminetetraace-
tic acid) by using the resonance condition
Vinpor = |Va = %], in which vipop is the ENDOR tran-
sition frequency and v, is the proton Larmor frequency.””!
The ENDOR spectrum of 1~ exhibits two well-defined line
pairs with hfccs of 4.2 MHz (1-H, 6-H, 7-H, 12-H) and
2.8 MHz (2-H, 5-H, 8-H, 11-H). The spectrum is consistent
with previously assigned spectra of PDI'™ with an unsubsti-
tuted perylene core.*?*? The ENDOR spectrum of 20~ also
has two paired lines, but with splittings of 2.1 and 1.3 MHz,
which are just slightly larger than half those observed for the
monomer. Thus, electron hopping between the P moieties
must occur at a rate higher than 107 s™'. Dimer 2s* also has
hfccs not much larger than those of the monomer, but its
spectrum is more complex, with each proton resonance
further split. This additional splitting is a common ENDOR
spectral feature when PDI'~ is asymmetric,”! and is consistent
with the asymmetric environment of the adjacent P moieties
in 2s. The ENDOR spectrum of 3= does not exhibit a
reduction in the magnitude of the hfccs by a factor of three
relative to 17. Rather, the spectrum of 3 has an overall
spectral width that is narrower than that observed for the
monomer, but broader than that observed in the spectra of
the dimers, with indistinct spectral features. This spectrum is
in accord with the aforementioned EPR analysis of 3. The
overall spectral width of the ENDOR spectrum of 4 is
1.8 MHz, clearly narrower than that observed for the dimers,
and best fit by dividing the hfccs of the monomer spectrum by
three. EPR and ENDOR spectra measured from 275-310 K,
in the liquid temperature range and below the DNA melting
points, did not exhibit any substantial broadening or other
changes with respect to the spectra reported at 290 K.

Line narrowing in continuous wave (CW) EPR spectra as
a result of electron hopping has previously been observed for
very large cofacial PDI aggregates.”>?! In this study we were
able to examine the effects of electron hopping in a cofacial
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PDI system as the oligomer length increased incrementally.
When the number of P moieties in the hairpins was increased
from two to three, hopping was still only observed between no
more than two P moieties. The rate of charge hopping is
frequently limited by counterion movement,?” but in this case
the motion of Na® should be rapid. The limited range of
charge hopping could result from insufficient similarity of the
reduction potentials (LUMO energies) of the three P
moieties in 3" to enable thermally activated electron hopping
among all three P moieties at room temperature.”**! In the
next-larger system, 4, electron hopping at a rate above
107 s~! was only observed among three of the four P moieties.
Again, the fact that not all P units were involved in electron
hopping could be due to a difference in the LUMO energies
of the P moieties of the tetramer stack. Alternatively, the
natural 36° twist between P conjugates in B-form DNA ! that
is, imperfect P stacking, could limit the degree of m-orbital
overlap between the stacked P moieties and thus limit the
extent of electron hopping to only two to three P moieties. It
is also possible that the degree of charge sharing in these
systems reflects the extent of charge delocalization in a
polaron formed by two to three P units. This idea is consistent
with the observation that even in non-DNA PDI systems with
a much longer aggregation length, CW EPR line narrowing
has previously been observed only down to about 2.3 G, the
equivalent of three to four PDI units.”>%! However, the UV/
Vis spectra of 2°"—4'~ are all very similar to that of 1'~ (see
Figure S1 in the Supporting Information), so that it is unlikely
that the electron is delocalized on the electronic-transition
timescale as would be expected for a polaron.

In summary, electron hopping occurs among two to three
ni-stacked P moieties held together in a zipperlike fashion by a
B-DNA hairpin scaffold with rates above 107 s, as indicated
by EPR and ENDOR spectroscopy. The observed number of
sites that the electron visits is similar to that observed in
crystalline or self-assembled PDIs that also have a m—m
stacking interchromophoric distance of approximately
3.4 A P2 and may be limited by structural variation between
sites. Our results demonstrate the potential of synthetic DNA
scaffolds, readily obtainable by using automated synthesis
techniques, to promote large-scale ordering and charge
transport through the use of redox-active organic molecules
with a demonstrated potential for application in organic
electronic devices.

Experimental Section

P was prepared by a previously reported method.!""! The synthesis of
2s, 20, 3, and 4 followed that of 1.3l Conjugates were purified by
HPLC and characterized by MALDI-TOF mass spectrometry and
CD (see the Supporting Information). UV/Vis spectra of reduced
species were measured through 1.4 mm LD. quartz tubes at room
temperature. EPR and ENDOR spectra were acquired with a Bruker
Elexsys E580 spectrometer (see the Supporting Information).
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