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ABSTRACT: Donor—bridge—acceptor (D—B—A) systems in which a 3,5-
dimethyl-4-(9-anthracenyl)julolidine (DMJ-An) chromophore and a naphtha-
lene-1,8:4,5-bis(dicarboximide) (NI) acceptor are linked by oligomeric 2,7-
fluorenone (FN,) bridges (n = 1—3) have been synthesized. Selective
photoexcitation of DMJ-An quantitatively produces DMJ**-An"", and An~" acts
as a high-potential electron donor. Femtosecond transient absorption spectroscopy

stepwise hopping, yet f=0.34 A1 !

in the visible and mid-IR regions showed that electron transfer occurs

quantitatively in the sequence: DMJ**-An"*—FN,—NI — DMJ**-An—FN, *—NI — DMJ**-An—FN,—NI"*. The charge-shift
reaction from An~* to NI™*® exhibits an exponential distance dependence in the nonpolar solvent toluene with an attenuation
factor () of 0.34 A", which would normally be attributed to electron tunneling by the superexchange mechanism. However, the
FN,”° radical anion was directly observed spectroscopically as an intermediate in the charge-separation mechanism, thereby
demonstrating conclusively that the overall charge separation involves the incoherent hopping (stepwise) mechanism. Kinetic
modeling of the data showed that the observed exponential distance dependence is largely due to electron injection onto the first
FN unit followed by charge hopping between the FN units of the bridge biased by the distance-dependent electrostatic attraction
of the two charges in D**—B~*—A. This work shows that wirelike behavior does not necessarily result from building a stepwise,
energetically downhill redox gradient into a D—B—A molecule.

B INTRODUCTION

Achieving distance-independent “wirelike” electron transfer in
molecular donor—bridge—acceptor (D—B—A) systems requires
a detailed understanding of how electron transfer depends on
molecular structure.' Systematic studies of electron transfer
involving covalently linked D—B—A systems have examined a
variety of bridge molecules, including DNA base pairs;
peptides in proteins;” porphyrins;* saturated alkane o systems;”
and unsaturated alkene, alkyne, and aromatic z-conjugated
spacers.’ In most of these D—B—A systems, electron transfer
from D to A occurs by the coherent superexchange mechanism,
which involves mixing of virtual states having charge formally
on the bridge with the initial donor state and requires the
virtual bridge states to be energetically much higher in energy
than the donor state. McConnell used second-order perturba-
tion theory to derive an expression for the bridge-mediated
electronic coupling Vp, between D and A with identical B units
that mediate the electronic coupling:”

n—1
_ VDBVBA( VBB )

%
DA™ "ABpg | AEpg

(1)

where Vpg and Vy, are the matrix elements that couple D to B
and B to A, respectively, n is the number of identical B units,
Vg is the electronic coupling between B units, and AEpy is the
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energy gap between the donor and bridge states. When Vi <
AEpg, the distance dependence of the electronic coupling is

described by

Vpa = Vpe PRR0)/2 )

where Vj is the coupling at the van der Waals contact distance
Ry, Ris the D—A distance, and f is the attenuation factor, given
by eq 3:
2
p=—1In

r
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in which r is the length of one bridge segment. Since theory
shows that the electron-transfer rate constant kp, is propor-
tional to Vp,2® the distance dependence of kp, via the coherent
superexchange mechanism is exponential and is given by**’

—B(R—Ry)

VBB

(4)

When the energies of the virtual states having charge on the
bridge become resonant with that of the initial state or drop
below it, the bridge states become real, and incoherent charge
hopping from one distinct redox site to the next can occur.'®

kDA = koe

Received: June 24, 2011
Published: February 15, 2012

dx.doi.org/10.1021/ja205913q | J. Am. Chem. Soc. 2012, 134, 4581—-4588


pubs.acs.org/JACS

Journal of the American Chemical Society

Under these conditions, the perturbation theory assumptions
inherent in the superexchange mechanism break down, and the
observed small § values are strictly phenomenological. Thus,
depending on the energies of the charge-separated states
involving the bridge molecules, the incoherent hopping
mechanism should become more efficient than the coherent
superexchange process at long distances, so measurements of
the distance dependence of the electron-transfer rate are often
employed to differentiate between these mechanisms. Charge
transport within 7-linked D—B—A molecules has been studied
under a variety of conditions®™****¥!! to identify the molecular
properties that determine the crossover from superexchange to
hopping when molecular systems exhibit a combination of
these mechanisms.”'> However, lengthening the bridge often
changes other system parameters, such as bridge redox
potentials and molecular conformations.®® Nevertheless, the
shallow distance dependence of the charge-hopping mechanism
should be favorable for constructing a molecular wire that
allows efficient electron transfer over long distances.

While determining S has been the object of many
experimental®®''™"3 and theoretical'* studies, concerns have
been raised as to the reliability of f in assessing the role of
superexchange in a given electron-transfer reaction.'® The
observed f values for z-conjugated bridges range from those
characteristic of fully conducting bridges (f close to zero) to
those of nearly insulating ones (4 > 0.5 A™"), while ¢ bridges
have very high f values near unity.15b By convention, f = 0.2—
0.3 A™! is considered to be the lower limit of the superexchange
regime, with lower values attributed to a significant
contribution from the incoherent hopping mechanism. "
For D—B—A systems in which the charge-hopping mechanism
is operative, it is difficult to assign an upper limit to the
observed phenomenological # value because several potential
mechanisms can result in such behavior, which is the principal
focus of this paper.

For sufficiently long bridges, theory has identified three
conditions under which the incoherent hopping mechanism can
exhibit an exponential distance dependence with a f value
similar to that for the single-step coherent superexchange
mechanism.'* In general, these conditions all reflect an
asymmetry in the hopping rates between bridge sites in the
forward (toward A) and backward (toward D) directions and/
or the competition of hopping with different channels for
charge depopulation of the bridge."* First, if the charge-
hopping rates between independent bridge sites are the same, a
significant difference in the rates of charge recombination from
the bridge to the donor and charge trapping by the terminal
acceptor can lead to a large B value. Second, the distance-
dependent electrostatic attraction of the two charges in D**—
B™°—A can provide asymmetries in the rate constants that lead
to significant /3 values."** Third, injection of the electron onto
the bridge may result in polaron formation resulting from
significant charge delocalization over multiple bridge sites along
with the structural and solvent distortions that accompany it,
which may result in significant values.'

We now report on a series of D—B—A molecules for which
we have experimentally shown the electron transfer to proceed
solely by stepwise, incoherent hopping yet exhibit a significant
P value in a nonpolar solvent. Previous studies of D—B—A
systems with reported /3 values as high as 1.47 A™', which were
attributed to the hopping mechanism, mostly involved charge
transport in DNA, where the polar solvent (water) and
counterions provided a means for polaron-like hopping.'”
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Utilizing femtosecond visible pump/visible probe and visible
pump/mid-IR probe transient absorption spectroscopies, we
have unequivocally identified the reduced bridge as an
intermediate in the charge-transfer process and determined
the charge separation time as a function of the D—A distance
using distinctive spectroscopic tags for the electron arrival at
the acceptor. The D—B—A system that we employed consists of
an anthracene radical anion electron donor produced by
photoexcitation of 3,5-dimethyl-4-(9-anthracenyl)julolidine
(DMJ-An) to its charge-transfer state, DMJ**-An""; a series
of fluorenone oligomers FN, (n = 1—3) as the bridges; and
naphthalene-1,8:4,5-bis(dicarboximide) (NI) as the electron
acceptor (Figure 1). Photoexcitation of DMJ-An produces

(n=1-5)
n = 1-3: R =n-CgHy7; n =4-56: R= 2,5di--butylphenyl

DWVUJ An  Ph, NI

Figure 1. (top) D—B—A molecules and (center) model compounds
used in this study. Results were compared to the (bottom) analogous
molecules studied previously.”®

DMJ**-An"* quantitatively,'” and An™* acts as a high-potential
electron donor. The FN, bridges are advantageous because
their reduction potentials change only modestly as n increases
(=1.27, —1.14, and —1.08 V vs SCE for n = 1—3, respectively;
see the Supporting Information). The aforementioned hopping
mechanisms are discussed below along with comparisons with
the coherent superexchange mechanism.

B EXPERIMENTAL SECTION

Synthesis. The synthesis and characterization of DMJ-An—FN,—
NI (n = 1-3) were reported earlier,"® while those of DMJ-An—EN,, (n
= 1, 2) are described in the Supporting Information. All reagents were
purchased from Sigma-Aldrich and used as received. All final products
were purified by normal-phase preparative thin-layer chromatography
prior to characterization. All solvents were spectrophotometric grade
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or distilled prior to use. Intermediates and the resulting products were
characterized by '"H NMR and UV—vis spectroscopy and high-
resolution mass spectrometry.

Optical Spectroscopy. Steady-state absorption spectroscopy was
performed using a Shimadzu UV-1800 spectrophotometer. All solvents
were spectroscopic grade and used as received, except for
tetrahydrofuran (THF) and toluene, which were further purified
through a GlassContour solvent system immediately prior to use.
Spectroelectrochemistry was carried out in argon-purged N,N-
dimethylformamide (DMF) with 0.1 M Bu,NPF as the supporting
electrolyte. Bulk electrolysis was performed using a computer-
controlled potentiostat (CH Instruments) and a three-electrode
arrangement in a 2 mm glass cuvette utilizing a platinum wire mesh
working electrode, a platinum wire auxiliary electrode, and a silver wire
pseudoreference electrode. The cuvette was placed in a computer-
controlled spectrophotometer (Shimadzu UV-1800). Spectra of the
electrochemically generated anions were recorded by passing the light
from the spectrophotometer through the platinum mesh and sweeping
from 800 to 350 nm every 2 min. A blank spectrum consisting of the
cuvette filled with solvent and supporting electrolyte was subtracted
from each data set.

Femtosecond visible pump/visible probe transient absorption
measurements were made using the 416 nm frequency-doubled
output from a 2 kHz regeneratively amplified Ti:sapphire laser system
as the pump.®* A white-light-continuum probe pulse was §enerated by
focusing the IR fundamental into a 1 mm sapphire disk.”” Detection
with a charge-coupled device (CCD) spectrograph has been described
previously.”” The optical density of all samples was maintained
between 0.3 and 0.5 at 416 nm. The samples were placed in a 2 mm
path length quartz cuvette equipped with a vacuum adapter and
subjected to five freeze—pump—thaw degassing cycles prior to
transient absorption measurements. The samples were irradiated
with 1.0 ], 416 nm laser pulses focused to a 200 pm spot. Typically,
5—7 s of averaging was used to obtain the transient spectrum at a given
delay time. The total instrument response function (IRF) for the
pump—probe experiments was 150 fs. The transient absorption
kinetics at a given wavelength was determined by using a nonlinear
least-squares fit to a general sum of exponentials (Levenberg—
Marquardt algorithm) convolved with a Gaussian function to account
for the finite instrument response. The three-dimensional (3D) data
set (AA vs time and wavelength) was analyzed using global fitting to
obtain decay-associated difference spectra (DADS) (see the
Supporting Information).

Femtosecond visible pump/mid-IR probe transient absorption
spectroscopy was performed on DMJ-An—FN, (n = 1, 2) and DMJ-
An—FN,—NI The data were obtained in THF because toluene is too
absorptive in the 1500—1800 cm™" spectral region. Complementary
femtosecond visible transient absorption data in THF were also
obtained for direct comparison with the transient IR results. The
femtosecond IR transient absorption setup was based on a 1 kHz
Ti:sapphire regenerative amplifier (Spitfire Pro, Spectra-Physics)
seeded by a Ti:sapphire oscillator (Tsunami, Spectra-Physics). The 1
m]J, 45 fs output of the amplifier was split into two beams of equal
energy that were used to pump two separate optical parametric
amplifiers (TOPAS-C, Light Conversion) to generate the tunable
visible pump (290—2600 nm) and mid-IR probe (1000—4000 cm™")
pulses. A gradient neutral-density filter wheel was used as the first
turning mirror in the mid-IR beam path. By adjustment of the amount
of reflectance, the intensity of the mid-IR probe pulse could be
attenuated to a level below the detector saturation limit. The mid-IR
beam was then split into vertically displaced probe and reference
beams before the sample with a wedged ZnSe window, and
multichannel detection of the ~400 cm™ bandwidth IR probe light
was achieved using a dual-array, 2 X 64-element mercury cadmium
telluride (MCT) detector (InfraRed Associates, Inc.). The 400 nm
pump pulse was produced from the 800 nm fundamental by second-
harmonic generation, chopped at 500 Hz, and sent down an optical
delay line before being focused at the sample with a 10 cm off-axis
silver parabolic mirror along with the probe and reference beams. The
probe beam was horizontally polarized, and the pump beam
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polarization was set to the magic angle (54.7°) to eliminate
contributions from rotational motion of the molecule in solution.
The IRF was ~300 fs. The sample cell consisted of a 2 mm Teflon
spacer between two 2 mm thick CaF, windows (Harrick Scientific
Products, Inc.). The pump beam was rejected with an iris after passing
through the sample, and the probe and reference beams were
dispersed by an imaging spectrometer (Triax 190, HORIBA Jobin
Yvon) equipped with a 75 groove/mm grating. Typically ~250 cm™
of mid-IR light was imaged onto the 64 pixels of the MCT detector.
However, our data in the same spectral window had three times the
density of pixels as a result of interleaving of the spectra obtained at
three grating positions and reconstitution of the recorded spectrum.
Each time point was the sum of three spectra, each of which was
obtained after 4 s of averaging.

B RESULTS

Steady-State Spectroscopy. The ground-state absorption
spectrum of DMJ-An in toluene exhibits a broad charge-transfer
absorption maximum at 367 nm with a broad emission
maximum at 519 nm, resulting in an excited singlet charge-
transfer state with an energy of 2.89 eV."”*° The ground-state
absorption spectra of DMJ-An—FN,—NI and DMJ-An—FN,,
have absorption maxima at 360 and 380 nm and a shoulder at
398 nm, with the prominent vibronic structure coming from
overlapping contributions of the DMJ-An charge-transfer
absorption and the NI acceptor Franck—Condon progression
(Figure 2). As the bridge length increases, additional broad
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Figure 2. Ground-state absorption spectra of DMJ-An—FN,—NI (n =
1-3) normalized at 380 nm.

features resulting from the increased conjugation of the FN
bridging units appear between 300 and 360 nm, along with a
weak band at 450 nm whose intensity grows in proportion to
the length of the bridge, which is assigned to EN,.”

lon-Pair Distances and Energies. Given that photo-
excitation of DMJ-An results in quantitative subpicosecond
charge separation to produce DMJ**-An"* with a s&)ectroscopi—
cally determined energy of 2.89 eV in toluene,'” the energy
levels for the charge-separated states DMJ"*-An—FN, *—NI
and DMJ**-An—FN,—NI"* were determined in toluene using
eq S:

2

AGg = AGp + Sign(EI - EF) + E_(l - L)

€5\ 11 'F Q)
where AG; and AGg are the energies above ground state for the
initial and final ion pairs, respectively, E; and Ep, are the redox
potentials for the initial and final ions between which the
electron is transferred, respectively, r; and ry are the initial and
final jon-pair distances, respectively, e is the electron charge, &
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is the static dielectric constant of the solvent (2.38 for toluene),
and sign(E; — Ep) is negative when Eg > E; and positive when
E; > Ep. The parameters used in eq 5 are listed in Table S1 in
the Supporting Information, and the energy levels of the
relevant states are illustrated in Figure 3 and listed in Table S2.

'*(DMJ"- An’) - FN_- NI
n=1-3
| —

3.0 _ DMJ"- An- FN-FN-FN
— DMJ*- An- FN-FN-EN

N\ DMJ*- An- FN-FN-FN

2.5+

n=3
n=2
n=1

204 DMJ™- An-FN - NI

Energy (eV)

1.5 pMJ-An-FN-NI
0.0+ n=1-3

Figure 3. Energy levels for the electronic states relevant to the
electron-transfer pathways for DMJ-An—FN,—NI (n = 1-3), as
determined by eq 5.

Visible Transient Absorption Spectroscopy. The data
in Figure 3 show that the reaction DMJ**-An"*—FN,—NI —
DMJ**-An—FN, *—NI leading to the reduction of the FN,
bridge is exergonic for n = 1—3. To test this result, model
compounds DMJ-An—FEN, (n = 1, 2) consisting of only the
donor and bridge were studied. Their ground-state absorption
spectra are shown in Figure S1 in the Supporting Information.
DMJ-An—FNj; proved to be very insoluble and was not
examined. Femtosecond transient absorption spectra in toluene
were recorded usin§ 416 nm pulses to excite the charge-transfer
band of DMJ-An."® The relative extinction coefficients of FN,
(n = 1-3) versus DMJ-An at 416 nm result in ~70% selective
excitation of DMJ-An. Since the energy of the lowest excited
singlet state of DMJ-An is lower than those of FN,, (n = 1-3),
energy transfer from FN,, to DMJ-An likely occurred within the
150 fs IRF, as the transient spectra at the earliest time points
strongly resemble that of DMJ™*-An"°, with a more intense
band in the red (A > 600 nm) than in the blue (4 < 500 nm).*
The 3D data sets (AA vs time and wavelength) were analyzed
using global fitting to obtain the DADS that are shown in
Figure 4 along with the spectroelectrochemical spectra for
FN,™* and FN,™*. The DADS for DMJ-An—FEN; shows two
bands at ~485 and 572 nm, while that for DMJ-An—FN, shows
two bands at ~485 and 606 nm. The band near 485 nm is
assigned to DMJ**,** while the 572 and 606 nm bands are
assigned to FN;™* and FN,™*, respectively, on the basis of the
spectra of FN;™* (560 nm) and FN,™* (579 nm) determined
by spectroelectrochemistry in DMF (Figure 4). The modest red
shift of the transient absorption maximum of FN,™* relative to
that of FN,™* (34 nm for the transient spectra in toluene and
19 nm for the spectroelectrochemical data in DMF) is
consistent with the presence of an electronic interaction
between the two FN bridge units within FN,™*. The global fits
yielded a charge-separation time constant (7¢g) of 21 ps and a
charge-recombination lifetime (zcg) of 6.0 ns for DMJ-An—
FN; and gave 7¢g = 30 ps and 7cx = 3.9 ns for DMJ-An—FEN,.

Transient absorption measurements on DMJ-An—FN,—NI
(n = 1-3) were performed under the same conditions (Figure
S). The transient spectra show the formation of 480 nm (& =
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Figure 4. Spectroelectrochemical data of partially reduced FN, (black)
and FN, (green) in DMF/0.1 M TBAPF4 compared with the decay-
associated difference spectra (DADS) obtained by singular value
decomposition of the 3D transient absorption data sets (AA vs time
and wavelength) for DMJ-An—FN (blue) and DMJ-An—FN, (red) in
toluene.
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Figure 5. Transient absorption spectra of DMJ-An—FN,—NI (n = 1—
3) in toluene at 293 K at the indicated times following a 150 fs, 416
nm laser pulse. Insets: transient kinetics at 480 nm (black) and fits to

the data (red).

26000 M™' cm™) and 610 nm (¢ = 7200 M™' cm™)
absorption bands characteristic of NI™*.** In comparison, the
DM]J** absorption at 485 nm is weak (&, = 4500 M~ cm™')*
and overlaps with that of NI™*, and therefore, it could not be
observed distinctly. Additional broad features were observed at
early times at wavelengths consistent with the formation of
FN,™® as determined by spectroelectrochemistry and femto-
second transient absorption spectroscopy of the model
compounds without the NI acceptor. Once again, the 3D
data sets were analyzed using global fitting to obtain the DADS
(Figures S2 and S3 in the Supporting Information). The kinetic
data associated with these spectra are given in Table 1. For
DM]J-An—FN;—NI, the first charge-separation step (CS1) from
An~* to FN, was too rapid to be resolved with our IRF.
Monitoring the appearance and decay of the NI™* absorption
bands yielded the time constants for the second charge-
separation step (CS2) from FN,~* to NI (the defined effective
charge-separation time) and charge recombination back to the
ground state as 7cg, = 0.9 ps and 7cr = 54 ns, respectively. The
charge-recombination time constants for all of the full D—-B—A
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Table 1. Electron-Transfer Time Constants

compound 7cs1 (ps) ez (ps) Zcg (ns)
DMJ-An—FN,—NI - 09+ 03 S4+1
DMJ-An—FN,—NI 5.6 + 14 24 +£3 420 + 20
DMJ-An—FN,;—NI 13+1 334 + 40 5000 + 400
DMJ-An—EN; 21 +3 - 6.0 + 0.2
DMJ-An—FEN, 30+3 - 39 +02

systems were determined using nanosecond transient absorp-
tion spectroscopy, as they are significantly longer than 3 ns.'®
For DMJ-An—FEN,—NI (n = 2, 3), CS1 could be resolved,
giving Ty = 5.6 ps for n = 2 and 13 ps for n = 3. It should be
noted here that 75, for DMJ-An—FN,—NI is faster than that
for DMJ-An—FN,. Since the transient absorption maximum of
FN,* is red-shifted relative to that of FN,*, there is some
conjugation between the two FN bridge units within FN,™°.
Thus, attaching the NI acceptor to the second FN bridge unit
can plausibly affect the electronic coupling between the FN
units and the donor, thereby increasing the initial charge-
separation rate in DMJ-An—FN,—NI Kinetic analysis of the
NI~* absorption bands showed that 7¢g, = 24 ps and 7cg = 420
ns for DMJ-An—FN,—NI and 7, = 334 ps and 7¢g = 5 ps for
DM]J-An—FN;—NI. Additionally, transient absorption measure-
ments on DMJ-An—FN, (n = 1, 2) and DMJ-An—FN,—NI (n
= 1, 2) were performed in THF under the same conditions as
discussed above. The transient absorption spectra and kinetic
analyses are shown in Figure S4 in the Supporting Information.

Femtosecond IR Transient Absorption Spectroscopy.
Visible pump/mid-IR probe spectroscopy was performed on
DMJ-An—FN, (n = 1, 2) and DMJ-An—FN,—NI as an
additional check on whether bridge reduction occurs in these
molecules. The data were obtained in THF because toluene is
too absorptive in the 1500—1800 cm™" region. The data for
DMJ-An—FN, (n = 1 shown in Figure 6 and n = 2 shown in

0.002
— 25ps
8ps
0.001 —— 150ps
—— 350ps

< 0000 @&%\QJ{S \;\H o

i

-0.0014

-0.002
1650

1700 1750
Wavenurmbers (cm’)

1800

Figure 6. Femtosecond IR transient absorption spectra for DMJ-An—
FN, in THF as a function of time following a 40 fs, 400 nm laser pulse.

Figure SS in the Supporting Information) indicate that the
1720 cm™" carbonyl stretching band** of FN, is bleached with a
time constant 7 = 1.3 ps, which is longer than the 300 fs IRF of
the apparatus. Therefore, the bleaching results from FN,™*
formation rather than FN or '*FN, formation. Charge
recombination in DMJ"*-An—FN,~* occurs with 7cg =120 ps
(n=1) and 170 ps (n = 2). The transient IR data for DMJ-An—
FN,—NI are shown in Figure 7 and the kinetics is presented in
Figure SS. The 1720 cm™' bleaching appears with 7¢g; =1.1 +
0.5 ps and decays with 7¢cg; =19 + 4 ps, which agrees to within
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Wavenumbers (cm™)
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Figure 7. Femtosecond IR transient absorption spectra for DMJ-An—
FN,—NI in THF as a function of time following a 40 fs, 400 nm laser
pulse.

experimental error with the appearance of the absorption
changes at 1600, 1640, and 1677 cm™" (7¢g, =16.2 + 0.5 ps)
resulting from NI* formation. The charge-separation rate
constants in more polar THF are somewhat larger than those
observed in less polar toluene and are in excellent agreement
with the corresponding visible transient absorption spectra and
kinetics in THF (Figure S4 in the Supporting Information).

B DISCUSSION

Determining the g Value. Femtosecond transient
absorption measurements on DMJ-An—FN,—NI (n = 1-3)
at early times showed broad spectra consistent with the
formation of FN,* followed by formation of the characteristic
NI"® peaks. The DADS data (Figure S3 in the Supporting
Information) revealed the sequence DMJ**-An"*—FN,—NI —
DMJ**-An—EN, *—NI — DMJ**-An—FN,—NI"* for n = 2 and
3 but could not clearly separate a distinct FN™* spectrum for n
= 1, although the early-time spectra for n = 1 (Figure S)
suggested that FN™* may have been present in very low
concentrations. Complementary femtosecond transient IR data
confirmed that the FN,”* bridge was reduced prior to NI
reduction. A logarithmic plot of 7, versus the donor—acceptor
distance (rp_,) is shown in Figure 8. The rate constant for
electron arrival on NI decays exponentially with rp_, with =
0.34 A™". This phenomenological 5 value cannot be attributed to
the usual superexchange mechanism because the transient spectra
show that stepwise electron transfer occurs in DMJ-An—FN, —
NI (n = 2, 3, and most likely also n = 1). In Figure 8 these data
are compared with those obtained previously for the analogous

10"
e FNp=0.34A"
10|2‘ n=1 A
Php=0.35A
T, 10"
7 1ov]
3
10°4
10° ik
8 12 16 20 24 28 32 36
Moa (A)

Figure 8. Plots of In kcg, vs rp, for DMJ-An—FN,—NI (n = 1-3) and
DMJ-An—Ph,—NI (n = 1-S5). The red lines are the linear fits to the
data.
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molecules having p-phenylene (Ph,) bridges.”> The DM]J**-
An—Ph, *—NI states are all virtual, so electron transfer to NI
occurs strictly by the coherent superexchange mechanism.
Interestingly, the S value for the FN, bridge series is
coincidentally nearly identical to that for the Ph, bridge series,
even though experiment shows that the charge-separation
mechanisms differ.

Since there is clear spectroscopic evidence of bridge
reduction prior to electron arrival at the terminal acceptor in
the DMJ-An—FN, —NI systems, it is logical to deduce that the
electron is initially transferred from An™* to the nearest FN
unit. While the demonstrated red shifts in the FN,™* and FN;™*
transient spectra relative to that of FN™° indicate that the
electron may be delocalized to a small degree beyond the first
bridge unit, the delocalization is most likely modest because of
the electrostatic attraction by DMJ**. Since the individual
bridge units are identical, we cannot experimentally differ-
entiate between different FN sites. Nevertheless, by examining
the data within the framework of several charge-hopping
models, we can ascertain which of these models best describes
the data.

As noted above, theory indicates that a significant
phenomenological § value is possible for stepwise electron
transfer if one or more of the following conditions is true: (1)
the rates of charge hopping between independent bridge sites
are the same but the rates of recombination to the donor and
separation to the acceptor are significantly different; (2) the
distance-dependent electrostatic attraction of the charges
provides asymmetries in the forward and backward electron-
hopping rates; and (3) significant electronic coupling between
the bridge sites exists, which may cause injection of the electron
onto the bridge to result in polaron formation.'® For the
molecules presented here, the modest red shift of the transient
absorption maximum of FN,™* relative to that of FN,™* is
consistent with some electronic interaction between the two
FN bridge units within FN,™*; however, the observed spectral
changes are far smaller than those expected for a fully
delocalized radical anion.”® In addition, IAGI < 0.06 eV for
electron transfer between FN bridge sites (Figure 3 and Table
S2 in the Supporting Information), and the total reorganization
energy A = Ag + A;is ~0.2 eV because the solvent reorganization
energy (4s) for nonpolar toluene is approximately zero and the
internal reorganization energy for electron transfer between FN
bridge sites (4;) is ~0.2 eV (Table S3 in the Supporting
Information). The resultant height of the activation barrier for
electron transfer between FN bridge sites precludes substantial
delocalization at room temperature. Thus, it is unlikely that
polaron formation plays a significant role in the charge-transfer
dynamics within DMJ-An—FN,—NI, so we will focus on
unbiased and biased charge hopping between discrete FN sites
to model the data.

Unbiased Charge Hopping. If bidirectional electron
hopping between each pair of FN units occurs at the same
rate (k;,) and there is a substantial difference between the rates
of charge removal from the bridge by recombination from the
FN unit closest to the oxidized donor (k, ) and charge transfer
to the acceptor from the FN unit ad]acent to it (ky,) (Figure 9,

=k, = k), kinetic modehng predicts that

(6)
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Figure 9. Kinetic schemes for the unbiased (k, = k, = k;,) and biased
(ky > k,) charge-hopping mechanisms following electron injection
onto the bridge. ky, is the rate constant for electron hopping between
adjacent bridge (B) units, while k; and k, are the electron-hopping
rates toward the donor (D) and the acceptor (A), respectively. k, 1, is
the rate constant for charge transfer to the donor from the bridge unit
adjacent to it, kp; is the rate constant for charge transfer from the
donor to the first bridge unit, and ky 4 is the rate constant for charge
transfer to the acceptor from the bridge unit adjacent to it.

ks ki Kna
K ;
73 o_k: i

where AEpy is the energy change for charge injection from the
donor to the first bridge site, kg is Boltzmann’s constant, T is
the absolute temperature, and N is the number of bridge sites.
The derivation of eq 6 using the conservation of flux can be
found in the Supporting Information, eq 6 can be simplified to
kd —AEDB / kBT
kg = —( :
1+ —(N-1

(7)

where kg = ky pky o/ (ki p + kya). The numerator of eq 7 does
not depend on distance, but the denominator does; therefore,
when ky(N—1)/k, < 1, the standard series expansion of the
exponential function gives

1 ~ o kdN=1)/ky

1+ —(N -1) ©

Since N = 1 + R/r, where r is the distance between FN units
and R is the overall distance over which the electron is
transferred, eq 7 can be written as

kET —AEDB/kBTe—de/khr

= kge ©)
which gives f§ = ky/k,r and ky, = ky/fr. The data for DMJ-An—
FN, and DMJ-An—FN, NI give 1/1CR =kyp=17x10%s""
and 1/7¢g, = kg = 1.1 X 107 57, respectlvely, which in turn
yield kg = 1.7 X 10® s™". Since the FN—FN distance is r = 8 A
and the measured value of 3 is 0.34 A™', this model predicts
that k;, = 6.3 X 107 s~*. However, the observed rates of electron
arrival on NI (1/7¢g,) in DMJ-An—FN,—NI and DMJ-An—
FN;—NI far exceed this predicted charge-hopping rate. Since
the electron removal rates at the two ends of the bridge are
substantially different, the failure of this simple kinetic model to
describe the data indicates that the assumption of equal forward
and backward hopping rates between the bridge sites is not
fulfilled.

Biased Charge Hopping. As a result of the electrostatic
attraction of DMJ*® during electron transfer from An™" t
individual FN,, bridge units and ultimately to NI, the system
can be descrlbed in terms of an asymmetric random walk.””
The kinetic scheme is illustrated in Figure 9 (k, # k,) and
involves a treatment similar to that of the unbiased hopping
model given above except that the rates of site-to-site hopping
toward (k;) and away (k,) from the donor are assumed to be
different. In this case, kgy is given by

—-A kgT —-A kgT
o = ke ~AEDB/kp )gR/r _ ke ~AEDB/kp )e(R/rlng)

o o

(10)
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where a = k;/ky — 1/(& — 1) and £ = k,/k; and it is assumed
that k; > k, because in the case of electrostatic attraction, the
rate of electron hopping toward the positively charged donor
(k,) is usually larger than that for hopping toward the neutral
acceptor (k,) (see the Supporting Information for the
derivation). Comparison of eq 10 with the standard exponential
distance dependence in eq 4 yields

1 [k
= _——1n|2
P r (’q) (11)

In this case, the rate constant for the electron-transfer process is
also characterized by an exponential distance dependence.
Using eq 11 with r = 8 A and f = 0.34 A™/, one calculates k, /k,
~ 15. The free energy changes for moving the electron from
the first FN™* to the other two EN sites in the presence of
DMJ**® for the series DMJ"*-An—FN*—FN—FN — DMJ**-
An—FN—FN""—FN — DMJ"*-An—FN—FN—FN~* are AG =
0.06 and 0.03 eV, respectively (Table S2 in the Supporting
Information). Thus, at room temperature, the expected values
of k;/k, =~ e 26/5T are 11 and 3.3, which are within an order of
magnitude of the charge-hopping rate ratio predicted using the
observed f value and the biased hopping model.

Bl CONCLUSIONS

With the use of femtosecond transient absorption spectroscopy
in the visible and mid-IR regions, the D—B—A systems studied
here allowed us unequivocally to observe stepwise electron
transfer while measuring an exponential distance dependence of
the rate for the overall charge-separation reaction. The
observed exponential distance dependence is attributed to
electron injection onto the first FN unit followed by
subsequent charge hopping within the FN, bridge biased by
the electrostatic attraction of the charge on DMJ**, with
ultimate trapping at NI. This unusually high f value is likely a
result of DMJ-An being a push—pull donor, where the charge-
transfer excited state that is populated upon photoexcitation is
dominated by a fully charge-separated radical ion pair state,
DMJ**-An"*."” The ultrafast formation of DMJ** provides an
electrostatic attraction that slows electron injection from An™*
to the bridge and the subsequent electron hopping along the
FN units to the NI trap site. These results show that D—B—A
molecules designed to have stepwise, energetically downhill
redox gradients do not necessarily exhibit wirelike behavior.
Moreover, they highlight the need for a thorough knowledge of
the mechanistic details of charge transport in D—B—A
molecules that are utilized in systems for solar energy
conversion and organic electronics, where wirelike properties
are targeted.
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