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Proton pumping in the photosynthetic reaction center and
conduction of electrons in cytochrome C are significant
examples of biological processes governed by supramolecular
interactions.l'! The key function of these examples is electron
transfer, which is powered through a network of hydrogen
bonds. As a result, hydrogen-bonded donor—-acceptor assem-
blies have emerged as a benchmark for biomimetic model
systems: they provide the means for understanding and
controlling the role of hydrogen-bonding networks either as a
simple molecular interface or, more interestingly, as an
actively functioning motif (namely, by assisting more efficient
electron-transfer events). These effects largely result from the
high efficiency that this supramolecular motif offers in
controlling through-bond-mediated electron-transfer process-
es as well as long-range electronic coupling between donors
and acceptors.”! Pioneering work carried out by Sessler and
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Therien have demonstrated that the electronic communica-
tion through hydrogen-bonding interfaces is more efficient
than those found in comparable o- or m-bonding networks."!
Electron-transfer events also impart on the function of
artificial devices, such as organic photovoltaics.”! The incen-
tives for creating (supra)molecular heterojunctions by, for
example, integrating photo-/electroactive donors and accept-
ors that bear complementary binding sites into functional
architectures are 1) facilitation of charge transport and
2) increase in energy conversion efficiency.”

The relevance of fullerenes as spherical electron acceptors
in the construction of novel artificial photosynthetic models
and in high-performance organic solar cells is incontesta-
ble.*) The combination of the characteristic selectivity and
directionality of hydrogen bonds with an efficient electron-
transfer process through a noncovalent framework is
expected to set new milestones, especially in terms of
achieving longer-lived radical-ion-pair states. In fact, a
plethora of covalent Cy—donor conjugates have stimulated
evolutionary advances and revolutionary breakthroughs in
the context of converting light into high-energy chemical
products or electrical currents.”! Very little is, however,
known about noncovalent Cg-based hybrid ensembles.’! To
our knowledge, no Cg-based examples of electron-transfer
processes that occur exclusively through hydrogen-bonded
networks have been reported. We present herein a set of
noncovalently associated Cg—porphyrin ensembles (1-2)
interfaced by a two-point amidinium—carboxylate pair that
facilitates an efficient charge-separation process to afford
microsecond-lived P'~Cy,~ radical pairs. The latter is partic-
ularly stable, even in highly polar solvents, as a result of the
synergy of hydrogen bonds and electrostatic interactions.””)
Beneficial effects also materialize from other salt pairs, that is,
guanidinium—carboxylate, especially in terms of structural
aspects.'”! Notably, the noncovalent binding motif utilized
herein, amidinium—carboxylate, diminishes the possible
bonding modes and, therefore, favors the linearity of the
final interfaced pair. In addition, the rational design, that is,
placing the amidinium and carboxylate functionalities at the
porphyrins and Cy, respectively, reinforces the strength of the
hydrogen-bonding network and ensures an optimal pathway
for the motion of charges and the electronic coupling between
both electroactive units.*"

The synthesis of the new 1-2 ensembles started from a
previously reported porphyrin amidine donor 1a,b'!l and
fulleropyrrolidine carboxylic acid 2."%! Directly mixing both
components readily yields target ensembles, namely, non-
covalently bonded hybrids 12 (see Scheme 1l and the
Supporting Information).

Complex formation between 1a and 2 was monitored by
'H NMR spectroscopy (3 mm, [Dg]THF). Upon titration of
one equivalent of 2 into a solution of 1a, a series of resonance
shifts are observed (Figure1). The most dramatic shift
involves the aryl protons ortho to the amidine functionality
(A6 =0.35 ppm).'¥] Although the amidine protons are not
resolved in the '"H NMR spectrum of 1a, formation of 1a-2
resolves two broad downfield resonances at 0 =9.4 and
13.1 ppm. These new peaks each integrate for two protons
and are attributed to the two different amidine protons.
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Scheme 1. Amidinium—carboxylate interfaced porphyrin—Cq, assemblies
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Figure 1. "H NMR shifts upon titration of 2 into a solution of 1a in
[Dg]THF.

Importantly, no further changes are observed upon addition
of more than one equivalent of 2, thus confirming the
exclusive presence of a strong 1:1 complex.!'

Further details on the formation of 1a-2 and 1b-2 were
obtained from experiments in which dilute solutions of 1a and
1b in toluene/acetonitrile (9:1, v/v) or THF were titrated with
variable amounts of 2 and probed by absorption and
fluorescence spectroscopy (see Figure 2 and the Supporting
Information in which a typical example for an absorption
measurement is given). Relative to the component spectra
(1b and 2), a number of differences are apparent. For 1b,
Soret- and Q-band transitions at 428 and 558 nm, respectively,
shift incrementally to the red (431 and 560 nm). Moreover,
the presence of isosbestic points indicate the transformation
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Figure 2. Fluorescence spectra (Ao, =433 nm) of 1b (1.08x 10 *m)
and variable concentration of 2 (0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6,
2.4,3.9, 9.1, and 23.7x107°m) in toluene/acetonitrile (9:1, v/v) at
room temperature. Insert displays the relationship of I/l versus [2]
that was used to determine the association constant. /= current
intensity in relative units.

of 1b (the starting point of the titration) into 1b-2 (the end
point of the titration). The changes in absorption were further
employed to confirm the stoichiometry of 1a-2 and 1b-2
through Job plots. In this light, Gaussian relationships with
maxima at 0.5 unequivocally confirm the 1:1 complex
stoichiometries that were evoked from the "H NMR experi-
ments (see the Supporting Information).

In excitation experiments with 1a and 1b, strong fluores-
cence emissions are seen in the red region, with quantum
yields of 0.2 and 0.04, respectively. When variable concen-
trations of 2 are present, the fluorescence emission intensities
decreased exponentially (see Figure2 and the Supporting
Information). Nonlinear least-square analyses, that is, fluo-
rescence intensity versus concentration of 2, allowed the
evaluation of the binding constants of 1-2, which are excep-
tionally high. In solvents that do not interfere significantly
with either the electrostatic or the hydrogen-bonding inter-
actions (toluene or toluene/acetonitrile (9:1, v/v)), binding
constants as high as 2.1 x 10’m ™! were deduced. The binding
constants in THF, in which interactions are mostly based on
electrostatic attractions, showed values between 1.3 x 10°m™!
(1a-2) and 3.3x10°m! (1b-2).

Potential Cg, interactions with 1a or 1b were tested in a
series of reference assays. For example, in the absence of the
amidine and carboxylic acid functionalities, the absorption
spectra remain virtually as the superimpositions of the
component spectra throughout the titrations. The lack of
mutually interacting systems was also confirmed in fluores-
cence experiments. Overall, only a quenching of less than 5%
is noted, relative to >95% quenching in 1a-2 or 1b-2.

The redox features of interfaced 1-2 pairs were deter-
mined by cyclic voltammetry in THF at room temperature
(see the Supporting Information). These values provide
useful information about the energies of the radical ion
pairs formed upon photoexcitation (see below). The cyclic
voltammograms of both porphyrins, free base (1a) and zinc
(1b) at concentrations of 5x107*m, show sets of reversible
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reduction and oxidation steps (Figure3). For 2, three
reduction steps are discernable. The corresponding zinc
complex 1b-2 reveals cathodic shifts of the reduction and
oxidation steps relative to the free-base complex 1a-2 (see the
Supporting Information). In both 1-2 complexes, the redox
patterns of the two constituents, namely porphyrin amidines 1
and Cg, carboxylic acid 2, are essentially preserved (Figure 3).

an
L " 1 " 1 L 1 1
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Figure 3. Cyclic voltammograms of 1b-2 and its precursors 1b and 2,
measured in THF (5x107*m) at 100 mVs™' (V vs. Ag/Ag").

The observed slight shifts in the redox potentials of the 1-2
assemblies could be accounted for by a pronounced electronic
coupling between both electroactive components (see below).
Neglecting significant electronic interactions, we estimate
values of the radical-ion-pair-state energies as the sum of the
first reduction potential of 2 and the first oxidation potential
of either 1a or 1b to be 1.9 and 1.62 eV for 1a-2 and 1b-2,
respectively. In other words, radical-ion-pair formations that
evolve from the singlet excited states are highly exothermic.

Finally, transient absorption studies showed the fate of the
porphyrin excited states and the identification of the photo-
products. Pumping light into the ground state of 1a or 1b with
short 387-nm (namely, 150 fs) or 532-nm (namely, 6 ns) laser
pulses led to the population of their singlet excited states. The
latter undergo intersystem crossing (~10%s™) to the long-
lived and molecular-oxygen-sensitive triplet states. Triplet
spectra of 1a or 1b reveal, besides bleaching in the Soret- and
Q-band region, characteristic triplet maxima at 780 (1a) or
840 nm (1b).[5

Initially, the porphyrin chromophores in 1a-2 and 1b-2
produce notable singlet fingerprints for 1a and 1b upon
photoexcitation. This behavior attests to the successful
excitation of 1a and 1b. However, instead of the slow
intersystem crossings, the singlet excited states decay with
rates of about 10" s™!, from which we deduce an electronic
coupling of 36 cm™ between both electroactive elements
(that is, 1b-2). At the end of the intrinsically fast decay,
differential absorption changes in the visible region are
governed by broad absorptions at 600-800 nm, thus indicating
1a- or 1b-centered oxidation products. In the near-infrared
region, on the other hand, the signature of a 2-centered
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reduction is seen at 1000 nm.'! Figure 4 exemplifies the
spectral changes seen in the cases of 1b-2 and 1a2,
respectively (see the Supporting Information also). The
decay kinetics of both signatures—on the nanosecond
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Figure 4. Transient absorption spectrum (NIR part) of 1b-2 in toluene
at room temperature recorded 50 ps following a 150 fs laser pulse
(Aexe=387 nm).

scale—reflect the return of the radical-ion-pair states to the
electronic ground states. The lifetime of the newly formed
radical-ion-pair state, as derived by analyzing several wave-
lengths under unimolecular conditions, are 9.3+ 0.1 and 7.9 +
0.5us for 1a-2 and 1b-2, respectively, in THF (see the
Supporting Information).

In summary, the two-point amidinium—carboxylate bind-
ing motif guarantees an extraordinary stabilization for a set of
noncovalently interfaced ensembles (1-2). Association con-
stants reach up to 10’m~'. Exceptionally strong electronic
couplings stem from such binding, which in turn facilitate a
faster, more efficient, and longer-lived formation of radical-
ion-pair states (that is, ~ 10 us in THF) relative to similar
covalent Cg, conjugates (namely, ~1 us in THF)."™> Most
importantly, such remarkable radical-ion-pair lifetimes out-
perform previously reported ensembles based on 1) a non-
amidinium—carboxylate binding motif® or 2) non-fullerene
electron acceptors®®®! by several orders of magnitude. These
results point unmistakably to the fundamental advantages of
strong and highly directional hydrogen-bonding networks in
assisting electron-transfer processes and pave the way to the
construction of efficient photovoltaic devices inspired by
biomimetic principles.
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