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ABSTRACT: A novel supramolecular system composed
of diketopyrrolopyrrole electron donors and perylene
derived bisimide (PDI) electron acceptors forms super-
structures that undergo fast photoinduced charge separa-
tion following assembly. This bioinspired route toward
functional hierarchical structures, whereby assembly and
electronic properties are closely coupled, could lead to new
materials for artificial photosynthesis and organic
electronics.

Natural systems achieve complex optical and electronic
properties by employing an “emergence upon assembly”

design approach, where new properties that are absent in the
individual components arise upon forming hierarchical super-
structures composed of pieces with appropriately matched
orbital energies.1,2 An example of such a system is the
photosynthetic reaction center because the precise spatial
arrangement of electronically complementary chromophores
produces long-distance photoinduced charge separation.3

There is a desire to recreate this bioinspired design strategy
for artificial photosynthesis and organic electronics,4,5 and a
common method to prepare these materials is through
covalently linking electron donors, acceptors, and light
harvesting antenna systems.6−9 But as the building blocks
grow larger and more complex, attempts to covalently link all
the pieces confront the limits of synthetic chemistry. As an
alternative, supramolecular assembly is increasingly employed
to build superstructures that undergo photoinduced charge
separation.6,10−15 In doing so, scientists harness the inherent
error correcting nature of noncovalent assembly and achieve
structural complexity through significantly shorter syntheses.
Chromophore arrays have been successfully prepared using
hydrogen bonding (H-bonding),16−18 π···π stacking,19 and
other supramolecular approaches,20−23 but how the super-
structures affect the optoelectronic properties is still an area of
investigation because only in a few of these systems have both
assembly and charge generation been fully characterized. Thus,
there is a need to develop more artificial photosynthetic
systems that simultaneously (1) are composed of synthetically
modular components, where frontier molecular orbital (FMO)
levels, electronic coupling, and absorption can be systematically
tuned, (2) assemble into architecturally complex super-
structures, and (3) direct photochemical excitation into a
charge separated state.
We have recently described a supramolecular system

composed of the electron-rich organic donor diketopyrrolo-

pyrrole (DPP)24 and the electron-poor organic acceptor
perylene derived bisimide (PDI) (Figure 1A)25 that forms

2:1 coassembled helical supramolecular polymers as a result of
triple H-bonding between the PDI and the DPP and π−π
stacking orthogonal to the H-bonding axis (Figure 1B).26 Both
donor and acceptor are prepared in few synthetic steps, where
changing the substituents on the DPPs or PDIs modify the
bandgap and absorption maxima. Herein, we report the
electronic and optical properties of these assemblies and
demonstrate that charge transfer is directed by reversible
supramolecular interactions. The two chromophores are
electronically complementary in that the FMO levels are
positioned such that upon photoexcitation, charge transfer can
possibly occur by either hole transfer from PDI to DPP or by
electron transfer from the DPP to the PDI (Figure 1C). Results
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Figure 1. (A) H-bonding brings the DPP donor (red) and the PDI
acceptor (blue) together. (B) Upon cooling, superstructures arise from
H-bonding and orthogonal π-stacking. (C) FMO scheme indicating
possible photoinduced electron and hole transfer via donor or acceptor
excitation.
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of our photophysical studies confirm that indeed photoinduced
electron transfer is not possible between the disaggregated
individual components alone, but only emerges upon super-
structure formation. This donor−acceptor system exemplifies
how supramolecular assembly and FMOs can be synergistically
designed to achieve emergent charge transfer in hierarchical
organic superstructures.
The synthesis and cooperative assembly of the DPP donor

and PDI acceptor components, as well as a N,N′-dicyclohexyl-
substituted PDI that is unable to bind DPP, are described in
detail elsewhere.26 The system assembles into helical super-
structures via a cooperative equilibrium that can be switched off
or on by varying the temperature or concentration. At high
temperature or low concentration, disaggregation is favored,
while at low temperature and high concentration, entropically
disfavored supramolecular polymerization drives the formation
of superstructures with a 2:1 donor:acceptor ratio.
Having demonstrated the biomimetic assembly that uses

multiple noncovalent interactions operating in concert, we
proceeded to assess the capability of the system to undergo
photoinduced charge separation and subsequent charge
migration with the aim of creating a long-lived radical pair
state that is a prerequisite for harvesting the resulting
photochemical energy. The ground-state FMO energy levels
of the individual DPP and PDI compounds were investigated
by cyclic voltammetry (CV), UV−vis, and fluorescence
spectroscopy to determine whether the components were
properly designed to undergo thermodynamically favored
charge separation upon assembly. These studies revealed that
electron transfer could proceed from the upper SOMO (−3.24
eV) of photoexcited DPP into the PDI LUMO (−3.63 eV) or
by respective hole transfer from the lower SOMO (−5.35 eV)
of photoexcited PDI into the DPP HOMO (−5.98 eV) with
driving forces of −0.39 and −0.63 eV, respectively.27 Variable
temperature (VT) fluorescence spectroscopy was employed to
determine if fluorescence quenching, indicative of charge
separation, occurs upon temperature-induced aggregation. A
2:1 solution of DPP (45 μM) to PDI (23 μM) in toluene was
prepared, and the fluorescence spectra were measured from
500−800 nm at 12 temperatures ranging from 70 to 20 °C. The
solution was photoexcited at 356 nm (Figure 2A), where the
DPP absorbance is three times greater than that of PDI,
providing for quasiselective photoexcitation. As controls,
individual components as well as a mixture where the PDI
was replaced by its N,N′-dicyclohexyl-substituted derivative that
is unable to aggregate were measured under the same
conditions.27

The VT fluorescence shows that aggregation driven static
quenching occurs as a likely result of charge separation, which
we later confirm using femtosecond transient absorption (fs-
TA) spectroscopy. As a thermally disaggregated sample (70
°C) is cooled down, the DPP fluorescence intensity initially
increases (Figure 2A) because nonradiative decay of an excited
state is typically promoted at higher temperatures (dynamic
quenching). The fluorescence intensity reaches a maximum at
40 °C before it drops with decreasing temperatures, as a result
of static quenching, and finally stabilizes at 20 °C. Most
importantly, the absorbance of the sample at the excitation
wavelength 356 nm does not change with temperature,27 and
there is no decrease in DPP fluorescence in the absence of the
PDI, which means that aggregation-induced quenching is not
occurring. This indicates that fluorescence quenching is an
emergent property that arises with the noncovalent assembly of

heterosuperstructures, which begin to form around 30 °C.26

Further support for this concept comes from dynamic light
scattering measurements,27 showing that the formation of large
(∼1−2 μm) superstructures occurs concomitantly with
fluorescence quenching.
The effects of temperature and concentration on the

aggregation induced quenching were further investigated by a
VT fluorescence titration (Figure 2B). To a solution of PDI in
toluene (25 μM), a solution of DPP in toluene (481 μM) was
added, and the fluorescence spectra were measured at 356 and
483 nm excitation at five temperatures and seven concen-
trations. The resulting spectra were compared to that of the
individual components, so spectral changes that occur because
of aggregation could be unambiguously assigned.27 The relative
fluorescence intensity of the DPP (Figure 2C) is the ratio of
DPP fluorescence in the mixture to that of DPP alone under
the same conditions, and this plot depicts the quenching of
DPP fluorescence that is induced by temperature and
concentration-dependent heteroaggregation. Excess DPP units
in the heteroaggregates can act as antennas transferring
excitation energy toward the next donor−acceptor pair, thus
explaining the observed quenching at DPP:PDI ratios >2:1. A
similar analysis for the PDI is not possible since the DPP
absorbs fluorescence photons of the PDI. This emission−
absorption produces a linear plot at temperatures that disfavor
aggregation, and the deviation from this linearity occurring at T
< 30 °C (Figure 2D) indicates that the PDI fluorescence is
partly quenched by the DPP because temperature-dependent
heteroaggregation brings the donor and acceptor close enough
for charge separation. Photoexcited PDI could transfer its
energy to the DPP via Förster resonance energy transfer,
another viable explanation for fluorescence quenching, but this
possibility can be ruled out because the DPP would then exhibit
a relative fluorescence intensity greater than unity, which was
not observed. Terminal H-bonding is crucial for the super-
structure formation,26 and no fluorescence quenching can be
observed for the N,N-dicyclohexyl protected PDI, which is
incapable of H-bonding or superstructure formation.27

Figure 2. (A) VT fluorescence spectra of a 2:1 DPP:PDI mixture (45
and 23 μM, respectively) in toluene (λEx = 356 nm). (B) Fluorescence
titration at 30 °C (λEx = 356 nm), molar equivalents of DPP given
based on PDI. (C) Relative DPP fluorescence intensity at various
temperatures. (D) Fluorescence quenching of PDI with increasing
DPP concentration at various temperatures.
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To further investigate the photoinduced charge-transfer
process, fs-TA experiments were performed at room temper-
ature on the individual compounds and on the 2:1 DPP:PDI
mixture in toluene. Photoexcitation of DPP (83 μM) at 485 nm
with ∼150 fs laser pulses (Figure S45) results in the appearance
of ground-state bleaching at (b) 544 and (e) 594 nm. The
ground state recovers monoexponentially with time constants
around 5 ns (Table S5), which is near the limitation of the
detection window. This agrees with fluorescence lifetimes (τFL,
S0 ← S1) for comparable structures.28 Positive transient features
between 700 and 800 nm (g−i) decay with longer time
constants, indicating that the S1 state undergoes inefficient
singlet triplet crossing28,29 with a time constant that is
approximately two times longer than the fluorescence lifetime,
hampering a detailed kinetic analysis in this spectral range. The
fs-TA spectrum of the PDI (Figure S46) shows a pronounced
ground-state bleaching feature at (a) 523 nm, which is red-
shifted compared to the ground-state absorption band at 519
nm because of contributions from stimulated emission. The
negative feature at (d) 578 nm arises from stimulated emission
alone (Figure S51). The recoveries are dominated by time
constants of >6 ns and 4.7 ± 0.1 ns. A broad positive feature
(650−785 nm, g) represents the S1 state of the PDI.30

The fs-TA spectrum of a 2:1 mixture (Figure 3) of DPP (83
μM) and PDI (42 μM) contains a pronounced ground-state

bleach at (f) 622 nm, which is not present in the spectra of the
individual components and corresponds to the supramolecular
aggregate, as we have previously shown.26 This feature displays
a fast rise within the 200 fs instrument response time, and the
ground state recovers following biexponential kinetics with a
fast component of 33.1 ± 0.5 ps (76%) and a slow component
of 3.74 ± 0.18 ns (24%). The slow component originates from
overlap with the neighboring signals. Concomitant with the
recovery of this new ground-state bleach is the decay of the
positive feature at 722 nm (31.9 ± 0.7 ps, 71%) from PDI•−

(g). These data are in good agreement with the spectral
positions of previously reported, similar PDI-based sys-
tems,30−32 and are also in excellent agreement with the

absorption maximum of the radical anion of our PDI system,27

which we obtained by chemical reduction with F−,27 following
the method reported by Saha et al.33,34 The broad PDI•−

absorption signal may indicate charge migration through
stacked PDIs in the supramolecular aggregate, as it has been
previously shown that aggregation-induced migration broadens
the absorption of PDI•− and concomitantly lowers its
intensity.14 Following chemically-induced disaggregation with
5% DMSO, which interrupts H-bonding, the TA dynamics
within the 2:1 DPP:PDI mixture resemble a linear combination
of the individual compounds. While the recoveries of all
ground-state bleaches in the 2:1 mixture show a significant
amount of a very fast component (∼30 ps, see Table S5), upon
DMSO-induced disassembly these very fast components vanish,
and the intense ground-state bleach at 622 nm disappears
entirely.
The absence of fluorescence upon excitation of the aggregate

at 622 nm (Figure S9)27 confirms the ultrafast decay via charge
recombination. This hypothesis was further supported by
calculating the charge separation energy (ΔGCS) in toluene
using the Weller equation (eq S4),27,35 which estimates ΔGCS
to 2.0 eV (620 nm), indicating that the absorption band of the
aggregate corresponds to direct photoexcitation into the charge
separated state. Calculation of the static reorganization energy
λs by invoking the Marcus relation (eq S6),27,36−39 which is
based on the dielectric continuum model of the solvent, yields
λs = 0.03 eV. As expected for toluene as a low-polarity solvent,
this static contribution is insignificant, so that the overall
reorganization energy is given by the intrinsic value λi, which
we determined by using density functional theory computations
employing the ORCA program package.27,40 The overall
reorganization energy λ was calculated to be 0.33 eV, which
is very close to the absolute value of ΔG for charge separation
from photoexcited PDI (Figure 4). This charge separation

(τCS) must therefore occur closely between the normal and the
inverted Marcus regime and is very fast. Owing to the much
larger free enthalpy of the charge recombination (ΔGCR = −2.0
eV), the lifetime of this process (τCR) is 30 ps, indicating that it
occurs in the Marcus inverted regime.39 However, τCR is also
sensitive to the electronic coupling41,42 which may contribute
greatly to the fast τCR.

43

Figure 3. fs-TA spectra of the 2:1 (DPP:PDI) mixture in toluene with
absorption vs time profiles of (upper inset) the ground-state
absorption band of the supramolecular DPP-PDI aggregate at λ =
622 nm and (lower inset) the positive feature at λ = 722 nm. Arrows
denote the peaks at 622 and 722 nm. The assignments and lifetimes of
each of the labeled peaks (a−i) are provided in Table S5. Figure 4. Energy diagram of a DPP-PDI assembly in toluene.

Photoexcited DPP (2.07 eV) is not shown, as it is almost isoenergetic
with the charge-transfer state (2.0 eV). Band gaps were evaluated using
absorption and emission spectroscopy, while the energy of the charge
separated state was calculated by performing the Weller correction on
the reduction and oxidation potentials.
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In conclusion, we have used fluorescence and transient
absorption spectroscopy to show that photoexcitation of
donor−acceptor superstructures with visible light directs the
system into a charge separated state. Importantly cooperative
noncovalent bonding and FMO levels were synergistically
designed to achieve new photophysical properties that emerge
only upon assembly. The presence of the charge-transfer band
at 622 nm indicates a more subtle electronic interaction
between donors and acceptors upon self-assembly, and the
nature of this interaction will be further investigated in the
future. We intend to build upon this system that combines
easily modified components and convergent supramolecular
assembly to increase charge separation lifetimes, explore the
influence of superstructure shape upon charge migration, and,
ultimately, create new systems for solar energy harvesting and
molecular electronics.
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