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ABSTRACT: We report that supramolecular polymer films composed of a 2:1 mixture of
monodiamidopyridine diketopyrrolopyrrole (DPP) electron donors and perylene bisdiimide (PDI)
electron acceptors undergo photoinduced charge transfer in the solid state. Film formation is guided by
complementary noncovalent interactions programmed into the molecular components, resulting in a film
architecture comprised of polymer wires with order across the molecular-to-macroscopic continuum.
Using ultrafast transient absorption spectroscopy, we show that recombination lifetimes increase 1000-fold
compared to the same supramolecular polymers in solution. Supramolecular donor−acceptor polymer
films, such as these, that are designed by considering structure and electron transfer dynamics synergistically could lead to
breakthroughs in organic optoelectronics.

■ INTRODUCTION

Significant efforts have been devoted toward improving the
performance of small molecule organic photovoltaics
(OPVs);1−4 however, challenges still remain with regard to
understanding, controlling, and ultimately optimizing the
photon-to-current conversion within the photoactive layer.
Natural photosynthetic processes that efficiently convert
sunlight to fuel rely upon precisely positioned assemblies of
photofunctional chromophores for light harvesting, charge
separation, and catalysis.5 Light conversion in the reaction
center involves the synergistic combination of superstructure
and ultrafast electron transfer to form long-lived radical pairs.6,7

The near unity conversion of light to chemical energy in the
reaction center is a compelling model for future solar
technologies8 and has inspired the design of organic materials
for artificial photosynthesis.9−11 Similar to the reaction center,
the photoactive layers of OPVs require appropriately matched
donor and acceptor frontier molecular orbital levels and
electronic coupling that enable rapid charge generation, and
the resulting films must also possess multilength scale order for
charge migration through the films.12,13 Approaches for
designing these materials must consider ease of preparation,
solar spectrum absorption, electron transfer dynamics, and film
order together to achieve efficient charge generation.
Supramolecular polymers are a promising class of materials

that could potentially be used for preparing organized films that
undergo photoinduced charge separation. Supramolecular
polymers are macromolecules whose monomeric repeat units
are held together by noncovalent bonds, and their noteworthy

characteristics include assembly from easy-to-prepare small
molecules, hierarchical structure, and stimuli responsive-
ness.14−19 Several supramolecular polymer systems have been
explored in the context of photoinduced charge separation in
solution20−23 and the solid-state,24−27 including a system we
developed composed of a monodiamidopyridine diketopyrro-
lopyrrole (mDPP) electron donor and a perylene bisimide
(PDI) electron acceptor28 that assembles into 2:1 mDPP:PDI
helical supramolecular polymers (Figure 1a) as a result of
cooperative hierarchical assembly involving π···π stacking and
H-bonding.29 In solution, this mDPP:PDI supramolecular
polymer undergoes ultrafast photoinduced charge separation
into mDPP•+:PDI•− followed by a recombination τCR = 33 ps.
Thus, we sought to investigate whether this emergent
photophysical property−photoinduced charge separation−
observed when the donor−acceptor superstructures formed in
solution could be translated to the solid state. The challenge
however is that the structures of supramolecular polymers that
arise in solution and that produce the desirable emergent
properties are not always maintained in thin films, and the
effect of the condensed phase on photophysical properties are
difficult to anticipate. Herein we report how mDPP:PDI
supramolecular polymer structure is maintained in the solid
state with order at the molecular and micrometer length scales,
leading to photoinduced charge separated states that persist
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1000-fold longer in the solid-state than in solution. This finding
is significant because charge carrier lifetime is directly related to
the ability to collect and use the resulting charges. In this
communication we report how mDPP:PDI films were
prepared, how their solid-state structures were characterized,
and the electron transfer kinetics that dominate upon ordered-
thin film formation to produce remarkably long-lived charge
carriers.

■ FILM CHARACTERIZATION

Our first aim was to prepare films of the supramolecular
polymers and determine whether the noncovalent bonding and
helical structure observed in solution persisted in the solid-
state, and extensive details of the structural characterization of
the thin films are provided in the Supporting Information.
Films of the donor, acceptor, and supramolecular polymer were
formed by drop-casting from hot toluene solutions, and upon
solvent evaporation the mDPP formed microcrystals, the PDI
formed powders, and the 2:1 mDPP:PDI solution formed
hierarchical films with order across the molecular-to-micro-
meter continuum. Previous studies have shown the need to
aggregate data from multiple characterization methods to arrive
at accurate film structures for noncovalently organized donor−
acceptor films,25,27−30 so we combined data from multiple
solid-state analytical techniques that probe structure at the
supramolecular, nanometer, and micrometer scales and
compared them with solution data to arrive at a structure for
the 2:1 film that consists of a dense matte of ropes that are
bundles of 2:1 mDPP:PDI chiral helices, each of which has
three parallel π-channels that propagate along the helical axis
(Figure 1b). Attenuated total reflectance infrared (ATR-IR)
and multidimensional 13C solid-state nuclear-magnetic reso-
nance (ssNMR) spectroscopies confirmed the triple H-bonding
between the diamidopyridine (DAP) group on the mDPP and
the diimide group on the PDI. The ATR-IR spectrum of the
mDPP film (Figure 2a) displays two distinct N−H stretch
peaks, a sharp peak at 3392 cm−1, and a broad peak at 3276
cm−1, which are attributed to amide protons that are not and
are involved in H-bonding with the carbonyls of DAP groups
on adjacent mDPPs, respectively, suggesting the mDPP adopts
similar supramolecular H-bonding in the films as in the crystal
structure of the previously reported28 achiral mDPP (Figure

Figure 1. (a) Chiral mDPP donor (red) and the PDI acceptor (blue)
forming 2:1 aggregates as a result of H-bonding. (b) π-Stacking
orthogonal to the H-bonding creates donor−acceptor supramolecular
polymers with helical chirality. (c) Drop-casting of a 2:1 mDPP:PDI
solution results in films composed of hierarchical ropes whose fibers
are the chiral supramolecular polymers that contain π-channels for
transport following photoinduced charge separation.

Figure 2. (a) ATR-IR spectra of films of mDPP (red), PDI (blue), and 2:1 mixture (purple). (b) Diamidopyridine regions taken from the crystal
structure of achiral mDPP. Orange and green squares highlight the amide protons that are not and are participating in H-bonds, respectively. Color
of atoms: Carbon, black; nitrogen, blue; oxygen, red; and hydrogen, white. Highlighted are the unbound and bound amines of the DAP group. (c)
HETCOR solid-state 13C NMR of the 2:1 mDPP:PDI mixture. The box indicates the amide proton of mDPP involved in H-bonding with the PDI.
(d) Film UV−vis spectra of mDPP (red), PDI (blue), and 2:1 mixture (purple). Highlighted is the charge transfer peak at 626 nm that emerges upon
superstructure formation. (e) Overlaid CD spectrum of the 2:1 mixture in solution (navy blue) and in the film (purple). (f) GIWAXS of the 2:1
mDPP:PDI mixture.
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2b). The ATR-IR spectrum of the 2:1 mDPP:PDI film has only
a single broad peak at 3281 cm−1 in the N−H stretch region,
which suggests that all DAP amide protons in the film are
involved in H-bonding, and the simplest explanation consistent
with this data is that both DAP amides H-bond with the PDI
carbonyls. This analysis is further supported by ssNMR. The
1H resonance at 11.7 ppm that appears in the 2:1 mDPP:PDI
mixture is assigned to amide protons of PDI forming strong H-
bonding with the pyridyl functional group of mDPP (Figure
S3). The 1H−1H dipolar DQ/SQ NMR spectra (Figure S6)
show that the strong H-bonding resonance at 11.7 ppm
correlates to the amide protons of mDPP. The amide proton of
PDI correlates to the DAP amide protons of mDPP, which is
consistent with the two types of H-bonding that are expected in
the superstructure. The 1H → 13C two-dimensional (2D)
heteronuclear correlation (HETCOR) (Figure 2c) shows a
correlation between the strong H-bonding site 1H resonance in
the 2:1 mDPP:PDI and a 13C resonance in the carbonyl region
at 166 ppm.
The π···π stacking and chirality of the films was interrogated

by UV−vis and circular dichroism (CD) spectroscopies, and
taken together these data confirm that the emergent helical
chirality observed previously28,29 in 2:1 mDPP:PDI solutions is
maintained in the drop-cast films. The UV−vis spectrum of the
2:1 mDPP:PDI film shows considerable vibronic sharpening
compared to the individual components, and in similar
systems24,25 this phenomenon has been ascribed to ordering
resulting from π···π stacking. In the 2:1 film, a characteristic
charge transfer peak appears at 626 nm (Figures 2d and S1),
and this peak is similar to the charge transfer peak at 622 nm
that appears in solution28,29 following formation of donor−
acceptor supramolecular polymers composed of parallel
channels of mDPP and PDI. This self-stacking of PDI31−33

and mDPP34 in the solid-state is consistent with previous
literature reports, and the self-segregation likely arises because
self-stacking maximizes the π-surface overlap. Further evidence
for this helical structure is provided by similarities between the
CD spectrum of the 2:1 mDPP:PDI superstructures in solution
and the solid-state, which both display bisignated Cotton effects
(the signature of helical dyes35−37) with nearly identical shapes
and peak positions (Figure 2e). Importantly, the CD spectra of
the chiral mDPP present no significant Cotton effect either in
solution or in films;28 rather helical chirality only emerges upon
cooperative assembly of the donor−acceptor supramolecular
polymers. Thus, on the nanometer scale, these spectroscopic
data are consistent with a film structure composed of helical 2:1
mDPP:PDI helices held together by homo π···π stacking along
the helix axis and orthogonal triple H-bonding.
Order on different length scales is the hallmark of biological

materials,38−40 and in the context of light harvesting in
photosynthetic systems, order on the nanometer scale directs
charge generation, and long-distance order prevents charge
recombination. To investigate whether hierarchical order was
present in the 2:1 mDPP:PDI supramolecular polymer films,
the micrometer-scale structure of the different films was
investigated by polarized optical microscopy (POM), atomic
force microscopy (AFM), scanning electron microscopy
(SEM), and grazing-incidence wide-angle X-ray scattering
(GIWAXS), AFM topographical imaging (Figure 3a,b), and
SEM (Figure 3c,d) of the 2:1 mDPP:PDI film. These studies
revealed a dense tangle of wires that are each several
micrometers in length, and the height of the film was 0.32 ±
0.054 μm with individual wires ranging in diameter from ∼50

to ∼200 nm. POM images (Figures S23 and S24) confirmed
that the mDPP formed crystals with lengths of ∼100 μm, the
PDI formed powders, and the 2:1 mDPP:PDI mixture formed a
relatively homogeneous film without evidence of grain structure
or microdomains. The GIWAXS data provide further evidence
of microscale order and preferential orientation in the three
films. The strong reflections along Q⊥ at 0.395 (1.589 nm) for
the mDPP correspond to the lamellar spacing,41 and the PDI
peak at 0.328 A−1 (1.923 nm) is one of several peaks in the
correct region of the spectrum that indicates lamellar assembly.
The peaks at 1.482 (0.424 nm) (mDPP)24 and 1.564 A−1

(0.401 nm) (PDI)42 along Q⊥ are consistent with other PDI
GIWAXS data24 and correspond to the π···π stacking (Figure
S16, Table S3), suggesting that these dyes are arranged with the
π-channels propagating parallel to the surface (Figure S21).
The GIWAXS of the 2:1 mDPP:PDI films differs markedly. By
comparing the GIWAXS data, a few conclusions can be drawn
about the mDPP:PDI supramolecular polymer films. First, the
absence of peaks in the mixed films between 1.162 and 1.181
A−1 that are prominent in the individual components confirms
that this film is indeed composed of a new superstructure rather
than just domains of individual components. Second, the radial
nature of the peaks indicates there is no preferential orientation
of the crystallites relative to the surface normal, although the
π···π stacking peak at 1.8 A−1 is stronger along Q⊥, suggesting a
modest preference for propagation of the π- channels along the
surface normal (Figure 2f). A more thorough analysis of the
GIWAXS data will be provided in forthcoming publications.
This hierarchical structure, whereby the solid-state structure is
composed of a small fibers coiled into larger ropes, is consistent
with all thin film characterization data and is remarkably similar
to that arrived at with a similar donor−acceptor system that
uses PDI to bridge two oligo(p-phenylenevinylene) units.25

■ TRANSIENT ABSORPTION SPECTROSCOPY
To compare the photoinduced charge transfer processes of the
mDPP-PDI films to those previously reported28,29 for solution
aggregates, a brief description of the femtosecond (fs) and
nanosecond (ns) transient absorption (TA) on the individual
compounds and on the 2:1 mDPP:PDI mixture in toluene is
provided. Photoexcitation of solutions of mDPP and PDI in
toluene (Figure S26A,B), results in the appearance of ground
state bleaching from 523−594 nm with corresponding positive

Figure 3. (a) AFM topography image of 2:1 mDPP:PDI mixture on
glass. (b) AFM phase image of 2:1 mDPP:PDI mixture on film. (c, d)
SEM images at different magnifications of a bundle of supramolecular
polymer wires.
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excited states features between 700 and 800 nm and lifetimes
around 2−5 ns. Ground state bands observed at 650 and 578
nm are from stimulated emission for both mDPP and PDI,
respectively. Upon assembly of mDPP and PDI into a 2:1
mixture (83 μM/42 μM), a new, negative feature at 622 nm is
observed, which is not present in the individual electronic
absorption spectra. We have previously shown from UV−vis
data28,29 that the peak at 622 nm appears as a result of
aggregation, and calculations indicate the energy of this peak
corresponds to a charge transfer band using the Weller
treatment. In toluene, the charge separation energy (ΔGCS) is
estimated to be 2.0 eV (620 nm), and this peak appears in both
solution aggregates (622 nm) and the supramolecular polymer
film presented here (626 nm). The ground state recovery of the
charge transfer band at 622 nm follows the charge
recombination of mDPP•+ and PDI•− radical ions previously
reported by us29 and others,24 with both ions absorbing broadly
from 700−800 nm. Individual kinetics fit as a sum of
exponentials of the ground state charge transfer band bleach
at 622 nm and the radical ions at 722 nm are identical. The
dynamics are biexponential with a fast component of 33.1 ± 0.5
ps (76%) from charge recombination, and a slow component of
3.74 ± 0.18 ns (24%) matching those lifetimes of the individual
chromophore excited state lifetimes. Further experiments were
performed to disrupt H-bonding in the aggregates using 5%
DMSO (Figure S26D). In this case, the TA within the 2:1
DPP:PDI mixture resembles a linear combination of the
individual compounds with the 622 nm ground state bleach
noticeably absent from the spectra and a significant decrease in
intensity of the broad absorption from 700−800 nm.
fs-TA and ns-TA were used to investigate photoinduced

charge transfer dynamics in air-free films of mDPP, PDI, and
the 2:1 mDPP:PDI mixture. Ultrafast excited state kinetics and
spectra were first examined for 1*mDPP and 1*PDI as a
function of pump energy density and wavelength, and those
kinetics were fit as a sum of exponentials (Table S4 and Figure
S30). Laser irradiation of the PDI film at 500 nm produces
peaks corresponding to 1*PDI transitions from 620 to 1400 nm
(Figure S32A), with maxima at [a] 710 and 909 nm, consistent
with the PDI excited state energies. The 1*PDI deactivates
multiexponentially, with lifetimes contributions of ∼1 ps
(72%), assigned to excited state annihilation, 41 ps (15%),
and a long-lived component >6 ns that are similar to previously
reported excited state absorption decays of other PDI-
containing films.29,43 The mDPP films that were photoexcited
at 500 nm produce 1*mDPP features at 450 nm and [b] 606
nm along with a broad absorption from 640 to 1200 nm, with
maxima at [d] 707 nm and [e] 885 nm (Figure S32B) that are
assigned to singlet excited state transitions (S1−Sn). Negative

features between 480 and 595 nm correspond to ground state
bleach, and stimulated emission at [c] 630 nm −650 nm
appears on the picosecond time scale. The kinetics at [c]−[e]
follow identical multiexponential decays, with average lifetimes
of ∼3 ps (37%), 48 ps (35%), and 306 ps (26%) and a
measurable long-lived component that persists on the nano-
second and microsecond time scales (Table S4). The
multiexponential decay of the ∼2 ps component can be
rationalized by 1*mDPP annihilation, whose contribution
decreases with decreasing pump energies (Figure S30).
Upon photoexcitation of the 2:1 mDPP:PDI mixture film at

500 nm, positive features at ∼450 nm along with a broad
transient from 650 to 1200 nm (Figure 4a) with maxima at [B]
733 nm and [C] 902 nm form within the instrument response
time (∼70 fs). These transients are accompanied by a depletion
of the charge transfer band [A] at 626 nm (Figure 4a). All
positive signals at early times in the femtosecond transient
absorption spectrum are nearly identical to spectroelectro-
chemical film data collected for the mDPP•+ and PDI•− radical
ions, confirming that charge separation occurs in the donor−
acceptor films as it does in solution (Figures S25, S26, and
S28). During the time window observable with the femto-
second transient absorption setup, these kinetics decay
multiexponentially (Figure 4 and Table S4). Similar results
were obtained upon photoexcitation at 625 nm (Table S4 and
Figures S26 and S27). In the 2:1 mDPP:PDI films, the slowest
charge recombination takes place within 32 ns, which was
determined by monitoring the transient absorption features
across the visible and NIR spectrum (Figure 4b). Interestingly,
we observe an identical ∼33 ps charge recombination
component matching solution aggregate dynamics, with an
amplitude reduced by half in the supramolecular polymer films,
indicating that ion pairs are able to overcome coulomb energy
to form free charge carriers in the condensed phase.44 This
slowest recombination is approximately 1000-fold greater than
the 33 ps lifetime observed in the solution aggregates. However,
the ground state bleach at the charge-transfer band at 626 nm is
not fully recovered, and an appreciable amount (∼5%) of this
signal is left after 32 ns that was not observed in solution
(Figure 4c) that suggests long-lived triplet states may be
formed from either individual mDPP or PDI or as a triplet
excited state produced from photogenerated triplet radical pairs
(Figure S28). Previous studies in related H-bonded22,25,45 and
covalent systems24 have shown that the relative orientation of
donor and acceptor components contributes to the emergent
photophysics of similar systems, where charge separation
occurs within 2−3 ps through the H-bond and charge
separation through cofacial interactions occurs on the fs time
scale. From the spectroscopic analysis, we were able to

Figure 4. (a) fs-TA spectra and (b) ns-TA spectra of films of 2:1 mDPP:PDI mixture upon 500 nm laser excitation. (c) Time−absorption profiles of
the 2:1 mDPP:PDI mixture (4.5−5.5 ns delay) film at 630 and 720 nm illustrating the charge recombination.
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construct a Jablonski diagram (Figure 5) describing the various
photophysical processes occurring in these materials comparing

solution aggregates with supramolecular polymer films
following photoexcitation. These data suggest that in the
mDPP-PDI supramolecular polymers studied herein, charge
separation occurs through cofacial interactions, and this
interpretation is further supported by ground-state charge
transfer absorption band at 626 nm.29 The increased
recombination lifetimes observed in the mDPP:PDI films
(τ2= 243 ps and τ3 = 32 ns) likely arise from charge
delocalization through the π-channels in the fibers or hopping
of charges between the fibers in the condensed phase,46 and
both experimental and theoretical efforts are being made to
resolve this source of this significant lifetime increase. The
trends observed in the spectroscopic data of the 2:1 mDPP:PDI
films are similar to the those observed for a covalently linked
PDI−DPP−PDI system reported by Wasielewski et al.24

following solvent annealing. Like them we observe a significant
increase in charge carrier lifetimes in moving from solution to
films, likely because of the ability of free charge carriers to move
through the π-channels upon ordering.
In conclusion, TA was used to study charge dynamics in films

composed of an electron rich mDPP donor and an electron
poor PDI acceptor that coassemble into hierarchically ordered
supramolecular polymers as a result of multiple noncovalent
interactions operating in concert, and this proposed structure is
consistent with all experimental data. TA results reveal that
charge carrier lifetimes increase 1000-fold for the slowest
charge recombination component in moving from solution to
the solid state. These studies demonstrate that (1) supra-
molecular polymer structure can be translated from solution to
the solid state, resulting in hierarchical films, and (2)
photophysical properties can be enhanced as a result of long-
range ordering. The approach to designing new photoactive
films demonstrated herein, where hierarchical structure and
photophysics are considered synergistically, could provide new
strategies for sensing, energy harvesting, and molecular
computing.
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