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ABSTRACT: Nonfullerene electron acceptors have facilitated a recent surge in
the eﬃciencies of organic solar cells, although fundamental studies of the nature
of exciton dissociation at interfaces with nonfullerene electron acceptors are still
relatively sparse. Semiconducting single-walled carbon nanotubes (s-SWCNTs),
unique one-dimensional electron donors with molecule-like absorption and
highly mobile charges, provide a model system for studying interfacial exciton
dissociation. Here, we investigate excited-state photodynamics at the heterojunction between (6,5) s-SWCNTs and two perylene diimide (PDI)-based
electron acceptors. Each of the PDI-based acceptors, hPDI2-pyr-hPDI2 and
Trip-hPDI2, is deposited onto (6,5) s-SWCNT ﬁlms to form a heterojunction
bilayer. Transient absorption measurements demonstrate that photoinduced
hole/electron transfer occurs at the photoexcited bilayer interfaces, producing
long-lived separated charges with lifetimes exceeding 1.0 μs. Both exciton
dissociation and charge recombination occur more slowly for the hPDI2-pyr-hPDI2 bilayer than for the Trip-hPDI2 bilayer. To
explain such diﬀerences, we discuss the potential roles of the thermodynamic charge transfer driving force available at each
interface and the diﬀerent molecular structure and intermolecular interactions of PDI-based acceptors. Detailed photophysical
analysis of these model systems can develop the fundamental understanding of exciton dissociation between organic electron
donors and nonfullerene acceptors, which has not been systematically studied.

■

INTRODUCTION
Semiconducting single-walled carbon nanotubes (s-SWCNTs)
have been intensely studied as the components of various
photovoltaic cells, both as active layer materials (mostly as
electron donor) in organic photovoltaic (OPV) cells and as
hole transport layers in organic, inorganic, and hybrid (e.g.,
perovskite) solar cells.1−8 Semiconducting SWCNTs have
signiﬁcant mechanical advantages for PV devices, such as high
ﬂexibility, chemical robustness, giant aspect ratio, and hydrophobicity, and are also lightweight.9 Moreover, their excellent
bandgap tunability allows s-SWCNTs to selectively overlap
with speciﬁc regions of the solar spectrum,10 potentially
enabling novel applications such as building-integrated photovoltaics (BIPV).6,11 Tuning the bandgap can be easily realized
by the selective polymer extraction technique to obtain speciﬁc
s-SWCNT diameters and electronic structures.12−14 Polymerextracted s-SWCNTs with one (or only a few) species show
narrow optical transitions that assist the fundamental photodynamic studies of s-SWCNT systems, since their spectroscopic signatures can be easily distinguished from those of the
other components within the systems.15−17
Fullerene derivative electron acceptors, such as phenyl-C61butyric acid methyl ester (PC61BM) and phenyl-C71-butyric
© XXXX American Chemical Society

acid methyl ester (PC71BM), have been prevalent in OPVs for
many years. Importantly, s-SWCNTs with appropriate
electronic band gaps form a Type-II heterojunction with
fullerene derivative electron acceptors, with suﬃcient exciton
dissociation driving force to generate photocurrent.1−4 As such,
there have been many fundamental studies of s-SWCNT/
fullerene heterojunctions, aimed at understanding the kinetics
and thermodynamics of interfacial exciton dissociation and
charge recombination in this model system.5,7,15,17 However,
the expensive synthetic costs, limited spectral absorption, and
limited synthetic tunability of fullerenes have raised the interest
in development of nonfullerene electron acceptors.18,19 Despite
this pivot within the OPV community, there have been rare
fundamental or device studies on heterojunctions between
SWCNTs and nonfullerene acceptors.
Perylene diimides (PDIs) have seen mounting interest as a
prominent class of nonfullerene acceptor due to several
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advantages.20−22 Their electron aﬃnity values are in the same
range as those of fullerenes, their electron mobility is high, and
they tend to be more stable than fullerenes, particularly with
respect to photodegradation.19,23 Spectral absorption for PDI
derivatives tends to be broader and more synthetically tunable
than that of fullerenes, and their synthetic cost is typically
signiﬁcantly cheaper than that of fullerene derivatives (as an
example, PDIs are used in many common pigments in the
automotive, and other, industries). As with fullerenes, PDIs also
aggregate within ﬁlms such that π−π stacking between
molecules can facilitate charge transport. However, they tend
to aggregate into large crystallites that reduce donor−acceptor
interfacial area for exciton dissociation in bulk heterojunctions
(BHJs).24 Hence, avoiding excess aggregation without losing
appreciable long-range charge transport has been a key strategy
in the development of PDI-based acceptors, and a primary
molecular design rule invokes the disruption of π−π stacking
between acceptors by adding substituents to PDIs or covalently
connecting multiple PDIs.25−28
In a recent study, a new class of PDI-based electron
acceptors, referred to as PDI nanoribbons, was synthesized.29
These acceptors were constructed from the alternation of an
electron-rich donor (alkoxy pyrene) and electron-poor acceptors (PDI oligomers, hPDIx, x = the number of PDIs), and are
denoted as hPDI2-pyr-hPDI2 and hPDI3-pyr-hPDI3. These
structural motifs lower the bandgap of the PDI acceptors to
shift optical absorption deeper into the visible region, enabling
better solar energy harvesting. Furthermore, the energyminimized nanoribbon geometries, predicted by density
functional theory (DFT) calculations, are twistacene helical
structures that utilize steric hindrance to inhibit the excessive
aggregation. In thin ﬁlms, hPDI3-pyr-hPDI3 forms an
organized lamella structure on highly ordered pyrolytic
graphite, indicating that eﬃcient π−π stacking is still
maintained. This study explored BHJs with PTB7-Th, a
donor polymer showing exceptional promise for high-eﬃciency
OPV devices, and the power conversion eﬃciencies (PCEs) of
the BHJs were recorded as 6.9 and 7.6% for hPDI2-pyr-hPDI2
and hPDI3-pyr-hPDI3, respectively. The PCE value of 7.6%
obtained from the hPDI3-pyr-hPDI3 device is comparable
with the values of the best PTB7-Th-based nonfullerene solar
cells, which typically show a PCE < 7.5% without solvent
additives. However, fundamental studies of these PDI-based
acceptors have not been performed to resolve the charge
separation and recombination processes from PDI-based
acceptors.
In this study, the detailed photodynamics of heterojunctions
between (6,5) s-SWCNTs and two PDI-based electron
acceptors were investigated by transient absorption spectroscopy. The two PDI-based acceptors were chosen to have
distinct molecular geometries and frontier orbital energies that
establish suﬃcient thermodynamic driving force for exciton
dissociation at the heterojunction with (6,5) s-SWCNTs. As
such, we hope for this study to serve as the starting point for an
ongoing eﬀort aimed at disentangling the eﬀects of interfacial
thermodynamics (i.e., exciton dissociation driving force) and
molecular structure considerations (i.e., steric eﬀects, electronic
coupling, reorganization energy) on photoinduced charge
transfer at model interfaces between s-SWCNTs and a broad
array of acceptors. In the current study, we focus primarily on
photoinduced hole transfer (PHT) from the PDI molecules to
(6,5) s-SWCNTs. Since the PHT event utilizes the broad
visible absorption (with high extinction coeﬃcient) of the PDI

molecules that captures signiﬁcantly more visible photons than
fullerenes, this PHT event comprises a strategy for signiﬁcantly
improving energy harvesting for these PDI heterojunctions
relative to the more broadly studied SWCNT/fullerene
heterojunctions. We ﬁnd that both PDI-based acceptors
facilitate interfacial exciton dissociation by photoinduced hole
transfer from the PDI acceptors to (6,5) s-SWCNTs, enabling
very long-lived charge-separated states. The two PDI-based
bilayers show measurable diﬀerences in the rates of photoinduced charge transfer and recombination, with both PHT and
recombination being appreciably slower in the hPDI2-pyrhPDI2 bilayer. These diﬀerences are discussed with regards to
the potential eﬀects of exciton dissociation driving force,
interfacial coupling, and PDI molecular structure.

■

EXPERIMENTAL METHODS
Syntheses of PDI-Based Electron Acceptors. Synthesis
of the hPDI2-pyr-hPDI2 nanoribbon PDI-based electron
acceptor was described previously.29 The synthesis of TriphPDI2 will be described in detail in a forthcoming work.
Film Preparation. SWCNTs for (6,5) samples were
purchased from CHASM (CoMoCAT SG65i), and poly[(9,9-dioctylﬂuorenyl-2,7-diyl)-alt-co-(6,60-[2,20-bipyridine])]
(PFO-bpy) was purchased from American Dye Source. To
extract pure (6,5) s-SWCNTs from SG65i, SWCNTs (1 mg/
mL) were dispersed in PFO-bpy in toluene (∼4 mg/mL) by tip
sonication for 15 min at 40% intensity (Cole-Palmer CPX 750,
1/2” tip) in a bath of cool (∼18 °C) ﬂowing water. The tipsonicated SG65i/PFO-bpy mixture in toluene was immediately
transferred to a centrifuge tube and centrifuged at 20 °C and
13 200 rpm for 5 min (Beckman Coulter L-100 XP
ultracentrifuge, SW-32 Ti rotor). The supernatant, containing
PFO-bpy-wrapped (6,5) SWCNTs and excess PFO-bpy, was
separated from the pellet by pipet, and it was centrifuged at 20
°C and 24 100 rpm for 20 h to remove excess polymer. The
pellet, containing PFO-bpy-wrapped (6,5) SWCNTS, was
separated from the supernatant, which contained excess PFObpy. This long centrifuge process was repeated for the
redispersed pellet in toluene to arrive at an ∼1:1 mass ratio
of (6,5) SWCNTs and PFO-bpy. The pellet was then
redispersed in toluene in a heated ultrasonic bath for more
than an hour to yield homogeneous (6,5)/PFO-bpy ink.
The (6,5)/PFO-bpy ink was spray-coated onto clean glass
substrates, which were rinsed by acetone and isopropyl alcohol
(IPA) and treated by O3 plasma for 10 min prior to SWCNT
deposition. The cleaned glass substrates were placed on a
heated stage (T = 130 °C) to evaporate solvent as the ink was
applied onto substrates, and an ultrasonic sprayer (SonoTek)
operated at 0.8 W was used to spray (6,5)/PFO-bpy ink at a
solution ﬂow rate of 0.3 mL/min and an N2 ﬂow rate of 7.0
standard liters per minute. The (6,5)/PFO-bpy ﬁlms were
soaked in a hot toluene bath (78 °C) for 10 min to remove
excess polymer. This step helps to couple SWCNTs better
within the ﬁlm. The PDI-based electron acceptors were then
deposited onto both clean glass substrates for neat ﬁlms and
(6,5)/PFO-bpy ﬁlms for bilayers. Each acceptor solution in
chloroform (2.5 mg/mL) was spin-coated at 500−2000 rpm for
1 min by dispensing 100 μL of solution while the substrate was
spinning.
Static and Transient Absorption. The ground-state
absorption spectra of neat and bilayer ﬁlms were measured
on a Varian Cary 5000 spectrophotometer in the wavelength
range of 200−1500 nm with baseline correction. The (6,5) sB
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Figure 1. Molecular structures (blue: donor, red: acceptor) and DFT-optimized molecular geometries of (a) hPDI2-pyr-hPDI2 and (b) TriphPDI2.

and was 48 nJ at 400 nm (absorbed photon ﬂux of ca. 2.4 ×
1013 photons·pulse−1·cm−2) for the PDI acceptor neat ﬁlms and
for the bilayer dynamics measured over long pump−probe
delays on the EOS experiment (Vide Infra). The pump and
probe beams are spatially overlapped at the glass slide. For the
femtosecond probe setup, a portion of the ampliﬁed 800 nm
light was passed through a sapphire plate to generate either a
visible (Vis, 400 nm < λprobe < 800 nm) or near-infrared (NIR,
800 nm < λprobe < 1700 nm) continuum probe pulse. The probe
pulses were delayed in time with respect to the pump pulse
using a motorized translation stage mounted with a
retroreﬂecting mirror. The average time for data collection
was 2−5 s at each pump−probe delay. The measurements were
operated from 0.5 ps before time zero to 5.5 ns after time zero.
For the subnanosecond probe setup, a supercontinuum
generated in a photonic crystal ﬁber via an Nd:YAG is used
with controlled timing to within ∼100 ps to achieve a longer
pump−probe delay electronically.
Time-Resolved Photoluminescence. Time-resolved photoluminescence (TRPL) was measured using a supercontinuum
ﬁber laser (Fianium, SC-450-PP) operating at 2 MHz as the
excitation source. The excitation wavelength used was 500 nm,

SWCNT ﬁlm thickness was estimated using the (6,5) S11 peak
optical density at 1000 nm4 and is estimated to be 10 nm for
the ﬁlms studied here. Transient absorption spectra and
dynamics of neat and bilayer ﬁlms were measured by two
diﬀerent conﬁgurations of an ultrafast pump−probe timeresolved spectroscopic measurement system (Ultrafast Systems). Dynamics covering the temporal regime from femtoseconds to 5 ns (ns) were measured by the “Helios”
conﬁguration, which employs pump and probe pulses with
widths of ∼200 fs. Dynamics covering the range from ∼1 ns to
∼100 μs were measured by the “EOS” conﬁguration, which
employs the same pump pulse but utilizes subnanosecond
probe pulses. The femtosecond probe setup was used for all
ﬁlms, and the subnanosecond setup was used for bilayers to
probe the long-lived species in these ﬁlms. Both experiments
were performed on 1 kHz regeneratively ampliﬁed Ti:sapphire
laser system that produces 4 mJ laser pulses at 800 nm. The
Ti:sapphire laser then pumps an optical parametric ampliﬁer
(OPA) to generate 400 nm (mostly exciting PDI-based
electron acceptors) pump light. The excitation pulse energy
employed for bilayer ﬁlms was ca. 1.5−2.5 nJ at 400 nm
(absorbed photon ﬂux of ca. 1.5 × 1012 photons·pulse−1·cm−2)
C
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and the pulse energy was approximately 1 nJ. A streak camera
for visible detection (Hamamatsu C10910−04) was used to
detect time-resolved spectra. The instrument response function
(IRF) lifetime was measured to be 220 ps by scattering the
excitation beam from a Ludox solution, and the time window
size was 20 ns. All time-resolved photoluminescence spectra
were, then, integrated with respect to time to yield steady-state
photoluminescence.
Electrochemistry. Cyclic voltammograms (CVs) were
recorded on a CH166 electrochemical workstation using an
Ag/AgCl electrode as the reference electrode. 0.1 M
tetrabutylammonium hexaﬂuorophosphate (TBAPF6) in tetrahydrofuran was used as the supporting electrolyte. All cyclic
voltammetry data were referenced to the known ferrocene/
ferrocenium couple. The ﬁrst reduction peaks of both hPDI2pyr-hPDI2 and Trip-hPDI2 rest at −1.07 V. The electrochemical proﬁle of Trip-hPDI2 will be reported in a
forthcoming publication, and the proﬁle of hPDI2-PyrhPDI2 has been previously reported.29
Computational Calculations. All quantum mechanical
calculations were performed using Jaguar, version 8.2,
Schrodinger, Inc., New York, NY, 2013.30 All geometries
were optimized using either the B3LYP or M06-2X functional
and the 6-31G** basis set.

■

Figure 2. (a) Ground-state absorption and PL spectra of neat hPDI2pyr-hPDI2 solution and ﬁlm. (b) Ground-state absorption and PL
spectra of neat Trip-hPDI2 solution and ﬁlm.

RESULTS AND DISCUSSION

Two PDI-based acceptors, hPDI2-pyr-hPDI2 and TriphPDI2, were examined for this study, and their molecular
structures and DFT-calculated molecular geometries are
displayed in Figure 1. Unlike hPDI2-pyr-hPDI2, which was
previously introduced,29 Trip-hPDI2 is a newly synthesized
PDI-based electron acceptor that is introduced for the ﬁrst time
in this work. A detailed report on the synthesis and
characterization of this acceptor is forthcoming. This acceptor
is, like hPDI2-pyr-hPDI2, constructed by alternating the
electron-rich donor (triptycene) and electron-poor acceptors
(PDI dimers). The three-dimensional structure for Trip-hPDI2
may help to avoid excess aggregation by steric hindrance. It is
also possible that these structural diﬀerences aﬀect the degree
of π−π interactions at the interfaces formed between the (6,5)
s-SWCNTs and each acceptor. These considerations will be
discussed in more detail below.
The ground-state absorption spectra of PDI-based acceptors
in both solution and as neat ﬁlms are displayed in Figure 2. The
absorption spectra of PDI-based acceptors in both chloroform
and neat ﬁlm span from 350 to 700 nm. The absorption
spectrum of both PDI neat ﬁlms show absorption bands at
similar wavelengths to those in solution, but with broadened
peaks. The primary absorption characteristics of Trip-hPDI2 in
chloroform (Figure 2b) are two main vibronic progressions
starting from 398 and 557 nm. The Trip-hPDI2 neat ﬁlm
shows a typical vibronic progression with the lowest energy S1
transition being the most intense peak. This observation
suggests that the molecular stacking of Trip-hPDI2 is likely
signiﬁcantly disrupted in the ﬁlm due to steric hindrance
between molecules. The dominant PL from the Trip-hPDI2 in
CHCl3 occurs at 578 nm, a Stokes shift of ca. 81 meV from the
S1 absorption at 557 nm. This 578 nm PL peak is still
prominent in the Trip-hPDI2 ﬁlm, again consistent with
disrupted molecular stacking and the retention of the emission
characteristics of Trip-hPDI2 monomers. A broad emission
peak occurs at 633 nm in the Trip-hPDI2 ﬁlm. This peak may

be excimer-like, but the assignment of this peak is outside the
scope of the current study.
The hPDI2-pyr-hPDI2 absorption and emission spectra
(Figure 2a) are markedly diﬀerent than that of Trip-hPDI2.
First, the absorption spectra of hPDI2-pyr-hPDI2 in both
solution and ﬁlm do not show a clean vibronic progression
from an intense S1 peak but instead show relatively weak lowest
energy transitions at 606 nm. We also note that the relative
intensity of this 606 nm peak can vary, both within solutions
and ﬁlms, suggesting that it is not a characteristic transition of
hPDI2-pyr-hPDI2 monomers. Furthermore, the lowest energy
peak in the PL spectrum of the hPDI2-pyr-hPDI2 solution
occurs at 586 nm, ca. 70 meV higher in energy than the lowest
energy peak in the absorbance spectrum at 606 nm. These
observations suggest that the relatively weak shoulder in the
hPDI2-pyr-hPDI2 absorbance spectrum at 555 nm corresponds to monomer absorption (i.e., similar S1 absorption and
emission as Trip-hPDI2 monomers), whereas the red-shifted
606 nm peak originates from hPDI2-pyr-hPDI2 aggregates.
Emission from the hPDI2-pyr-hPDI2 ﬁlm undergoes a
dramatic bathochromic shift of ca. 230 meV relative to the
solution-phase emission. This large bathochromic shift is
consistent with eﬃcient energy transfer from hPDI2-pyrhPDI2 monomers to aggregates within the ﬁlm, such that the
PL spectrum is dominated by the emission from aggregates. In
sum, Figure 2 suggests a higher degree of π−π stacking for the
hPDI2-pyr-hPDI2 molecules and a signiﬁcant contribution of
hPDI2-pyr-hPDI2 aggregates to the photophysics within these
ﬁlms.
Exciton dissociation across donor−acceptor interfaces
depends sensitively upon the interfacial thermodynamics, and
the role of exciton dissociation driving force (ΔGPET or ΔGPHT
for photoinduced electron or hole transfer, respectively) has
been explored for a number of heterojunctions, including
SWCNT/fullerene, polymer/fullerene, and other interfaces.7,31−33 ΔGPET/PHT can be calculated as
D
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ΔG PET/PHT = (IPD − EAA) − Eopt

since the S1 transition of aggregates is appreciably lower in
energy than that of monomers. As such, ΔGPHT from
monomers of both PDI acceptors may be quite similar. Such
subtleties may play a role in hole transfer kinetics, as discussed
in more detail below.
Ground-state absorption spectra of each of the (6,5) sSWCNT/PDI bilayers are displayed in Figure 4. The thickness

(1)

where IPD is the ionization potential of electron donor ((6,5) sSWCNT in this study), EAA is the electron aﬃnity of electron
acceptor (PDI-based acceptors in this study), and Eopt is the
optical bandgap of the donor or acceptor during either PET or
PHT, respectively.31 The estimated interfacial energetics for the
explored heterojunctions are displayed in Figure 3 and

Figure 3. Schematic of the ionization potential and electron aﬃnity
values estimated for (6,5) s-SWCNTs and the two PDI-based
acceptors. The data and assumptions underlying the estimation are
detailed in the SI for SWCNT levels and in Table 1 footnotes for PDI
acceptors.

Table 1. IP, EA, and Eopt Values for (6,5) s-SWCNT, hPDI2pyr-hPDI2, and Trip-hPDI2 and Calculated Exciton
Dissociation Driving Force Values for the Bilayers
IP (eV)
(6,5) s-SWCNT
hPDI2-pyr-hPDI2
Trip-hPDI2

5.40
6.63a
6.81a

(6,5) s-SWCNT− hPDI2-pyr-hPDI2
(6,5) s-SWCNT− Trip-hPDI2

EA (eV)

Eopt (eV)

3.86
4.27b
4.27b
ΔGPHT (eV)

1.24
2.06
2.24
ΔGPET (eV)

−0.93
−1.11

−0.11
−0.11

Figure 4. Ground-state absorption spectra of (6,5) s-SWCNT bilayer
ﬁlms (black: PDI-based acceptor neat ﬁlm; dotted: (6,5) SWCNT neat
ﬁlm; red and blue: (6,5) SWCNT−PDI-based acceptor bilayer) of (a)
hPDI2-pyr-hPDI2 and (b) Trip-hPDI2.

of each PDI-based acceptor layer is kept relatively thin
(estimated to be <10 nm) to minimize the need for exciton
diﬀusion to the exciton dissociation interface. Each static
absorption spectrum of the (6,5) s-SWCNT/PDI-based
acceptor bilayer is essentially the sum of each component.
The absorption spectra of (6,5) s-SWCNT/PDI-based acceptor
bilayers with diﬀerent thicknesses of PDI-based acceptors are
displayed in Figure S1; no diﬀerences in TA dynamics were
observed for bilayers with diﬀerent PDI thicknesses. The (6,5)
S11 absorption band in the bilayers is at 1000−1002 nm, redshifted from that in (6,5) s-SWCNT neat ﬁlm at 998 nm. The
magnitude of this bathochromic shift is 2.5−5 meV, and there
was no apparent relationship between PDI-based acceptor ﬁlm
thickness and (6,5) S11 band shift (Figure S1).
Figure 5 shows the transient absorption (TA) spectra of the
neat ﬁlms of (6,5) s-SWCNT and PDI-based acceptors. The
(6,5) s-SWCNT neat ﬁlm is excited at the position of the S11
exciton transition (1000 nm), and the PDI-based acceptor neat
ﬁlms are excited at 400 nm where the absorption from PDIbased acceptors is dominant (optical density of 0.025 for (6,5)
s-SWCNT layer, 0.14 for hPDI2-pyr-hPDI2, and 0.26 for
Trip-hPDI2). The TA spectra of the (6,5) s-SWCNT neat ﬁlm
showed similar spectroscopic signatures to those observed in
past studies.15,17 In the NIR region, the S11 ground-state bleach
(GSB) appears at 1011 nm, along with a broad excited-state
absorption band, centered around at 1122 nm, which has
previously been assigned to biexciton formation.36 In the visible

a

The ionization potential values of PDI-based acceptors were
determined by adding Eopt and 0.3 eV (average exciton binding
energy for organic semiconductors)34 to EA. Their IP values should be
accurately determined by several experimental techniques such as
ultraviolet photoelectron spectroscopy (UPS) in future studies. bThe
electron aﬃnity values of PDI-based acceptors were determined by
comparing their ﬁrst reduction potential (Ered) values to that of C60.35

tabulated in Table 1. The methodology used to estimate
these values is detailed in the SI. Figure 3 schematically
demonstrates that each PDI-based acceptor forms a Type-II
heterojunction with the (6,5) s-SWCNTs. Both systems have
negative values for ΔGPET and ΔGPHT, implying that photoinduced electron and hole transfer should both be spontaneous
for each bilayer. Importantly, the optical band gap utilized in
these estimates for hPDI2-pyr-hPDI2 is the band gap
associated with the lower energy aggregate optical transition
(λopt = 602 nm, Eopt = 2.06 eV), since the PL measurements
suggest that the photophysics within hPDI2-pyr-hPDI2 ﬁlms
are dominated by the aggregates. However, the driving force for
aggregates should be reduced relative to that for monomers,
E
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response limited, whereas the GSB for aggregates at 610 nm
rises more slowly (τrise ≈ 540 ± 230 fs, see SI, Figure S2). This
slow rise time matches the GSB decay for the monomer
features and is thus consistent with rapid downhill energy
transfer from monomers to aggregates within the ﬁlm,
consistent with the mechanism inferred from the large
bathochromic emission shift observed in Figure 2 for the neat
hPDI2-pyr-hPDI2 ﬁlm. Importantly, this 540 fs energy transfer
time represents the time frame against which PHT from
hPDI2-pyr-hPDI2 monomers must compete to be eﬃcient.
For both hPDI2-pyr-hPDI2 and Trip-hPDI2 ﬁlms, the lowest
energy GSB decays in less than ∼1 ns with 80% decay within 30
ps (Figure 5b,c, insets). The initial GSB decay of the TriphPDI2 ﬁlm is slightly faster than that of the hPDI2-pyr-hPDI2
ﬁlm, potentially reﬂecting diﬀerences between recombination
within monomers and aggregates.
Figure 6 displays TA spectra of the (6,5) s-SWCNT/PDIbased acceptor bilayers, excited at the strong PDI-based
transitions at 400 nm to mainly probe photoinduced hole
transfer from PDI-based acceptors to (6,5) s-SWCNTs. The
TA spectra of the bilayers, excited at 400 nm and probed in the
NIR, showed two distinct spectroscopic signatures relative to
neat (6,5) s-SWCNTs. The ﬁrst one is that the (6,5) s-SWCNT
GSB decay became signiﬁcantly slower at the heterojunction
between (6,5) s-SWCNT and PDI-based acceptors. At the
measured pump−probe delay time of 1.06 ns, about 70 and
40% of the (6,5) S11 GSB at 1005 nm remains for the hPDI2pyr-hPDI2 and Trip-hPDI2 bilayers, respectively, whereas the
GSB from (6,5) s-SWCNT neat ﬁlm has fully recovered over
the same time period (Figure 6, right column). The second
important observation is the appearance of the (6,5) s-SWCNT
trion absorption band (X+) at 1174 nm,37,38 which conclusively
demonstrates that charge carriers are present in the (6,5) sSWCNTs at appreciable concentrations.7,15−17,36 Since the
PDI-based acceptor layer dominantly absorbs the incident 400
nm photons, the observation of the (6,5) trion absorption
clearly indicates that excitons created in the PDI acceptor layers
dissociate at the heterojunction interface as a result of hole
transfer to the (6,5) s-SWCNT donor layer. In turn, the
presence of a long-lived trion absorption implies that the
concomitant observation of the long-lived GSB similarly reﬂects
the charge carrier population that results from exciton
dissociation, in this case arising from a reduction in oscillator
strength for the S11 exciton transition due to the phase-space
ﬁlling eﬀect.15−17 We note that we also observe the same
spectroscopic signature for charged (6,5) s-SWCNTs following
excitation of the s-SWCNT layer at 1000 nm (Figure S3),
indicating that exciton dissociation also occurs via photoinduced electron transfer. For brevity, we focus on hole transfer
in this manuscript, but electron transfer will be treated in more
detail in a future manuscript.
Figure 7 shows the TA kinetics of the bilayers, probed at the
(6,5) s-SWCNT S11 GSB and trion when the bilayers are
excited at 400 nm. The TA kinetic proﬁles of (6,5) s-SWCNT
S11 GSB and trion absorption in both bilayers showed distinct
features relative to the dynamics of neat (6,5) s-SWCNT ﬁlms.
The ﬁrst feature of note is that both the S11 GSB and trion
absorption TA signals in the bilayers (Figure 7a,b, respectively)
are signiﬁcantly longer-lived than those probed in the neat
(6,5) s-SWCNT ﬁlms (the trion absorption is absent in the
neat ﬁlm, but the dynamics are probed at the same
wavelength). This slow decay for each signal indicates that
interfacial charge separation, driven by PHT from PDI to the

Figure 5. Transient absorption spectra of the neat ﬁlms of (a) (6,5) sSWCNT, (b) hPDI2-pyr-hPDI2, and (c) Trip-hPDI2.

region, the (6,5) S22 GSB occurs at 575 nm. These bleaches
completely decay in less than ∼1 ns with 80% decay within 20
ps (inset, Figure 5a). The (6,5) S11 and S22 GSB in the neat ﬁlm
occur primarily due to Pauli blocking of the S11 transition by
excitons generated by the pump pulse.
The GSB features for PDI-based acceptor neat ﬁlms (Figure
5b,c) span the range of 560−610 nm, and broad (but weak)
excited-state absorption appears above 610 nm, extending into
the NIR. The insets of Figure 5b,c show the TA dynamics
probed at the peak of the lowest energy GSB for each PDI
acceptor, and the kinetics of the GSB decay for the neat PDI
ﬁlms are tabulated in the SI (Table S1). The TA spectra of the
Trip-hPDI2 ﬁlm are dominated by the GSB of the monomer S1
transition at 560 nm, and the rise time of this GSB is
instrument response limited (τIRF ≈ 120 fs). Interestingly, the
TA spectra for the hPDI2-pyr-hPDI2 ﬁlm show GSB signals
for both monomers (530 and 560 nm) and aggregates (610
nm) at very early times (tdelay < 1 ps), whereas the spectra at
later delays are dominated by the GSB of aggregates at 610 nm.
The rise times for monomer GSB features are instrument
F
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Figure 6. Transient absorption spectra (left) of the bilayers of (a) (6,5) s-SWCNT−hPDI2-pyr-hPDI2 and (b) (6,5) s-SWCNT−Trip-hPDI2,
excited at 400 nm, and their comparison with (6,5) SWCNT neat ﬁlm transient absorption spectrum at 1062 ps (right).

The situation for the hPDI2-pyr-hPDI2 bilayer is more
complex (Figure 7c). In this case, the rise time of the trion
absorption is biphasic, with a fast component (τ ≈ 1.2 ± 1.11
ps, amplitude = 39%) and a slower component (τ ≈ 17 ± 8.7
ps, amplitude = 61%) that rises signiﬁcantly more slowly than
that of the Trip-hPDI2 bilayer. For reasons discussed below,
we assign the faster rise time to hole injection from hPDI2-pyrhPDI2 monomers and the slower rise time to hole injection
from hPDI2-pyr-hPDI2 aggregates. We do not believe that the
relatively fast hole injection times (1.2−1.8 ps) observed for
each bilayer contain appreciable kinetic contributions from
exciton diﬀusion to the interface for two reasons. First, we
compared (6,5) s-SWCNT/PDI bilayers over a small range of
varying PDI acceptor layer thicknesses (Figure S1) and
observed no change in the TA dynamics. Second, these hole
injection times are relatively similar to those observed in prior
studies exploring poly-disperse SWCNTs interfaced with
diﬀerent PDI molecules in solution.20−22 In these studies,
hole transfer occurs on time scales in the range of 2−4 ps for
interfaces between SWCNTs and individual PDI molecules
where diﬀusion within a PDI ﬁlm cannot occur. In contrast,
exciton diﬀusion within hPDI2-pyr-hPDI2 aggregates could
contribute to the slower PHT time, as discussed in more detail
below.
Interestingly, the slow rising component (τ ≈ 17 ± 8.7 ps,
amplitude = 61%) observed in the trion dynamics for the
hPDI2-pyr-hPDI2 bilayer is not observed in the GSB

(6,5) s-SWCNT layer, dramatically lengthens the electron−
hole recombination time, since the two charge carriers are now
spatially separated into diﬀerent phases. Interestingly, both
signals decay more slowly for the hPDI2-pyr-hPDI2 bilayer,
relative to the Trip-hPDI2 bilayer, indicating slower electron−
hole recombination for the hPDI2-pyr-hPDI2 bilayer. The TA
kinetics of each peak (GSB and X+) were ﬁt with multiexponential decays, and the extracted time constants are
tabulated in the SI (Table S2). The long lifetimes observed
here are comparable to those observed for (6,5) s-SWCNT-C60
heterojunctions,15,17 which suggests that PDI-based acceptors
are good candidates as nonfullerene electron acceptors in
SWCNT-based solar energy harvesting systems.
Figure 7c,d focuses on the early time dynamics of the GSB
and trion absorption for the hPDI2-pyr-hPDI2 and TriphPDI2 bilayers, respectively. For the Trip-hPDI2 bilayer
(Figure 7d), the GSB and X+ kinetics are essentially identical,
but with opposite sign. This correspondence is expected if both
features arise predominantly from the same species. Since the
trion absorption only arises from charge carriers, this
equivalence implies that the GSB for the Trip-hPDI2 bilayer
must also correspond solely to the holes that reside in the (6,5)
s-SWCNT layer as a result of PHT from Trip-hPDI2. As such,
the rise time of each of these signals (τ = 1.4 ± 0.2/1.8 ± 0.07
ps, < τ > ≈ 1.6 ± 0.15 ps,) corresponds to the hole injection
time.
G
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Figure 7. Transient absorption kinetic proﬁles of (6,5) s-SWCNT−PDI-based acceptor bilayers excited at 400 nm, probed at (a) (6,5) s-SWCNT
S11 ground-state bleaching and (b) (6,5) s-SWCNT trion absorption and early time transients of the (c) (6,5) s-SWCNT−hPDI2-pyr-hPDI2 bilayer
and the (d) (6,5) s-SWCNT−Trip-hPDI2 bilayer.

dynamics. In this case, the relatively fast GSB rise (τ ≈ 0.6 ±
0.07 ps) is followed by a rapid GSB decay that is not observed
in the X+ signal. To explore this discrepancy in more detail, we
plot the normalized dynamics of the GSB and trion absorption
for the hPDI2-pyr-hPDI2 bilayer in Figure 8. Here, the sign of
the GSB is reversed, and the two kinetic traces are normalized
at long pump−probe delays. This normalization procedure
demonstrates that the long-lived signals for both species have
identical kinetics and thus originate from the same species.
Since the trion signal solely reﬂects the dynamics of charge
carriers, this long-lived species must be the holes in the (6,5) sSWCNTs. Since the GSB can arise from either holes (phasespace ﬁlling) or excitons (Pauli blocking), it follows that the
additional dynamics observed only in the GSB correspond to
an exciton population.
The origin of this exciton population is not entirely clear at
the moment, although we can speculate on two possible
sources. First, it is possible that it originates from ultrafast
excitation energy transfer (ET) from some population of
photoexcited hPDI2-pyr-hPDI2 molecules, where the energy
transfer time is faster than that of the instrument response (τIRF
≈ 120 fs). Second, it may simply arise from some nonnegligible exciton population created directly in the s-SWCNT
ﬁlm by excitation at 400 nm. As shown in Figure 2, the
absorption of the hPDI2-pyr-hPDI2 layer (OD400 = 0.14) is
roughly half that of the Trip-hPDI2 layer (OD400 = 0.26).

Since the TA measurements of the two bilayers are performed
at equivalent absorbed photon f luences, the incident photon
ﬂuence is roughly doubled for the hPDI2-pyr-hPDI2 bilayer.
As such, more photons will ultimately reach the s-SWCNT
layer and may generate a small, but non-negligible, exciton
population in the s-SWCNT layer that can be observed in the
S11 GSB.
The lifetime of the charge-separated state dictates the time
scale available to do useful work with photogenerated free
charge carriers, e.g., by extracting the charges as current in a
solar cell or by driving a chemical reaction. It is clear that the
charge-separated state in the (6,5) s-SWCNT/hPDI2-pyrhPDI2 bilayer is quite long-lived. To fully resolve the kinetics
of this slow recombination, we utilized the electronic delay of
our TA system to probe the GSB of this bilayer into the
microsecond time scale. Although the pulse energy in this
experiment was increased by an order of magnitude to achieve
suﬃcient signal-to-noise, the GSB is very long-lived, with ca.
30% of the signal still remaining after 1.0 μs (Figure 9, inset).
The main panel of Figure 9 demonstrates that the GSB does
not fully decay until ca. 100 μs, demonstrating that the chargeseparated state in this bilayer is exceptionally long-lived. A
multiexponential ﬁt (solid ﬁt line) to the transient revealed four
time constants of 11 ± 3.7 ns (40%), 114 ± 40 ns (27%), 1.9 ±
0.6 μs (19%), and 74.6 ± 22.6 μs (14%). These exceptionally
long lifetimes for the charge-separated state in our s-SWCNT/
H
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the hPDI2-pyr-hPDI2 bilayer suggest the possibility of two
populations of hPDI2-pyr-hPDI2 molecules that undergo
PHT to the (6,5) s-SWCNT layer. From the above discussions,
these two populations are likely hPDI2-pyr-hPDI2 monomers
and hPDI2-pyr-hPDI2 aggregates. The smaller amplitude for
the relatively fast PHT component (τPHT ≈ 1.2 ± 1.11 ps, 39%)
is consistent with this component reﬂecting the PHT dynamics
from monomers, where the PHT event must compete with
downhill energy transfer to hPDI2-pyr-hPDI2 aggregates (τET
≈ 0.54 ± 0.23 ps). This assignment is also consistent with the
similar time scale for this PHT component and the PHT
dynamics observed for the Trip-hPDI2 bilayer, where the
photophysics are dominated by monomers. In turn, the slower
PHT component (τPHT ≈ 17 ± 8.7 ps, 60%) reﬂects hole
transfer from hPDI2-pyr-hPDI2 aggregates, where the PHT
event must compete with the multiexponential decay of the
aggregate excited state. Figure 10 summarizes the kinetic
scheme derived from these TA measurements.
It is useful to try and understand these results in light of the
interfacial energetics and interfacial structure present for each
bilayer. As discussed above, exciton dissociation at the donor−
acceptor heterojunction is intimately connected to the exciton
dissociation driving force (ΔGPHT) and charge transfer
reorganization energy.7 As shown in Table 1, the estimated
ΔGPHT value for the hPDI2-pyr-hPDI2 bilayer is approximately 0.18 eV smaller in magnitude than the ΔGPHT
estimated for the Trip-hPDI2 bilayer, when assuming hole
transfer proceeds from hPDI2-pyr-hPDI2 aggregates. However, the ΔGPHT values are likely roughly equivalent if hole
transfer proceeds from hPDI2-pyr-hPDI2 monomers. Thus, it
is feasible that the nearly equivalent fast PHT dynamics (τPHT
≈ 1.2−1.6 ps) observed for both types of PDI monomers reﬂect
the similar PHT driving force values and in turn that the slower
PHT dynamics observed for hPDI2-pyr-hPDI2 aggregates
(τPHT ≈ 17 ± 8.7 ps) reﬂect the reduction of ΔGPHT that occurs
when excitons are localized onto the hPDI2-pyr-hPDI2
aggregates. While this assessment makes sense qualitatively,
there is still signiﬁcant uncertainty around the extent to which
driving force aﬀects exciton dissociation in (6,5) s-SWCNT−
PDI-based acceptor bilayers, since these two acceptors provide
a limited range of driving force. Additionally, since the
molecular geometries of these PDI-based acceptors are quite
diﬀerent from fullerenes, the reorganization energy associated
with PHT at the s-SWCNT/PDI interfaces may diﬀer
appreciably from that of s-SWCNT/fullerene interfaces. Thus,
at this point, it is unclear whether these donor/acceptor pairs
occupy the normal or inverted regime, as described by the
Marcus formulation of electron transfer.6,31
The unique molecular geometries of the PDI acceptors may
also inﬂuence the PHT and recombination kinetics by
modifying the electronic coupling and/or interfacial molecular
structure present at the s-SWCNT/PDI interface. A comparison to previously studied s-SWCNT/C60 interfaces is useful
here. Since fullerenes are spherical molecules, and C60 has
particularly high rotational symmetry, there should be
signiﬁcant overlap between the π-electron clouds at the sSWCNT/fullerene interface. The three-dimensional structure
of fullerene ﬁlms has also been suggested to decrease geminate
recombination, since electrons can rapidly diﬀuse away from
the interface following exciton dissociation.18,39,40 In contrast,
as illustrated by Figure 1, achieving good cofacial π−π
interactions at the s-SWCNT/PDI interface will depend
sensitively on the orientation adopted by each PDI molecule

Figure 8. Normalized transient absorbance kinetics for the S11 GSB
and the trion absorption for the (6,5) s-SWCNT/hPDI2-pyr-hPDI2
bilayer. The traces are normalized at long pump−probe delays. (a)
Dynamics over a full ∼5 ns TA window to highlight the matching
kinetics at long time scales and (b) over a 200 ps window to highlight
the deviation of the two transients at early pump−probe delays, with
the GSB displaying a fast rise and decay that is not observed in the
trion dynamics.

Figure 9. Microsecond TA dynamics of the (6,5) s-SWCNT/hPDI2pyr-hPDI2 bilayer following photoexcitation at 400 nm. Inset: TA
dynamics over the ﬁrst 1.0 μs.

PDI bilayers (ns to μs) range from 2 to 6 orders of magnitude
longer than those observed for SWCNTs interfaced with
individual PDI molecules in solution (i.e., 10s of ps).20−22
The time-resolved spectroscopic studies in the previous
sections reveal that PHT across the (6,5) s-SWCNT-hPDI2pyr-hPDI2 bilayer (1) proceeds more slowly and (2) yields a
longer lifetime for the charge-separated state than that of (6,5)
s-SWCNT−Trip-hPDI2 bilayer. The biphasic PHT kinetics of
I
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Figure 10. Kinetic scheme deduced from TA measurements in this study. The τx values represent characteristic time constants extracted from
exponential ﬁts of TA dynamics, where τR, τET, and τPHT are the characteristic time constants for recombination, energy transfer, and photoinduced
hole transfer, respectively. These time constants are also tabulated in the SI, Tables S1−S3. Note that time constants with relatively large uncertainty
values and/or low amplitudes are not included in this kinetic scheme.

factors inﬂuence the PHT and recombination kinetics.
However, future studies (both experimental and computational) can shed light on how the diﬀerent molecular
geometries, dimensionality, and frontier orbital energies of
PDI-based acceptors inﬂuence important factors for exciton
dissociation at s-SWCNT/PDI heterojunctions, such as
reorganization energy, electronic coupling, and Coulomb
screening of separated electrons and holes. Importantly, the
PDI acceptors utilized here harvest signiﬁcantly more light in
the visible region of the solar spectrum than typical fullerenebased acceptors. Since exciton dissociation at these interfaces
produce charge-separated species that live substantially longer
than 1.0 μs, these results demonstrate that this system is
promising for eﬃcient solar energy harvesting in the visible
region. PDI-based acceptors have been developed to the level
that they can substitute fullerene derivative acceptors in organic
photovoltaics, so the systems introduced here provide a route
toward better fundamental understanding of exciton dissociation at model interfaces between organic semiconductors and
nonfullerene acceptors.

or aggregate in the immediate vicinity of a (6,5) s-SWCNT
bundle. Additionally, the absorption spectra in Figure 2 suggest
that intermolecular interactions occur to a larger degree within
the hPDI2-pyr-hPDI2 layer than in the Trip-hPDI2 layer.
These factors may contribute to biphasic PHT kinetics
observed for the hPDI2-pyr-hPDI2 bilayer. For example, it is
feasible that the electronic coupling between hPDI2-pyrhPDI2 aggregates and the (6,5) s-SWCNT layer is reduced
relative to monomer/(6,5) coupling, which could help to
explain the slower PHT kinetics for aggregates. It is also
important to note that a random-walk-based diﬀusion of
Frenkel excitons within hPDI2-pyr-hPDI2 aggregates could
contribute to the slower PHT time, since only excitons at the
immediate interface with the s-SWCNT layer will likely
undergo eﬃcient PHT.
Finally, we note that the prevalence of longer-range π−π
stacking in the hPDI2-pyr-hPDI2 layer is likely beneﬁcial for
prolonging the charge-separated state in that bilayer, since the
electron can move away from the interface within an aggregate
to reduce geminate recombination. In contrast, the lower
degree of π−π interaction in the Trip-hPDI2 layer may
prohibit the electron from successfully diﬀusing away from the
interface following interfacial exciton dissociation, enhancing
the probability of geminate recombination and shortening the
lifetime of the charge-separated state.
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CONCLUSIONS
In this study, we performed transient absorption studies on the
heterojunction between (6,5) s-SWCNT and two PDI-based
acceptors, hPDI2-pyr-hPDI2 and Trip-hPDI2. Probing the
representative spectroscopic signatures from the monochiral sSWCNT layer, namely, the S11 ground-state bleach and trion
absorption, we were able to track the photoinduced hole
transfer process in real time. For both bilayers, PHT occurs on
a picosecond time scale, generating long-lived charge-separated
states. Although PHT occurs more rapidly for the Trip-hPDI2
bilayer, recombination is also faster. Steady-state absorption,
PL, and TA measurements suggest that rapid energy transfer
from monomers to aggregates occurs within hPDI2-pyr-hPDI2
layers and that the slower PHT and recombination dynamics
for these layers must be analyzed with both monomer and
aggregate populations in mind. We discuss the potential eﬀects
of aggregate formation within hPDI2-pyr-hPDI2 layers by
considering the concomitant eﬀects on exciton dissociation
driving force, donor−acceptor electronic coupling, and
interfacial molecular structure. In our current study, we cannot
conclusively determine the degree to which each of these
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