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ABSTRACT: Singlet fission is a photophysical process that
provides a pathway for more efficient harvesting of solar energy
in photovoltaic devices. The design of singlet fission candidates is
non-trivial and requires careful optimization of two key criteria: (1)
correct energetic alignment and (2) appropriate intermolecular
coupling. Meanwhile, this optimization must not come at the cost
of molecular stability or feasibility for device applications.
Cibalackrot is a historic and stable organic dye which, although
it has been suggested to have ideal energetics, does not undergo
singlet fission due to large interchromophore distances, as
suggested by single crystal analysis. Thus, while the energetic
alignment is satisfactory, the molecule does not have the desired
intermolecular coupling. Herein, we improve this characteristic through molecular engineering with the first synthesis of an aza-
cibalackrot and show, using ultrafast transient spectroscopy, that singlet fission is successfully “turned on.”

■ INTRODUCTION

Singlet fission (SF) is a phenomenon that is of particular
interest for applications in photovoltaics, as it offers the
opportunity to circumvent the Shockley−Queisser limit (29%
efficiency1) of silicon solar cells by mediating thermal losses
through optical means, with a proposed increased efficiency of
∼6%.2−4 A material that exhibits singlet fission can be coupled
with a silicon solar cell such that energy from the triplet states
(if above the band-gap, 1.1 eV) can be harvested by silicon for
extraction as electrical energy. This can be achieved through
direct transfer of free charges into the band gap or through
indirect optical means when coupled with an emitter, such as a
quantum dot, a scheme proposed as singlet fission photon-
multiplier photovoltaics (SF-PMPVs).2,4 This SF-PMPV
technology could be readily applied to both old and new
silicon solar devices4 and may also improve the device
lifetime.5

SF is an exciton multiplication process, whereby two triplet
excitons (T1) are formed from a singlet exciton (S1) in a spin
conserved manner. The process requires an initial electronic
interaction between two chromophores in a S1 state and
ground (S0) state, where subsequent energy transfer creates a
spin correlated intermediate 1(TT) state, which ultimately
separates into two independent triplet excitons via a weakly
coupled intermediate 1(T...T)6−10

F+S S (TT) (T ... T) 2T1 0
1 1

1 (1.1)

The energy of the T1 state must be approximately half of the
S1 state, and the material requires a morphology that enables
sufficient intermolecular electronic coupling. The solid-state
packing of singlet fission materials can be determined via X-ray
crystallography of molecular single crystals.11,12 Short inter-
chromophore distances and a slip-stacked orientation (along
with others) have been shown to facilitate sufficient
intermolecular coupling for rapid SF.12−16 Despite the
importance of the chromophore crystal packing to SF, the
optimization of solid-state interactions has rarely been
controlled a priori through crystal engineering techniques,
which could allow for tuning of intermolecular electronic
coupling and enable singlet fission in systems where it
otherwise would not occur.13−16

The progress of singlet fission technology has been hindered
by the limited number of available singlet-fission-active
chromophores due to strict energetic and morphological
requirements. This is compounded by their molecular
instability, which reduces feasibility for device applications.
Known molecular systems that adhere to the stipulated
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energetic and morphological demands include polyacenes,17−36

rylene dyes,11,37−40 donor−acceptor polymers,41−47 and
carotenoids,48,49 many of which have exhibited ultrafast rates
of singlet fission and quantum yields above 100% for the
generation of triplets.
Recent work by our group50,51 showed that indolonaph-

thyridine thiophenes (INDTs), an annulated indigo derivative
with thiophene groups flanking an aromatic core, have singlet
fission propensity when substituted with electron withdrawing
groups (such as Br or CN). They also boast superior photo-
and ambient stability compared to other popular SF systems.
The triplet excitons produced in INDT variants are below the
1.1 eV benchmark required for utilization with silicon
photovoltaics. Replacing the thiophene groups of INDT with
phenyl groups hypsochromically shifts the triplet state to above
1.1 eV, yielding a molecule known as cibalackrot.52

Cibalackrots are highly attractive singlet fission candidates
for SF-PMPVs, due to ideal T1 energy, a T1/S1 ratio of ∼0.5,
high extinction coefficient, and robust molecular stability.53,54

However, a recent study by Ryerson et al.54 confirmed that
cibalackrot does not undergo efficient singlet fission, as it is
hypothesized that the packing arrangement of cibalackrot
encouraged other photophysical processes, such as rapid
evolution of charge transfer states and excimers, that
outcompete singlet fission.54

A crystallographic analysis of a cibalackrot derivative (Figure
2) revealed that there is a torsion of the peripheral phenyl rings
out of the molecular plane (Figure 1a) due to a steric clash
between benzylic protons on the molecular core and outer
phenyl groups. This results in an increase of the interchromo-
phore distances, inhibiting short-contact interactions by
blocking close approach of the aromatic cores. We postulate
that this torsion of the phenyl rings is the inhibitive factor for
singlet fission in cibalackrot systems. We present a simple

chemical alteration to reduce the torsional angle of the phenyl
rings by substituting two carbons of the aromatic core with
nitrogen atoms (Figure 1a, where the indole moiety is replaced
with 4-azaindole), introducing a structurally modified aza-
cibalackrot. We, in turn, expect this to reduce the
interchromophore distance and increase the intermolecular
orbital overlap between the aromatic cores required for singlet
fission to be realized in cibalackrot systems. The energetic
alignment, solid-state interactions, and photophysics of aza-
cibalackrot are directly compared with cibalackrot, and we
present evidence of increased singlet fission activity in aza-
cibalackrot, observed through ultrafast transient absorption
(TA) spectroscopy. We thus demonstrate the effectiveness of
our novel crystal engineering strategy and show that singlet
fission can be successfully “turned on” by simple modification
of the molecular geometry.
Crystal Structure and Synthetic Design. Octyl-

cibalackrot (OC) was subjected to single crystal X-ray
diffraction studies to gain insight into its photophysical solid-
state properties. The structural analysis has shown that OC
crystallizes in the P 1̅ space group with one-half of OC in the
asymmetric unit. The planar chromophore core of the
centrosymmetric cibalackrot closes a torsion angle of 41.6°
with its flanking phenoxy groups (Figure 2a). The n-octyl side
chain of the phenoxy moiety exhibits a non-linear con-
formation and features one kink in the chain (Figure 2a). The
cibalackrot molecules stack in an offset manner along the
crystallographic a axis (Figure 2b). Within these stacks, the
cibalackrot molecules interact through short contacts between
the twisted outer phenoxy groups and chromophore cores of
neighboring cibalackrot molecules, while no π···π interactions
were observed between the chromophore cores (Figure 2b,
inset). The crystal structure suggests that the high torsion of
the phenoxy groups could be caused by protic clash between

Figure 1. (a) Molecular structures of cibalackrot (R = octyl-hexyl, OHC, shown in red) and novel aza-cibalackrot (OHAC, blue). Inclusion of
nitrogen atoms in the aromatic core reduces torsion of the peripheral phenoxy rings while maintaining a favorable T1:S1 ratio. Increased planarity of
the phenoxy rings with respect to the aromatic core from θ = 45.1° to θ = 38.5° (DFT-calculated ground-state-optimized structure at the M062X/
G** level) in OHAC is postulated to improve the intermolecular orbital overlap efficiency required for singlet fission. (b) Absorbance (line) and
photoluminescence (shaded) spectra of OHC (red) and OHAC (blue) in chlorobenzene solution (darker, solid line) and thin-films (dashed line)
prepared by drop casting.
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the phenoxy group and the main aromatic core, thereby
preventing the cibalackrot cores from stacking at a distance
that would allow sufficient overlap of the central π systems
required for singlet fission.
A number of crystal engineering strategies have been

proposed to promote the stacking of conjugated molecules
in the crystalline state through π···π interactions.55 These
include the formation of multi-component crystal forms (such
as cocrystals), whereby π-stacking is enhanced through the
addition of other conjugated molecules with complementary
sizes, shapes, and charge distributions56,57 or through the use
of hydrogen-bonding molecules that enforce face-to-face
stacking of aromatics.58 Other popular crystal engineering
techniques for the promotion of solid-state π-stacking of
chromophores rely on their synthetic modifications.55 The
most popular approaches are: (1) the addition of bulky
auxiliary groups (to prevent edge-to-face stacking),59 (2) the
halogenation of the chromophore (to steer the formation of
structures with desired antiparallel cofacial stacking motifs),60

and (3) the installation of heteroatoms into the chromophore
structure (to fine-tune Coulomb-attractive interactions that
facilitate π-stacking).61

We argue that a synthetic modification of cibalackrot is the
most promising route to solids with suitably stacked
chromophores. The formation of cocrystals and other
alternative crystal forms (e.g., polymorphs and solvates) is
unlikely to eliminate the protic clash between the phenoxy
groups and the main aromatic core and reduce the torsional
twist that prohibits the close contacts between the phenoxy
groups and the main aromatic core.
Analysis of the optimized OHC ground state structure using

density functional theory (DFT, M062X/G** level) showed
that heteroaromatic substitution of the cibalackrot core with
nitrogen atoms at the 4,4′-positions enables lowering of the
dihedral angle by approximately 7° through a reduction of the
previously discussed protic clash. We, therefore, develop the

first heteroaromatic substituted cibalackrot core, aza-cibalack-
rot.
Synthesis. The procedure presented in Scheme 1 for the

synthesis of aza-indigo 4 is adapted from a procedure

developed by Sucharda in 1925, and full synthetic procedures
and characterization are available in the Supporting Informa-
tion.62 Under basic conditions, 3-picolinic acid is converted to
2 via nucleophilic substitution with 2-chloroacetic acid. The
dicarboxylic acid consequently undergoes a ring-closing
reaction with fused potassium acetate yielding indole 3.
Finally, an oxidative self-coupling reaction of indole 3 using
ammonium hydroxide solution in open air yields aza-indigo 4.
The novel aza-cibalackrots are synthesized by reacting aza-
indigo 4 with phenoxy acetyl chloride 5 in a condensation
annulation reaction. This procedure offers facile synthesis of
aza-indigo, a chromophore that could be used for a plethora of
applications, on a multigram scale. The reaction yields of the
aza-cibalackrot synthesis were low. However, this could be
improved through reaction optimization. One strategy could
involve N-substitution of aza-indigo with acetyl groups, as this
has proven successful in improving the yields of indigo bay−
annulation reactions.63

■ RESULTS AND DISCUSSION

Characterization. In Figure 1b, the solution-state
absorption spectra of OHC and OHAC (solid lines) share
similar vibrational progressions, with OHAC redshifted with

Figure 2. Perspective views of stacked cibalackrot molecules in the
crystal structure of OC highlighting: (a) short contacts between the
twisted outer phenoxy groups and chromophore cores of neighboring
cibalackrot molecules and (b) the lack of short intermolecular
contacts between the cibalackrot chromophore within the OC stacks.
The thermal ellipsoids are drawn at the 50% probability level, while
selected hydrogen atoms are omitted for clarity. Color scheme:
carbon−grey, nitrogen−blue, oxygen−red.

Scheme 1. Synthesis of Aza-indigo and OHACa

aReagents and conditions: (a) (i) 2-chloroacetic acid (1.1 equiv),
K2CO3 (1.5 equiv), H2O, 100° C, 24 h (18%). (ii) fused CH3CO2K
(2.5 equiv), acetic anhydride, 130° C, 1 h (83%). (iii) NH4OH (25
mL/g), r.t., 12 h (20%). (iv) 5 (10 equiv), xylenes, 165° C, 12 h
(OAC = 0.4%, OHAC = 0.6%)
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respect to OHC. To investigate the origin of the redshift, we
performed frontier molecular orbital analysis, which showed
similar distributions for OHC and OHAC (Supporting
information, Figure S26). We observe increased LUMO
distribution at the N-substitution positions (4,4′-positions)
relative to the HOMO, indicating that our synthetic
modifications selectively stabilize the LUMO of OHAC
leading to redshifted absorption. Despite the redshift, OHAC
still boasts bluer absorbance than our previously reported
INDTs.50 Excited-state geometry calculations reveal that
OHAC has more planar S1 and T1 states relative to OHC
leading to an increase in the excited state conjugation and spin
population density of the delocalized diradical on the outer
phenoxy groups for OHAC (18%) relative to OHC (12%)
(Supporting information, Table S1). This suggests that the
increased planarity of the aza-derivative is present in both the
ground and excited states, which is the key interaction that
governs the rate of singlet fission. Comparison of the
absorbance of the solution and thin-film states (Figure 1b,
solid vs dashed lines) shows a hypsochromic shift of λmax,
indicative of preferential slipped stack H-aggregate formation
in thin films.64,65 The π−π stacking of the aromatic cores
provides essential intermolecular orbital coupling required for
singlet fission. We were unable to grow aza-cibalackrot single
crystals (see the Supporting information for details of

crystallization experiments); therefore, grazing-incidence
wide-angle X-ray scattering (GIWAXS) was employed to
gain further insight into the microstructure of both cibalackrot
and aza-cibalackrot. GIWAXS was performed on OC and OAC
(octyl aza-cibalackrot) thin films drop-cast from chloroben-
zene. The GIWAXS data (presented in the Supporting
information, Figure S3) indicates that both OC and OAC
films are highly crystalline with several large, randomly
orientated crystal grains. For the OC film, the crystal structure
observed via GIWAXS is consistent with the single-crystal X-
ray diffraction studies. The modifications of OAC have a
considerable impact on crystal packing. We speculate that
reducing the torsion of the peripheral phenoxy rings alters how
the octyl groups are arranged in the unit cell, with octyl groups
being interdigitated for OC and non-interdigitated for OAC.
GIWAXS analysis was performed on drop-cast thin films of
cibalackrot (OHC) and aza-cibalackrot (OHAC) substituted
with 2-hexyldecane chains. However, due to the large-branched
alkyl chains present on the structures, the thin-films were
highly amorphous, and it was difficult to infer anything
significant about the microstructure other than both exhibited
lamellae packing (Supporting information, Figure S2).
Measurements of the photoluminescence quantum efficiency
(PLQE) showed highly emissive solutions for OHAC (74%)
and OHC (86%) and a large quenching of photoluminescence

Figure 3. Ultrafast dynamics of OHC (red, a) and OHAC (blue, b), performed in thin films (TA spectroscopy, 550 nm excitation). Spectra
normalized to integral ΔT/T shown in (c,d). The OHC signal is indicative of single species, whereas OHAC indicates the presence of two species.
Results concordant with those seen by Fallon et al.,50 attributed to the formation of a geminate TT state, indicative of singlet fission. Triplet
sensitization spectra (dot-dashed/dotted) attributed to free triplets in solution (anthracene sensitizer in chlorobenzene, 355 nm excitation) and free
triplets in thin film (meso-tetraphenyl-tetrabenzoporphine palladium complex sensitizer, 650 nm excitation) are added for reference (Supporting
information Figures S6−S13).
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(PL) in thin film for both, with PLQEs of 0.5 and 4%,
respectively. This quenching can be attributed to both sub-
radiance due to H-aggregation64 and new non-radiative
pathways becoming active in the solid state, such as singlet
fission. The PL spectra obtained by PLQE measurements show
a suppressed 0−0 emission peak in thin film, which is
attributed to both H-aggregation effects and self-reabsorption.
Time-resolved PL measurements of OHAC indicated a rapid
PL decay of 7.5 ± 0.5 ns in solution, which is reduced to 2.53
± 0.03 ns in thin film (Supporting information, Figure S4).
Due to the very low PLQE of the OHAC thin film (0.5%), it is
likely that most photogenerated singlet excitons have a
different, non-radiative fate.
Evidence for Singlet Fission. We investigate the singlet

fission capability of OHAC in comparison with OHC, known
to be singlet fission inactive,54 using transient absorption
spectroscopy. Figure 3 shows the ΔT/T spectra for OHC
(Figure 3a) and OHAC (Figure 3b) measured in thin films
under 550 nm photoexcitation. Negative signals correspond to
photoinduced absorption (PIA) of the excited states, and
positive signals correspond to ground state bleach (GSB) or
stimulated emission. The spectra of both materials are
dominated by a strong PIA from the singlet states, with a
maximum at 840 and 890 nm for OHC and OHAC,
respectively. In Figure 3c,d, we normalize the TA spectra
shown in Figure 3a,b, respectively, such that the integrated area
under the curves is equivalent. This allows for the change in
spectral shapes as a function of time to be better visualized. As
can be seen in Figure 3c, the spectra of OHC showed little
spectral evolution in the first 300 ps, indicating that no new
species are formed from the singlet state. This is consistent
with previous reports that singlet fission does not occur in
these systems.
In contrast, the normalized spectra of OHAC (Figure 3d)

show pronounced spectral shifts in the first 300 ps. A new PIA
is seen to grow in, centered at 740 nm, concomitant with a
decay of the PIA at 890 nm. For comparison, we overlay the
singlet spectra measured in dilute solutions (black dashed
line), the triplet spectra measured via sensitization in solution

(black dot-dashed line), and the triplet spectra measured in
thin film blends with a triplet sensitizer (black dotted line).
The full solution and sensitization spectra can be found in the
Supporting information (Figures S6−S13).
Comparison with these spectra show that the early time

OHAC spectrum, which we label Species 1, is well matched
with the singlet spectrum from dilute solutions, with a PIA
centered at 900 nm and a stimulated emission band at 700 nm.
Hence, we assign Species 1 to the singlet exciton, S1, in
OHAC. The S1 state is then quenched, and a new species,
which we label Species 2, grows in with a broad PIA in the
region relevant to the triplet species, as seen from the
comparison between TA spectra of free triplets in OHAC
solution and film blend. Thus, we conjecture that Species 2
must be connected either with free triplets or the
intermediate1(TT). We note that the spectra of free triplets
in solution and film sensitization closely resemble each other in
both GSB and PIA, while the pristine OHAC film exhibits both
a blueshifted GSB and a redshifted triplet region. This suggests
that the introduction of the triplet sensitizer may disrupt the
crystalline packing of OHAC and yield free triplets in
amorphous environments in the film (more closely resembling
free triplets in solution). The film sensitization spectrum is
thus not completely representative of free triplets in a highly
crystalline OHAC region but nonetheless gives an indication of
the spectral shape to be expected. Thus, the apparent redshift
of the Species 2 1(TT) PIA in OHAC film is consistent with
greater aggregation in the pristine film, resulting in broadening,
as observed in other organic systems.50,66 Similar PIAs and
apparent redshifting of the triplet regions were observed in our
previous measurements of INDT systems, where triplets
formed rapidly via singlet fission (summarized in Supporting
information Table S5).
To gain further insights into the timescale for the growth of

Species 2 in OHAC, a spectral decomposition was performed
with a genetic algorithm (GA). Figure 4a shows the spectra of
the two species retrieved from the GA. Figure 4b shows the
normalized deconvoluted kinetics associated with Species 1
and 2 (data points), fitted to exponential decays (solid line,

Figure 4. (a) Two-species spectral decomposition of OHAC ps-TA data (from Figure 3b), using a genetic algorithm (see Supporting information
Figure S17). Spectra are compared to the singlet S1 spectrum in solution and spectra of free triplets, T1, in solution and thin film from sensitization
experiments (Supporting information Figures S6−S13). We assign Species 1 as the S1 state and Species 2 as the 1TT state. (b) Normalized kinetics
of species. Species 1 decays with concomitant growth of Species 2. Decay of species 2 is independent of excitation density (Supporting information
Figure S5), indicating geminate TT recombination.
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rates shown in Figure 4b). Species 1 (S1) rapidly decays with a
lifetime of 38 ± 4 ps, with approximately concomitant growth
of Species 2 (1TT, 21 ± 2 ps). Species 1 transforms into
Species 2 with an approximate yield of 29−32% (Supporting
information, Table S8), a value that is concurrent with
additional methods to determine the yield (29−60%,
Supporting information, Table S9). The GA results were
compared to other relevant decomposition methods (see
Supporting information Figures S16−S22). Alternative decom-
position methods may indicate that the formation of Species 2
is reversible, with an equilibrium between the states
(Supporting information, Figure S22). The remaining Species
1 population undergoes non-radiative decay, with a lifetime of
278 ± 14 ps. Species 2 decays with a longer lifetime of 1513 ±
107 ps. This decay was also found to be fluence independent
(Supporting information, Figure S5). The short lifetime and
fluence independence indicate that Species 2 is a geminate TT
state. The rapid decay of Species 2 yields a lifetime too short to
confirm its identity with electron spin resonance. However, we
rule out that Species 2 is formed from intersystem crossing due
to the clear absence of a triplet signature in the TA of OHAC
solution (Supporting information, Figure S6 and S7).
The rapid decay of Species 2 suggests that the geminate TT

state cannot dissociate to free triplets with the current film
preparation. It is possible that the increase in electronic
coupling between the chromophores reduces the ability for the
triplets to dissociate. Overall, the presence of TT states
indicates greater propensity for singlet fission in OHAC than
the OHC. Time-dependent DFT calculations suggest that
OHAC and OHC have a T1/S1 ratio of 0.50 and 0.53,
respectively; therefore, singlet fission is predicted to be
isothermic in both cases. Therefore, the increased ability for
OHAC to undergo singlet fission is a result of heightened
electronic coupling, as opposed to improved energy-level
alignment. Electronic coupling to TT states can often be
charge-transfer mediated in singlet fission, and a previous study
by our group showed that INDT derivatives have charge-
transfer contribution to the photoexcited S1 state.

67 Therefore,
while we did not observe direct evidence of charge transfer
states in the TA data, it is possible the singlet fission
mechanism may be charge-transfer mediated in OHAC.

■ CONCLUSIONS

In this work, we have shown that the search for singlet fission
chromophores suitable for photovoltaic applications can be
adapted by considering crystal structure engineering, beyond
the scope of side-chain engineering, to enhance intermolecular
couplings. These strategies can be applied to materials
previously identified as SF candidates that did not fulfill the
potential of their favorable energetic alignments. We introduce
a novel molecule, aza-cibalackrot, through these crystal
engineering strategies, that has been examined in comparison
to its parent species, cibalackrot. We applied ultrafast
spectroscopy to confirm that the singlet fission behavior is
enhanced due to our change in molecular design, shown by the
formation of a geminate TT pair in aza-cibalackrot. DFT
confirmed that our energy level alignment has not been
significantly altered, indicating that the change in singlet fission
activity is a direct result of increased intermolecular coupling.
We believe that the same strategies and considerations can be
applied for other organic chromophore systems in the future,
where singlet fission seems energetically viable, and yet the
propensity for singlet fission is elusive.

■ METHODS

Thin films were generated by drop-casting from chlorobenzene in an
inert atmosphere, encapsulated with glass sealed by epoxy resin.
Steady-state UV−vis measurements of films and solutions (chlor-
obenzene, 0.1 mM concentration) were performed with a Shimadzu
UV3600Plus spectrometer. Steady-state PL measurements were
performed using a home built integrating sphere PLQE apparatus,
using methods described by de Mello et al.,68 with 520 nm excitation
at 1 mW power. Transient PL measurements were performed using
time-correlated single photon counting (TCSPC) with 510 nm
excitation with Edinburgh Instruments FLS1000-DD-stm. Ultrafast
TA measurements were performed using previously reported
methods50 discussed in the Supporting Information. A short
excitation pulse creates a change in the population of states, the
transitions between which are sampled with a probe pulse at multiple
time delays, achieved with a highly controllable mechanical delay
stage. Samples were interrogated with 40 kHz 550 nm excitation with
646 μm spot size at 825 μW (12.6 μJ cm−2). Triplet sensitization
measurements were performed in solution with anthracene69,70 triplet
sensitizer with 355 nm excitation and a meso-tetraphenyl-tetrabenzo-
porphine palladium complex sensitizer in solution and thin film, with
650 nm excitation. Spectral deconvolution with a GA was performed
with methods reported previously.71,72

Computational Methods. Quantum calculations were performed
on each structure to investigate the effect that our structural
modifications had on the geometry, excited-state energies, and spin
population density of OHC and OHAC. All S0- and T1-optimized
geometries were obtained using the M062X73 functional together with
the 6-311G** basis set.74 Based on the optimized ground state
geometries, the vertical excitation energy levels were evaluated at the
TD-DFT B3LYP/G** level.50 The adiabatic excitation of the T1

states were evaluated with a ΔSCF procedure at the DFT M062X/
G** level, which manually adjusts the spin multiplicities for both
vertical and adiabatic geometries. The electron spin density
distributions were analyzed with Multiwfn 3.775 based on the relaxed
T1 state geometries. The spin population on the outer phenoxy
groups (ηPh) was obtained by performing Mulliken population
analysis in Multiwfn.
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