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i solution-deposited thin films of the discotic liquid crystalline electron acceptor-donor-
acceptor (A-D-A) p-type organic semiconductor FHBC(TDPP),, synthesized by coupling thienyl

suwiketopyrrolopyrrole (TDPP) onto a fluorenyl substituted hexa-peri-hexabenzocoronene
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(FHBC) core, are examined by ultrafast and ns transient absorption spectroscopy, and time-resolved
photoluminescence studies to examine their ability to support singlet fission (SF). GIWAX studies
indicate that as-cast thin films of FHBC(TDPP), are “amorphous”, while hexagonal packed discotic
Wline films evolve during thermal annealing. SF in as-cast thin films is observed with a
~150% triplet generation yield. Thermally annealing the thin films improves SF yields up to 170%. The
films show no long-range order, indicating a new class of SF material where the
or local order and strong near neighbor coupling has been removed. Generation of long-

lived triplets (ps) suggest these materials may also be suitable for inclusion in organic solar cells to

& e et formance.

C
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1. Introdu
T

h indht loss mechanism in single-junction photovoltaic (PV) devices following excitation with
hig e photons is the wasted excess energy above the bandgap that is emitted as heat
(th ization losses), leading to a maximum theoretical efficiency of 32% for a single-junction PV;
the Shockl®-Queisser limit.!"?! A process that has the potential to increase this limit to 45% is to use
hig hotons to produce two electron-hole pairs following the absorption of a single photon . In

orgapi rials, such a photophysical process is called singlet fission (SF), the spin allowed
cogersion of a singlet excited state into two triplets by an assembly of two or more chromophores.!
A mechanism of SF is not yet fully understood and is still the subject of intense research, it

ccepted that the single excitation converts to a triplet pair state ('TT), either coherently or

1
is g
inc@he which later separates into two independent triplets (2xT,)."*! Recent studies show that
the triplet pair ('TT) state may convert first to a spatially separated triplet pair intermediate
1

re it undergoes dephasing or decorrelation into two independent triplets.™!
The f a chromophore capable of supporting SF requires optimization of both energetics and
i cular electronic coupling, so there are only a limited number of reported SF systems. For SF

the singlet state (E(S;)) should be greater than or equal to twice the energy of the triplet
state (E(T,)), i.e. E(S;)> 2E(T;). Also, the electronic coupling between nearest neighbors must be

op:gized to have efficient SF. Singlet fission was first observed in crystalline anthracene, and has

be ively studied in this molecular system.”’ SF has since been reported with high yields in
(9]

ol 1 such as tetracene, entacene and their derivatives, oligophenyls,
poly p gopheny
dip % enzofuran,'”  carotenoids,!'"'* rylene-based chromophores,!"*! perylenediimides,""
dik@agpyrralopyrroles derivatives and some conjugated polymers.!'>'®! Efficient SF has been reported

[17-20] [21-23]

mainly 1n condensed matter systems, e.g. crystals, polycrystalline films, amorphous
nanoparticles and aggregates.!'>**) Although SF has been reported in a limited number of
isordered systems, highly efficient SF requires systems with a large degree of crystallinity
andythe SF xield is highly sensitive to the crystallinity of the film, crystal packing and intermolecular
H\bor coupling in these systems; the so called “local-order constraint”.*”! Theoretical
cal how that a slippage of only 2-3 Angstroms along the main acene axis can significantly
reduce orbifal overlap reducing SF yields."”® It has been found that SF is suppressed in polymorphs
wit ies that differ from their usual crystal packing arrangements.'”! For example, no SF in

&reported for films grown on a polymer substrate, whereas the vapor deposited pentacene
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films show efficient SF.*’*% During attempts to improve photovoltaic devices by inclusion of SF
materials (tetracene and pentacene) external quantum efficiencies of over 100% have been reported,
however, these efforts resulted in only modest improvements in the device efficiency.”’ These results
Wotenﬁal to enhance photovoltaic efficiency upon inclusion of SF materials, however, the
senSitivity of device performance to the chromophore packing and the morphology of the active layer
indifate ncgy materials are required where the “local-order constraint” can be overcome. Recent studies
usSing god acenes have demonstrated the key steric or conformational requirements for SF, and the
need for spatially close chromophores that are electronically linked.”'* However, most of these
%t P8 carried out in solution and often no mention was made of their SF yield in the solid state,
whigh is important for practical exploitation. As a result, finding a system capable of efficient SF in
films with a degree of molecular disorder can make the future production of commercial SF-based
orgfinic p voltaic (OPVs) possible.

We a to develop a new class of solution processible SF materials that are more amenable to
inmo solar cell devices through intra-molecular SF, and removal of the “local-order
co t”

n this study, we investigate the use of hexa-peri-hexabenzocoronene (HBC) as a self-
core to promote singlet fission in amorphous films. HBC is a polycyclic aromatic
made up of thirteen fused six membered rings, which forms a mesophase. Soluble HBC

derjiyati ow strong self-association in solution and discotic columnar structures with ordered
morphology in films."** The HBC core shows strong n—r intermolecular association and can show high
¢ mobilities (ca. 1 cm*V™'s™ in certain silyl-substituted HBCs using pulse-radiolysis time resolved
onductivity measurements).”’® Substitution of HBC with 9,9-dioctylfluorene (FHBC)
imparts _solubility and the ability to form mixtures with other conjugated molecules. The
pyrrole (DPP) family consists of a class of dyes that have strong visible absorption, high
synthetically tunable, highly fluorescent, and also have high exciton mobilities.”” These
properties make DPP derivatives good candidates for OPVs. Mauck et. al. observed SF for the first
derivatives with a yield of up to 200% in polycrystalline films.*”**! Their studies on
substit ariation in crystalline diketopyrrolopyrroles demonstrated that the torsion induced on
1on of thienyl (TDPP) by phenyl (PDPP) is sufficient to increase the m—=n stacking distance and
hut down SF, so SF in DPP is very sensitive to local-order (intermolecular coupling),
which is not ideal for inclusion in OPV devices.”® Our interest in developing solution processible SF
matgerials for use for printed organic solar cells, led us to question, can we use the liquid crystallinity
inhhHBC as a self-organizing motif and scaffold to pre-organize the DPP chromophore to
intra-molecular SF in amorphous thin films? In this way can the “local-order constraint”,

ch
mi

dik€to
stadilit

own molecular SF materials, be removed?
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FHBC(TDPP), n—n stacking leading to
cn discotic liquid crystalline order

Disordered TDPP
units and lack of
local order in
triplet hosts

Self association -
-

Fihemical structure of FHBC(TDPP), with a schematic representation of the A-n-D-n-A
st re.®Jhe hexabenzocoronene (HBC, core D) provides strong self-association promoting discotic
11@111“3 order. The TDPP units, acting as triplet hosts, remain disordered removing any local
order= strong near-neighbor coupling for the dithienyldiketopyrrolopyrrole (TDPP, A) electron
NYp)

The SF pfBcess has also been observed in a number of polymeric systems,*****°! however, we wished
to

lymeric SF materials to better understand the SF process as systematic structural
modificatiofis in polymers were expected to be significantly more challenging than in more defined

sm; ecules. A significant potential advance in the field was suggested by Busby et al. in 2015
wh ggested that electron acceptor-donor-acceptor (A-D-A) type molecules may be a class of
mafgrials that could promote SF.*"! It was suggested that SF could be mediated in these systems
thr arge transfer (CT) state , and by using intra-molecular systems it may be possible to
ov “local-order constraint”.””? They demonstrated the development of SF materials, both
molecu d polymeric, albeit with low singlet fission yields for the molecular systems in solution
(56%9. have published a number of analogous A-D-A materials, our benzodithiophene-X-

danine (BXR) series, as p-type organic semiconductors in organic solar cells,""! however,
indicate that the triplet energy levels of these BXR materials are too high to support SF.
oncept, we recently demonstrated that it was feasible to generate a new SF material by
thienyl substituted diketopyrrolopyrroles (TDPP) to the benzodithiophene core (BDT),
(BDT(TDPP),).**) However, triplet generation was low in the solid state in the molecular donor at 18%
efficiency, although results in solution suggested that the BDT(TDPP), supported intra-molecular SF.
Thefresults indicated two key issues with BDT(TDPP),; i) the S, energy was possibly too low at 1.89
eV, x T (T; =0.95 eV), and ii) no evidence for self-association was observed. These results
at a stronger driver is required for self-association and a higher S; energy along with the
iplet host acceptors were needed to increase the SF yield. In this study, the occurrence of
yorid material composed of FHBC as a self-organizing electron donor attached to TDPP as an
ele ptor was investigated.

re our studies on the discotic liquid crystalline material FHBC(TDPP),, comprising a

bstituted hexabenzocoronene (FHBC) core and two pendant bisthiophene-2,5-
Wo[3,4-c]pyrrole-l,4-dione (TDPP) groups, for which we demonstrate a high SF yield in
the in as-cast and annealed films. We first reported FHBC(TDPP), in 2012 as a p-type donor
in organiclsolar cells.) FHBC(TDPP), shows strong self-association in solution, and the
hexabenzocgronene core provides a strong driving force to form hexagonally packed discotic liquid
cry. ructures in melt extruded fibers. Thin film GIWAXS studies on FHBC(TDPP), indicated

This article is protected by copyright. All rights reserved.
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some m—n stacking, but little order other than this, suggesting strong self-association through the HBC
units but little chance to order the pendant arms during spin coating, removing any local order between
the TDPP units, Figure 1. The HOMO (highest occupied molecular orbitals) and LUMO (lowest

i olecular orbitals) levels were reported at -5.40 eV and -3.40 eV respectively giving an
en ap of 2.00 eV. However, we did not report the triplet energy level of FHBC(TDPP)s,.

2. Results andsRiseussion

2.1. Film chation

Gragiagdagtdence wide-angle X-ray scattering (GIWAXS) measurements were performed on as-cast
ly annealed thin films of FHBC(TDPP), to gain information about the crystallization
beli@vigh'in these films and structural changes upon thermal annealing. The resulting scattering patterns
indicate little or no crystalline order in as-cast thin films of FHBC(TDPP), with no

sigjaks in the GIWAXS (Figure 2A), that is, the films are effectively amorphous. The

thermally afinealed film of FHBC(TDPP), shows the n-n scattering peak along the out of plane axis at

0.3 to FHBC stacking (Figure 2B), while the scattering attributed to the lamella are oriented in
pla i -spacing of 2.9, 1.7 and 1.5 nm that is in agreement with our previous result of 2D
GIWAXS measurements of melt extruded fibers.”” The results suggest that FHBC(TDPP), crystallites
ali ace-on orientation. The crystallite dimensions for the thermally annealed film are

surﬁn Table S1 in the Supplementary Information.

i Inbsechity (B}

Figure 2. GIWAXS diffraction patterns of FHBC(TDPP), A) as cast and B) thermally annealed films,
an cuts along the Qy, and Q, axes.
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3.2. Triplet energy and structural character calculation

Time dependent density functional theory within the Tamm-Dancoff Approximation (TDA-DFT)!**
witly the CAM-B3LYP functional® and natural-transition-orbitals (NTO) analyses were conducted to
M photophysical properties and excited state energy levels in FHBC(TDPP),. The structure
BDPP), is shown in Figure S1 and its xyz coordinates are reported in Table S2 in the
Supp y Information. The fluorene that is attached to the HBC core and thiophene ring is
twi G dral angle of 40° relative to the core. The results show that the first and second singlet
lxc_; (S, and S,) are quasi degenerate with vertical excitation energies of 2.84 and 2.86 ¢V and
ha}; oscillator strengths of 1.71 and 1.61, respectively. For these two singlet states, HOMO-1—
L UMO+1 and HOMO— LUMO & LUMO+1 excitations (Figure 3) are the respective
do tributions with multiple minor contributions to the excitation energies stemming from
oth he HOMO is delocalized over the entire molecule, and the LUMO and LUMO++1 are
localize the DPP units and mostly located on the electron rich nitrogen and sulfur atoms. On the
e HOMO-1 is located on the fluorene and DPP units. To find more information on the
dis atterns of electron and hole, the electron and hole NTO patterns for the S; state are
ﬁ in Figure S2. The singlet state shows two main pair contributions where the electron and
hole are mogtly located on the fluorene and DPP units (Figure S2 A), and a minor component where the
elocalized over the whole molecule (Figure S2 B). These calculations suggest that the

ic-orbital coefficients in the HBC core, and hence the lower contribution to the HOMO,

t be due to the twist between the core and fluorene units. The NTO electron and hole pairs of the
calized within the DPP unit (Figure S3). Moreover, the first triplet excited state (T;) has a

ation energy of 1.38 eV so FHBC(TDPP), meets the energy level requirement for SF, i.e.
S1). Overall, however, the charge-transfer character of these excitations seems low. The

ere confirmed with the ®B97X functional*” (see Figure S4 in SI).
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Figure 3. Representation of the main transitions in FHBC(TDPP), where the HOMO is the highest
OCGipi ecular orbital and LUMO is the lowest unoccupied molecular orbital.

2.3 and electrochemical properties

This article is protected by copyright. All rights reserved.
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Steady state absorption and fluorescence spectra of FHBC(TDPP), were recorded for dilute chloroform
solutions and in thin films (Figure 4). The absorption spectrum comprises a strong band at 365 nm,
which can be assigned to the n-n" transition of the FHBC component of the material, and a 7-n"
Wr charge transfer absorption band at 580 nm. The absorption spectra of FHBC, TDPP and
FHBC(TDPP), in chloroform solution were also compared, see Supplementary Information Figure S5.
gfabsorpion spectrum of FHBC has a similar n-m transition band to FHBC(TDPP), at 365 nm and
ﬁ‘ in FHBC(TDPP), shows a red shift of only 30 nm (550 to 580 nm) compared to free
TDPP. FHB DPP), has a fluorescence quantum yield of about 30% in chloroform solution. In the
Bh Ses cence emission spectrum, a sharp peak is seen at 627 nm in solution. We could not study
thesmc character in the CT state in various solvents due to the solubility issue.

10

Card —
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8 =
E Los £
i £
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e 4. Normalized absorption (solid line) and fluorescence (dashed line) spectra of FHBC(TDPP),

in chlor solution (black line) and thin film (red line).

of FHBC(TDPP), there is a slight broadening of the absorption bands, with a small
redshift of the charge transfer band (=20 nm) and the band at 365 nm becomes less featured. This
suggests some aggregation in the thin film. It is known that FHBC(TDPP), strongly associates in
soluti the small change in the FHBC n—n* transition on film formation suggests aggregates
are not crystalline enough to show in the GIWAXS analysis. The steady state
phdft scence emission of the film is also broad and red-shifted compared to in solution, which
pling between chromophores in the solid state. The broadened peak appears at 670 nm in
m. The fluorescence quantum yield of the thin film is only about 1% indicating that there is an
additional pathway for excited state quenching in the solid state that is not present in the solution. The

i d fluorescence spectra of the thermally annealed film were recorded for comparison (see
theSupplemaentary Information Figure S6 A and B). The bands narrow slightly in the annealed film
blue shift of the CT band compared to the as-cast film. This suggests that upon formation
of dered discotic liquid crystalline structure on annealing, as evidenced by the GIWAXS
pattern (Fig@ire 2B), there is no significant change in the FHBC environment, however, a less ordered
T onment is generated or there is less CT state coupling. On the other hand, the emission
spect the annealed film is quite similar to the as-cast film.

ut

A
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The optical bandgaps were calculated as 2.05 and 1.97 eV for FHBC(TDPP), in the solution and thin
film, respectively, from the intersection of the normalized absorption and emission spectra, see Figure
4.

anself—association, and optical bandgap of ~2.0 eV!*! suggested this might be a good SF
e T, energy was in the range of 0.95-1.0 eV. Theoretical calculations show the S; and T,
els of 2.84 and 1.38 eV, respectively. The emission of FHBC(TDPP), in thin film at room

and 77 K in the spectral region of 650-1400 nm and 900-1600 nm (with >1200 nm
i glipassifilfer) are shown in Figure S7. By decreasing the temperature to 77 K, the non-radiative loss
paxays are frozen out,'” and a peak appears at 1200-1400 nm (0.95 ev) which is assigned to the
tri 1t suggests that FHBC(TDPP), has a T, energy level appropriate for SF.

It i8lexpectgd that in a material that promotes SF, the photoinduced S; state will have a short lifetime as
s SF to generate a correlated triplet pair. For the correlated T, states, the reverse triplet-
lation process will be fast unless the E(S;) energy is significantly above the energy of 2 x
herefore, in an active SF material the T, state lifetime will be short when compared to a

Ec

triplet gencrated through triplet sensitization experiments.

2.4. Time-rg8olved photoluminescence of FHBC(TDPP), in solution and thin film

U

To ore information about the decay kinetics of the singlet state the as-cast thin film and a
dilgte chloroform solution of FHBC(TDPP), were characterized using time correlated single photon
SPC) measurements, see Figure 5. Following excitation at 400 nm, the fluorescence
BC(TDPP), in the as-cast thin film and dilute chloroform solution show bi-exponential
andyfsi xponential decay behavior, respectively. The fluorescence of FHBC(TDPP), in thin film

n

rapidly with ;= 100 ps and 1,= 600 ps. On the other hand, the emission from
), in dilute chloroform solution decays exponentially with a lifetime of ~2 ns, indicating
e is an excited deactivation pathway in the solid state that is not present in the solution.

Author M:
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Figlre 5. The instrument response function (IRF) and Fluorescence decay curves recorded by TCSPC,

mo 650 nm following excitation at 400 nm for both thin film and dilute chloroform solution;
the s are the best fits using bi- and single exponential decay functions, respectively.
2.5. cond and nanosecond transient absorption in thin film and dilute solution

econd transient absorption (TA) measurements were undertaken to probe the excited state
FHBC(TDPP), in dilute chloroform solution and thin film to better understand the
ution of uni- or bi-molecular interactions. The TA spectra and kinetic traces of FHBC(TDPP),
isible (Vis) and near-infrared (NIR) regions following excitation at 600 nm in a dilute
chloroform solution are shown in Figure 6A and B, respectively. A negative ground state bleach
(G$B) signal was monitored in the region of 500-700 nm, mirroring the steady state absorption spectral
feaLe positive transient absorption peaks at 760, 830, and 870 nm were recorded as PIAI,
amdaPIA3, respectively. The kinetics of PIA2 and 3 show biexponential decay kinetics with a
rap @
P1ANgex
of P 3 suggesting that a parallel two species process (E; — GS and E, — GS) is occurring in
thef§olution of FHBC(TDPP),. To better understand the relationship between the PIA signals, we have
global target analysis (GTA) on the TA data to help identify the individual features and

Wion variation with time. The global analysis of the transient absorption data of
FHBC(TDPP), in the solution using a parallel two species process (E; = GS and E, — GS) returned

them spectra and kinetics of each species shown in Figures 6C and D, respectively. The
ract

ent and a slow component that decays over the nanosecond time window. The decay of
ows the slow component. The transient signal of the GSB effectively mirrors the kinetics

ext ctrum with a sharp peak at 850 nm (E; from GTA) decays with a time constant of ~30 ps.
The extractgd spectrum with an extra peak at around 760 nm (E, from GTA) decays over the
naj timescale. The results indicate that both E; and E, are generated upon excitation and relax

This article is protected by copyright. All rights reserved.
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back to the ground state with different rates. We assign E, to the S; state as the results show the same
kinetics for the ground state recovery (ns-TA) and the time-resolved fluorescence (TCSPC). E; is
assigned to an excimer state, which is a short-lived component. The known n-n stacking of the FHBC
M to the formation of dimers even in a dilute solution of FHBC(TDPP),.

dl transient absorption (ns-TA) measurements were conducted to monitor the recovery of the
gyin FHBC(TDPP), in solution. The kinetic trace at 650 nm following excitation at 600 nm,
seehS ary Information Figure S8, shows a single exponential decay with a time constant of
Ebdumsmmsmwhich matches the fluorescence decay profile from the TCSPC measurement. These results
arﬁonsistent with the dominant mechanism in solution of FHBC(TDPP), being a singlet state decay

pr to the ground state with a competing parallel process, which also recovers the ground
statgwit uch faster time constant. That is, no singlet fission is observed in solution.
a A
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PIA2 104 B
A H ”"]"w“_ »
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5 = I
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? £ o0
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Figlire 6. Bansient absorption spectra at time delays of 5, 10, 100, 500 and 800 ps (A), and kinetic
traces at 580, 760, 830 and 870 nm (B) of FHBC(TDPP), in a chloroform solution after exciting at 600
nm ence of 10 uJ/cm?. (C) The associated spectra and (D) concentration profiles versus time
for E; and B from the global target analysis. The inset of graph C shows the extracted kinetic model.

3

A
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To investigate the effect of the charge transfer state and chromophore association in solution, TCSPC
measurements of solutions of FHBC(TDPP), in various solvents and concentrations were performed.
The fluorescence decay of FHBC(TDPP), in solvents with various dielectric constants from toluene,
Wetrahydrofuran and dichloromethane (¢ = 2.4, 4.8, 7.5 and 9.1, respectively) are shown in
the®Supplementary Information Figure S9. Similar decay profiles were obtained for all of the solvents
sug ohat no intrinsic pathway for rapid singlet state quenching in these solvents is observed,
peonsistent with the expected fast depopulation of the S, state when SF is the dominant
process. The fluorescence decay of FHBC(TDPP), in chloroform solution with concentrations in the

!&I:E) pM are shown in Figure S10. The results show no evidence for SF even at high

con@entration.

Fendfésc transient absorption (TA) measurements were performed on a thin film of FHBC(TDPP),
andthe spegtra extracted at time delays of 5, 10, 100, 500, 700, and 800 ps are shown in Figure 7A,
along decay traces for the GSB at 550 nm and positive photo-induced absorption at 760 (PIA1)
an PIA2) (Figure 7B). The PIAs at 760 and 660 nm are expanded to 100 ps, inset Figure 7B,
to he difference in the initial transient behavior of these species. The GSB does not relax
back to zero during the time-window of the experiment. The PIA2 has a rapid decay within the time
region o 00 ps, while PIA1 has an initial fast decay similar to the PIA2 kinetics followed by a
slo , Figure 7B. The kinetic trace of the GSB mirrors the kinetics of PIA1. Also, there is a
growth of a positive transient signal at 660 nm following the initial decay of PIA1, inset Figure 7B.

US

evidence supports a sequential two-species process (E; — E, — GS) in the thin film of

), so global target analysis was performed to help identify the individual features in the
next sectio

a

Author M
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Figur ansient absorption spectra at time delays of 5, 10, 100, 500, 700 and 800 ps (A), and
at 550, 760 and 900 nm of FHBC(TDPP)2 in thin film after exciting at 620 nm (B) with a

fluence of 10 pJ/cm2. The inset of Figure 7B shows PIAs at 760 and 660 ps expanded to 100 ps.

G ls was performed on the transient absorption data of FHBC(TDPP), in the thin film using a simple,
seq o-species model (E; — E, — GS) as two independent species were recognized by a

sing ue decomposition (SVD) analysis. The extracted spectra and kinetics of the individual
spe own in Figure 8A and B, respectively. The broad extracted spectrum with a peak at 850
nm GTA, see inset Figure 8B) shows a rapid rise with a time constant of ~1 ps and decay with

ati nt of ~10 ps. The extracted spectrum with a peak at around 760 nm (E, from GTA, see
ins@t Figure 8B) has a delayed rise concomitant with the fall of the E; signal. Our GTA indicates a
s with E; generated upon excitation, followed by population of the E, state with a slow

Wthe ground state. We tentatively assign E; to the S; state and E, to the T, state following
F,"however, to confirm this assignment we need to demonstrate that the E, spectrum corresponds to

S
th63PP)2 triplet state and the generated triplet pair lifetime is shorter than the isolated triplet.

<C
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Figur ) The associated spectra and (B) concentration profiles versus time for E; and E, from the

analysis for FHBC(TDPP), in the thin film. The inset of Figure 8B shows the extracted
kinetic model for FHBC(TDPP); in thin film.

2.6s riplet characterization

Tripletasensitization experiments have been undertaken to independently populate the triplet state and
to f @ cited triplet state absorption spectrum and isolated triplet lifetime in order to confirm that
the lang d species (E, from the GTA) formed after excitation of FHBC(TDPP), is due to a triplet
state. Palladium octaethylporphyrin (PAOEP) was chosen as the triplet sensitizer. Since PAOEP has two
narflow and 1solated absorption bands at 400 and 550 nm and they both overlap with the absorption

C(TDPP),, the sensitizer cannot be excited selectively. As a result, the sensitized transient
absg@rption gpectrum is a linear combination of the PAOEP, FHBC(TDPP), triplet, and the non-
MBC(TDPP)Q species. The TA spectra of PAOEP in a thin film show a narrow, negative

ar bleach (GSB) at 550 nm and no positive photoinduced absorption following excitation at
400 nm (Sppplementary Information, Figure S11). As a result, the sensitized transient absorption
sp the combination of the non-sensitized spectrum and triplet energy transfer from the

&FHBC(TDPP)} To find the excited triplet state absorption, GTA was performed on the
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transient absorption data set of a FHBC(TDPP),:PdOEP blended film. The TA spectra of PdAOEP
sensitized FHBC(TDPP), thin films (50:50 weight ratio) following excitation at 400 nm are shown in
Figure 9A at different time delays. The kinetic traces of the sensitized and non-sensitized
W)z films at selected wavelengths of 660 and 900 nm are shown in Figure 9B. The
différence between the kinetic traces of PIA1 at 660 nm in the sensitized and non-sensitized
P), cases show that the triplet excited state of FHBC(TDPP), gets repopulated over a time
bout 100 ps, and this is attributed to triplet energy transfer from the PdOEP to
. The T;-induced absorption spectrum extracted from GTA of the sensitization data (see
I JHPERS® s very similar to the long-lived species found in the pure FHBC(TDPP), film (Figure 9C)
su%stinﬁ that the long-lived species is a triplet rather than an excimer or any other long-lived, charge
separated state. In conclusion, we confirm that triplets are formed on an ultrafast time scale following

exdifation Ofithe FHBC(TDPP), in the solid state.
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Figre 9. (A) Transient absorption spectra of sensitized FHBC(TDPP), thin film at various time delays
an ient absorption decays at selected wavelengths (700 and 900 nm) of the sensitized and
(66 nm) of non-sensitized thin films of FHBC(TDPP),, (C) T;-induced absorption spectrum
of the FHBC(TDPP), derived from the triplet sensitization technique and associated spectrum of the 2™

exci e species from GTA. (D) Nanosecond transient absorption decays of sensitized and non-
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sensitized thin films of FHBC(TDPP), monitored at 730 nm following excitation at 550 nm with
excitation density of 30 uJ/cm?.

Theyfast triplet formation (<50 ps) in FHBC(TDPP), as-cast films suggests SF rather than intersystem
) as the main mechanism of triplet formation, because in most cases ISC on such a short
only observed in systems with heavy atoms.”””! To compare and provide more detail about

EHB@@BRRP), and FHBC(TDPP),:PdOEP blend films with excitation at 550 nm. The triplet
abg@rption decays for both FHBC(TDPP), and FHBC(TDPP),:PdOEP blend films were recorded at
73?%11‘6 9D). The decay of the triplet transient signals for both films follow nonexponential
ki s FHBC(TDPP),, a three-component decay model, interpreted in terms of three separate
stat@s, provaled the best fit to the data (Figure 9D). The lifetimes of the first and second triplet states
were mined to be 5 ns and 140 ns, while the long-lived species has a lifetime of 2.5 ps. Two

me have been proposed for triplet state formation through SF. First, the correlated triplet
pr ongan occur within two time scales, then it undergoes decorrelation to form individual triplets
s

with 2 us lifetime. The major population of the correlated triplet appears on the ps time scale after
photoexcitagion followed by a slower triplet growth over a few ns. According to the previous report of
SF

promotes SF. A singlet state around these sites can undergo SF whereas singlet excitons at other sites

rdered film," some of the chromophore dimer pairs have a favorable geometry that

in 1lm can diffuse to those pairs forming a secondary diffusion-limited triplet production. The

sec anism, based on the suggestion made by Pensack et. al.,*! is that the separation of the
triplet pair requires the inclusion of an additional correlated intermediate. We assigned the first and
semt states to two distinct correlated triplet pair intermediates as suggested by Pensack,
whgiea

hi

hird state is assigned to the decorrelated individual triplets.

DPP),:PdOEP blend film also shows a biexponential decay with lifetimes of 100 ns and 3
r, at the wavelength used, the FHBC(TDPP), is excited directly as well as via the sensitizer,
o decay components. The triplet species with the longer time constants are attributed to
generated individual triplets, which have similar lifetime to the slow decay component in
the neat film. The rapidly decaying species are assigned to the correlated triplet formed by direct
excitation of FHBC(TDPP),. A faster recombination rate for the triplet pairs generated from SF is due
to enhanced contribution of spin-allowed geminate triplet-triplet annihilation, which is confirmed
by monitoring the delayed fluorescence compared to the sensitizer-generated single triplets, with a
mbination rate. We recorded a long-lived emissive state at 620 and 750 nm that is assigned

a
I

orescence as a result of geminate triplet-triplet annihilation, see Figure S13. The emission
e nanosecond time scale, well beyond the major excited singlet decay component of ~100
s are strongly suggestive that singlet fission occurs in the thin film of FHBC(TDPP),. The
t yields for FHBC(TDPP), in thin film were determined using the singlet depletion method, one of
pted methods of triplet yield determination. A triplet yield of 150% was calculated. This
een used to calculate the triplet yield in various DPP derivatives, and has been shown to

be le with triplet sensitization methods (more detail about the triplet yield calculation is
provided 1mMghe Supplementary Information).

<C
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2.7. Femtosecond and nanosecond transient absorption in a thermally annealed thin film

To provide details about SF in the more crystalline film, TA measurements were performed on a
thegmally amnealed thin film of FHBC(TDPP),. TA spectra at various time delays and extracted kinetic
Wand 760 nm for the thermally annealed thin film of FHBC(TDPP), are shown in Figure
espectively. Global target analysis (GTA) was completed on the TA data of the thermally
film of FHBC(TDPP), using a simple sequential two-species model (S; — T; — GS).

duced absorption peak at 700 nm, which is assigned to T, for the annealed thin film of
-HH’)Z, is slightly broader compared to the as-cast film. The results indicate that singlet fission
ocdllrs in the thermally annealed thin film of FHBC(TDPP), with a triplet yield of 170% as measured
by et depletion method (details about the triplet yield calculation are provided in the
Supptem y Information). Also, the thermally annealed thin film undergoes singlet fission with a
fast@r rate g@¥nstant of 0.2 ps than the as-cast film with a rate constant of 0.1 ps™. The results suggest
that increased stacking of FHBC units after annealing results in faster and more efficient SF.

Gi’
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Figure 10. (A) Transient absorption spectra at various time delays and (B) transient decays at
selected wavelengths of 660 and 760 nm of a thermally annealed FHBC(TDPP), thin film, (C) The
associated spectra for E; and E, from the global target analysis for the thermally annealed
FHBC(T m.

O
-

|

3. Conclusi
We demonstrated the formation of SF-generated triplets in an “amorphous” as-cast
F ), thin film, and evidence of de-coalescence of SF-generated triplet pairs is presented. We
de materials with an electron A-D-A structure to promote SF using liquid crystallinity as a

self-organizing motif to pre-organize TDPP chromophores in amorphous films. It is suggested that the
directed seffgassembly through the HBC core and formation of discotic liquid crystalline domains, pre-
organi TDPP chromophores (triplet hosts) in the solid state, placing them in close proximity but
not allowing crystalline order; that is we have removed the “local-order constraint”. The proximity
allgws Dexter energy transfer, and a potential route to the SF generated correlated triplet pair. Although
GI idence suggests the as-cast films are amorphous, we have previously shown that
FHBC(TDPP), strongly associates in solution and therefore we suggest that aggregates form during
d ) ver, these aggregates are too small to strongly diffract. The rate of SF (0.1 to 0.2 ps™), the
SF Wiiel % to 170%), and molecular order are all improved upon annealing the film. We observe
no evidence of SF in solution.

We believe use of liquid crystallinity as the self-assembly motif to drive self-organization for
SF chro is a new pathway to new materials capable of singlet fission. Based on this idea,
FHBC(TDPP!E, comprising a hexabenzocoronene-fluorene (FHBC) core and two pendant

bisthiophene-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (TDPP) groups, with a low triplet energy

level, was i ed for singlet fission. TDA-DFT calculations show that the first triplet excited
state has a y of about half of the first singlet excited state. The steady state photophysical
measuremints aIsD confirm that this compound meets the energy level requirements for singlet

fission. TC d ns transient absorption spectroscopy measurements were used to investigate

the excite namics in FHBC(TDPP), in solution and film. Fast formation of the triplet state,

This article is protected by copyright. All rights reserved.
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short lifetimes of the triplet pairs and delayed fluorescence in FHBC(TDPP), in thin film suggest

singlet fission is operating. The triplet pair lifetimes and the triplet yields are approximately 500 ns

and 150%. !i S measurements show well developed n—n stacking peaks due to FHBC stacking
but there i t order in the TDPP moieties indicating a new class of SF material. This

suggests-tfi! enHanced triplet harvesting may be possible in solar cell devices containing these
materials and thegse device studies are currently in progress. We expect the results of this work can

lead to the ment of a new class of SF materials suitable for application in third generation

optoelectrWes and we are currently completing structure property studies to better

understamjeration of triplets in these systems.
4. Experimc

4.1. Matemsis

ially available chemicals were purchased from Sigma-Aldrich, Boron Molecular, Matrix

ScicHii Ajax Finechem, Univar, Luminescence Technology Corp. and Suna Tech Inc. and all
chemyi

re used as received. FHBC(TDPP), were prepared according to published procedures.™!

4.2. Film Psparation
Glags

v of nitrogen and then subjected to UV/ozone treatment for 30 min. Solutions of
FH ), were prepared by dissolving the samples into chloroform with a concentration of 5
m%l. To prepare blend films for sensitized experiments, solutions of FHBC(TDPP), in chloroform

alladium octaethyl porphyrin (PdOEP), were prepared by dissolving the compounds with

W 50:50. Finally, thin films were cast onto clean glass substrates via spin coating at 1000
rpnt’s and spun for 1 min. The thermally annealed film was prepared by putting the as cast film on the
top with the temperature of 120° C for 10 min then the film was allowed to cool down to
room tempgtature slowly.

<C

ates with dimensions of 2.5 cm x 2.5 cm % 0.1 cm were cleaned by sonicating sequentially

sopropanol and chloroform. Before thin film casting, the substrates were dried with a
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4.3. Thin film characterization

Samples for grazing incidence wide angle X-ray scattering transmission measurements were prepared

i e materials onto silicon wafers. The samples were analyzed at the SAXS/WAXS beamline
at the ralian synchrotron'*! with an X-ray energy of 10 keV. A Pilatus 200K detector was used for
easurements. The substrates were silicon wafers that had been sonicated in acetone and
isoplepaid 0 min each followed by 30 min of UV/ozone treatment. The beamline has a range of
incident angles from Q= 0.02—0.35 in 0.005 increments to allow signal optimization near the critical
angle of the film but below the critical angle of the substrate. Data from GIWAXS experiments were
an; ing a customized version of NIKA 2D based in IgorPro.!**>"

C

4.4. Steady state spectroscopy

S

Ab 1 spectra were recorded for FHBC(TDPP), using a Varian Cary 50 UV-vis
sp eter. Fluorescence spectra were recorded on a Varian Eclipse spectrofluorimeter using
an excitatiof wavelength of 550 nm and excitation and emission bandwidths of 5 nm for solution and

L

10 m measurements.

Phgtoluminescence (PL) spectra in the near-IR region were recorded with a spectrometer (Horiba Jobin
Yvohei 0) and an amplified InGaAs photo-detector (Electro-Optical System). The excitation

£

source was g supercontinuum laser (NKT Photonics, SuperK Extreme) for wavelengths tunable across
th
fedWnt k-in amplifier synchronized to the chopper frequency. A 1200 nm high pass filter was
used to remove the second order of the excitation and fluorescence. PL experiments at cryogenic

E were carried out in a liquid nitrogen cryostat (Oxford Instruments, Optistat DN).

4.5. Time correlated single photon counting

nm region. The excitation beam was mechanically chopped and the detector output was

a

time-cOttclated single photon counting (TCSPC) module (SPC-150, Becker & Hickl, Berlin,
Ge “The fluorescence decay parameters were extracted from the decay profiles using FAST
softare (Edinburgh Instruments Ltd) and a sum of exponentials analysis.

4.6. Sub-n d transient absorption spectroscopy
A mode-lggked Ti:sapphire oscillator (Coherent, Mira Seed) seeded a Ti:sapphire regenerative

ampii system (Coherent, RegA 9050) to produce pulses of about 50 fs duration at a repetition rate

This article is protected by copyright. All rights reserved.
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of 92 kHz and a wavelength centered at 800 nm. A portion of the light was used to generate the 400 nm
pump beam using a -BBO (fB-barium borate) crystal, and the 630 and 730 nm pump beams were
generated with an optical parametric amplifier (OPA9450, Coherent). The pump beam was
W chopped at ~3.5 kHz, and the arrival time of the pump pulses relative to the probe was
maftipulated using a variable optical delay line (Newport, UTS150PP with ESP 300 controller). The
broddb obe was derived from the residual 800 nm beam focused onto a 3 mm sapphire substrate
$tems) for measurements in the visible region (450—800 nm) and a 5 mm undoped YAG
substrate (Crystal Systems) for the infrared region (800—1400 nm). After passing through the sample,

Hhe m was detected with a CMOS-equiped spectrometer (Ultrafast Systems) at 7077 spectra/s,
and@ghe excess 800 nm laser fundamental was blocked using low- and high-pass filters for the visible
an regions, respectively. The relative orientation of the pump and probe polarization was 54.7° and
all SpectraWere corrected for the chirp of the supercontinuum probe. Dry nitrogen was blown over

1
1 [52]

fi easurements.

4.7. Nanosecond'visible transient absorption measurements

NaEViSible transient absorption spectroscopy (ns-TA) was employed to monitor the triplet
excited state lifetime. The measurements were conducted by a home-built transient absorption

spa€trometer with a N, laser (LTB Lasertechnik Berlin GmbH, MNL 202-C) pumped dye laser (LTB
La ik Berlin GmbH, ATM200, 700 ps pulse duration) as an excitation source. Transient
as probed by a Xe lamp (Photon Technology International) light through two
mofiochiromators (Acton, Princeton Instruments), and detected by a Si based nanosecond detection
oku Co., Ltd., TSP-2000SN, time resolution: 1.2 ns (FWHM), monitoring wavelengths:
400-1,100 nm) with a fast oscilloscope (Tektronix, TDS 3052C, Digital Phosphor Oscilloscope 500
53 Transient data were collected with 550 nm excitation with a repetition rate of 2 Hz at
ulse excitation intensity was adjusted to 30 pJ/cm’. Decay curve fitting was performed

absorption

22 °C.
i SH software (Edinburgh Instruments Ltd) and an exponential components analysis.

4.8. Computational details

Thw optimization of the ground state was carried out using Turbomole version 7.3 with the
enthvbrid-DFT model PBEh-3¢! under inclusion of the continuum solvation model COSMOP®!

ent density functional theory within the Tamm-Dancoff Approximation (TDA-DFT)** using
LYP™! range-separated hybrid functional approximation and the 6-311G**"*) atomic-
orbifal basisgset based on the optimized geometry with the Gaussian09 program Rev. E.01.”" A range-
Hsﬁy functional approximation was chosen to ensure that potential charge-transfer (CT)

stajlso be appropriately treated. Moreover, it has been shown that this method is one of the

most accurdle hybrid functional approximations with an expected accuracy of 0.18 eV for medium-

siz ge chromophores.!®” The pairs of hole and electron natural-transition-orbitals (NTOs) "

for the T, states were also calculated with Gaussian09 Rev. E.O1.
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Liquid crystallinity has been used in self-assembly of materials designed to support intra-molecular
singlet fission (SF). Amorphous thin films of FHBC(TDPP), show no long-range order, however 150%
triplet yields are measured. Triplet yields are increased to 170% in hexagonally packed discotic liquid
crystaIIiFHned after thermal annealing. The TDPP triplet hosts show no local order.
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