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ABSTRACT: Singlet fission (SF) has the potential to significantly enhance the
photocurrent in single-junction solar cells and thus raise the power conversion efficiency
from the Shockley−Queisser limit of 33% to 44%. Until now, quantitative SF yield at room
temperature has been observed only in crystalline solids or aggregates of oligoacenes. Here,
we employ transient absorption spectroscopy, ultrafast photoluminescence spectroscopy,
and triplet photosensitization to demonstrate intramolecular singlet fission (iSF) with
triplet yields approaching 200% per absorbed photon in a series of bipentacenes. Crucially,
in dilute solution of these systems, SF does not depend on intermolecular interactions.
Instead, SF is an intrinsic property of the molecules, with both the fission rate and resulting
triplet lifetime determined by the degree of electronic coupling between covalently linked
pentacene molecules. We found that the triplet pair lifetime can be as short as 0.5 ns but can
be extended up to 270 ns.

■ INTRODUCTION

The third generation of solar cells is based on materials that
operate by nonconventional photophysical mechanisms to
overcome the Shockley−Queisser limit.1−3 In molecules and
polymers, singlet fission (SF) is the process whereby two
triplets are generated from a single photon.4 Devices fabricated
from singlet fission molecules have exceeded 100% external
quantum efficiency,5,6 but many fundamental challenges
remain: (a) there are a limited number of materials that
undergo SF; (b) appropriate heterojunctions must be
engineered to extract the multiple excitons; and (c) device
architectures that exploit SF must be engineered. While the
resurgent interest in SF has been catalyzed by solar cells,
multiexcitonic materials can also be widely applicable in other
optoelectronic thin-film technologies, such as photodetectors.7

The lack of a variety of chromophores that undergo SF
independently of intermolecular interactions is a major hurdle
to the development of multiexcitonic devices. For example,
acenes can undergo SF only when neighboring chromophores
are electronically coupled in the solid state or by diffusional
collisions in highly concentrated solutions. We refer to this
process as intermolecular singlet fission (xSF),5,7−12 where
pentacene has surfaced as the prototypical material since its SF
triplet quantum yield is quantitative (200%).10 In fact, even in
crystalline media, the crystal packing and morphology have a
significant effect on SF rates, rendering practical applications
more challenging.13−16 A more suitable approach is to employ
intramolecular singlet fission (iSF) active layers, but iSF has
rarely been observed in organic materials, with yields before

2015 languishing below 30% and/or as an activated
process.17−19

We have recently pioneered the design of organic materials
based on strong-donor/strong-acceptor copolymers and small
molecules that facilitate iSF through a photoexcited state with
strong charge-transfer (CT) character, exhibiting up to 170%
triplet yield in a polymer.20,21 Such design principles were
founded on the CT-mediated mechanism of xSF. Interestingly,
there is another strategy in molecular materials, which involves
the covalent coupling of two xSF chromophores. As of 2014,
several groups attempted to model and synthesize such dimers
based on tetracene and diphenylisobenzofuran, only to find low
experimental triplet yields (<10%).22−27 However, it can be
possible to improve the yields by using covalently coupled
pentacene dimers and by understanding how the conjugation
within these chromophores affects iSF.
During the course of revisions to this paper, Zirzlmeier et

al.28 reported a pentacene dimer that exhibits 156% yield of
triplets, along with two other dimers of the same family. Such
dimers are coupled through the 6-position by o-, m-, and p-
diethynylbenzene, concomitantly varying both through-bond
and through-space interactions between the pentacenes. While
the ethynyl groups impart stability, we envisioned that coupling
through the 2-position would yield a modular platform to fine-
tune structural components that evade through-space inter-
actions between the pentacenes, thus focusing on through-bond
coupling as a function of distance (Figure 1). In this vein, we
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synthesized a series of singlet fission dimers by coupling
pentacenes at the 2-position with and without (oligo)phenylene
spacers. Using these spacers, we can vary the proximity and
extent of conjugation of the pentacenes, which allows for
control of the rate of singlet fission and the rate of
recombination of the two triplets. The ability to extend the
lifetime of the triplet pair (2xT1) is a major challenge in
multiexcitonic devices based on iSF chromophores, where
efficient charge extraction is essential for the overall perform-
ance of devices.
Here, we report soluble, stable derivatives of 2,2′-bipentacene

that exhibit the maximum iSF yield, ∼200%, via an intra-
molecular process on isolated molecules. We find that the
singlet fission rate and triplet lifetimes can be tuned by varying
the length of the spacer group. While the connectivity of the
pentacenes in the reported dimers is similar to that of tetracene
dimers previously proposed,29 the chromophores in Figure 1
have key distinctions: (a) since xSF in pentacene is known to
be exothermic, covalently coupling two pentacenes can lead to
a similarly energetically favored iSF process that stems from a
delocalized singlet (in apparent contrast to localized singlets
observed by Zirzlmeier et al.28); and (b) triisopropysilylacety-
lene (TIPS) groups render the product soluble and stable,
resulting in facile and scalable synthesis.30

■ RESULTS AND DISCUSSION
In singlet fission, the singlet state evolves into a spin-correlated
triplet pair, also called a multiexcitonic state, which dephases
into two individual triplets (2xT1).

31 In order for SF to take
place, the energy of the singlet state must be approximately
twice the energy of the triplet. Using a method similar to that of
Greyson et al.29 (Supporting Information), we calculated the
energy of the singlet to be roughly isothermic with two triplets
for all three bipentacenes discussed. Satisfaction of the
energetic requirement 2E(T1) ≤ E(S1), within the margin of
error for density functional theory (DFT) energy calculations,
suggests that these compounds are feasible candidates for iSF.
Furthermore, DFT simulations, using the optimized S0 ground
state, reveal that the highest occupied and lowest unoccupied
molecular orbitals (HOMO and LUMO, respectively) of the S0
state are delocalized over the entire molecule (Figures SIV.1,
SIV.3, and SIV.5, Supporting Information). The lowest-energy
excited singlet state, S1, is optically allowed and in all three
cases results primarily from the expected electronic excitation,

viz., moving an electron from the S0 HOMO to the S0 LUMO
(further details in Supporting Information). Independent DFT
calculations on the lowest-energy triplet, T1, performed from
the same optimized S0 geometry, show that the two singly
occupied orbitals that characterize T1 are localized on just one
of the pentacene subunits in all three molecules. This
localization is not surprising as it maximizes the stabilizing
exchange interaction. The localization of T1 suggests that the
electronic structure of these molecules is appropriate to
accommodate a second “isolated” triplet produced via iSF.
Steady-state absorption spectra of BP0, BP1, and BP2 in

chloroform are compared to that of a single pentacene
chromophore, TIPS-pentacene (TPc), in Figure 2. The low-

enegy region of the spectrum is qualitatively similar and red-
shifted by approximately 50 meV in all bipentacenes.
Additionally, a new set of high-energy peaks appears in BP0,
broadening the absorption to include a greater portion of the
visible spectrum. This feature is unique to the connectivity of
these molecules, and is not observed in other oligopentacene
derivatives.32 We found that the bipentacene series all have
molar extinction coefficients roughly twice that of TPc. Finally,
concentration-dependence studies on all bipentacenes indicate
no aggregation, which is typically manifested as a red shift in
the absorption spectrum (Figures SIII.1−4, Supporting
Information).33 Similarly, the dependence of signal intensity
on concentration adheres to Beers’ law (Figure SIII.2,
Supporting Information). The lack of aggregates is important
to ensure that the photophysical measurements are probing
molecules that are fully dissolved, and intermolecular coupling
effects are not playing a role in the dynamics of the excited
state.
In order to evaluate and compare the photophysical

dynamics of the materials, we first describe our observations
of BP0, and we then proceed to compare the results to BP1
and BP2. The key focus is to understand the effects of
pentacene proximity on the mechanism of iSF. This relation-
ship is probed by modulating the length of conjugated
phenylene spacers. As shown in Figure 1, we postulate that
the decreasing proximity of triplet sites from BP0 to BP1 and
to BP2 will drastically affect the rates of iSF and triplet-triplet
recombination, as well as the triplet spectra.

Figure 1. Pentacene chromophores of interest, where both are directly
coupled (n = 0, BP0), and separated by one (n = 1, BP1) or two (n =
2, BP2) phenylene groups, which affect the triplet spectra, as well as
the rates of fission and recombination.

Figure 2. Comparison of TPc spectrum with UV−vis spectra of
pentacene dimers with 0, 1, and 2 p-phenylene spacers (BP0, BP1, and
BP2, respectively).
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Employing ultrafast transient absorption spectroscopy
(TAS), we observed a rapid conversion of photoexcited singlets
into triplets, occurring on a subpicosecond time scale in BP0.
These two distinct populations can be clearly seen in 2D
pseudocolor (ΔA) plots of transient absorption spectra as a
function of probe wavelength and delay time (Figure 3A).
Notably, the photoinduced absorption (PIA) features at 470
and 560 nm rapidly evolve into a new feature at 517 nm. The
amplitude of the feature at 517 nm rises for a few picoseconds
and then decays with a several hundred picosecond time
constant back to the ground state (Figure 3C), during which
the shape of the transient spectra remain constant. The negative
feature at 660 nm persists for the duration of the conversion
from singlet to triplet; it results from ground-state bleaching of
the lowest energy optical transition that can be seen in the
linear absorption spectrum (Figure 2).
On the basis of sensitization experiments along with the

known TAS of TPc and related compounds, we assign the
features that decay on the subpicosecond time scale to the
singlet state and the slowly decaying features to the triplet
state.8 The triplet spectrum can be clearly isolated at times >5
ps, when features associated with the singlet manifold have
decayed. However, to isolate the rapidly decaying singlet
features and get an accurate time scale for singlet fission, we use
global analysis methods with a sequential kinetic decay model
(S1 → 2xT1 → S0).

34 The deconvoluted spectra that result from
global analysis are shown in Figure 3B, and the resulting species
concentration profiles as a function of time are shown in Figure
3D (solid lines). We note that a triplet PIA feature overlaps
spectrally with the position of the ground-state bleach. As a
result, the ground-state recovery does not strictly correlate with
the net magnitude of the bleach feature as a function of time. In
other words, the net change in the bleach during the singlet
decay is primarily due to the rise of the overlapping triplet PIA

and not due to the loss of excited-state population. However,
after accounting for the nonzero baseline, we find that the
overall ground-state bleach signal is conserved during the
singlet fission process (details in Supporting Information), a
signature of quantitative conversion of singlets to triplets.
Global analysis yields a time constant for singlet decay and

concomitant triplet rise of 760 fs. From spectral deconvolution,
we identify regions in the unprocessed data where the singlet
(563 nm) and the triplet (683 nm) can be preferentially
observed. We note that these regions do not correspond to the
peaks of the singlet and triplet PIA features. The extracted raw
kinetic traces at these wavelengths are compared against the
computed population profiles (Figure 3D), and good agree-
ment is found with our model that correlates the rise of the
triplet with the decay of the singlet. Similarly, the data at both
wavelengths fit well with a common set of time constants that
agree with those determined from global fitting (Figure SI.1,
Supporting Information).
The fast decay of the singlet excitons was further confirmed

by time-resolved ultrafast photoluminescence spectroscopy
(UFPL; details in Experimental Section). Photoluminescence
is spin-allowed for singlet excitons but spin-forbidden for
triplets. Therefore, the conversion of a singlet into two triplets
observed in TAS corresponds to conversion from an emissive
(singlet) to nonemissive (two triplet) state in the time-resolved
UFPL experiment. A time constant of ∼0.7 ps for decay of the
photoluminescence is extracted by fitting the time-resolved
emission signal measured at 675 nm, near the peak of the
photoluminescence spectrum (Figure 4A). The subpicosecond
time constant for the decay of the singlet is in excellent
agreement with transient absorption measurements, and taken
together, these data support the assignment of quantitative,
ultrafast, intramolecular singlet fission of a singlet exciton into
two triplet excitons. We note that the emission lifetime in TPc

Figure 3. (A) Normalized transient absorption data of BP0 in chloroform (56 μM, 600 nm pump). Due to pump wavelength scatter, small portions
of the data have been excluded for clarity. (B) Deconvoluted transient spectra of singlet and triplet species as solved by global analysis (details in
Supporting Information). It should be noted that differences in the magnitude of bleach in panel B are attributable to overlap with the triplet
spectrum, not to a reduction in bleach. (C) Normalized spectral slice at 517 nm showing that the carrier dynamics are independent of concentration
over an order of magnitude. (D) Population evolution from global analysis is compared to raw data at wavelengths where primarily singlet (563 nm,
black arrow in panel B) and triplet (683 nm, red arrow in panel B) dynamics are observed. The discrepancy at 563 nm is due to the ∼20% overlap
with a triplet photoinduced absorption feature. Direct fits of the data are found in Figure SI.1 (Supporting Information).
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is >10 ns, more than 4 orders of magnitude longer than what is
observed in BP0.33 A small fraction (∼3% of the overall
amplitude) of longer-lived emission is observed that could
originate from trace monomer in our sample.
Since triplet pairs created via intramolecular singlet fission in

solution are confined to a single molecule and are unable to
diffuse apart intermolecularly (as in the case of xSF), the triplet
recombination dynamics are faster than those resulting from
typical intermolecular fission processes in the solid state. From
transient absorption measurements (Figure 3), we determine
that the triplet pair lifetime is ∼450 ps in BP0, compared to
>100 ns in pentacene crystals.35 Furthermore, we can confirm
that the observed subnanosecond lifetime is not the intrinsic
lifetime of an individual triplet; since iSF occurs in dilute
solution, we can utilize triplet sensitization techniques to
directly compare the T1 versus 2xT1 relaxation dynamics in
BP0 molecules.
Having obtained rates of singlet decay followed by

population of the 2xT1 state, the absorption features of the
triplet pairs must be compared to the single-triplet spectrum
obtained through sensitization. The process involves photo-
excitation of anthracene, which undergoes intersystem crossing
and subsequently transfers an electron via diffusive collisions to
the BP chromophores.20,36,37 The absorption spectrum of the
triplet transient is recorded and compared to the 2xT1
generated by singlet fission (Figure 5A). Interestingly, a subtle
difference in the spectra is observed between individual triplets
produced via sensitization and triplet pairs produced via singlet
fission in BP0. This is evident in the feature at ∼680 nm. The

low-energy PIA feature (typically assigned to T1 → T2) is red-
shifted by ∼200 meV in the sensitization experiment, though
much better agreement is seen in the higher energy (T1 → T3)
triplet PIA feature. This difference will be further discussed
later, in comparison to the other two chromophores. The most
striking difference between the individual triplet and the triplet
pair state is observed in the decay time scale of triplet pairs
(∼450 ps), which is more than 4 orders of magnitude faster
than that of individual triplets (>18 μs, Figure 5D). This
ultrafast time scale is in agreement with recent reports of fast
triplet−triplet recombination, resulting from the iSF proc-
ess.20,28 We note that the formation and decay kinetics of the
2xT1 state have weak dependence on solvent (Supporting
Information), distinct from other fast singlet deactivation
processes that have been observed in conjugated small-
molecule systems, such as intramolecular charge transfer.38−41

In BP0, fast triplet−triplet recombination and spectral
differences between the T1 and 2xT1 state suggests that
significant electronic coupling occurs in the transition dipole
moments of aligned pentacene triplets.42 This coupling results
from the close proximity of the two pentacenes and the highly
planar geometry resulting from conjugation. While direct
conjugation of the two pentacenes promotes efficient subpico-
second singlet fission, the resulting fast triplet lifetimes are
detrimental to potential applications based on exciton harvest-
ing. Furthermore, while there is no evidence to suggest any
parasitic processes that compete with iSF, spectral differences
between one and two triplets preclude a direct yield
determination to support the observation of a conserved
ground-state bleach signal during the conversion of singlets to
triplets. To address these issues, we turn to BP1 and BP2.

Comparison of BP0 to BP1 and BP2. In BP1 and BP2,
the proximity of the pentacenes is decreased by adding
phenylene spacers. Inclusion of the spacers also results in
additional rotational axes. Notably, this structural change
negligibly affects the singlet state; the optical extinction
coefficients and low-energy spectral positions are nearly
identical in the three bipentacene compounds (Figure 2).
Differences in the high-energy optical absorption features upon
addition of the phenylene spacers likely result from differences
in the symmetry of the molecules. Further investigation into the
origin of these high-energy peaks in BP0 is still underway.
Despite the similarities in the singlet states, systematically

decreasing fission rates relative to BP0 are observed with
increasing spacer length. The ultrafast transient absorption data
of BP1 and BP2 are qualitatively very similar to BP0, differing
primarily by the rates of the singlet to triplet conversion. The
raw transient absorption data are shown in Supporting
Information. Because of more complex dynamics in the triplet
manifold (discussed below), the singlet fission rate is best
determined by time-resolved photoluminescence. We find that
the fission rate constant (τSF) evolves from 0.7 ps in BP0 to 20
ps in BP1 and to 220 ps in BP2 (Figure 4). Details of the
analysis are described in Supporting Information. While an
order of magnitude decrease in the rate per phenylene spacer
might seem dramatic, the long singlet exciton lifetime of TPc
(13 ns) allows for effectively quantitative fission processes even
in the long spacer limit.33 On the basis of the emission
dynamics, if we assume that singlet fission competes with the
same intrinsic singlet decay rate as TPc, the iSF yields are
calculated to be 199.9%, 199.7%, and 196.7% for BP0, BP1,
and BP2. These values are consistent with the measured PL
quantum yields (1.6%, 4.4%, and 5.0%, respectively; details in

Figure 4. Ultrafast photoluminescence (UFPL) decay lifetimes (τ) of
the emissive singlet state in (A) BP0, (B) BP1, and (C) BP2.
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Supporting Information) when we account for emission from
fluorescent impurities (1−4%) that are readily seen in time-
resolved photoluminescence measurements.
When the design of the three chromophores is considered,

the varying separation between BP0, BP1, and BP2 reduces the
proximity of the two triplets localized on each pentacene
moiety, in addition to slowing down the rate of triplet−triplet
recombination. Furthermore, the isolated triplet transitions can
be observed when the pentacenes are sufficiently apart,
resulting in the convergence of the T1 and 2xT1 transient
spectra. In BP1, the triplet PIA spectrum resembles BP0
immediately after excitation, and differs from the sensitization
spectrum on the low-energy side of the bleach (680 nm, Figure
5B). This state evolves over the next ∼1 ns to match the single-
triplet state, indicating that fully independent, uncoupled
triplets are produced. Notably, the 2xT1 lifetime (16.5 ns) is
much shorter than the single-triplet lifetime (27 μs) obtained
from photosensitization (Figure 5E). In BP2, however, the
2xT1 state immediately produced by iSF is spectrally
indistinguishable from the single-triplet spectrum, indicating
that singlet fission directly produces decoupled triplets (Figure
5C). In the triplet recombination dynamics, a bimodal
distribution is observed, with a relatively fast component
exhibiting a lifetime of ∼270 ns and a long-lived component
approaching that of the individual triplet lifetime (25 μs). The
nature of this biexponential decay is likely related to
conformational changes that occur within the molecule on
long time scales, as it is independent of BP2 concentration but
weakly solvent-dependent (Figure SI.7, Supporting Informa-
tion).
The differences in the transient optical spectra produced by

singlet fission, which results from direct optical excitation, and
triplet photosensitization, in which a single triplet is transferred

to the molecule, are crucial to our assignment of intramolecular
singlet fission. In the singlet fission process summarized in
Figure 6, direct optical excitation of the bipentacene derivatives
results in a delocalized singlet state, which undergoes a small
amount of photoluminescence (<5%) before decaying to
produce a triplet pair (2xT1). The two triplets recombine

Figure 5. Comparison of spectra (A−C) and lifetimes (D−F) of triplets obtained from singlet fission, which produces two triplets, and triplet
photosensitization, which populates just one triplet.

Figure 6. Comparison of bipentacenes under optical excitation, which
results in ultrafast intramolecular singlet fission (iSF) producing a
triplet pair that recombines on time scales varying from 0.45 ns up to
270 ns; and bipentacenes excited by photosensitization triplet transfer
with anthracene to produce a single, long-lived triplet.
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with a time constant ranging from 0.5 ns (BP0) to ∼ 0.3 μs
(BP2). During sensitization experiments, triplet energy transfer
generates an individual triplet that decays to the ground state
via a spin-forbidden relaxation process on a much slower time
scale (>10 μs).
Singlet Fission Yield Determination. In all three

bipentacene derivatives, the rapid conversion of singlets into
the triplet pair in dilute solution is assigned to the dynamical
process of iSF, with a triplet yield approaching 200% that
matches the best xSF solid-state systems. We base this on the
fact that the singlet decay rate is orders of magnitude faster than
the corresponding singlet lifetime of TPc, and no other species
besides the singlet and triplet features are identified in the
transient absorption spectra. Furthermore, radiative losses,
measured by steady-state photoluminescence, are minimal in
these molecules (details in Supporting Information). Similarly,
we can rule out the presence of additional nonradiative decay
channels, which have been shown to disrupt the correlation
between the singlet decay and triplet rise.20

An additional way to determine the yield is through
quantification of the ground-state bleach (GSB). While
quantitative xSF has been shown to produce twice the GSB
after singlet fission due to production of two triplet excitons, in
the case of the bipentacenes reported here, the conjugation of
the chromophores results in a different situation.43 The DFT
calculations included in Supporting Information and discussed
earlier reveal extensive delocalization of the singlet exciton,
even in the case of BP2. Therefore, we expect the singlet
exciton to bleach both pentacenes in the dimers. Indeed,
transient absorption experiments controlling for photon flux
and solution optical density reveal that, even for BP2, both
pentacenes in the dimer are bleached by the singlet exciton
(section SIIA, Supporting Information).33

Because the singlet exciton fully bleaches the ground-state
transitions, in the case of quantitative iSF, we expect to observe
a constant bleach during fission. Using a modified version of
the bleach addition method pioneered by Eaton et al.,43 we find
no change in the bleach before and after iSF in any of the three
bipentacenes (section SIIA. Supporting Information). Our
analysis suggests that while the bleach signal may appear to
reduce (BP0), remain constant (BP1), or intensify (BP2)
during singlet fission, in the case of dimers studied here, this
perceived change is merely a result of overlap between GSB and
PIA from the singlet and/or triplet excitons and not due to a
change in population of excited chromophores.28

In BP2, the similarity of the T1 and 2xT1 spectra allows for
yet another iSF yield determination, in this case utilizing
sensitization experiments to determine the triplet excited-state
absorption extinction coefficient. The iSF yield can then be
directly computed from TAS by use of the Beer−Lambert law.
In BP2, the iSF yield is determined to be 201% ± 15%,
consistent with our estimates of the maximum yield from the
singlet decay rate of TPc monomer (196.7%). Our procedure
(detailed in Supporting Information) uses TPc as an internal
standard for a determination of both the singlet and triplet
concentration; that is, the calculation does not rely on literature
values for the triplet extinction coefficient of the sensitizer.
Crucially, this method is valid only in cases where the spectrum
of the two triplets, produced by fission, matches that of a single
triplet produced from sensitization. This result supports the
assertion that no additional loss channels exist in these
compounds. Furthermore, this result confirms that the constant
bleach during fission is indeed indicative of near-quantitative

singlet fission yields. This yield information, as well as iSF and
triplet decay time constants, is summarized in Table 1.

We note that the distinct 2xT1 spectra observed after iSF in
BP0 and at early times in BP1 are a unique feature of iSF
molecules with little separation between chromophores. We
postulate that spectral shifting between T1 and 2xT1 occurs
because the triplet transition dipole moments are aligned and in
close proximity.42 This alignment occurs as long as the
pentacene units are relatively planar; in BP1, the triplets live
long enough for the molecular backbone to distort to a
nonplanar geometry. The electronic coupling observed here
should not be confused with strongly coupled multiexciton
states (such as the ME state that couples the singlet and triplet
manifold). In both BP0 and BP1, we are observing singlet
fission to produce independent triplet excitons, in which one or
both excitons may be harvested for various applications of
optoelectronic materials.

■ CONCLUSIONS

We have designed and synthesized BP0, BP1, and BP2 as
materials that can be used to understand how the excited-state
dynamics are dependent on molecular connectivity of the SF
chromophores. Calculations demonstrate that iSF is energeti-
cally feasible in these molecules due to a localization of triplets
on each pentacene unit, resulting from favorable exchange
energy interactions. Unlike pentacene monomers, which
depend on intermolecular interactions for singlet fission,
these bipentacenes yield two triplets independent of
intermolecular coupling. This intramolecular process is
important because it is independent of packing order and can
be observed in solution. Thus, the materials have potential to
be studied and exploited in noncrystalline media, by use of
high-throughput processing techniques. We experimentally
demonstrated that these molecules undergo quantitative,
ultrafast intramolecular singlet fission using transient absorp-
tion and time-resolved photoluminescence spectroscopy,
similar to observations reported during the review of this
paper.28 Triplet sensitization was used to determine the nature
of the observed transients and to elucidate the distinct triplet
pair recombination dynamics. Similar to the other recently
reported pentacene dimer system, we observe fast, high-yielding
iSF.28 However, in contrast, we employ progressively longer
spacers to extend triplet pair lifetimes. In the limit of a two-
phenylene spacer bridge, we achieve triplet pair lifetimes as
long as 270 ns, which may enable harvesting of two electron−
hole pairs for devices with enhanced photocurrents. Currently,
we are exploring the application of bipentacenes in devices, as
well as SF of these molecules in the solid state.

Table 1. Summary of Relevant Singlet Fission Time
Constants, Triplet Lifetime, and Triplet Yields for
Compounds Discussed in This Work

compd τSF τtriplet decay (ns) triplet yield (%)

BP0 760 fs 0.45 ∼200
BP1 20 ps 16.5 ∼200
BP2 220 ps 270a ∼200

aIt should be noted that BP2 has a biexponential triplet decay, as
discussed above, and the lifetime quoted is the shorter time constant.
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■ EXPERIMENTAL SECTION
Synthesis and Materials. All commercially available reagents and

solvents were used as received, unless otherwise noted. Anhydrous
solvents were obtained from a Schlenk manifold with purification
columns packed with activated alumina and supported copper catalyst
(Glass Contour, Irvine, CA). All reactions were carried out under
argon, unless otherwise noted. 1H and 13C NMR spectra were
recorded at 300 K on Bruker DRX400 (400 MHz) or Bruker DRX500
(500 MHz) Fourier transform (FT) NMR spectrometers. High-
resolution mass spectra were recorded on a JEOL JMSHX110A/110A
tandem mass spectrometer. Full synthetic details are provided in
Supporting Information.
Triplet Photosensitization. Triplets were generated by excitation

of an excess of anthracene, which undergoes intersystem crossing
(ISC), and were subsequently transferred via diffusional collisions to
bipentacene. In this way, a single triplet could be transferred to the
bipentacene, in direct contrast to optical excitation, which produced a
triplet pair in the case of SF materials. Then the solution was optically
probed to reveal the induced absorption spectrum of the triplet and
the native triplet lifetime.
Ultrafast Photoluminescence Spectroscopy. Ultrafast photo-

luminescence decay kinetics were measured by the upconversion
technique. Briefly, a 100 μM solution in chloroform was resonantly
excited with a 100 fs laser pulse tuned to 560 nm. The spontaneous
emission was collected by use of a 610 nm long pass filter and mixed
with a second “gate” pulse in a nonlinear crystal in a geometry
optimized for sum frequency generation. The magnitude of the
unconverted optical signal was proportional to the instantaneous
photoluminescence intensity and was detected as a function of delay
between the excitation and gate pulses. The spectral resolution of this
measurement was ∼10 nm, and the time resolution of this method was
measured to be ∼250 fs by cross-correlating scattered light from the
excitation pulse with the optical gate pulse.

■ ASSOCIATED CONTENT
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