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ABSTRACT: Separation of triplet excitons produced by singlet fission is crucial for efficient application of singlet fission materials. While earlier
works explored the first step of singlet fission — the formation of the correlated triplet pair state, the focus of recent studies has been on under-
standing the second step of singlet fission — the formation of independent triplets from the correlated pair state. We present the synthesis and
excited state dynamics of meta- and para-bis(ethynyltetracenyl)benzene dimers that are analogues to the ortho-bis(ethynyltetracenyl)benzene
dimer reported by our groups previously. A comparison of the excited-state properties of these dimers allows us to investigate the effects of
electronic conjugation and coupling on singlet fission between the ethynyltetracene units within a dimer. In the para isomer, in which the two
chromophores are conjugated, the singlet exciton yields the correlated triplet pair state, from which the triplet excitons can decouple via mo-
lecular rotations. Contrastingly, the meta isomer in which the two chromophores are cross-coupled, predominantly relaxes via radiative decay.
We also report the synthesis and excited-state dynamics of two para dimers with different bridging units joining the ethynyltetracenes. The rate
of singlet fission is found to be faster in the dimer with the bridging unit that has orbitals closer in energy to that of the ethynyltetracene chro-

mophores.

INTRODUCTION

Singlet fission is a process in which a singlet (S:) excited state of a
molecule shares energy with a neighboring chromophore, yielding a
pair of triplet (T)) excitons."® Incorporation of such materials in or-
ganic solar cells could improve the power conversion efficiencies by
doubling the number of excitons generated by high energy photons,
thereby averting thermal losses. Hanna and Nozik have reported
that the Shockley-Queisser limit — the theoretical power conversion
efficiency limit of 33% for a single junction device — could be in-
creased up to 44.4% by combining an efficient singlet fission material
with a red absorber in a device* while Tayebjee et al. take endother-
mic fission into account to derive an efficiency of 45.9%.° In the sem-
inal work of Congreve et al, an internal quantum efficiency of 160%
was demonstrated in a pentacene/poly(3-hexylthiophene) device’;
however, the power conversion efficiencies of most singlet fission
devices are sub-optimal, which leaves room for improvement in re-
gard to material design.

An important criterion for singlet fission materials for solar cell utili-
zation is fast rate of fission, to ensure that charge injection occurs
from the triplet state, rather the singlet state; particularly, singlet fis-
sion rates faster than 100 ps are desirable.” The rate of singlet fission
is  proportional to the square of the coupling
term: <SlSO |ﬁel| LTy Tl)) between the [S1So] state and the biexci-
ton state, often described as correlated triplet pair ['(T:1T1)], and is
also dependent on the energy gap between these states.® Early mod-
els by Smith and Michl suggested that (SlS o |ﬁ el | LTy Tl)) is max-
imized in slip-stacked, n-overlapping arrangements of the chromo-
phores' however, more sophisticated theoretical treatments® show
that coupling can also be significant in sandwiched and even copla-
nar chromophores.>*

The effect of the electronic coupling on singlet fission is best demon-
strated using covalently-coupled chromophores (such as dimers and
larger arrays).'"""” Analysis of the excited-state dynamics of dimers in
solution is advantageous because it allows one to separate the effects
of coupling from the solid-state effects (such as intermolecular exci-
ton delocalization) on the rates of singlet fission. Substantial pro-
gress has been made toward the synthesis and photophysical charac-
terization of acene dimers and larger arrays, as well as in covalently
linked systems of other singlet fission chromophores."** Efficient
singlet fission has been reported in dimers wherein the constituent
chromophores exhibit substantial 7 orbital overlap, or are linked to-
gether in a conjugated manner; conversely, dimers in which the
chromophores are cross-conjugated exhibit slower singlet fission.
Guldi et al. have reported fast and efficient singlet fission in ortho-,
meta- and para-TIPS-pentacene dimers, in which the favorable en-
ergy(S1) > 2xenergy(T1) alignment provides the enthalpic driving
force for fission, such that even the weakly coupled meta pentacene
dimers exhibited singlet fission on picosecond timescales.'”* In di-
mers of tetracene and diphenylisobenzofuran, in which the chromo-
phores are without any significant = orbital overlap or conjugation,
and are out of plane with respect to each other, singlet fission was
reported to be slow and inefficient, likely due to weak coupling and
the energy(S:) < 2xenergy(T)) energy alignment.**** Recent work
on singlet fission with pentacene has also explored the role of con-
formational dynamics in facilitating excited state processes," observ-
ing the correlated triplet pair state with mid-IR spectroscopy* and
polarization resolved transient absorption microscopy,* and using
electron paramagnetic resonance* and femtosecond stimulated Ra-
man spectroscopy™® as probes for singlet fission. Ito et al. have theo-
retically studied how the next-nearest-neighbor interactions affect
singlet fission in ortho-, meta- and para-pentacene dimers* while
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Zeng has used quantum dynamical simulations to explore the role of
through bond coupling in singlet fission dimers.”

The currently accepted mechanistic picture of singlet fission in-
volves an intermediate biexciton state*, which can be described as a
correlated triplet pair ['(TiT1)], connecting the singlet excited state
[SoS1] with the two independent triplet states [*T1]! Previously, we
reported fast and efficient formation of the biexciton state in or-
tho-bis(ethynyltetracenyl)benzene (0-BETB), in which the two te-
tracene units are oriented in a twisted configuration with m-overlap
and appear to be strongly electronically coupled - i.e. there is good
coupling between the [SoS:] and the ['(T:T:)] states. Although the
m orbital overlap between the tetracenes provides significant
through-space coupling, ab initio calculations showed that the con-
jugating, ortho-diethynylbenzene linker also contributes to the cou-
pling, i.e., via through-bond mechanism.* To disentangle the role of
through-bond versus through-space coupling we synthesized the
meta and the para analogs of ortho-bis(ethynyltetracenyl)benzene
(m-BETB, p-BETB-ehex and p-BETB-ohex, Figure 1). The position
of the alkyne substitution on the benzene ring heavily influences the
ground state electronic structure of molecules containing these di-
ethynylbenzene units.” In the orthoand the paraisomers, the Tt-sys-
tems of the two chromophores are conjugated, which leads to
through-bond contributions to the coupling, whereas in the meta
isomer the linker does not facilitate conjugation between the te-
tracene units that are pendant on the alkynes, resulting in only small
through-space coupling. The conjugation through the linkers can be
understood in terms of the cumulene-like resonance form of the or-
tho- and para-diethynylbenzenes.*" ** Importantly, the conjugation
manifest itself in strong interactions between the chromophores
both in the ground and in the excited state. The para-diethynylben-
zene particularly facilitates efficient electronic communication be-

5335 as aresult, compounds based

tween the chromophores it bridges;
on this chemical motif have been incorporated into ultrasensitive
sensors,* energy harvesting materials,”” and molecular electronic de-
vices.*® ¥ The meta-diethynylbenzene is cross-conjugating and has
been demonstrated to provide only weak coupling between the
chromophores tethered to it.*” ¢ Calculations of tetracene-based di-
mers and model structures have shown that the linker contributes
significantly to the coupling, via through-bond interaction, which af-
fects the character of the states involved in singlet fission.”** A re-
cent theoretical work by Abraham and Mayhall provides a model for
determining the effect of the covalent linker on the boundedness of
the '(T:T:) state based on Ovchinnikov rule. They concluded that
the ortho- and para-benzene dimers of ethynylpentacene and

Figure 1. The chemical (top row) and space filling structures (bottom
row) of o-BETB, m-BETB, and p-BETB-ehex and p-BETB-ohex. Two
para dimers with different substituents on the linker were synthesized
(p-BETB-ohex: R = OC¢His and p-BETB-ehex: R = 2-(ethyl)hexyl).

ethynyltetracene have bound '(T1T)) states, whereas meta coupled
dimers should have un-bound ! (T, T\) states.”® The boundedness of
the '('T\T1) state is an important factor when considering the appli-
cations of singlet fission materials. The materials in which the
!(T\T:) state is bound will not readily produce free triplet excitons,
which are essential for reaping the benefits of singlet fission in de-
vices. Therefore, it is valuable to understand the method by which
the triplets can decouple from the initially formed biexciton state.

Although the favorable energy(S:) > 2xenergy(T:) energy aligment
in the dimers reported by Guldi et al. ensured fast singlet fission, it
was unresolvable with the instrument response of their transient
absorption spectrometer in ortho, and para dimers and rapid
annihilation to the ground state was observed. The isoenergetic
energy(Si)=2xenergy(T)

bis(ethynyltetracenyl)benzene dimers result in singlet fission rates

conditions in our

that are fast but still resolvable with our instrument response, and the
dynamics of the population of each of the three states involved in
singlet fission could be observed in our para dimers. In comparison
to the tetracene dimers reported by Bardeen et al, in which the
acenes were directly attached to the phenyl linker and displayed
slow singlet fission, the tetracene units in our dimers are connected
to the phenyl linker via ethynyl groups. This ensures conjugation
between the tetracenes (via the cumulene resonance structure) and
less steric hindrance within a dimer, which could result in faster
singlet fission.*
ethynyltetracene dimers also perturbs the S; and T\ state energies in
a favorable way, as evidenced by faster fission rates.”” Using ultrafast
spectroscopy, we observe that the para-bis(ethynyltetracenyl)ben-
zene dimers (p-BETB-ohex: R = OC¢Hi; and p-BETB-ehex: R = 2-
(ethyl)hexyl in Figure 1) undergo singlet fission form independent
triplet states, whereas no significant singlet fission in the
meta-bis(ethynyltetracenyl)benzene dimer (m-BETB) is observed.
To understand the differences in the excited-state behavior of the or-
tho vs. the para dimers, we present the transient spectroscopy of
P-BETB-ehex in THF and p-BETB-ehex suspended in a rigid
polymer matrix (poly-(methylmethacrylate), PMMA) and model
the kinetics using two populations that exhibit distinct excited state
dynamics. On the basis of modeling and calculating electronic
coupling as a function of the angle between the ethynyltetracenes,
we suggest that the rotation of ethynyltetracenes to a perpendicular
orientation facilitates the formation of independent triplets (i.e.,
productive singlet fission). To study the role of the linker in
facilitating singlet fission between the tetracenes, we have also
synthesized the para-bis(ethynyltetracenyl)benzene  dimers
p-BETB-ehex and p-BETB-ohex (Scheme 1) with different linker
units and observe that singlet fission is faster in p-BETB-ohex.

The presence of ethynyl groups in our

Br

Scheme I: The synthetic scheme for m-, p BETB-ohex and p-
BETB-ehex. (i) NBS, DMF, CH,Cl, 40°C; (ii) Pd(PPh;)s, Cul,
THEF, Et:N, 60°C.
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difference between PET and m-BETB absorption properties is in
their molar absorptivity spectra: the molar absorptivity of m-BETB
is twice that of PET in the visible part of the spectrum (the ratio of
integrated areas is 2.0). This suggests that tetracenes in m-BETB are
effectively independent of each other and the electronic coupling be-
tween them is weak.

The absorption properties of the p-BETB-ohex and p-BETB-ehex
are different from those of 0-BETB, m-BETB and the monomer
PET. The molar absorptivity of p-BETB-ehex in the visible region is
more than twice that of PET, with the area under the curve greater
than twice that of PET by a factor of 2.6). The red shift and signifi-
cant difference between the integrated absorptivity of the dimer ver-
sus twice that of the monomer suggest strong exciton coupling be-
tween the two ethynyltetracene units in p-BETB-ehex.”””" The in-
crease in molar absorptivity of p-BETB-ohex over PET is even
greater, with p-BETB-ohex having an absorptivity more than three
times greater than that of PET in the visible region (the ratio of the
integrated areas of the absorption bands is 3.3), and is accompanied
by a substantial red-shift in the visible absorption. This further
demonstrates that the electron-donating alkoxy substituents on the
bridging benzene ring significantly alter the electronic structure of
the dimers and in this case appear to enhance exciton coupling. The
intensity of the emission (see SI) gives insight into the rates of the
excited-state decay channels. Analogously to 0-BETB, the para di-
mers are very weakly emissive (®Da < 1%), suggesting that the process
which quenches the fluorescence in these systems is orders of mag-
nitude faster than ~10ns (viz. the excited state lifetime of the

Absorption
= = =« Emission

1.0 (a) :‘

Intensity, normalized

—

600
Wavelength [nm]

10'40) @‘ l O
10" 4 OO “‘\/’ %

107+

PL Counts

107+

0 500 1000 1500
Time [ns]
Figure 3. (a) Steady state absorption and emission of m-BETB in THF.
(b) Emission decay of m-BETB in THF (excitation at 405 nm, emission
at 570 nm), with noticeable delayed fluorescence on the ~200 ns time-
scale.

monomer PET, see SI). The analogous para-bis(ethynylanthra-
cenyl)benzene dimers emit with high quantum efficiencies: 97% for
para-bis(ethynylanthracenyl)benzene,”” and 60 % for the analogous
hexyloxy substituted para-bis(ethynylanthracenyl)benzene.” Simi-
larly to the comparison of o-BETB to its anthracene analog in our
previous work, the high quantum efficiency of emission of the an-
thracene dimers compared to the tetracene dimers suggests that a
rapid excited-state decay channel is available in the para-tetracene
dimers, which is not available in the anthracene analogs. Conversely,
m-BETB is strongly emissive in solution (Figure 3), with a quantum
yield of 62%, suggesting that the rate and yield of non-radiative ex-
cited-state decay processes are not significant in this system. The
emission decay, shown in Figure 3b, has a small delayed component
(~190 ns), analogous to those observed for weakly-coupled te-
tracene dimers by Bardeen’ and Damrauer’™, and could be sugges-
tive of triplet-triplet recombination. Presuming that the delayed flu-
orescence is a result of recombination of two geminate triplets gen-
erated by singlet fission, we used a kinetic model analogous to the
one reported by Muller et al and Cook et al to estimate the yield of
singlet fission to be approximately 1% in m-BETB, and the rate of
the decay of the delayed fluorescence to be solvent dependent (de-
tails in SI). The photoluminescence lifetimes of all solutions of m-
BETB in THF with concentrations varying from 1.5 uM to 21 yM
(see SI for details) is the same (~170 ns), indicating the absence of
any intermolecular reactions between two dimers in solution. The
triplets on m-BETB therefore recombine via a geminate pathway.

Transient absorption of m-BETB

The femtosecond transient absorption spectra of 1-BETB in THF
following excitation at 515 nm are shown in Figure 4(a). The char-
acteristic acene S. € Si absorption peak is observed at 400 nm,

350 400 450 500 550 600 650

Page 4 of 25
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L i h

(b)

0.4
0.2

0.0

5ns
7 ns
13 ns
17 ns

26 ns
400 450 500 550 600 29 ns
35ns
=435 ns

=05 ns

=135 ns
= triplet

350 400 450 500 550 600 630
Wavelength [nm]

Figure 4. The (a) femtosecond and (b) nanosecond transient absorp-
tion of m-BETB, with the sensitized T € T: absorption shown in
black. Inset to b) shows an overlay of the transient spectrum of
m-BETB at 135 ns and the sensitized T €T} spectrum.
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Figure S. The femtosecond transient absorption (a), the species associated difference spectra (b) and concentration curves (c) from the target analysis

of the TA data of p- BETB-ohex in THF.

along with ground state bleach at 516 nm and 480 nm - similar fea-
tures were observed in the case of the ethynyltetracene monomer
(ETTMS) in our earlier studies.” Between 10 ps and 975 ps, there is
no significant evolution of these spectral features. The S» €S ab-
sorption decays after S ns when excited at 532 nm in a nanosecond
pump broadband transient absorption experiment (Figure 4b), with
a concomitant rise of a positive feature at ~510 nm. A peak in this
spectral region has been previously observed for T« < T absorption
in acenes like $,12-diphenyltetracene (DPT) and ET-TMS.*” * 7
More importantly, the spectral shape at 13$ ns s identical to the sen-
sitized T € T1absorption of m-BETB (inset to Figure 4b). Therise
of the absorption feature at 510 nm is slow, suggesting that the tri-
plets could be generated in this system by intersystem crossing, with
the rates similar to other tetracene derivatives.”® The transient ab-
sorption data was fit with a two-state sequential model (see SI) with
a time constant of 15 ns for the rise of the triplet feature and a triplet
lifetime of 4.6 ps. The triplets could also arise from a channel in
which very slow (and therefore inefficient) singlet fission results in

the delayed fluorescence from m-BETB in solution (~190 ns, Figure
3b).

It is reasonable to assign the negligible singlet fission and slow for-
mation of triplets in m-BETB in solution to the weak non-adiabatic
coupling, similar to the meta dimer in a series of tetracene dimers
reported by Muller et al.** Ab initio calculations further support this
notion. The coupling parameter, ||y||>, between the S: and the
!(T\T:) states in m-BETB is calculated to be 4.6x10%, a value that is
about three orders of magnitude smaller than for o-BETB (0.04).%
Additionally, the computed binding energy (Es) of the triplets (cal-
culated as the difference between the energy of the biexciton state-
and the two separated triplets) indicates how strongly the T1 exci-
tons are coupled in the '(T T1) state within the dimer and is reflec-
tive of the intra-molecular chromophore coupling. The value of Ev in
m-BETB was calculated to be <0.001 eV (compared to 0.15 eV for
0-BETB), suggesting that the tetracenes are weakly coupled in this
dimer. Although singlet fission was observed to proceed on a 200 ps
timescale in the TIPS-pentacene analog of m-BETB, the rate of sin-
glet fission reported in the meta dimer in the series of the
TIPS-pentacene dimers was slower by at least three orders of mag-

nitude compared to the ortho and para dimers.”””

Transient absorption of p-BETB-ohex and p-BETB-ehex in THF

The TA spectra of p-BETB-ohex and p-BETB-ehex in THF, excited
at 545 nm, and 530 nm, respectively, are shown in Figure 5(a) and
6(a). At early times (< 25 ps), both compounds display the charac-
teristic excited-state absorption band at 425 nm, and ground-state
bleach at 520-540 nm. The vibronic structure associated with

ground-state absorption and excited-state emission (through contri-
butions from ground-state bleaching and stimulated emission) are
superimposed on the broader excited-state absorption bands in the
overall transient absorption spectra as seen in Figures S(b) and 6(b).
The broad absorption feature at 425 nm decays within 100 ps, giving
rise to an induced absorption peak at 555 nm in p-BETB-ohex and
540 nm in p-BETB-ehex. This feature 'of the para dimers decays
much more rapidly than that of m-BETB, and most importantly the
spectral shape of the induced absorption of p-BETB-ehex and p-
BETB-ohex at ~100 ps is also different from that of o-BETB re-
ported previously.*

To get an idea of the excited-state dynamics in the p-BETB dimers,
we subjected the TA data to target analysis.”® We obtained the best
fit using a 3-state sequential model ([state 1]->[state 2]>[state 3]).
The species associated difference spectra (SADS) and correspond-
ing concentration curves obtained from target analysis are shown in
Figures 5 and 6, respectively. The shapes of the SADS of
p-BETB-ohex and p-BETB-ehex in THF are qualitatively similar
(Figure S(b) and 6(b)). The spectral signature of state 1 in both sys-
tems resembles the typical acene S.€S: absorption®, with a sharp
peak in the 375-470 nm region with a larger (negative) amplitude
from ground-state bleach and stimulated emission. In both systems,
state 1 rapidly decays to state 2 with a broader band in the
375-470 nm region, a net absorption from 575 — 650 nm and similar
ground state bleach features to state 1. The spectral shape of state 2
of p-BETB-ohex and p-BETB-ehex in THF resembles that of the
'(T\T.) state absorption in 0-BETB. The difference in the SADS
corresponding to state 2 in p-BETB-ohexand p-BETB-ehex suggests
that the spectrum originating from this state is dependent upon the
structure of the bridging linker, and therefore the coupling between
acenes. Recall that based on the splitting in the oxidation potential
peaks, the conjugation between the tetracenes is the strongest in
0-BETB and p-BETB-ohex (0.22V), and significantly weaker
(0.13 V) in p-BETB-ehex. The rate of formation of state 2 in the para
dimers, however, is much faster than the formation of '(T:T:) in
0-BETB. The target analysis gives values of 0.1 ps (essentially on the
timescale of the instrument response) for p-BETB-ohex and 0.4 ps
for pBETB-ehex (Table 2), while in 0-BETB, !(TiT:) was formed
in 2 ps. The faster rate of formation in the para dimers than in the
ortho dimer highlights the importance of through-bond coupling.
The result suggests that through-bond coupling in the planar
Pp-BETB-ehex is stronger than the coupling in 0-BETB, in which the
chromophores are predominantly coupled through-space, but also
exhibit some through-bond coupling via the linker, albeit to a lesser
extent because the chromophores in 0-BETB are not in plane with
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Figure 6. The femtosecond transient absorption (a), the species associated difference spectra (b) and concentration curves (c) from the target analysis

of the TA data of p BETB-ehex in THF.

the linker. Unlike in o-BETB, the '(T:T:) state in p-BETB-ohex and
PBETB-ehex decays to a third state with an identifiably different
spectral signature, with prominent induced absorption peaks at
555nm and 540 nm in p-BETB-ohex and p-BETB-ehex, respec-
tively. The spectral shape of state 3 in p-BETB-ohex and
p-BETB-ehex in solution bears a strong resemblance to that of the
sensitized Tx € T\ induced absorption of the monomer, ET-TMS.*

The absorption of state 3 could correspond to either one or two tri-
plets per dimer. There are two factors which suggest that state 3 cor-
responds to absorption of two triplets on the same dimer: (i) the rate
of formation of state 3 is fast — 19 ps in p-BETB-ohex and 48 ps in
p-BETB-ehex (Table 2). These rates of T1 formation are too fast for
intersystem crossing in acenes’®, but are in the range of the measured
singlet fission rates in tetracene,®*” 7%, (ii) The rate of the decay of
state 3 is very fast — 20ps in p-BETB-ohex and 76ps in
P-BETB-ehex. Typically, a single triplet exciton localized on an
acene dimer decays on the timescale of microseconds.”® However,
the recent studies of pentacene dimers showed that when two triplet
excitons are located on the same dimer, the T. €T absorption de-
cays on the 10-100 ps timescale, due to the favorable T:-T) fusion
pathway to the ground state.””®' Therefore, the SADS for state 3 in
the para dimers in THEF is the spectral signature of two triplets in
close proximity to each other. The most likely origin of these two tri-
plets is via singlet fission.

In Figure 7, an overlay of the SADS for state 3 of p-BETB-ehex is
made with T, <& T absorption spectra for a single triplet sensitized
onto p-BETB-ehex and triplet sensitized onto the model monomer
compound, ETTMS. The details regarding sensitization experi-
ments have been previously reported.* For both the sensitized spec-
tra, a spectral shift is required to line up the peaks with the state 3
SADS. Despite small discrepancies in the intensities in the
400 - 500 nm region, the relative peak positions and relative intensi-
ties overlay well, strongly suggesting that state 3 corresponds to
T.€ T induced absorption in p-BETB-ehex. It is worth noting that
Table 2. The time constants (in ps) of the decays used to fit the TA
data of the dimers in THF.

oBETB' mBETp FBETB  pBETB

-ohex -ehex
T [$12!(TiTh)] 2.0 LSx10° 0.1 0.4
T [Y(T\T1)-3Ty] - 19 48
T [’T1] - 4.6x10° 20 76

"Taken from previously published work, reference 17.
*Time constants corresponding to the intersystem crossing rate and the
decay of that triplet.

state 3 resembles the T, €T induced absorption of the monomer
more closely than that of the dimer. We surmise that in the case of
the sensitized triplet on the dimer the T2 €T} excitation maybe de-
localized over more than just the one ethynyltetracene unit on to the
phenyl linker or even the second ethynyltetracene. Therefore the
sensitized triplet absorption of the dimer differs from that of the
monomer ETTMS. Whereas when singlet fission produces two tri-
plet excitons in the dimer they likely localize to their respective
acenes; and when the acenes rotate out of plane from each other the
spectrum of the triplet excitons effectively resemble the sensitized
triplet spectrum of monomer ETTMS. ¥ We estimated the triplet
yield in these compounds by scaling the target analysis populations
by the extinction coefficients of the singlet and the triplet absorp-
tions (see S.I for details) and obtained 94% for p-BETB-ehex and
70% for p-BETB-ohex. The triplet yields are low in these paradimers
because the rate of recombination of the triplets is fast relative to the
rate of their formation.

Surprisingly, the observed behavior of our ortho-,* meta- and para-
ethynyltetracene dimers is different from that of isomorphic dimers
of TIPS-pentacene reported by Tykwinski, Guldi and coworkers.”
All TIPS-pentacene dimers undergo singlet fission, with only the
meta-TIPS-pentacene dimer undergoing fission slowly enough to be
resolved by the instrument.**>*} In our previous work on 0-BETB,
the formation of only the biexciton state was observed whereas here

6

(] E
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State 3 from target analysis

Sensitized triplet spectrum of p-BETB-¢hex
Sensitized triplet spectrum of ETTMS

Figure 7. The plot shows the spectral signature of state 3 from target
analysis of p-BETB-ehex in THF compared to the normalized sensi-
tized Ta € T absorption of ET-TMS (red-shifted, 20 nm) and sensi-
tized Tn € Ti absorption of p-BETB-ehex in THF (blue-shifted,
9nm).
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we find evidence of predominantly radiative decay in m-BETB. We
observe that the para-ethynyltetracene dimer forms two independ-
ent triplet states via the biexciton state. Using TCSPC (with more
dynamic range), we observe that a small fraction (1%, see SI) of m-
BETB molecules gives rise to delayed fluorescence, which were not
captured in transient absorption. The delayed fluorescence in m-
BETB is solvent dependent, which is similar to the meta-TIPS-
pentacene dimer. Solvent dependence suggests involvement of
charge resonance conﬁgurations. However, in contrast to meta-
TIPS-pentacene®, we do not observe the spectral signatures of the
charge resonance states in the transient absorption spectra of m-
BETB. We explain this difference by noting that the optical and elec-
trochemical gaps are closer in meta-TIPS-pentacene than in m-
BETB (1.88 eV vs 1.87 €V in the former and 2.30 eV versus 2.40
eV in the latter), which suggests that there is a smaller contribution
of the charge resonance states in m-BETB. The analysis of the S:
wave-function ~ shows  02%  of  charge  resonance
configurations in m-BETB. In the TIPS-pentacene dimers, the en-
ergy of 2 x E(T1) at 1.54 eV is far below the energy of the S state at
1.88 eV. This energetic driving force for singlet fission in the
TIPS-pentacene systems results in ultrafast kinetics from which
mechanistic information is not easily obtained. In the case of
ethynyltetracene dimers presented here, the E(S:) = 2E(T:) isoen-
ergetic conditions make singlet fission only slightly favorable. As a
result of which the subtle differences in the effect of through-bond
and through space coupling can be investigated.

The ortho- and the para- bis-ethynylbenzene dimers exhibit dis-
tinctly different excited-state dynamics. The Si state in the para di-
mers yield the '(T1T) state, which decays to form independent tri-
plets, whereas the '(T1T:) state in o-BETB relaxes to the ground
state without producing independent triplet excitons. According to
the model proposed by Abraham and Mayhall (AM model), both
orthoand para dimers should produce bound '(T:T) states that are
unlikely to form non-interacting triplet excitons. Although the AM
model correctly captures the important aspect of the nature of the
biexciton states in these systems (as compared against RAS-2SF-CI
calculations) and explains the observations for o-BETB, it does not
explain the observed singlet fission dynamics in our para dimers,
which we attribute to its static nature. The difference in the excited-
state processes in the ortho and para dimers and the deviation from
the AM model can be rationalized by considering rotational motions
of the chromophores in these dimers. In o-BETB the tetracenes can
rotate, they always retain some degree of = overlap, which results
in non-zero biexciton binding energy. In the para dimers, on the
other hand, the chromophore interaction is limited to through-bond
only. Upon twisting of one of the tetracenes perpendicular to the
plane of the rest of the molecule, the electronic coupling between the
chromophores is broken and E, becomes zero (Table 3). Conse-
quently, the triplets from the correlated triplet pair state become in
Table 3. The RAS-2SF-CI computed excited state energies (in eV)
and, binding energy (in eV) and coupling for p BETB-ehex the para
dimer as a function of the dihedral angle (in degrees) between the

tetracenes.

Angle E(S)  E((T.T)) Es N
0 3.84 3.38 0.04 0.020
30 391 345 0.04 0.020
60 3.86 3.37 0.01 0.004
90 3.87 3.39 0.00 0.000

Journal of the American Chemical Society

dependent of each other. Thus, in order to explain singlet-fission
trends in flexible dimers, the AM model needs to be extended to ac-
count for changes in electronic structure upon twisting. Figure 8
shows the possible molecular orientations corresponding to the cor-
related and independent triplet pair states in p-BETB-ehex. Further
insight into the effect of rotation on the excited-state energies of
P-BETB-ehex can be obtained from theory. The energies of the S,
'(T1T1), and *(T1T.) states were computed as a function of the dihe-
dral angle between the tetracenes in p-BETB-ehex using the re-
stricted active space configuration interaction with double spin-flip
method (RAS-2SF-CI, Table 3). The minimum of the S; potential
energy surface corresponds to a planar geometry and the '(T:T)),
and °(T\T1) states are energetically downhill from the S: state by
about 0.4 eV at all rotational angles. The coupling between the S:
and the '(T1T:) states (||y||*) was calculated to be largest at a planar
geometry (0.020), and is 0.004 at 60° and drops to 0.000 at 90°. The
!(T\T\) surface has a minimum at 60 degrees, while the *(T:T:) sur-
face has a minimum at 90 degrees, at which the '(T\T1) and the
5(TiT1) states become degenerate (see Table 3). These values indi-
cate that the triplet excitons from the correlated triplet pair state in
p-BETB-ehex can become non-interacting in the *(T:T1) state when
the tetracenes rotate perpendicular to each other within the dimer.

Transient absorption of p-BETB-ehex in PMMA

If rotational motion of the tetracene in para dimer in solution pro-
vides the mechanism for generating free triplets, then restricting that
motion should reduce the rate and the yield of the formation of free
triplets. To test this hypothesis, a solution of p-BETB-ehex in a rigid
polymer matrix, poly(methylmethacrylate) (PMMA) was prepared.
p-BETB-ehex in PMMA produces a substantial amount of emission
at room temperature, with a quantum efficiency of ~10 % (see SI),
which means that a significant fraction of the molecules are confined
to a geometry in which the radiative decay is the predominant relax-
ation pathway from the singlet excited state. From a comparison of
the transient absorption spectra of p-BETB-ehex in THF and in
PMMA (Figure 9), it is evident that in PMMA the excited state ab-
sorption corresponding to Si+S, absorption centered at 420 nm de-
cays much more slowly. The characteristic T.€ T absorption peak
at 550 nm still forms in this media; however, the rate of its formation
is much slower than for p-BETB-ehex in THF. Unlike p-BETB-ehex
in THF, the transient signals observed from p-BETB-ehexin PMMA
cannot be fit using a 3-state sequential model. PMMA, which a more
rigid medium than THEF, raises the barrier to rotation for the te-
tracene units in p-BETB-ehex along the diethynylbenzene linker.
This results in p-BETB-ehex dimers that are conformationally
locked in the polymer matrix in a distribution of rotational angles.
Upon excitation in this rigid medium not all the p-BETB-ehex mol-
ecules which end up in the !(TiT:) state will be able to rotate and
form  independent triplets. The TA  spectra from

Y(T,T) Y T,---T,

Figure 8. The proposed decoupling of the correlated triplet state in
p-BETB-ehex (alkyl chains have been removed for clarity) to give rise
to two independent triplets.
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Figure 9. The femtosecond transient absorption of p-BETB-ehex in
PMMA.

p-BETB-ehex in PMMA with the tetracene units locked in all dihe-
dral angles can be modeled as a sum of signals from two model pop-
ulations with extreme conformations of the para dimer: population
I with the tetracenes coplanar with each other and population 2with
tetracenes perpendicular (Figure 10). Population I represents the
dimer molecules in PMMA which cannot undergo singlet fission
completely, and the '(T1T1) remains in equilibrium with the S, state,
giving rise to the fluorescence signal from the PMMA sample. Pop-
ulation 2is representative of dimer molecules that can fully undergo
singlet fission to two independent triplets, and gives rise to the triplet
band at 550 nm in the TA spectra at 957 ns. Using compartmental
models to represent the excited-state processes in the distinct popu-
lations, it is possible to obtain concentration curves that describe the
dynamics of the excited states (details in the SI).”® The transient ab-
sorption spectra corresponding to both model populations 7 and 2
can be derived by multiplying the concentration curves with the Spe-
cies Associated Difference Spectra (from Figure 6b) corresponding
to the Si, '(T.T1), and Ti-T states (see SI). The fractions of the
model population 1 and population 2 that best represent
Pp-BETB-ehex in PMMA is obtained by comparing the time slice of
the transient absorption data at 425 nm with the time slices at the
same wavelength of the modeled transient absorption data; the latter
is obtained by combining the TA spectra of the population I and
population 2in different fractions and optimizing the time constants
for the various excited state processes by repeated iterations in
MATLAB. As seen in Figure 11, the best representation of the ex-
cited state dynamics is obtained by combining the dynamics of pop-
ulations 7 and 2in equal fractions and reproduces the 10% quantum
yield measured from the PMMA film. This suggests that in a more

S SmT) s

+ \I\_ 4 Iy
: " P =T, Ty
Ky k}._z(_r )

E\) Kng 1
5]
=
H Ks;

— So —_ Sy

(a) (b)

Figure 10. The state diagrams showing (a) population 1 and (b) popu-
lation 2 used to model the TA data from p-BETB-ehex in PMMA.
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Figure 11. Dynamics of excited state absorption at 425 nm of
p-BETB-ehex in PMMA (black trace) overlaid with the time slices at
425 nm of transient absorption spectra obtained by combining mod-
elled transient absorption of population I and population 2in different
fractions. Numbers in the legend show the fraction of population 1in
that model. The rate constants (s*) that gave the best fit are: kr =
5.5 x 107, knr = 2.9 x 108, k12 =5 x 10, ka1 = 4 x 1012, ko2 = 2 x
109, k12> = 1.6 x 10, kog = 1.2 x 100, kg3 = 1.2 x 10°.

realistic model, the tetracene units in p-BETB-ehex in the polymer
matrix would be locked at all dihedral angles with equal probability.
This is quite likely the case since the monomer units in PMMA are
small, and would not hold the tetracenes at any one angle preferen-
tially by non-covalent interactions. The TA spectra of p-BETB-ehex
in PMMA and its modeling using conformationally restricted popu-
lations emphasizes the importance of the rotation of the tetracene
units in allowing the '(T:1T:) state to separate to independent triplets
in p-BETB-ehex and not in 0-BETB - despite the similarities in elec-
tronic coupling. A similar rotational mechanism of formation of tri-
plets from the correlated triplet pair state has been reported in bi-
pentacene dimers by Tayebjee et al.”” The phenylene bridges in
these dimers resulted in a long lived °(T1T:) state that had a lifetime
>200 ns and allowed the authors to characterize the quintet state us-
ing time-resolved EPR. According to the authors, the coupling in the
bipentacene BP2 with the pentacenes separated by two phenylene
units is greater than in BP3 with the pentacenes separated by three
phenylene units. This difference is reflected in the fact that in BP3
the quintet state evolves in to dissociated triplets while in BP2 the
quintet state gives rise to triplets that are still weakly interacting. Alt-
hough an analogous analysis for our p-BETB systems would be in-
sightful, it is unlikely to be fruitful in the case of our dimers. Based on
the fast timescale (< 100 ps) of the conversion from '(T1T1) to elec-
tronically independent triplets (2x T1) in p-BETB dimers, followed
by rapid return to the ground state, we can expect that the triplet ex-
citons do not have enough time to undergo spin dephasing, and only
undergo electronic decoupling. Analogous ESR experiments to
those carried out by Tayebjee et al. would be hampered by the short
excited state lifetime observed in p-BETB dimers.

Finally, of additional interest are the differences in the excited-state
kinetics of p-BETB-ohex and p-BETB-ehex. All three of the pro-
cesses: relaxation of S into '(T1T1), conversion of '(T1T:) to inde-
pendent triplets, and the decay of the resultant triplets are faster in
p-BETB-ohex compared to p-BETB-ehex (Table 2). The difference
in the coupling of the tetracene units in p-BETB-ohex and
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p-BETB-ehex can be understood in terms of the relative orbital en-
ergies of the tetracenes and the two bis(ethynyl)benzene linkers. A
qualitative diagram showing the relative orbital energies of these
molecules is provided in Figure 12. In the alkyl-substituted benzene
linker, the orbitals are expected to lie energetically far from those of
the tetracenes and the coupling is not expected to be very large.
However, introducing the electron donating hexyloxy substituents
onto the benzene linker raises the energy of the HOMO, and there-
fore brings the orbital energies of the linker closer to those of the te-
tracenes, resulting in stronger coupling between the acenes and
faster singlet fission in p-BETB-ohex.
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Figure 12. A diagram showing the closer lying orbitals of the linker and
the tetracenesin (a) p-BETB-ehex compared to (b) p-BETB-ohex.la/b
and ha/b are the frontier molecular orbitals of tetracene.

CONCLUSIONS

We have synthesized the meta and para analogues of the previously
reported ortho-bis(ethynyltetracenyl)benzene to study the role of
through-bond vs. through-space coupling in facilitating singlet fis-
sion between the tetracene units. The ortho- and para- ethynylben-
zene linkers provide conjugation between the tetracene units while
the meta- ethynylbenzene linker is cross-conjugating in the ground
state. Using broadband femtosecond transient absorption spectros-
copy, we have established that the meta-(ethynyltetracenyl)benzene
predominantly undergoes radiative decay in the excited state. Sur-
prisingly, the para-bis(ethynyltetracenyl)benzene dimer undergoes
complete singlet fission, forming independent triplet states via rota-
tion of the acenes out of plane from each other. As reported previ-
ously, the ortho-bis(ethynyltetracenyl)benzene dimer only forms
the intermediate correlated triplet pair state.

Comparing the behavior of ortho-, meta- and para-bis(ethynylte-
tracenyl)benzene dimers provides crucial insight into the role of
conjugation and through-bond coupling in singlet fission in dimers.
The ortho and para dimers in which the tetracene units are conju-
gated through the ethynylbenzene linker exhibit singlet fission while
the cross-linked meta dimer predominantly undergoes radiative de-
cay. Furthermore the [Si]>['(TiTi)] process is faster in
P-BETB-ohex and p-BETB-ehex than in 0-BETB, suggesting that
the through-bond coupling operating in the para dimers is stronger
than the combined through-space and through-bond coupling oper-
ating in the ortho dimer. Unlike in the case of a series of pentacene
dimers, where the energetics are so favorable for singlet fission that
the ortho-, meta- and para-TIPS-pentacene dimers all displayed tri-
plet absorption signatures in picosecond timescales, in our case, only
the para dimer forms independent triplets on similar timescales.
This provides an insightful comparison with the meta dimer which
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does not form a significant number of triplets and the ortho dimer
which only forms the intermediate correlated triplet pair state. We
attribute the difference in the excited-state dynamics of the ortho
and para dimers to the rotational flexibility of the acenes in the para
dimer, which breaks the coupling between the chromophores and
allows the triplets to separate from the correlated triplet pair state.
Such rotation of the tetracene units in the ortho dimer is hindered
because they are confined to a cofacial orientation. The role of te-
tracenes rotating to form separated triplets is clear when comparing
the transient absorption of the para dimer in PMMA to that in THF.
PMMA being a more rigid medium prevents the rotation and signif-
icantly hinders the formation of the two non-interacting triplets.

A comparison of the two para-bis(ethynyltetracenyl)benzene di-
mers (p-BETB-ohex vs. p-BETB-ehex) provides insight into the role
of the energetics of the linker in singlet fission in covalent dimers.
The hexyloxy-bis(ethynyl)benzene linker in p-BETB-ohex has mo-
lecular orbitals that are closer in energy to orbitals of tetracenes than
the 2-ethylhexyl-bis(ethynyl)benzene linker in p-BETB-ehex. This
results in better mixing of the linker orbitals with those of the te-
tracenes and thus better coupling in p-BETB-ohex than in
p-BETB-ehex. Better coupling between the tetracene units results in
faster formation of the correlated triplet pair state and the separated
triplets in p-BETB-ohex than in p-BETB-ehex - highlighting the role
of linker energetics in singlet fission.

In separate experiments reported elsewhere, a comparison of the ex-
cited state dynamics of the meta and para dimers in neat thin films”
has allowed us to separately probe intra- and inter- dimer singlet fis-
sion between tetracene units. While the meta dimer doesn’t fission
in THEF solution, in film inter-dimer singlet fission is turned on facil-
itated by through space interactions between the ethynyltetracene
units on adjacent dimers. In films of the para dimer, singlet fission
was facilitated by both infra-dimer through bond coupling, and in-
ter-dimer through space coupling such that the depopulation of the
singlet state happened at least twice (within the instrument re-
sponse) as fast compared to THF solution.
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