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Abstract: Thin films of 5,11-dicyano-6,12-diphenyltetracene
(TcCN) have been studied for their ability to undergo singlet
exciton fission (SF). Functionalization of tetracene with cyano
substituents yields a more stable chromophore with favorable
energetics for exoergic SF (2E(T,)—E(S;) =—0.17 eV), where
S; and T, are singlet and triplet excitons, respectively. As
a result of tuning the triplet-state energy, SF is faster in TcCN
relative to the corresponding endoergic process in tetracene. SF
proceeds with two time constants in the film samples (t=0.8 £
0.2 ps and t1=23+3 ps), which is attributed to structural
disorder within the film giving rise to one population with
a favorable interchromophore geometry, which undergoes
rapid SE and a second population in which the initially formed
singlet exciton must diffuse to a site at which this favorable
geometry exists. A triplet yield analysis using transient
absorption spectra indicates the formation of 1.6 £+ 0.3 triplets
per initial excited state.

The possibility of increasing the quantum yield of charge-
carrier generation through singlet exciton fission (SF),
whereby one singlet exciton (S;) is energetically downcon-
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verted to two long-lived triplet excitons, has attracted much
attention recently, especially in the field of organic photo-
voltaics (OPVs).[! Systems displaying quantitative SF have
been shown theoretically to increase the thermodynamic limit
of single junction photovoltaics to 45 %, far above the 32 %
Shockley—Queisser limit.”! Recent efforts to harvest the
resultant triplets from SF in nanocrystalline inorganic semi-
conductors®! and in OPV devices!*! have demonstrated that
collection can be rapid and highly efficient.

The SF process can be rapid (sub-picosecond) as the
formation of two triplet excitons proceeds through a spin-
allowed, correlated triplet pair, denoted '(TT). The actual SF
rate depends heavily on two factors: energetics and intermo-
lecular electronic coupling. Exoergic SF, where twice the
triplet exciton energy is less than the lowest singlet exciton
energy (E(S,)>2E(T),)), favors high-yielding, rapid SFE.P!
Michl and Nakano and co-workers have suggested that this
somewhat uncommon energetic scenario is facilitated by
structures that have some degree of biradical character in
their lowest singlet state.l"®! Additionally, theory predicts that
a slip-stacked motif provides better electronic coupling than
perfectly face-to-face m-stacked chromophores.!"!

Tetracene and its derivatives have been the focus of many
experimental and theoretical studies!”! as the parent chromo-
phore undergoes SF with a high triplet quantum yield (up to
200%); however, poor solubility and photoinstability have
hindered practical applications. Arylation of tetracene
improves its solubility and modulates crystal packing, but
does little to improve its stability towards oxygen.®! On the
other hand, substitution with cyano groups has been found to
greatly improve its stability.!”’ This results in a chromophore
that is both soluble and stable in chloroform solution over
months, whereas phenyl-substituted derivatives, such as
rubrene, decompose after a few days in solution.

Recently, a method has been developed for preparing
a series of cyano-substituted diaryltetracenes through a cas-
cade reaction comprising [2+2] cycloaddition, retroelectro-
cyclization, and electrocyclization of tetraaryl [3]Jcumulene
with tetracyanoethene (TCNE), followed by formal elimina-
tion of cyanogen.'” The resultant 5,11-dicyano-6,12-di-
phenyltetracene (TcCN) displays high stability in solution
and in the solid state. The molecule crystallizes in the P1
space group with one half molecule per asymmetric unit,
forming infinite & stacks that are slip-stacked along both the
long and short axes (Figure 1). DFT calculations (B3LYP/6-
31G(d)) suggest that this chromophore exceeds the energetic
requirements for SF by a wide margin. This is in contrast to
tetracene (2E(T,)—E(S;) =0.18 eV)[! and its arylated deriv-
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Figure 1. Chemical structure of TcCN (left) and two views of the
packing of TcCN within its crystal structure (top and bottom).®

atives (for example, 0.07 eV for rubrene),'!! where SF is
thermally activated or requires an entropic contribution.”
The favorable characteristics of TeCN motivated us to
examine its potential as a candidate for SF. Using femto-
second transient absorption spectroscopy (fsTA), we compare
the photophysics of TeCN measured in solution to those
measured in thin-film samples (see the Supporting Informa-
tion). Photoexcitation of the solution samples at A =500 nm
yields a transient absorption signal consistent with excited-
state absorption. Most notably, an S,<S, excited-state
absorption (ESA) is detected with a band at A =489 nm, in
addition to a ground state bleach (GSB) feature at 545 nm
and a stimulated emission (SE) feature at 600 nm. An
additional ESA feature detected in the near-infrared (NIR)
region, centered at A = 1280 nm, is far removed from the GSB.

The kinetics of this ESA band are biexponential (7, =
24+0.1ps and 7,=11.5£0.1 ns) at all wavelengths in the
visible region of the spectrum. Species-associated spectra
(Figure 2, inset) obtained by singular value decomposition
(SVD) and global target analysis of the three-dimensional
absorption change (AA) versus time and wavelength data set
show that the spectral differences between the initial species
(black line) and the longer-lived species (red line) result from
both a blue-shift of the ESA (which is strongly overlapped
with the GSB around 4 =540 nm) and a red-shift of the SE
(around 600 nm). The faster process corresponds to structural
relaxation of the excited state, in agreement with the
relatively large Stokes shift measured in solution.'”! Further-
more, a sample of TeCN in a rigid polystyrene matrix
exhibited a decreased rate of structural relaxation (see the
Supporting Information and Figures S2 and S3 for further
analysis of the structural relaxation).

These solution data reveal a long-lived singlet excited
state, which implies that any inherent triplet formation by
intersystem crossing (ISC) is quite slow. Based on the
quantum yield of fluorescence (¢;) and the excited state
lifetime (7yg, where NR = nonradiative), a lower limit to the
ISC time constant (zi5c = Tygr) is found by Equation (1) to be
19 ns. Based on the near absence of any long-lived species in
the solution transient absorption spectrum, it is likely that this
lifetime is even longer. Additionally, this long-lived excited
singlet state suggests that any rapid photophysical process,
such as SF, will not be in kinetic competition with other singlet
quenching pathways available to the molecule.

Ts
TNR = 1_—¢f 1)

To study SF in the solid state, TcCN was vapor deposited
onto heated (363 K, HT) and room temperature (295 K, RT)
glass substrates to yield 140 and 116 nm thick films, respec-
tively. Rapid deposition onto RT substrates results in a lower
degree of crystallinity, as evidenced by a broad amorphous
scattering peak in the grazing incidence X-ray diffraction data
(see Figure S1 in the Supporting Information). This film also
exhibits significantly lower Rayleigh scattering, as detected in
the transmission-only absorption spectrum, which is consis-
tent with the presence of smaller crystallites in the RT film.

The scatter-corrected absorption spectrum of the RT film

is very similar to the solution spectrum
except for an 11 nm red-shift of the
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Figure 2. Visible and NIR fsTA spectra of TcCN in CH,Cl, solution. Inset: Species-associated
spectra of the initial singlet excited state (black) and the structurally-relaxed singlet excited state

(red).
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phore H- and J-type transition dipole
couplings as predicted by exciton
theory."” In the HT film, the 0-1 and
0-2 vibronic band intensities are
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Figure 3. Normalized absorption spectrum of TcCN in CH,Cl, solution
(dashed) and normalized scatter-corrected absorption spectra of thin-

film samples evaporated on heated (HT; thin solid line) and room
temperature (RT; thick solid line) substrates.

enhanced somewhat more relative to the 0-0 vibronic band
and are blue-shifted, which is indicative of a higher popula-
tion of chromophores having H-type transition dipole cou-
pling. Again, these effects are consistent with relatively
modest interchromophore coupling.

Phosphorescence measurements on the RT film (Fig-
ure S4) revealed a triplet emission band centered at
A=1190nm (1.04 eV). This result is in agreement with
our calculations and confirms that SF is exoergic in
TeCN (2E(T)—E(S)=2x1.04eV-225eV=-0.17¢V) as
a result of a significant lowering of the triplet excited-state
energy compared to tetracene. This lowering of the T, energy
is likely related to the stabilization of the open-shell
electronic configuration by the cyano functional group, as
supported by the T, state spin-density
distribution (Table S1).

The fsTA spectra of the RT film
following excitation at A=2500nm are
shown in Figure 4a. The film demon-
strates rapid decay of an initial singlet
excited state with an ESA band around
580 nm and an SE band centered around
605 nm. These bands decay completely
within 50 ps concomitant with the

o

with multiexponential kinetics (Figure S5), with 7, =60 £ 1 ns
(77%), 1;=740+10 ns (19 %), and 73 =infinite (4 %).

In the visible fsTA data, biexponential dynamics are
detected at early delay times (7, =0.8 +0.2 ps, 7, =23 £ 3 ps)
followed by the long-lived spectral feature attributed to
Ty<T, absorption. Fluorescence upconversion measure-
ments (Figure S8) on the same film yield a biexponential
fluorescence decay (Figure S8; 7,=1.5+0.5 (72%) and 7,=
13+ 5 ps (28 %)). The error bars on the fit to the fluorescence
decay data are wide because the signal-to-noise ratio is low as
a result of the very weak fluorescence from the film.
Nevertheless, these fluorescence decay lifetimes approxi-
mately match the measured decay kinetics of the S; ESA
signals as well as the growth of the T, ESA signal in the fsTA
data (Figure 4).

These two singlet-state lifetimes and the corresponding
decay-associated spectra obtained by SVD and global analysis
(Figure S7) suggest that the two short lifetimes result from
two different SF rates. The decay-associated spectra of these
two processes are strikingly similar with a negative band
centered at 4=560nm, corresponding to the growth of
a positive Ty«T, absorption, and a negative band around
605 nm, corresponding to the simultaneous decay of stimu-
lated emission as the S, state is depopulated. Furthermore, as
the S, state is depopulated, the ESA in the NIR spectral
region decays with the same rapid biexponential time
constants as measured in the red spectral region within
experimental error (7, =0.7 £ 0.2 ps, 7, =33 +7 ps).

This biexponential depopulation of the singlet state in
conjunction with a growth of the triplet-state absorption
indicates that triplet-state formation by SF proceeds through
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appearance of transient signals strongly
resembling those of the tetracene triplet
excited state with an absorption band
centered around A=560 nm."*"! The
assignment of this new feature to the
triplet state is further supported by
triplet sensitization experiments using
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palladium octabutoxyphthalocyanine as
a dopant in the film (Figure S6). Addi-
tionally, the dynamics remain entirely
unchanged over a wide range of excita-
tion densities (between approximately

Amplitude (Normalized)

ol O Aot tholpneth
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107-10" excitonscm?), suggesting this 600
triplet formation process outcompetes
singlet-singlet annihilation, even at
higher pump fluences. Nanosecond tran-
sient absorption measurements on the

RT film show that the triplet state decays
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Figure 4. a) Visible and NIR fsTA spectra of a TcCN thin film deposited on a RT substrate
excited at A =500 nm. For clarity, NIR bands after 100 ps are not shown. b) Basis spectra used
to reconstruct the transient absorption data set. c) Time-correlated amplitudes from deconvo-
lution of the transient absorption data.
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two distinct pathways. As the SF process in this chromophore
is exoergic by approximately 0.2 eV, it is unlikely that rapid
SF occurs from a hot vibrational state in competition with
slower vibrational cooling, which subsequently yields slower
SF, as has been previously found in rubrene single crystals and
1,3-diphenyl-isobenzofuran thin films.' Instead, we attribute
the two SF time constants to structural disorder within the
RT film giving rise to one population with a favorable
interchromophore geometry, which undergoes rapid SF, and
a second population in which the initially formed singlet
exciton must diffuse to a site at which this favorable geometry
exists, as has been suggested previously.”" In this situation, it
is assumed that a wide range of interchromophore geometries
and thus, intermolecular couplings, exist in the film.

To further corroborate these findings and to determine
the SF efficiency, a triplet yield analysis was performed by
modeling the full TA data set using a linear combination of
basis spectra (Figure 4b) obtained by reconstruction of the
species absorbance spectra™ from the transient absorption
data (see the Supporting Information, Figure S10). This
analysis shows the formation of 1.6 4+0.3 triplets per singlet
excited state, indicating triplet formation results from SF, the
only process by which one singlet exciton can produce more
than one triplet.

The complex nature of the SF dynamics and the lower
signal-to-noise ratio of the more scattering HT film preclude
accurate global analysis; however, analysis by single-wave-
length kinetic fitting is sufficiently revealing. In particular, the
kinetics of the GSB at A =555 nm, the Ty+T, absorption at
570 nm, and the singlet ESA in the NIR region at 1260 nm are
useful for fitting the SF dynamics. In the visible fsTA
spectrum, there is a biexponential growth of the GSB (7, =
0.7+ 0.3 ps, 7, =13 £ 4 ps) which mirrors a similar growth of
the triplet ESA. This biexponential process is, once again,
corroborated by the decay (r;, =0.8 0.3 ps, 7, =16 £ 5 ps) of
the ESA in the NIR region. In comparing the biexponential
nature of the RTand HT thin films, the initial SF time
constant of approximately 800 fs is unchanged; however, the
longer time constant is halved in the HT film. However, the
relative amplitudes of the fast and slow SF processes are
consistent between films. These results suggest that the
density of active sites that undergo rapid SF in the HT film
does not increase, but rather, the diffusion-limited SF process
is facilitated by increased crystallinity. This increase could be
the result of an increased effective diffusion rate because of
increased long-range order in the more crystalline sample.

In conclusion, the addition of cyano substituents is found
to lower the triplet energy of tetracene, while maintaining its
lowest excited singlet energy. This stabilization of the triplet
state results in a triplet energy of 1.04 eV, which is close to the
optimal triplet energy for SF device efficiency and in a useful
range for charge injection into organic semiconductors.”! In
addition to the stabilization of the triplet state by synthetic
modification, the steric bulk of the chromophore affords
a packing motif that sufficiently separates molecules to
prevent dramatic stabilization or Davydov splitting of the
singlet in the solid state. As a result of these effects, SF is
exoergic by 0.17eV in TeCN films. This results in sub-
picosecond SF, which is much more rapid than in unsubsti-
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tuted tetracene. It is also found that the distribution of
intermolecular geometries within the evaporated thin films
gives rise to a secondary, exciton-diffusion-limited SF rate.
Even so, this secondary 15-30 ps SF process also proceeds
more rapidly than SF in tetracene (80 ps). In further pursuing
these stable and exoergic SF chromophores, we plan to
determine how functionalization of the parent compound
affects the SF process as a result of steric and electronic
changes. Additionally, the cyano functional group may offer
a spectral probe with which to examine the SF process by
time-resolved vibrational spectroscopy.

Keywords: chromophores - photophysics - singlet fission -
tetracene derivatives - time-resolved spectroscopy
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