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ABSTRACT: Singlet exciton fission is a process that occurs in R [

select organic semiconductors and entails the splitting of a E ] o Triplet

singlet excited state into two lower triplet excitons located on Singlet é‘ 12— s

adjacent chromophores. Research examining this phenomenon E€EII) e 2

has recently seen a renaissance due to the potential to exploit J_ : g i

singlet fission within the context of organic photovoltaics to ; CeLO g o

prepare devices with the ability to circumvent the Shockley— C\" ¢ e = Ll

Queisser limit. To date, high singlet fission yields have only ¥ o L} e e il e vy P
been reported for crystalline or polycrystalline materials, © Tq at[ps]

suggesting that molecular disorder inhibits singlet fission.

Here, we report the results of ultrafast transient absorption and time-resolved emission experiments performed on $,12-diphenyl
tetracene (DPT). Unlike tetracene, which tends to form polycrystalline films when vapor deposited, DPT’s pendant phenyl
groups frustrate crystal growth, yielding amorphous films. Despite the high level of disorder in these films, we find that DPT
exhibits a surprisingly high singlet fission yield, with 1.22 triplets being created per excited singlet. This triplet production occurs
over two principal time scales, with ~50% of the triplets appearing within 1 ps after photoexcitation followed by a slower phase of
triplet growth over a few hundred picoseconds. To fit these kinetics, we have developed a model that assumes that due to
molecular disorder, only a subset of DPT dimer pairs adopt configurations that promote fission. Singlet excitons directly excited
at these sites can undergo fission rapidly, while singlet excitons created elsewhere in the film must diffuse to these sites to fission.

. INTRODUCTION limiting power conversion efficiencies near 45%,> roughly a
40% increase over the Shockley—Queisser limit.

As a spin-allowed process, SF can be exceptionally fast,
occurring over femtosecond to picosecond time scales. Ultrafast
transient absorption experiments performed on tetracene
films,""'"~"® where SF is thermally activated (2E(T,) —
E(S,) = 0.19-0.24 €V),°"** have found that the rate of triplet
formation falls in the range of 40—90 ps. In pentacene thin
films, where SF is exergonic (2E(T;) — E(S;) = —0.11 ev),?
the rate of triplet formation accelerates to 80 fs.>* The rapidity
with which SF occurs allows it to efficiently compete with other
relaxation processes, leading to the possibility of high SF yields.

As was first outlined by Shockley and Queisser in 1961," one of
the predominant loss mechanisms that limits the performance
of photovoltaic cells is the rapid dissipation of the excess energy
of supra-band gap photons as heat, leading to a maximum
theoretical efficiency of 31% for a single-junction device. One
strategy that has the potential to circumvent this energy loss is
to use high energy photons to excite more than a single
electron—hole pair. This process, referred to as multiple exciton
generation (MEG), has been found to occur in inorganic
colloidal nanopartides.2 However, studies investigating MEG
have reported onset thresholds in excess of the theoretical CESSE - X '
prediction of 2 times the nanoparticle band gap,* eliminating Recent studies investigating SF in polycrystalline acene

, . 6 . .
much of the potential improvement in power conversion films,"*'* carotenoid J—aggregates,l and polycrystalhzrle thin
efficiency that can result from MEG.’ films of the biradicaloid 1,3-diphenylisobenzofuran™ have

reported triplet generation yields over 100% (>50% SF
yield), raising the prospects for the realization of SF-based
commercial devices. Indeed, photodetectors utilizing thin
pentacene films*® have exhibited quantum efficiencies in excess
of 100%, and SF has been found to augment the performance
of a tetracene-based photovolatic.*®

While the library of compounds that have been shown to
undergo SF continues to grow,”*” little information is currently
known regarding the reaction coordinates that control SF.

Singlet fission (SF) is a phenomenon observed in molecular
systems that, like MEG, has the potential to generate more than
one electron—hole pair from a single photoexcitation. SF is a
spin-allowed process wherein a singlet exciton divides its energy
to form two triplet excited states located on neighboring
molecules.® First observed in anthracene crystals in 1965,” SF
has subsequently been found to occur in numerous systems,
including large polyacenes (tetracene, Spentacene),g_12 diac-
etylene and thiophene polymers,"*™"* and carotenoids.'®
Organic photovoltaics (OPVs) that utilize a SF material to
absorb high energy green photons and a complementary red Received: January 16, 2012
absorber to capture infrared photons are predicted to have Published: March 20, 2012
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While SF has been found to occur to a limited extent in
partially disordered systems,'>**** to date a common theme
that characterizes systems with high SF yields is a large degree
of crystallinity. Experiments that have examined SF compounds
constrained to geometries that differ from their normal crystal
packing arrangements tend to show reduced SF yields. For
example, while polycrystalline tetracene films show high SF
yields,'® similar measurements on covalently tethered tetracene
dimers display SF yields of only 2—39%.” Likewise, experiments
comparing the behavior of pentacene single crystals and vapor
deposited pentacene films found that SF is suppressed in vapor
deposited films,"" while measurements of pentacene films
grown on a polymer substrate suggest that the dominant
species created by photoexcitation is a singlet excimer state,
with SF only occurring for 2% of the initial excitations.***’
Recent ab initio calculations of pentacene and tetracene crystals
have suggested that lattice vibrations within a crystal may in fact
act as a reaction coordinate for SF.*>*" This is supported by
femtosecond pulse-shaping experiments that demonstrate that
the SF yield of polycrystalline tetracene films can be increased
through the excitation of crystal phonon modes."”

Taken together, these results suggest that the rate of SF
depends intimately on the way in which neighboring
chromophores are organized, which has implications for the
prospect of future SF-based OPVs. The lower production costs
of OPVs as compared to existing solar technologies result in
part from the ability to produce OPVs using inexpensive
solution processing techniques, such as roll-to-roll printing,32
that generally afford only limited control over the resulting film
morphology. Thus, understanding how SF depends on the
intermolecular arrangement of chromophores and if it is
possible to retain a high SF yield in films with a high degree of
molecular disorder are questions pertinent to the future
production of commercial SF-based OPVs.

With these ideas in mind, we have investigated the interplay
of singlet and triplet excitons within thin films of 5,12-diphenyl
tetracene (DPT). The addition of two substituent phenyl
groups frustrates crystal growth during the vapor deposition
process, yielding DPT films that are largely amorphous. Steric
effects prevent the pendant phenyl groups from conjugating to
the tetracene core, ensuring that the electronic properties of
DPT are only slightly altered from those of tetracene. This
allows the influence of morphology on SF to be tested directly.
In a prior report, we characterized the spectral signatures of
DPT’s lowest excited triplet state by doping DPT films with a
platinum porphyrin triplet sensitizer.> Here, we utilize this
information in conjunction with ultrafast transient absorption
(TA) and time-resolved emission experiments to track the
kinetics that govern SF in DPT films. Surprisingly, despite the
high degree of disorder present in amorphous DPT films, the
SF yield remains remarkably high, with 61% of excited singlets
fissioning to two triplets. Approximately one-half of the
produced triplets are generated within 1 ps, while the remaining
triplet production occurs over the course of ~100 ps. To model
this behavior, we have constructed a kinetic model that treats
the production of triplet excitons as a diffusion-limited process,
with singlet excitons first diffusing to locations where pairs of
DPT molecules adopt configurations conducive to SF. This
model also accounts for effects due to both singlet exciton—
exciton annihilation, and the regeneration of singlet excitons via
SF’s reverse reaction, triplet—triplet annihilation. Our results
indicate that a high SF yield can be obtained even in a
disordered molecular film with minimal coupling between
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neighboring chromophores, brightening the prospects for low-
cost, SF-based OPVs.

Il. EXPERIMENTAL METHODS

Sample Preparation. DPT was synthesized according to literature
procedures,***> while tetracene was obtained from Aldrich. Both
materials were purified via vacuum thermal gradient sublimation (2X)
prior to use. Samples consisted of either compound dissolved in either
CHClI, or vapor deposited (2—3 A/s) as a thin film on a 1/16” quartz
substrate. CHCI; solution samples used in both TA and emission
studies were held in a 1 cm path length quartz cell, and the solution
concentration was adjusted to give a peak optical density below 0.1.
Film samples used for either TA or time-resolved emission studies had
an additional quartz window placed on top of the film, and the outside
edges were sealed with epoxy under a N, atmosphere to prevent
sample photooxidation. The thickness of these films was ~100 nm,
yielding an optical density of ~0.3 at 500 nm.

Film Characterization. Absorption spectra were obtained using a
Cary S0 UV—vis spectrometer in transmission geometry. Film and
solution spectra were corrected for spurious signal contributions from
scattered light by fitting the baseline of each spectrum to a polynomial
function between 750 and 1000 nm where no sample absorption
features appear. Steady-state emission spectra were measured with a
Horiba FluoroMax-3 using a right angle collection geometry. To
suppress line shape changes due to sample reabsorption, the thickness
of sample films used for steady-state emission studies was set at 10 nm.
43S nm light was used to excite DPT film samples, while a slightly
shorter wavelength of 400 nm was used for DPT dissolved in CHCl,
solution. Tetracene solution and film samples were excited at 420 and
425 nm, respectively.

The morphology of sample films was studied with grazing incidence
X-ray diffraction measurements (XRD), transmission electron
microscopy (TEM), and selected area electron diffraction (SAED).
XRD measurements were performed on a Rigaku Ultima IV
diffractometer using a Cu Ka radiation source (1 = 1.54 A). Samples
were prepared for TEM and SAED by evaporating films onto a copper
TEM grid faced with an ultrathin-carbon film supported on holey
carbon (Ted Pella 01824). TEM images and SAED patterns were
acquired on a JEOL JEM-2100 fitted with a Gatan Orius CCD digital
camera, using an accelerating voltage of 200 kV. Because the films
degrade over a period of a few seconds under electron bombardment,
the diffraction experiments were conducted by having the CCD
camera continuously refresh the image, rapidly moving the film to a
fresh location, and immediately saving the resulting diffraction pattern.
Numerous areas of each film were examined in this way to ensure
reliability of the results.

X-ray Crystallography. Crystals of DPT were grown by
sublimation in a three zone tube furnace, held at a pressure of 0.2
uTorr. The three zones were set to 250, 220, and 170 °C, with the
solid DPT sample placed in the hot zone. The DPT transports down
the tube, with crystals growing in the second zone. Diffraction data for
DPT were collected on a Bruker SMART APEX CCD diffractometer
with graphite-monochromated Mo Ka radiation (4 = 0.71073 A). The
cell parameters for the complexes were obtained from a least-squares
refinement of the spots (from 60 collected frames) using the SMART
program. One hemisphere of crystal data was collected up to a
resolution of 0.80 A, and the intensity data were processed using the
Saint Plus program. All of the calculations for the structure
determination were carried out using the SHELXTL package (Version
5.1). Hydrogen atoms were located in the difference map, and their
positions were refined freely. A summary of the refinement details and
the resulting factors are given in Table S1 of the Supporting
Information.

Ultrafast Nonlinear Spectroscopy. Time-resolved emission data
were recorded using a time-correlated single photon counting
(TCSPC) system (Becker and Hickl SPC 630) operating in tandem
with a 250 kHz Ti-sapphire regenerative amplifier (Coherent RegA
9050). Excitation pulses centered at S0S nm were produced using a
400 nm pumped type I optical parametric amplifier (Coherent OPA
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9450). The resulting fluorescence emission was collected at a right
angle to the sample, passed through a 0.125 m double monochromator
(Digikrom CM112) set to transmit 535 nm light, and detected using a
Hamamatsu R3809U-50 photomultiplier tube with a 20 ps instrument
response time. The presented data measured for DPT films were
recorded using a pump fluence of 0.5 uJ/cm? while data for DPT
dissolved in CHCI; were measured at lower fluence, 0.1 uJ/cm? All
reported data were measured for magic angle polarization.
Femtosecond TA measurements were carried out using the output
of a Coherent Legend Ti:sapphire amplifier operating at a 1 kHz
repetition rate. Approximately 10% of the amplifier’s output was used
to seed a type II Spectra Physics OPA-800C, generating excitation
pulses centered at 500 nm with ~9 nm of bandwidth. White light
supercontinuum probe pulses (320—950 nm) were produced by
focusing a small portion of the amplifier output into a 2 mm thick
CaF, window that was continuously rotated to both prevent
photodamage and ensure the stability of the continuum probe. To
minimize probe dispersion, a pair of off-axis aluminum parabolic
mirrors were used to collimate the probe and focus it into the sample,
while a CaF, lens focused the pump. Following the sample, a
spectrograph (Oriel MS1271) dispersed the probe onto a 256 pixel
silicon array (Hamamatsu). The time resolution of the system was
found to be 200 fs based on a cross-correlation between the pump and
probe in a 1 mm quartz substrate. All presented transient spectra were
recorded using magic angle polarization conditions. Spectra were
measured for a range of excitation fluences from 3.7 to 96 uJ/ cm?, as
noted in the text. Samples were slowly translated perpendicular to the
path of the pump and probe by a linear stage to prevent photodamage.

lll. CHARACTERIZATION OF THE STRUCTURE OF
VAPOR DEPOSITED DPT FILMS

To understand the structure of vapor deposited DPT films,
XRD and TEM experiments were performed on sample films,
the results of which were compared to similar data measured
for vapor deposited tetracene. A summary of these results
appears in Figure 1. XRD data measured for tetracene films
show two strong diffraction peaks at 26 values of 7.1° and 14.5°
that correspond to scattering from tetracene’s 001 and 002
planes, respectively.® In contrast, no diffraction peaks are
observed for a similarly prepared DPT film, suggesting that the
film is amorphous and confirming the hypothesis that the
phenyl rings of DPT frustrate crystal growth. These conclusions
are further supported by TEM-SAED images measured for
vapor deposited tetracene and DPT films. Images recorded for
tetracene (Figure 1B) show a series of strong diffraction spots,
indicating that the film is crystalline. However, images
measured for DPT (Figure 1C) show no discernible diffraction
peaks, confirming the conclusion that the DPT films we
investigate here are indeed amorphous.

To examine how the amorphous nature of DPT films affects
their optical properties with respect to tetracene, the absorption
and emission properties of DPT solutions and thin films were
measured and compared to those of tetracene (Figure 2).
Absorption and emission spectra of tetracene dissolved in
CHCI; show the presence of a strong vibrational progression
related to a symmetric ring breathing mode that is a
characteristic spectral feature of isolated polyacenes.”” >’
When vacuum deposited, tetracene films often contain
crystalline domains'®***' whose structure allows for efficient
electronic coupling between neighboring tetracene molecules.
This is reflected in the absorption spectrum of tetracene thin
films, which shifts to lower energy and shows a splitting of
tetracene’s vibrational progression as a result of Davydov
coupling.** Likewise, the emission spectrum of tetracene thin
films is red-shifted relative to solution and shows a strong
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Figure 1. (A) X-ray diffraction patterns measured for vapor deposited
tetracene and DPT films. Diffraction peaks corresponding to the (001)
and (002) planes of tetracene are observed, while no diffraction peaks
appear for DPT. The weak feature at 26 = 21° results from the
underlying glass substrate. (B) Selected area electron diffraction
images measured for tetracene (left) and DPT (right) films. The lack
of scattering from the DPT sample suggests that the film is largely
amorphous.

enhancement of the 0—0 peak in the vibronic progression,
which is a signature of the formation of delocalized J-aggregate
states™ and can be used to estimate the extent of exciton
delocalization.*> On the basis of the changes in the emission
line shape between thin film and solution, Lim et al.* estimate
that singlet excitons in tetracene crystals can be delocalized
over ~10 molecules.

Spectra measured for DPT solutions show a vibronic
progression similar to that observed for tetracene in CHCl,,
but with peak values that are shifted to lower energy by 810
em™ (19 nm) and 917 cm™ (21 nm) for absorption and
emission, respectively. These small shifts suggest that phenyl
substitution only induces a modest perturbation to the
electronic structure of DPT’s tetracene core. Unlike tetracene,
however, with the exception of a slight red-shift of 280 cm™ (7
nm), the absorption spectrum of the vapor deposited film is
nearly identical to that of DPT in solution and shows no
evidence of Davydov splitting. Likewise, the emission spectrum
of the DPT film is very similar to the solution spectrum,
showing only a slight decrease in the ratio of the amplitudes of
the first and second emission peaks in the vibronic progression.
The lack of change in the absorption and emission spectra of
DPT films relative to solution indicates that, unlike tetracene,
the ground and first excited singlet states of DPT are relatively
uncoupled, likely causing singlet excitons to only extend over
single DPT molecules. Whether this lack of coupling is solely
attributable to either the increased spacing between the 7-
systems of neighboring DPT molecules afforded by their
phenyl side groups, the high degree of molecular disorder in the
amorphous film, or a combination of these two effects is
unclear. However, we note that the vibronic progression in the
optical absorption spectra of rubrene (§,6,11,12-tetraphenyl
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Figure 2. Optical absorption and emission spectra for tetracene (A)
and DPT (B) chloroform solutions and thin films. Changes in the
spectra of tetracene between solution and film arise from Davydov
coupling between neighboring chromophores, while the lack of change
in the spectra of DPT suggests that neighboring molecules are largely
uncoupled.

tetracene) single crystals is modified from that measured in
CHC, solution due to the presence of Davydov coupling,*’
suggesting that the steric bulk provided by phenyl substitution
is not sufficient to prevent coupling between neighboring
molecules.

IV. TIME-RESOLVED EMISSION OF DPT FILMS AND
SOLUTIONS

One of the first means by which SF was detected in acene
crystals was through the observation of delayed emission in
time-resolved fluorescence measurements.”******° As SF takes
place, the singlet population within an acene crystal is depleted,
leading to an accelerated decay of the crystal’s emission relative
to that measured for the isolated acene chromophore. However,
if the energy of the two triplet excitons created via SF is close to
that of the singlet state from which they are generated, the two
triplet excitons can recombine over long time scales to
regenerate a singlet exciton, resulting in emission that can
persist for orders of magnitude longer than the emission
lifetime of the isolated acene.
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As an initial test of DPT’s ability to undergo SF in vapor
deposited films, we utilized TCSPC measurements to
determine if these films display rapid quenching followed by
delayed fluorescence. Figure 3A compares the emission
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Figure 3. (A) TCSPC measurements of DPT in CHCl; (blue), a
vapor deposited DPT film (red), and the TCSPC system’s instrument
response function (black). The emission decay measured in CHCL, fits
well to a single exponential decay of 11 ns (green dashed), while the
thin film emission is highly nonexponential. (B) Emission decay
measured for a DPT film plotted on a log—log scale to highlight the
long-lived emission tail. The green dashed line represents a t™' power
law fit plus offset.

behavior of DPT in solution and vapor deposited films. DPT
molecules dissolved in CHCI; exhibit a single exponential decay
with an 11 ns time constant. This value is slightly faster than
that previously measured for DPT in benzene, 15.2 ns,*® and
may in part reflect that the CHCl; solution was not rigorously
purged of oxygen. In sharp contrast, the emission measured for
vapor deposited DPT films is greatly accelerated and highly
nonexponential, with 25% of the initial decay occurring within
the instrument’s time resolution (20 ps) and 99% of the total
decay occurring within 3 ns. Despite this fast initial decay, a
long-lived tail that persists for longer than 150 ns is observed in
the film’s emission trace (Figure 3B). The fact that this tail
persists for an order of magnitude longer than the emission
lifetime of DPT in solution shows that delayed fluorescence is
indeed observed from DPT films. This tail can be fit well by a
power law decay with an exponent of —1.8 plus a small offset. A
recent study of crystalline rubrene and tetracene films has
shown that over time scales longer than 300 ns, emission from
the film decays as £2,>" which was rationalized using a model
that assumed that the emission resulted from the regeneration
of singlet excitons via triplet—triplet annihilation following SF.
Given that the £ power law decay is close to the t* decay we
observe for DPT films, this suggests that the long-lived
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emission tail is consistent with the occurrence of SF following
photoexcitation.

V. TRANSIENT ABSORPTION SPECTRA OF
AMORPHOUS DPT FILMS

While the rapid initial fluorescence decay in DPT films
followed by long-lived emission is suggestive of
SE,/8182048951 the measurement of delayed fluorescence
alone is not sufficient to confirm the presence of SF because
rapid quenching followed by delayed emission may also result
from the presence of fluorescent impurities. Thus, to better
understand the fate of photogenerated singlet excitons in DPT
films, TA experiments were used to characterize the excited-
state kinetics of DPT over femtosecond time scales. Figure 4A
plots TA spectra measured for DPT dissolved in CHCl,.
Exciting DPT at 500 nm leads to the population of its lowest
excited singlet state and is reflected by the appearance of
photobleach peaks at 460 and 498 nm that match the vibronic
progression of DPT’s ground-state absorption spectrum as well
as a third photobleach feature at 540 nm due to stimulated
emission from DPT’s S; state. The most prominent feature in
the transient spectrum is the strong induced absorption band at
416 nm that immediately appears following photoexcitation,
and, consequently, we assign to a S; — S, transition. Over the
course of 1 ns, the transient spectrum exhibits no spectral
changes other than a slight decay of its amplitude consistent
with the 11 ns S; lifetime measured in TCSPC experiments.
This lack of spectral evolution indicates that excited DPT
molecules remain in the S, state during this time window.
Transient spectra measured for a vapor deposited DPT film
exhibit qualitatively different behavior (Figure 4B). Initially
following photoexcitation, the transient spectrum resembles
that measured for DPT in CHCl;. However, over the course of
~100 ps, the strong S, — S, transition peak at 421 nm>”
decays, indicating the transfer of population out of DPT’s S,
state. Concurrent with this change, the growth of a new
induced absorption band can be seen between 470 and 520 nm.
The lowest lying triplet excited state of tetracene, as well as that
of many of its derivatives, is known to absorb strongly in the
range of 400—500 nm.'**%3%%* For tetracene and pentacene,
the transition dipole of this band lies along the long axis of the
molecule.”>> This makes the band difficult to observe in TA
studies of polycrystalline films of these materials because
crystallites prefer to form with their long axes aligned at a small
angle with respect to the film’s surface normal,**” leading to
minimal overlap between the electric field of the probe and the
triplet transition clipole.lg’zs‘?"zg‘58 However, given the amor-
phous nature of the DPT films investigated here, the
appearance of an induced absorption band between 400 and
500 nm strongly suggests the production of triplet excitons.
To determine if this new band corresponds to DPT’s T,
state, in Figure 4C we compare the transient spectrum of vapor
deposited DPT at At = 750 ps to that previously measured for
DPT triplets in experiments that utilized a triplet sensitizer,
platinum tetraphenylbenzoporphyrin (PtTPBP), doped into
DPT films to preferentially populate DPT’s T, state.>> This
latter spectrum has been corrected for residual contributions
from PtTPBP, yielding a line shape that signals the population
of DPT’s T, state.’” The absorption profile of the transient
spectrum of vapor deposited DPT compares favorably with that
measured for DPT triplets. Both spectra peak near 490 nm and
have similar linewidths, suggesting that DPT triplet excitons are
produced following photoexcitation of the vapor deposited film.
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Figure 4. (A) TA spectra of DPT dissolved in CHCI; following
photoexcitation at S00 nm. The strong induced absorption band at
416 nm corresponds to a S; = S, transition that serves as a marker-
mode for the S, state. (B) TA spectra of a vapor deposited DPT film
measured using an excitation fluence of 31 uJ/ cm? Following
photoexcitation, depopulation of the S, state occurs over the course
of ~100 ps concomitant with the rise of a new absorption feature at
~510 nm. (C) Comparison of the TA spectrum measured for vapor
deposited DPT at At = 750 ps (black dashed) with the transient line
shape expected for the population of DPT triplet excitons (red). This
latter spectrum contains equally weighted contributions from DPT T,
excited-state absorption and ground-state bleaching (GSB). The
similarity of these two spectra suggests the population of triplet
excitons.

From our TCSPC experiments, we expect ~10% of the initial
excited singlet population to be present in the film at a delay of
750 ps. This largely accounts for the differences between the
two plotted lineshapes, notably the residual S; — S, induced
absorption at 421 nm and larger ground-state bleach of the neat
film transient spectrum relative to the expected triplet line
shape. The subnanosecond appearance of triplet excitons in
vapor deposited DPT films is much faster than would be
expected if triplets were produced via intersystem crossing (1/
kisc = 89 ns).*® This, taken together with the observation of
delayed fluorescence in TCPSC experiments, confirms that
amorphous DPT films undergo SF.
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Although bands that can be assigned to singlet and triplet
excitons appear in the TA spectra of vapor deposited films,
neither the decay of the S, induced absorption nor the rise of
the T, absorption between 400 and 500 nm can be well fit by a
single exponential function. While complicated time-dependent
changes at a given wavelength partially result from overlap
between singlet and triplet absorption features, other studies
that have examined SF in polyacene films have noted that when
singlet excitons are prepared at high density, singlet—singlet
annihilation (SSA) can lead to nonexponential ki-
netics,'#29496961 A recent study of tetracene films has shown
that the decay kinetics of TA spectra only become independent
of the excitation fluence for excitation densities below 2 X 10°
um=>" which for the DPT films we have investigated
corresponds to a pump fluence of 1.3 uJ/cm* at 500 nm.
This value is more than an order of magnitude lower than the
31 pJ/cm’® fluence used to measure the data that appear in
Figure 4B.

To determine if SSA strongly affects the TA spectra of DPT
films, transient spectra were measured for a series of pump
fluences. Figure S plots the decay of the S, induced absorption
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Figure 5. Normalized TA decay of the S;-induced absorption at 421
nm measured at various excitation fluences for a vapor deposited DPT
film. Inset: The amplitude of the induced absorption band at At = 20
ps plotted as a function of the excitation fluence. Red circles denote
points measured after increasing the pump fluence to 370 yJ/cm? The
lack of hysteresis indicates that the sublinear scaling of the TA signal
with the excitation fluence does not result from pump-induced film
damage. The cyan lines represent the predicted signal amplitude based
on the kinetic model that appears in section VII using singlet—singlet
annihilation constants of kgg = 3.9 X 107, 7.8 X 10™%, and 1.2 X 1078
cm?/s in order of increasing curvature. The dashed gray line represents
the signal amplitude predicted from the same model in the absence of
exciton annihilation.

band at 421 nm measured in these experiments. As the intensity
of the pump gradually increases, the rate of the singlet decay is
found to accelerate. To highlight this effect, the inset of Figure
S plots the amplitude of the S, induced absorption band at At =
20 ps as a function of the excitation fluence. This quantity
scales sublinearly at high excitation fluence, indicating the
presence of a quenching process whose amplitude depends on
the initial singlet density, such as SSA. A similar scaling of the
signal amplitude with excitation fluence can also result from
pump-induced sample photodamage. However, the lack of
hysteresis in the signal amplitude as the excitation fluence is
cycled (Figure S, inset, red @) shows that the observed
behavior does not result from sample damage. Plotted
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alongside the experimental data points are traces calculated
from a kinetic model that accounts for the effects of SSA on the
transient absorption signal and is described fully in section VIL
This model predicts that the changes in the singlet population
density resulting from SSA only become negligible for
excitation densities below 2.1 X 10° um™%* a threshold
density similar to that reported for polycrystalline tetracene
films."” This limiting excitation density is roughly 3x smaller
than that prepared in the lowest fluence TA experiments
reported here (3.7 uJ/cm?), confirming that SSA needs to be
accounted for when extracting the kinetics governing SF in
disordered DPT films from these measurements.

VI. TRACKING THE SINGLET AND TRIPLET
POPULATIONS IN DPT FILMS

Retrieval of the kinetics that govern SF in amorphous DPT
films from our measured TA and TCSPC data is complicated
by the occurrence of SSA, the regeneration of singlet excitons
stemming from triplet recombination, and spectral overlap
between singlet- and triplet-induced absorption features,
precluding the use of a single wavelength time trace to track
the evolution of either the singlet or the triplet populations. In
lieu of the construction of a kinetic model that attempts to
describe each of these features at this point, we have instead
elected to extract the time dependence of the singlet and triplet
populations directly by fitting the DPT transient spectra as a
linear combination of two basis spectra that represent the
differential lineshapes characteristic of DPT’s S, and T, states.
These two spectra are determined experimentally from TA
measurements independent of those performed on amorphous
DPT films and are pictured in Figure 6A. The plotted basis
spectra contain appropriately weighted negatively signed
contributions from ground bleaching and stimulated emission
in addition to positive features from absorption to higher lying
states. How these spectra are obtained is outlined below.

The strong resemblance of the TA spectrum of vapor
deposited DPT at short time delays to that of DPT in CHCI;
indicates that transitions from DPT’s S, state that fall in the
visible spectral range are not strongly altered by the disordered
film environment. This allows us to use the time-integrated
transient spectrum of DPT in CHCI; to represent the basis
spectrum of DPT’s S state. For the purposes of fitting the data,
this spectrum has been red-shifted by the 280 cm™" shift seen in
ground-state absorption spectra (Figure 2B). Comparison of
the amplitude of the ground-state bleach that appears in this
spectrum with published extinction spectra of DPT’s ground
state® allows us to scale the amplitude of the basis spectrum
such that it represents the change in the molar absorptivity of
DPT following excitation to its S, state. In ref 33, it was
demonstrated that the triplet extinction spectrum measured in
nanosecond TA experiments of DPT in solution® gave a line
shape nearly identical to those measured in our experiments on
PtTPBP-doped DPT films. Thus, as the basis spectrum of
DPT’s T, state, we have used our previously measured DPT
triplet spectrum scaled to match the amplitude of the extinction
spectra of ref 50. Figure 6B compares the transient spectrum
measured for a vapor deposited DPT film at a pump fluence of
7.5 uJ/cm?® with fits comprised of a linear combination of the S;
and T, basis spectra in Figure 6A (see the Supporting
Information for fits to other data sets). The agreement between
the fit and the transient data is excellent, reproducing well both
the decay of the S; — S, transition at 421 nm and the growth of
the T, — T, transition near 485 nm.
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Figure 6. (A) Differential extinction spectra that denote the changes in
the absorption profile of vapor deposited DPT films due to excitation
of either DPT’s lowest excited singlet or triplet state. (B) Comparison
of TA spectra measured for vapor deposited DPT at a pump fluence of
7.5 uJ/em?® (black dashed) and a fit consisting of a linear combination
of the singlet and triplet spectra in (A) (red).

In addition to reproducing the data, the fits allow us to
extract the time dependence of the S; and T, populations,
which are plotted in Figure 7A. Perhaps the most striking
feature present in the data is that the triplet population at 1 ns
is ~1.2X larger than the initial singlet population, indicating
that more than one triplet must be generated per singlet
exciton. Because SF is the only mechanism by which the triplet
population can exceed the initial singlet population, this result
lends further support to our conclusion that SF occurs in
amorphous DPT films. To verify that this finding is not a
spurious result due to our chosen spectral decomposition
procedure, Figure 7B compares the singlet population extracted
from the DPT TA data set to a time-resolved emission scan
collected for a vapor deposited film. Other than a slight
discrepancy at short delay times due to the limited instrument
response of the TCSPC apparatus (20 ps), both data sets
overlay well, indicating that our fitting procedure predicts a rate
of decay for the singlet population consistent with other
experiments.

With our fitting procedure in hand, we can now estimate the
SF vyield for amorphous DPT films from our TA spectra by
comparing the number of triplet excitons present in the film at
long time delays to the initial singlet population. To remove
contributions to our SF yield estimate that stem from exciton
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Figure 7. (A) Singlet (blue M) and triplet (red ®) population
densities determined from TA spectra of vapor deposited DPT
measured at a pump fluence of 7.5 puJ/ cm?. The green lines denote a
biexponential function that is included as a guide to the eye. (B)
Comparison of the singlet population extracted from TA experiments
(red) and the time-resolved fluorescence emission measured for a
vapor deposited DPT film (blue). Other than a slight discrepancy at
short delays due to the convolution of the emission with the
instrument response of the TCSPC apparatus, both traces agree well,
validating our fit procedure.

annihilation processes such as SSA, we have extracted the
singlet and triplet populations from TA data measured over a
range of excitation fluences. The results of this analysis appear
in Figure 8, which plots the ratio of the triplet population
density at a delay of 900 ps to the initial singlet density as a
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Figure 8. Ratio of triplet excitons observed at a time delay of 0.9 ns to
the initial singlet population prepared in TA experiments as a function
of the excitation fluence. Extrapolating to the annihilation free value
(zero fluence) gives 1.22 triplets per singlet (61% SF yield). Error bars
are based on one standard deviation in the values of the singlet and
triplet populations extracted from the TA data.
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function of excitation fluence. At all investigated fluences, the
triplet-to-singlet ratio is quite high, ranging from 0.82 to 1.2
triplets per singlet (SF yields of 41—64.5%, respectively). At
high excitation fluences, exciton annihilation provides an
additional relaxation pathway that competes with SF, causing
a decrease in the SF yield However, in a photovoltaic
functioning under solar irradiation, the steady-state singlet
and triplet populations are expected to be orders of magnitude
smaller than those prepared in the TA experiments described
here. Given that the SF yield appears to vary linearly with
excitation fluence, we have extrapolated the yield to zero
fluence to obtain a value more representative of a DPT film
under solar illumination. This yields a value of 1.22 produced
triplets per singlet exciton (61% SF yield), which is surprisingly
large given the absence of structural order in our DPT films.
While this value falls short of the ~200% triplet yield reported
for polycrystalline tetracene,'® it compares favorably with yields
reported for other polycrystalline materials. This includes films
of 6,13-bis(triisopropylsilylethynyl)-pentacene, for which a
144% triplet yield was observed,'” and 1,3-diphenylisobenzo-
furan, which displays a 125% triplet yield at 300 K that
increases to 200% at 77 K.** Moreover, we note that the SF
yield we calculate for DPT is likely a slight underestimate.
Because of the current limitations of our TA apparatus, we are
limited to probing delay times less than 1 ns. However, at this
time delay, the singlet and triplet populations have not finished
evolving, as evidenced by the TCSPC data that continue to
decay beyond 1 ns. If we assume that the residual singlet
population in our TA spectra at a delay of 1 ns exclusively
decays via SF, this increases the number of triplets produced
per singlet to 1.40 (70% SF yield).

VII. A SIMPLE KINETIC MODEL FOR SF IN
DISORDERED FILMS

Returning to the singlet and triplet populations shown in Figure
7A, the decay of the S, state and corresponding rise of the T
state occur over two principal time ranges, with ~50% of the
population evolution occurring within 3 ps and the remaining
triplet production occurring over the course of ~100 ps. As a
guide to the eye, a biexponential with time constants of 1.3 and
105 ps is superimposed on top of the data. In polycrystalline
acene films, TA experiments generally identify a single primary
rate for SF.'”'®2* However, given that the SF rate is expected
to depend intimately on the relative geometry and distance
between neighboring chromophores,”***"** in a disordered
film such as those formed by DPT it seems likely that some
neighboring chromophores will be oriented in geometries that
promote SF, while other molecular pairs will adopt
configurations that present a significant energetic barrier to SF.

Figure 9 provides an illustration of one of the simpler kinetic
models that can account for triplet production over two time
scales. This model assumes that due to structural disorder, only
a subset of the neighboring DPT molecular pairs within the film
are capable of undergoing SF. After photoexcitation, singlet
excitons created near these pairs can fission rapidly, leading to
an initial exponential burst phase of triplet production.
Meanwhile, singlets created at other locations within the film
can diffuse via Forster energy transfer to these pairs, yielding a
secondary, diffusion-limited triplet production phase. Provided
that the film is on average spatially homogeneous and the
number of SF sites is small as compared to the initial singlet
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Figure 9. Illustration of the energy transfer and relaxation processes
used to model the kinetics of SF in amorphous DPT films. Light
absorption is denoted by cyan arrows, single exciton transfer and
relaxation processes by green arrows, and exciton annihilation
processes by orange dashed arrows.

population, the rate at which singlets encounter SF sites is given

by the Smoluchowski theory of diffusion-limited reactions:**%°
kp(t) = 4nRDcg| 1 + R
= c
b o NG (1)

In eq 1, D denotes the singlet exciton diffusion constant, c is
the concentration of SF sites within the film, and R denotes the
maximum distance a singlet can be from a SF site and undergo
SE. Accounting for variations in energy transfer rate due to
disorder® is beyond the scope of the current model.

With eq 1 in hand, it is possible to write a set of coupled rate
equations for the interchange of singlet and triplet populations
within the film:

d[isf] = —(kg + ksg)[Ssf] + kp(£)[Sp]
d[th] = —kg[Sp] — kp(t)[Sp] — kss[Sp* + krs[T]*
% = 2kgf[Sef] = krs[TT = kpr[T]?

@)

The above set of equations divides the singlet population
between singlets that occupy SF sites, Sy, and those that do not,
Sp- Sy can decay via singlet fission (k), producing two triplets,
or through other pathways such as fluorescence, internal
conversion, and intersystem crossing. These latter processes are
accounted for by the sum of their rates, k;. Because the
intersystem crossing rate in isolated DPT has been shown to be
quite long (1/kjsc = 89 ns)>® as compared to the subnano-
second time scales probed in our TA experiments, the
production of triplets through intramolecular intersystem
crossing is neglected in our model. Sy can be regenerated by
the diffusion of S, to SF sites as dictated by the time-dependent
rate, kp(t), given by the Smoluchowski theory. As with S, Sp
can also decay via the same nontriplet producing pathways
described by kg As an initial condition for our model, we
assume that the starting population of Sy is given by JS,, where
S, is the total population of singlets prepared by the excitation
pulse and 0 is a parameter that varies between zero and one and
is floated to fit the data. The corresponding initial population of
Sp is (1 — 8)S,.
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Similar to kinetic models used to describe SF in tetracene
crystals,"* we allow the singlet population to decay through
SSA, whose rate is given by kgs. The triplet population can also
decay through exciton annihilation, but a subset of these
bimolecular recombination processes can lead to the
regeneration of singlet excitons.® We account for these two
possibilities through the inclusion of two terms, kg and krr,
which describe triplet—triplet annihilation events that generate
a singlet exciton (krg) and those that do not (krp). For
simplicity, we assume that triplet—triplet annihilation occurs
between uncorrelated triplet pairs away from SF sites.
Correspondingly, these annihilation events only populate Sp
within our model, not S

To model our experimental TA spectra, eq 2 was integrated
numerically using a Runge—Kutta method in Matlab software
to yield the singlet and triplet populations as a function of time.
These populations were then used in conjunction with the
extinction spectra in Figure 6A to reconstruct the TA data, and
a least-squares minimization routine was used to optimize the
values of the rate coefficients in eq 2 as well as the initial ratio
between S, and Sp. Because kp(t) contains three unknowns,
cspy R, and D, but only two of these terms are independent, for
the purposes of fitting eq 2, kp(t) was parametrized as kp(t) = a
+ bt™'/2, with a and b as free parameters. To self-consistently
account for exciton annihilation, this fit was performed
simultaneously to multiple TA data sets recorded for excitation
fluences ranging from 3.7 to 96 uJ/cm?, with only the initial
singlet population density allowed to vary between fits to
individual data sets. The best-fit parameters determined from
the model are listed in Table 1, and a full comparison of the
model and experimental TA spectra appears in the Supporting
Information.

Table 1. Best-Fit Parameters for the Kinetic Model
Described in Section VII?

parameter best-fit value
1/kg 0.8 ps
a 19 X 107 ps™!
b 12 X 1072 ps™'/2
ksg 3.9 x 107 ecm®/s
krr 9.0 x 107" cm’/s
kg 4.6 x 107" em’/s
5 0.33
R 43 A
D 1.5 X 107 cm?/s

“For fitting purposes, kp(t) was parameterized as a + bt""/%. § denotes

the percentage of the initial singlet population that contributes to Sg.
Values for R and D are calculated from the best-fit values for a and b
under the assumption that the singlet fission site concentration, c; in
eq 1 is given by Jcppr/2, where cppr is the concentration of DPT
molecules in the film.

To indicate the quality of our model, Figure 10 shows a
comparison of the singlet and triplet populations predicted by
the model with those extracted by the fitting procedure
described in section V1. While the agreement is not perfect, the
model shows good qualitative agreement with the data,
capturing well the decay of the singlet population and showing
a growth of the triplet population over multiple time scales.
However, the model does not properly reproduce the
amplitude of the triplet population measured in experiments
at high excitation fluence. This shortcoming likely stems from
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Figure 10. Singlet (A) and triplet (B) populations extracted from TA
experiments performed at a series of excitation fluences as compared
to populations calculated on the basis of the kinetic model described in
section VII of the text. A simultaneous fit to all pictured data sets was
performed.

the model’s use of time-independent rate coefficients to
describe exciton annihilation processes, which neglects diffusive
contributions to these events,”®” as well as triplet exciton
trapping at impurities in the film. This causes the fits to
overestimate the amount of triplet—triplet annihilation that
occurs at long delays, which is most evident in the data sets
measured at high excitation fluence. Similar effects cause the
best-fit value of kgg to differ from the value that gives the best
agreement with the intensity scaling of the S, — S induced
absorption feature at 421 nm (Figure S, inset). While the
agreement between the model and the experimental data is
lacking at high excitation fluence, it improves as the excitation
density is lowered and effects due to exciton annihilation are
suppressed. In the Supporting Information, we show that the
model reproduces 99% of the singlet exciton decay observed in
the time-resolved fluorescence measurements shown in Figure
3, which are measured for excitation densities 1—2 orders of
magnitude smaller than those used in TA measurements.
Despite the poor treatment of triplet exciton annihilation by
the kinetic model, it is nonetheless instructive to compare its
best-fit parameters to those that have been reported for
tetracene and pentacene films. The SF time scale of 0.8 ps that
we measure for DPT films is more than an order of magnitude
faster than the ~40—90 ps time scales that have been reported
for tetracene films,""'”'* but is markedly slower than the 80 fs
fission rate measured for pentacene films.'>**** In part, the
increase in the SF rate moving from tetracene to pentacene can
be rationalized on the basis of the value of 2E(T,) — E(S,) for
these materials, which correlates with the thermodynamic
driving force for SE.*” For tetracene, 2E(T,) — E(S,) = 0.19—
024 eV, indicating that SF requires thermal activation,
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while in pentacene 2E(T;) — E(S;) = —0.11 eV,* suggesting
the potential for barrierless fission. Indeed, measurements by
Thorsmelle et al.'" have shown that the formation of triplets in
tetracene single crystals displays a pronounced temperature
dependence indicative of an activation barrier of 70 meV, while
SF in pentacene single crystals is independent of temperature.
While to the best of our knowledge, measurements of the
absolute S; and T energies of DPT in a film environment have
not been made, the values of these quantities in benzene
solution give a value of —87 meV for 2E(T,) — E(S),°
suggesting that similar to pentacene, SF between two properly
arranged DPT monomers may not require a large activation
energy.

Additional information regarding the driving force for SF in
DPT films as compared to films of other acenes can be
obtained by analyzing the rate at which singlet excitons are
regenerated by triplet—triplet annihilation (krg). As the reverse
reaction of SF, contributions to the measured kinetics that stem
from triplet—triplet annihilation are expected to be suppressed
as 2E(T,;) — E(S;) decreases. Using a model that treats exciton
annihilation using time-independent rate coefficients, Burdett
et al'® found that a value of kg 50 X 107! cm?/s
qualitatively reproduced time-resolved emission measurements
of tetracene films. In contrast, the value of kg we extract from
our model for DPT films is roughly 10X smaller. This
observation taken together with the fact that our model
overestimates the degree to which triplet annihilation occurs
shows that triplet annihilation is suppressed in DPT films
relative to tetracene and suggests that DPT possesses a larger
thermodynamic driving force for SF. This finding is consistent
with those of a recent time-resolved emission study of rubrene
crystals, which concluded that the value of 2E(T,;) — E(S;) is
nearly zero for rubrene.’' Upon transitioning from solution to a
thin film environment, the S; energy of tetracene molecules is
reduced by interchromophore coupling, leading to a red shift of
its optical spectra (Figure 2A). In contrast, the phenyl rings of
DPT afford a larger spacing between neighboring molecules in
thin films that reduces interchromophore coupling. This leads
to a higher S, energy for DPT relative to tetracene in thin
films,®® which may be capable of undergoing exergonic SF.

In our model, we have not included an intermediate state to
which the singlet exciton first transitions before it fissions to
two triplets. Both charge transfer® and neutral intermediate
states’”>' have been postulated on the basis of theoretical
calculations. Recent time-resolved two-photon photoemission
experiments have observed an intermediate state preceding
fission in pentacene, but with a relatively short lifetime of 260 +
50 £5.% In modeling the presented TA data, we have found that
the addition of an intermediate state to the rate equations given
in eq 2 does not significantly improve the quality of the fit.
However, given the short lifetime expected for such a state,” a
difference in the rates with which the photoexcited singlet
population decays and the triplet population rises due to the
presence of an intermediate state may fall within experimental
error. While our model does not need to account for an
intermediate state that precedes fission to model the presented
TA and TCSPC data sets, this does not rule out the possibility
for the existence of such a state.

One interesting and surprising result predicted by our model
is that one-third of the initial singlet population is created at
sites capable of undergoing SF, suggesting an appreciable
concentration of these sites in the film despite its high degree of
conformational disorder. One possible explanation for this
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observation is that a large number of DPT molecules form
dimer pairs with their 7-systems in close proximity, but still
possess enough conformational disorder to not impose any
long-range ordering of the film. An estimate of the separation
between the two molecules within the dimer pair as well as the
rate at which singlet excitons diffuse within the film can be
obtained from the parameters that comprise kp(t). If we assume
that the SF site concentration, cg is described by dcppr/2,
where cppr is the concentration of DPT molecules in the film
(24 M based on optical absorption measurements), then the
resulting values of the singlet diffusion constant, D, and SF
encounter radius, R, are 1.5 X 10™° cm?/s and 4.3 A,
respectively. Using the procedure outlined by Rand et al,”® it
is possible to calculate D from DPT’s self-transfer Forster
radius, Ry, which we have calculated using the PhotochemCAD
software package,”' which predicts self-transfer radii for many
acenes in good agreement with prior reported values (ie.,
anthracene, 2.3 nm calculated, 2.2 nm reported;72 perylene, 4.0
nm calculated, 3.8 nm reported’*). For DPT, we calculate a R,
value of 3.3 nm, which in turn yields D = 1.4 X 10™* cm?/s, a
value that is an order of magnitude larger than that extracted
from our kinetic model. Given the high degree of disorder in
our vapor deposited DPT films, it is likely that they contain
some low energy exciton traps that can immobilize diffusing
excitons,””* leading to the low diffusion constant predicted by
our model. Such trap sites may provide additional avenues for
nonradiative decay, resulting in the less than 200% triplet yield
we observe in our transient spectra. Interestingly, the extracted
value of R is small as compared to the average distance between
molecules, 10.9 A, calculated on the basis of the film’s
concentration, suggesting that SF dimer pairs are sites where
molecules closely associate. This value of R closely matches the
spacing between pentacene dimers predicted by ab initio
calculations to allow a nonadiabatic transition between the
lowest excited singlet exciton of the pair to a dark state that
induces SF.*°

We look to the crystal structure of DPT to gain insight into
what these dimer pairs may resemble. The single crystal
structure of DPT has been reported by Kitamura et al. for
crystals grown from xylene solvent.”* We have also grown DPT
crystals and determined their structure (Figure 11, see the
Supporting Information for additional details). However, our
crystals were grown by vacuum sublimation, similar to the
process used for thin film deposition, but at a much slower
growth rate than that used to prepare the disordered films
investigated above. The molecular structure of the tetracence
core reported by Kitamura et al. is quite similar to that of the
vacuum sublimed crystals we have examined. Fourteen of the
carbons (C5—C18) of the DPT molecules in the vapor grown
crystals lie within 0.08 A of a least-squares plane. The remaining
four carbons are bent up from this plane, by up to 0.37 A. A
similar structure is observed for DPT molecules in crystals
obtained from xylene.”* The principal difference between the
structure reported by Kitamura et al. and the one we report
here is the orientation of the DPT phenyl rings (Figure 12). In
the sublimed crystals, both phenyl rings are twisted in the same
direction, with a dihedral angle of 70°. In contrast, the phenyl
groups of the xylene crystallized materials are canted in
opposite directions, with dihedral angles of 75° and 94°.

Unlike crystals of tetracene, which adopt a herringbone
arrangement that places the s-systems of neighboring
molecules at an angle of 51° to one another,”>”® the packing
of DPT involves cofacial stacking of the DPT molecules along
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Figure 11. Structure of vapor grown DPT crystals determined from
powder X-ray diffraction experiments. (A) View looking down the
crystal’s g-axis, showing that DPT molecules prefer to stack in a
cofacial arrangement. (B) The spacing between neighboring molecules
along the g-axis alternates between eclipsed and staggered arrange-
ments with respective spacings of 4.00 and 3.68 A.

the crystal’s a-axis (Figure 11A). Both the sublimed and the
xylene crystallized samples have similar molecular packing in

Vapor grown
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Figure 12. Comparison of the structure of individual DPT molecules
in vapor grown crystals and crystals grown from xylene solution.”*
While the phenyl rings of DPT molecules in vapor grown crystals are
canted in the same direction, they are tilted in opposite directions in
the structure obtained from xylene grown crystals, leading to a slightly
larger unit cell volume for this latter structure.
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this respect, but their unit cell parameters differ to some extent,
with the unit cell volume of the vapor grown crystals being
slightly less (973 A%) than those isolated from xylene (985 A?).
DPT molecules alternate between being eclipsed and staggered
along the ag-axis (Figure 11B). For eclipsed neighbors, the
phenyl groups of both DPT molecules prevent close approach
of the tetracene cores, but this does not occur for staggered
configurations. We estimate the intermolecular spacing for the
DPT molecules by considering their C5—C18 planes. For both
xylene and vapor grown crystals, the spacing of the tetracene
cores in eclipsed configurations is 4.00 A, while the spacing in
staggered configurations is somewhat smaller, 3.82 A for xylene
grown crystals and 3.68 A for vapor grown crystals. The
decreased spacing for the vapor grown crystals partly explains
the lower cell volume and is likely due to less severe steric
interactions for the DPT phenyl groups in the vapor grown
sample.

Factors dictating the ideal geometry for SF have been
discussed by Greyson et al.”” who note that z-stacking between
neighboring chromophores represents a fundamental balance
between competing effects. While z-stacking leads to improved
interchromophore coupling, this can also lower the energy of
the lowest excited singlet state, potentially making SF
endergonic. This has led to the suggestion that neighboring
chromophores with slip-stacked geometries may be favorable
candidates for SE.® DPT crystals thus represent an interesting
test case for SF because their structure alternates between
staggered and eclipsed 7-systems. Unfortunately, we have as yet
been unable to obtain high-quality crystals that are suitable for
time-resolved studies, preventing a direct comparison of the
excited-state properties of DPT crystals to those we report here
for disordered films. However, we find that the SF encounter
radius from our model, 4.3 A, closely approximates the spacing
between both neighboring eclipsed and staggered molecules
along the a-axis, suggesting that regions of the film where two
molecules arrange themselves in a cofacial manner can undergo
efficient SF.

VIIl. CONCLUSIONS

We have used a combination of ultrafast TA and time-resolved
emission measurements to characterize the morphology and
excited-state dynamics of vapor deposited DPT films. While
XRD and TEM measurements confirm that these films are
largely amorphous, we nonetheless observe that upward of 61%
of the singlet excitons created by photoexcitation fission to a
pair of triplet excitons. Triplet production occurs over two
principal time scales, with approximately one-half of the triplets
appearing with an exponential time scale of 0.8 ps followed by a
slower phase of triplet growth over the course of ~100 ps. This
behavior is consistent with a model that assumes that only
certain locations in the disordered film adopt a configuration
suitable for SF, leading to the diffusive production of triplets at
these sites.

Within the larger context of SF-based photovoltaics, our
results are highly encouraging because they suggest that SF may
be achievable in films of low crystalline quality, relaxing
constraints placed on the film manufacturing process. Despite
these positive results, however, much work remains to be done
to achieve low-cost, high efficiency SF-based OPVs. In
particular, it is still not understood how the properties of a
SF absorber are affected by the presence of a complementary
long-wavelength absorber, which is needed to achieve devices
capable of circumventing the Shockley—Queisser limit.>
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Experiments are underway to investigate how the energy
transfer pathways that operate in DPT films are modified in the
presence of a complementary absorber.
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Additional details related to the fitting procedure utilized in
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