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ABSTRACT: Ultrafast infrared and electronic spectroscopy are
used to examine the dynamics of triplet pair separation following
singlet fission in amorphous and crystalline films of the model
singlet fission chromophore, 6,13-bis(triisopropylsilylethynyl)-
pentacene (TIPS-Pn). Probing of correlated triplet pair inter-
mediates directly through their unique vibrational frequencies and
infrared electronic transitions and indirectly through their visible
triplet absorptions reveals that triplet pair separation occurs on
similar picosecond time scales in both amorphous and crystalline
films despite their markedly different average intermolecular
coupling strengths. Although triplet pair separation occurs on
similar time scales in both environments, measurements of
diffusion-controlled triplet—triplet annihilation reveal that the
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diffusivity of triplet excited states is an order of magnitude lower in amorphous films. The data reveal the presence of sparse triplet
traps in the amorphous environment that inhibit the transport of triplet excitons in comparison to crystalline films. These
observations inform recent efforts to develop disordered and polymeric singlet fission sensitizers that contain amorphous regions. In
particular, the data suggest that it may be possible to nanostructure amorphous or polymeric singlet fission sensitizers to allow
ultrafast triplet pair separation and harvesting in photovoltaic and light-emitting applications despite their low triplet exciton

diffusivity.

B INTRODUCTION

Singlet fission is a multiple exciton generation process that
occurs in some conjugated organic molecules' and polymers™’
wherein the fission of a singlet exciton produces two triplet
excitons. Contemporary work on singlet fission suggests that
the process may involve multiple intermediates described by
the expression

$S, = [(TT) 2 (T.T)] =2 T+ T, (1)

where S,S, represents one molecule in its first excited singlet
state neighboring a molecule in its ground state, '(TT)
represents an intermediate species called a correlated triplet
pair, '(T..T) is a spatially separated but still spin correlated
triplet pair, and T, is an independent triplet exciton.*”®
Spectroscopic studies of model systems such as 6,13-
bis(triisopropylsilylethynyl)pentacene (TIPS-Pn) have shown
that the formation of correlated triplet pair '(TT)
intermediates can occur rapidly and with high quantum
yield’™” due to this step being spin-allowed.”

Recent studies of crystalline TIPS-Pn films have demon-
strated that the initial separation of '(TT) intermediates in
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these materials is efficient and can occur on the few
picoseconds time scale.'”'" Likewise, efficient triplet pair
separation also has been observed in the crystalline forms of
other singlet fission materials, such as crystalline rubrene.'” In
general, a high rate of '(TT) separation is often viewed as
desirable because this can facilitate favorable competition with
excited state relaxation pathways that would otherwise reduce
the yield of multiplied triplet excitons.’ As a result, several
studies have suggested that crystalline materials should be
targeted for next-generation singlet fission sensitized photo-
voltaics, for example.'" '

The '(TT) intermediates produced in the first step of singlet
fission in pentacene derivatives are believed to spatially
separate to form separated but still spin correlated
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intermediates '(T...T) before undergoing spin decoherence to
form two independent triplet excitons 2T, (eq 1).">'° In
principle, these triplet excitons can then undergo energy or
charge transfer in a photovoltaic device,'’ > enhancing the
power conversion efliciencies of existing photovoltaic tech-
nologies by reduction of their thermalization losses from
higher energy photons.21 Additionally, singlet fission materials
have also been explored to enhance the efficiencies of organic
light-emitting devices.””

Although the yield of triplet exciton multiplication has been
reported to be nearly 200% from spectroscopic measure-
ments,””>~*° the reported enhancements in the performance
of photovoltaic and light-emitting devices that utilize such
sing et fission sensitization have not been as dramat-
ic,'’ 72%2°7*% which may be related to slower charge transfer
rates observed for triplet excitons.’”® Furthermore, recent
studies of the separation of '(TT) intermediates and triplet
transport in different polymorphs of pentacene derivatives
revealed that triplet exciton transport underpins the dynamics
that lead to triplet pair separation,‘n_"'3 which depends on the
strength of electronic coupling between neighboring mole-
cules.’”® This was determined by demonstrating quantitative
changes in both the rates of '(TT) separation and the triplet
energy transfer rates (proportional to triplet diffusivity) in
polycrystalline TIPS-Pn films.”" These findings suggested that
stronger electronic coupling would lead to improved triplet
transport. However, recent investigations revealed that
electronic coupling that is too strong can accelerate spin-
allowed electronic relaxation processes similar to internal
conversion”” that can limit the ultimate yield of triplet exciton
multiplication.®

This contrast between spectroscopic results and device
studies highlights the need to elucidate the dynamics and
structural factors that influence the rate and yield of '(TT)
separation to form independent triplet excitons. This need is
further emphasized by recent efforts to develop polymeric
singlet fission sensitizers””**~*" because of their potential for
facile thin film processing with a view toward incorporation
into optoelectronic device structures. However, even the most
highly ordered polymers such as high-density polyethylene
contain significant fractions of an amorphous component.*’
Therefore, it is necessary to consider the influence that
amorphous domains have on the dynamics of triplet pair
formation, separation, and transport to understand how
amorphous phases may affect the primary events leading to
triplet pair separation and ultimately the overall yield of triplet
exciton multiplication.

Polymeric singlet fission systems that inevitably contain
amorphous regions have not demonstrated yields for long-lived
triplet multiplication that are as high as crystalline systems for
reasons that remain poorly understood.”****' Recent
observations may provide some insight into this regard. Triplet
diffusivity in amorphous domains of TIPS-Pn was found to be
more than an order of magnitude smaller in comparison to
their diffusivity in crystalline domains of the same material.”’
Other investigators reported exciton diffusion from disordered
regions to “dimer” sites in nanocrystalline films using ultrafast
measurements of singlet fission.'”** These and other
papers”*7*™* reported the sensitivity of the rate and yield
of singlet fission to the intermolecular interactions and crystal
structures of the materials. These intermolecular interactions
may be yet more complex in the mixed amorphous/crystalline

environment of polymeric systems being explored as next-
generation singlet fission sensitizers.

In this work, we use ultrafast time-resolved infrared (TRIR)
spectroscopy and electronic spectroscopy to study singlet
fission reaction dynamics in purely amorphous and in
polycrystalline TIPS-Pn films as a means to investigate the
rates of '(TT) triplet pair separation vs transport in these
environments. This work is motivated by prior studies, which
showed that the vibrational modes of organic molecules such
as TIPS-Pn are sensitive to the formation and separation of
triplet excitons within the material.'""** TRIR spectroscopy is
also used to directly probe the infrared electronic transitions of
initially excited singlet states and '(TT) intermediates. Both
measurements show that the spatial separation of '(TT)
intermediates in amorphous TIPS-Pn films is surprisingly fast,
occurring on the ~6 ps time scale. This time scale is much
faster than prior measurements of '(TT) triplet pair separation
in amorphous nanoparticles of pentacene derivatives dispersed
in solution® and is much closer to the $ and 2.5 ps time scale
observed in Form II brickwork and Form I brickwork phases of
TIPS-Pn films that were reported previously.”'

However, the rate of diffusion-controlled bimolecular
triplet—triplet annihilation in the amorphous TIPS-Pn films
studied here is dramatically slower in comparison to the
crystalline films, causing triplet excited states to persist on time
scales nearly an order magnitude longer than in the Form I
brickwork polycrystalline film under the same excitation
densities. This increase in lifetime is consistent with the
order of magnitude reduction of the diffusivity of triplet
excitons in amorphous phases of TIPS-Pn films.* Our findings
suggest the presence of sparse triplet traps in the amorphous
film environment that break the correlation of the rates of
'(TT) separation and the triplet energy transfer that has been
observed in crystalline systems.”' This result further suggests
that it may be possible to nanostructure amorphous singlet
fission sensitizers such as polymers to enable efficient
utilization of multiplied triplet excitons in photovoltaic and
light-emitting applications despite their low diffusivity.

B METHODS

As-cast TIPS-Pn films were prepared by first dissolving 20 mg
of TIPS-Pn in 1 mL of dichloromethane. The resultant
solution was then spin-cast onto 25 mm diameter, 1.5 mm
thick CaF, substrates at 1000 rpm, producing amorphous
TIPS-Pn films. To obtain polycrystalline films, as-cast TIPS-Pn
films were solvent vapor annealed by using an apparatus
previously described for 1 h.*’

Visible absorption spectra of the TIPS-Pn samples were
collected by using a commercially available instrument
(Beckman, DU 520; Brea, CA). The spectra were back-
ground-subtracted by the CaF, substrate absorption. To
measure the absorption spectra of TIPS-Pn solutions, a liquid
film was formed by pressing a drop of TIPS-Pn solution
between two CaF, optical flats.

Grazing-incidence X-ray diffraction (GIXRD) measurements
were collected by using a PANalytical X'Pert Pro MPD
diffractometer (PANalytical; Almelo, Netherlands). All sam-
ples were measured by using a 1° incident angle and Cu Ka
radiation. All data were read and exported by using Jade 7.0
software.

Scanning electron microscopy (SEM) was completed with a
Zeiss Merlin FE-SEM (Zeiss; Jena, Germany). Samples
deposited and annealed on sapphire substrates were first
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coated with 30 A of iridium to provide the conductive layer
necessary for imaging. After loading, images were collected
with acceleration voltages between 0.5 and 2.0 keV to limit
electron penetration. For cross-sectional images, glass sub-
strates coated with 40 nm gold were cleaved at room
temperature across the center of the substrate.

Nanosecond transient absorption (TA) spectroscopy was
performed by using an enVISion transient absorption
spectrometer (Magnitude Instruments, State College, PA).
The instrument utilized a home-built dye cavity pumped with a
Continuum Surelite 30 Hz, 10 ns Nd:YAG laser (San Jose,
CA). The output of the dye cavity (650 nm) was used as an
excitation source. The continuous wave visible probe was
dispersed through a monochromator before encountering the
sample. The transmitted light was then collected by using
lenses and detected with a photodiode.

Ultrafast TA spectroscopy in the visible spectral region was
performed by using a home-built system previously
described.*’ In brief, an optical parametric amplifier (OPA)
(TOPAS, Light Conversion Ltd., Vilnius, Lithuania) was
pumped by using 100 fs, 800 nm pulses produced by an
amplified Ti:sapphire laser (Vitesse, Coherent, Santa Clara,
CA/Integra-C, Quantronix, Santa Clara, CA). The output of
the OPA was tuned to 650 nm to photoexcite the samples. The
fundamental of the Ti:sapphire laser was focused onto a
sapphire window (WG30530, Thorlabs; Newton, NJ) to create
a white-light supercontinuum that was used as a probe source.
The pump was mechanically delayed relative to the probe by
using a motorized delay stage (IMS600CCHA, Newport;
Irvine, CA). The probe beams were then detected by using a
balanced silicon photodetector (PDB210A, Thorlabs; Newton,
NJ).

FTIR absorption spectra were acquired by using a JASCO
6600 FTIR spectrometer equipped with a DTGS detector. All
spectra were the average of 10 scans in the spectral range of
1200—3200 cm ™. The spectra were background subtracted by
the CaF, substrate absorption and baseline corrected by using
a third-order polynomial. The resolution used for all FTIR
experiments was 2 cm™ .

Ultrafast TRIR TA spectra were collected by using a home-
built system.’® Two optical parametric amplifiers (OPAs)
(TOPAS, Light Conversion Ltd., Vilnius, Lithuania) were
pumped by using 100 fs, 800 nm pulses produced by an
amplified Ti:sapphire laser (Vitesse, Coherent, Santa Clara,
CA/Integra-C, Quantronix, Santa Clara, CA). The output of
one OPA was tuned to 650 nm to photoexcite the samples
while the other was tuned to produce mid-IR probe pulses
between 2000 and 2200 cm™'. Mid-TR probe pulses were
dispersed through a monochromator (Triax, Horiba; Kyoto,
Japan) and detected by using a 32 X 2 element MCT array
detector (Infrared Associates/Infrared Systems Development;
Stuart, FL). The resolution used for all TRIR experiments was
~3.5 cm™.

It was found that the amorphous TIPS-Pn films could
undergo slow thermal annealing if the ultrafast TRIR
measurements were conducted on the same sample over too
long a period of time. Fortunately, such thermal annealing
could be observed by (1) changes of the absorption spectrum
of the films evolving toward the Form II brickwork crystalline
phase,”* (2) the triplet—triplet annihilation kinetics accelerat-
ing due to enhanced triplet diffusivity in the crystalline
environment,”’ (3) faster singlet fission dynamics on the
picosecond time scale, and (4) the hot ground state absorption

feature appearing in the transient vibrational spectra on the
tens of picoseconds time scale.'" We therefore conducted the
ultrafast TRIR measurements of the amorphous films in the
following manner to avoid this problem. Short data acquisition
times of <20 min were used for each amorphous TIPS-Pn film
sample so that the absorption spectrum and annihilation
kinetics were unchanged over the course of each measurement.
Fresh amorphous TIPS-Pn films were used for each measure-
ment. That is, the amorphous TIPS-Pn film results presented
in the article represent the average of several measurements on
several different TIPS-Pn films. The averaging was done to
improve the signal-to-noise ratio. The spectra and kinetics
were similar across all the measurements averaged together.
Finally, we confirmed that the amorphous films did not exhibit
the indications (1), (2), or (3) above (see the Supporting
Information), demonstrating that thermal annealing did not
occur in the amorphous films during the course of the
measurements reported here.

B RESULTS AND DISCUSSION

Figure 1A depicts the visible absorption spectra of solvent
annealed (amorphous) and as-cast (crystalline) TIPS-Pn films
examined in this work that are compared with a spectrum of 20
mg/mL solution of TIPS-Pn molecules in dichloromethane
that was used to spin-cast the films. The absorption spectrum
of the solvent-annealed film exhibits broader vibronic features
and is significantly red-shifted relative to the solution spectrum
due to intermolecular electronic interactions in their crystalline
packing arrangement. Crystalline polymorphs of TIPS-Pn have
unique absorption spectra as reported previously.””>" Analysis
of the absorption spectrum of the solvent annealed film
presented in Figure 1A indicates that the TIPS-Pn molecules in
the film adopt a highly ordered Form I brickwork packing
arrangement, consistent with prior reports.”’ The absorption
spectrum of the as-cast film resembles the solution spectrum
but with broadened and red-shifted peaks, indicating that
molecules in the as-cast film are weakly electronically coupled
to each other in comparison to the solvent-annealed film.
Figure 1B depicts SEM images of the as-cast (amorphous) and
solvent-annealed (crystalline) TIPS-Pn films. The surface
structure apparent in the crystalline film appears as TIPS-Pn
molecules reorganize into crystalline domains during solvent
annealing.

The solid-state order of the as-cast and solvent-annealed
films examined here was investigated by using grazing-
incidence X-ray diffraction (GIXRD) (Figure 1C). The
diffraction pattern of the solvent-annealed film closely matches
the diffraction pattern of TIPS-Pn films that adopt a Form 1
brickwork crystal structure.” Thus, solvent-annealed films,
which are polycrystalline, are termed “crystalline” films here
and in the following discussion. Conversely, the GIXRD
pattern of the as-cast TIPS-Pn film of the same ~100 nm
thickness does not exhibit discernible features in the diffraction
pattern, indicating a lack of crystallinity within the film.
Because of this lack of long-range order, as-cast TIPS-Pn films
are called “amorphous” films here and in the following.

Having characterized the structural properties of the
amorphous and crystalline TIPS-Pn films, we examined the
influence that intermolecular interactions and crystalline order
have on the dynamics of singlet fission using TA spectroscopy.
Figure 2A represents nanosecond TA spectra of the
amorphous and crystalline TIPS-Pn films collected at 20 ns
time delay between 450 and 600 nm following optical
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Figure 1. (A) Visible absorption spectra of as-cast (amorphous) and
solvent-annealed (crystalline) TIPS-Pn films compared to the
absorption spectrum of a TIPS-Pn solution. (B) SEM images of
amorphous and crystalline TIPS-Pn films. Upon solvent annealing,
crystalline structures protrude from the film surface, indicating
reorganization of the molecules into polycrystalline domains. (C)
Grazing-incidence X-ray diffraction patterns measured for solvent-
annealed and as-cast TIPS-Pn films. The diffraction patterns are offset

for clarity.

excitation at 650 nm (50 uJ/cm?), which we use to establish
assignments of transitions in the visible spectral range. The
absorption features appearing in Figure 2A were previously
assigned to the T| — T, transition of the correlated triplet pair
intermediates (*(TT) and '(T..T)) and of triplet excitons
(T,) that have overlapping spectral features.””>* We use this
assignment and will refer to the T, — T, transitions in Figure
2A as the triplet absorption spectra here and in the following.
The triplet absorption spectrum of the crystalline film exhibits
a red-shift in comparison to the amorphous film due to
increased intermolecular interactions between TIPS-Pn mole-
cules in their crystalline packing arrangements. This observa-
tion is consistent with an earlier report that the triplet
absorption spectrum of TIPS-Pn depends on the strength of
intermolecular interactions in the solid state.”

Figure 2B compares the growth kinetics of the triplet
absorption spectra measured in the amorphous and crystalline
TIPS-Pn films between 0 and S0 ps time delays following
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Figure 2. (A) Transient absorption spectra of triplet excitons in the
visible spectral region measured in amorphous and crystalline TIPS-
pentacene films collected at a 20 ns time delay. (B) Transient
absorption kinetics obtained by integrating the spectral region
between 515 and 525 nm following optical excitation at 650 nm.
The kinetics highlight the growth of the triplet absorption feature in
amorphous and crystalline TIPS-Pn films between a 0 and 50 ps time
delay. Note the logarithmic axis. The solid lines represent
biexponential fits to the data. The symbols represent the growth of
the triplet population dynamics obtained from analysis of TIPS-Pn
film’s alkyne stretch mode in the mid-IR. (C) Comparison of the
transient absorption kinetics obtained by integrating the spectral
region between 515 and 525 nm plotted on a linear time axis before
50 ps and a logarithmic time axis afterward to emphasize differences
in the triplet—triplet annihilation kinetics.
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optical excitation at 650 nm (150 uJ/cm?). The kinetics result
from integration of the TA signal between 515 and 525 nm,
which is indicated by the gray shaded region in Figure 2A. The
time origin of the kinetics traces have been shifted by 100 fs to
capture the pulse-limited rise component on the logarithmic
time axis. We note that the growth kinetics displayed in Figure
2B were collected on a different time scale than the spectra
appearing in Figure 2A. However, prior TA measurements
have assigned the sub-50 ps growth of the kinetics appearing in
Figure 2B to the separation of singlet fission intermediates into
triplet excitons.”*®

We quantified the growth of the TA signal appearing in
Figure 2B using the sum of two exponential growth functions
given by

F(t) = f(£)xg(t)

f(t) = Nl[al(l — e—t/r,) + (1 _ az)(l _ e—t/rz)]

]2
3)

where g(t) is an area-normalized Gaussian function used to
represent the instrument response function of our ultrafast TA
instruments, t is time, N; and N, are normalization constants,
a, and a, are scaling factors, 7, and 7, are the lifetimes of the
exponential functions, and y is the full width at half-maximum
of the Gaussian function (~100 fs). Table 1 summarizes the
results of the fits.

)

t

(t) = N, exp|——|—F——
S =R SR 2 n(2)

Table 1. List of Best-Fit Parameters Obtained by Fitting the
Triplet Growth Kinetics Appearing in Figure 2B with Eqs 2
and 3

sample ay Ty (ps) 7, (ps) (7) (ps)
crystalline 0.90 + 0.02 0.11 + 0.01 3.0+ 0.2 0.40 + 0.3
amorphous 0.69 + 0.01 0.10 + 0.02 32+03 1.06 + 0.3

The data reveal that the triplet absorption feature exhibits a
fast rise component on the subpicosecond time scale that has
been assigned to the primary singlet fission reaction to form
I(TT) intermediates.”** As noted earlier, the slower rise
component that occurs on the sub-10 ps time scale in both the
amorphous and crystalline TIPS-Pn films is believed to
indicate the spatial separation of !(TT) states in pentacene
derivatives.”*® The separation of triplets from '(TT)
intermediates increases their absorption cross section, leading
to greater extinction coefficients of '(T..T) states than for
proximal '(TT) intermediates.” We note that the slow rise
component in the amorphous film may also include a
contribution from dispersive excitation energy transport due
to energetic disorder in the amorphous environment. None-
theless, the data and fit results (Table 1) indicate that the
combination of dispersive energy transport and triplet pair

separation in the amorphous film occurs on the sub-10 ps time
scale, suggesting that '(TT) intermediates separate on time
scales similar to the crystalline film.

Figure 2C depicts an overlay of the same TA kinetics traces
but plotted with a linear time axis between 0 and 50 ps and a
logarithmic axis for longer time delays. The representation
emphasizes the differences in the decay kinetics of the TA
signals measured in the amorphous and crystalline films.
Previous excitation energy density dependent measurements in
crystalline TIPS-Pn films demonstrate that the decay of the TA
signal of triplet excitons on later time scales in the crystalline
film is due to bimolecular triplet—triplet annihilation."**° We
therefore assign the decay kinetics represented in Figure 2C to
be dominated by triplet—triplet annihilation in both
amorphous and crystalline TIPS-Pn films. The dashed lines
through the TA data in Figure 2C represent biexponential fit
functions that were used to quantify the time scale for triplet—
triplet annihilation in the measurements. It is noteworthy that
triplet—triplet annihilation occurs on a time scale nearly an
order of magnitude longer in the amorphous vs the crystalline
film (Table 2), which is consistent with the order of magnitude
lower diffusivity of triplet excitons in amorphous domains of
TIPS-Pn."’

The TA data in Figure 2 suggest that triplet pair separation
from '(TT) intermediates in the amorphous and crystalline
TIPS-Pn films occurs on similar time scales despite the
significantly different intermolecular electronic interactions in
these films (indicated by differences in their electronic
absorption spectra, Figure 1A). The time scale of the slower
growth component of the TA kinetics measured in the
amorphous film (assigned to triplet pair separation) is actually
very similar to the time scale for triplet pair separation from
'(TT) intermediates reported in the Form II brickwork phase
of TIPS-Pn’" even though the amorphous film lacks long-range
order (Figure 1C). Note the precautions that were taken to
ensure the amorphous films did not undergo thermal annealing
during the measurements (see the Methods section). Because
these findings were surprising to us, we desired an alternate
method to investigate the dynamics of triplet pair separation
from '(TT) intermediates to validate these observations.
Therefore, we used ultrafast TRIR spectroscopy to characterize
the time scale at which '(TT) intermediates separate in the
TIPS-Pn films examined here.

TRIR spectroscopy has emerged as a technique capable of
examining the influence that molecular structure has on
electronic processes in optoelectronic materials due to the
sensitivity of molecular vibrations to their local environment.>*
For example, nitrile (CN) vibrational modes of molecules were
used to probe electron transfer reactions between small
molecule donors and acceptors following optical excitation.>
Likewise, TRIR spectroscopy was used to study exciton
localization in perylene diimide films,>® ligand—nanocrystal
interactions on the surfaces of colloidal quantum dots,”” and
excited-state vibrational dynamics in halide perovskites.’*>”

Table 2. List of Best-Fit Parameters from Fitting the Longer Time Scale Components of the TA Decay Traces Appearing in

Figure 2C*
sample a, 7, (ps)
crystalline 0.43 + 0.06 240 £ 20
amorphous 0.18 + 0.02 150 + 20

“The decay of the TA signal is due to triplet—triplet annihilation.
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Tave (PS)
(21 +04) x 10°
(14 +03) x 10*

7, (ps)
(34 +0.1) x 10
(1.7 £ 02) x 10*
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Recently, TRIR spectroscopy was used to investigate the
dynamics of singlet fission in polycrystalline TIPS-Pn films."
In that work, the alkyne stretch modes of the TIPS-Pn
molecule’s triisopropylsilylethynyl (TIPS) side groups were
used to probe the dynamics of electronic states involved in the
singlet fission reaction. By monitoring the native vibrational
modes of the TIPS-Pn molecules, the authors determined the
time scale on which '(TT) intermediates separated in
crystalline TIPS-Pn films. Additionally, broad electronic
transitions of '(TT) intermediates were examined in the
mid-IR, providing an independent probe of their formation
and separation. We adopted the same approach to investigate
the separation of '(TT) intermediates in the amorphous vs the
crystalline TIPS-Pn films examined here.

Figure 3A displays the ground-state FTIR spectra of
amorphous and crystalline TIPS-Pn films examined in this
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Figure 3. (A) FTIR spectra of amorphous and crystalline TIPS-Pn
films. The gray shaded box highlights the alkyne stretch modes of the
films. (B) FTIR spectra of amorphous and crystalline TIPS-Pn films
collected in the alkyne stretch region. The chemical structure of the
TIPS-Pn molecule’s triisopropylsilylethynyl (TIPS) side groups is
included for reference.

work. Figure 3B highlights the alkyne stretch modes of the
TIPS-Pn films for comparison to the vibrational features that
appear in the ultrafast TRIR spectra described below. The
chemical structure of the triisopropylsilylethynyl (TIPS) side
groups appears in the figure for reference. Because the alkyne
stretch mode appears in an uncongested region of the mid-IR
spectrum and is coupled to the conjugated framework of the
molecules,” it serves as a probe suited to track the dynamics of
the transient electronic states of the material.""

Figure 4A displays ultrafast TRIR spectra of crystalline and
amorphous TIPS-Pn films measured in the alkyne stretch
region at early (1—10 ps) and late (100—1000 ps) time delays
following optical excitation at 650 nm (150 uJ/cm?®). The
TRIR spectra presented in Figure 4A exhibit a broad electronic
absorption offset in the mid-IR that arises from the
photoexcitation of singlet excitons and '(TT) intermediates
formed in the primary steps of the singlet fission reaction
(dotted lines, Figure 4A).° The origin of the broad mid-IR
absorption has been assigned to a transition from singlet
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Figure 4. (A) Ultrafast TRIR spectra of amorphous and crystalline
TIPS-pentacene films obtained by averaging several spectra at early
(1-10 ps) and late (100—1000 ps) time delays following 650 nm
excitation (~150 uJ/cm?). The dashed lines highlight the broad
absorption offset superimposed on the alkyne stretch vibrational
feature. The prominent ground state bleach (GSB) of the films is
indicated in the figure. (B) Decay kinetics of the broad absorption
offset. The broad absorption offset decays due to the formation of
'(TT) and '(T...T) intermediates and then the subsequent separation
of these intermediates into separated triplet excitons on longer time
scales. The insets show photographic images of the amorphous and
crystalline TIPS-Pn films.

electronic states to higher-lying multiexciton (ME) states.
Superimposed on this broad mid-IR absorption offset are
narrow vibrational features of the alkyne stretch modes of
TIPS-Pn molecules involved in the singlet fission reaction.

Figure 4B represents the decay traces of the broad mid-IR
absorption offsets measured in both the amorphous and
crystalline TIPS-Pn films. Note the logarithmic time scale. The
kinetic traces were obtained by integrating the spectral region
between 2080 and 2120 cm™'. Prior TRIR measurements of
crystalline TIPS-Pn films demonstrated that the subpicosecond
decay of the broad mid-IR absorption offset arises from the
formation of '(TT) intermediates following the primary steps
in singlet fission.” The slower decay of the broad mid-IR
absorption was assigned to the separation of triplet pairs from
the '(TT) intermediates, which occurred on a range of time
scales due to the ability to re-form triplet pair states by triplet
fusion.”"

The data in Figure 4B suggest that the sequence of steps in
the singlet fission reaction (eq 1) occurs more slowly in the
amorphous TIPS-Pn film, but not dramatically so, in
comparison to the crystalline film. For example, the initial
decay of the broad mid-IR absorption in the amorphous film
on the ~0.5 ps time scale suggests that the dynamics to form
the '(TT) intermediates are somewhat slower than in the
crystalline film. Several studies have suggested that triplet
transfer mediates triplet pair separation in crystalline TIPS-Pn
films®'~** and that this process depends on the strength of
intermolecular coupling between molecules.”* Thus, the slower
triplet pair separation rate in amorphous TIPS-Pn films may be
due to a reduction in the average intermolecular coupling
between neighboring TIPS-Pn molecules.

The subsequent decay of the broad electronic absorption in
Figure 4B results from complex kinetic processes that occur on

https://dx.doi.org/10.1021/acs.jpcc.0c07920
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time scales too similar in the amorphous and crystalline films
to distinguish them by visual inspection of the data. Therefore,
we analyzed the decay kinetics using a kinetic model that was
reported previously.”” In particular, we modeled the decay of
the broad absorption offset using a system of coupled rate
equations that describe the singlet fission reaction given by

d[s,S,]
T —ky[S,S,] (4)
df'(rT
% = +k[S;S,] — ko ['(TT)] + kpgl (T...T)] (s)
ST _ )~ kl!(1.1)) ~ ')

(6)
d[T,

where k; are rate constants and ¢ is time. In this model, '(TT)
and '(T...T) represent correlated triplet pair intermediates that
are proximal or that have separated as defined in eq 1. The rate
constant k;, is the rate of singlet fission for form '(TT)
intermediates, k, is the rate of triplet pair separation, kg, is the
rate of fusion of triplet pairs to re-form the '(TT) intermediate,
ks is the rate of complete separation of triplet pairs to form
states with negligible probability of fusing again, and k, is the
rate of triplet—triplet annihilation which is related to the
diffusivity of the triplets within the material.””%"

The coupled rate equations above were solved numerically
using the conditions: [S;Soli = 1, ["(TT)]y = 0,
[(T..T)]ieo = 0, and [T,],.o = 0. Normalized kinetics traces
measured from the broad mid-IR absorptions in the
amorphous and crystalline films are represented in Figure S
which are overlaid with the best fit functions obtained from a
linear combination of the kinetics of the appropriate absorbing
species described by

M%‘if(t) = a[S,S1(t) + a,['(TT)I(t) + ay['(T..T)1(t)

mid-IR

(8)
Here, the g; are fit parameters related to the mid-IR absorption
cross sections of the transient electronic states. We used a
nonlinear least-squares fitting routine to fit the broad electronic
absorption kinetics. The smooth curves overlaid on the data
(circles) in Figure SB show that the kinetic model provides an
accurate description of kinetics over their full time and
amplitude variation. Figure SC highlights the lower amplitude,
longer time scale portion of the kinetics to demonstrate the
fidelity of the fits. The time evolution of the populations of
transient electronic states represented by the kinetic model
appear above the kinetics in Figure SA for reference. The best
fit parameters and corresponding uncertainty limits from the
analysis are represented in Table 3. The rates of triplet pair
separation, k,, for the amorphous and crystalline films obtained

from the analysis are highlighted in Figure SC for emphasis.
The population dynamics obtained from modeling the broad
mid-IR absorption kinetics in Figure 5 reveal that the initial
spatial separation of '(TT) intermediates occurs on the 6.2 +
0.2 and 3.1 + 0.5 ps time scales in amorphous and crystalline
TIPS-Pn films, respectively. These time constants are
quantitatively consistent with the slower rise components of
the triplet absorption kinetics measured in the visible region
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Figure 5. (A) Population dynamics of the singlet fission reaction in
crystalline and amorphous TIPS-Pn films obtained by fitting the decay
kinetics of the broad mid-IR absorption feature appearing in Figure
4B. (B) Best fits to the mid-IR decay kinetics. (C) Expanded region of
the mid-IR decay trace. The best fit (blue solid line) and the fit
components for each population are shown in the figure. The dashed
black lines indicate the approximate time at which correlated triplet
pairs spatially separation in each film.

represented in Figure 2B and summarized in Table 1.
Importantly, the data indicate that in both films the '(TT)
and !(T..T) intermediates persist for hundreds of pico-
seconds,’ suggesting that the triplet pair separation and fusion
processes that ultimately lead to independent triplets occur on
similar time scales in both amorphous and crystalline films.
Independent triplet excitons do not appear to form on the
picosecond time scale within either material.

We note that we do not have distinct spectroscopic features
for '(T..T) states that differ from T, states even though we
represent these populations in the kinetic model. This would
require a magnetic field, which we did not use in the
measurements reported here. Our measurements do provide
distinct spectroscopic features of '(S;S,), '(TT), and spatially
separated '(T--T) states. We rely on kinetic modeling of the
Y(TT), (T-T), and 2T, species that we derive from recent
literature reports and our prior work”"” to describe what the
kinetics of '(T:-T) vs 2T, states may have been to properly
describe the mid-IR TA spectra and kinetics in Figure 5. From
this modeling, we obtain the population kinetics of '(T---T) vs
2T, states.

We sought to gain additional information about the
dynamics of triplet pair separation and triplet transport that
might provide insight about the limited yields of triplet
multiplication observed in amorphous and polymeric singlet
fission sensitizers. Therefore, we utilized the sensitivity of
vibrational modes to the presence of excited electronic states
to track the evolution of triplet excited states during the singlet
fission process.""*’ Figure 6 depicts baseline-corrected ultrafast
TRIR spectra of the amorphous and crystalline TIPS-Pn films
from which we analyzed the vibrational features. The transient
vibrational spectra were obtained by subtracting the best fit of
the broad mid-IR absorption offsets appearing in Figure 4A
from the data for each time point measured in the experiment.

https://dx.doi.org/10.1021/acs.jpcc.0c07920
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Table 3. List of Best-Fit Parameters Obtained by Fitting the Decay Traces Appearing in Figure §

sample a a as ky (PS_I) k, (Ps_l) kre (PS_I) ks (Ps_l) k, (PS_I)
crystalline 0.98 0.13 0.07 12.0 0.30 0.01 41 %1073 5% 107
amorphous 0.93 0.28 0.12 2.0 0.16 0.01 3.5% 1073 7% 107°
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Figure 6. (A) Basis spectra used to fit the ultrafast vibrational transient absorption spectra of crystalline and amorphous TIPS-pentacene films. The
GSB and Sy* spectra were measured by using FTIR spectroscopy. (B) Baseline-corrected ultrafast time-resolved infrared (TRIR) spectra of
crystalline and amorphous TIPS-pentacene films measured in the alkyne stretch region at 1, 10, 100, and 1000 ps following optical excitation at 650
nm (150 yJ/cm?). The spectra are overlaid with the best fit spectra (red lines). The basis spectra of the GSB, triplet (T), and hot ground state Sy*
are overlaid on the data to highlight the characteristic time evolution of the transient populations. (C) Comparison of separated triplet formation
and decay kinetics in the amorphous and crystalline TIPS-Pn films obtained from analysis of the T(¥) vibrational feature. Triplet pair separation
occurs on similar time scales in both films, but triplet—triplet annihilation occurs much more slowly in the amorphous film under comparable

conditions.

The TRIR spectra presented in Figure 6 were modeled by
using a method previously developed to monitor the
population of triplet excitons during the singlet fission
reaction.'” A complete description of this method is given in
the Supporting Information. In brief, the TRIR spectra were
modeled using the sum of three basis functions given by

F(0) = mGSB(D) + n,T(D) + nyAAq,,(9) (9)
where © is frequency in units of wavenumbers, GSB(D) is the
inverted FTIR spectrum for each sample, T(D) is a skewed
Lorentzian function, and AAry,, is the temperature difference
spectrum of the alkyne stretch of the hot ground state obtained
from temperature-dependent FTIR measurements (see the
Supporting Information). These basis functions are shown in
Figure 6A for reference. The best fits obtained from fitting the
TRIR spectra with eq 9 (red lines) are overlaid onto the data
(circles) in Figure 6B. For comparison, the corresponding basis
spectra scaled according to their best fit amplitudes also are
shown in each panel. Note that the shapes of the GSB(¥) and
AArey, spectra were determined experimentally. Only the
shape of the T(¥) is a skewed Lorentzian function that was
adjusted during the fitting procedure. This approach con-
strained the fitting procedure and permitted us to analyze the
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population dynamics from the evolution of TRIR spectra with
high fidelity.

On early time scales (~1 ps), the TRIR spectra of both the
amorphous and crystalline TIPS-Pn films (top of Figure 6B)
match the inverted FTIR spectra GSB(Z) of the samples
(Figure 3B and reproduced in Figure 6A). However, by 10 ps
the transient vibrational features of both films begin to deviate
from the inverted FTIR spectra due to the formation of a new
electronic state that has a distinct alkyne stretch at lower
frequency relative to the ground state bleach feature. For
example, the best fit curves overlaid on the 10 ps spectra of
both films are well described by the sum of the inverted FTIR
spectrum (blue curves) and the positive peak of this new
electronic state T(D) (green curves). Prior TRIR measure-
ments of TIPS-Pn assigned the T(D) vibrational feature to the
alkyne stretch mode of spatially separated triplet pairs '(T...T)
and triplet excitons (T,).""* We note that the underlying
reason we observe a distinct alkyne stretch frequency for
spatially separated and independent triplet excitons but not for
singlet excitons or proximal triplet pairs remains an interesting
area of investigation.”” We speculate that the change in
frequency is related to a change in electron density near the
alkyne groups caused by variation of the spatial component of

https://dx.doi.org/10.1021/acs.jpcc.0c07920
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the electronic states that must accompany the spin transition
from singlet to triplet states.

On longer time scales, a second absorption feature centered
at ~2124 cm™ appears in the 100 and 1000 ps TRIR spectra
of the crystalline film presented in Figure 6B (magenta curves).
Comparison of this vibrational feature with the temperature
difference FTIR spectra measured in the TIPS-Pn films AAr,,,,
(AT = 345 K — 295 K) reveals that it arises from heat
deposited into the film as a result of electronic and vibrational
relaxation processes. This feature is most clearly observed in
the crystalline TIPS-Pn film, which undergoes faster triplet—
triplet annihilation (Figure 2C). Interestingly, the AAgem,
feature does not contribute significantly to the TRIR spectra
of the amorphous pentacene film in comparison to the
crystalline film. This is consistent with the reduction of the rate
of triplet—triplet annihilation that gives rise to the longer-lived
triplet absorption kinetics trace in the amorphous film. We
note that the absence of the AAr,,,, feature in the amorphous
film serves as an internal indicator that the film did not
thermally anneal to form a crystalline phase during the course
of the experiments.

Fitting the TRIR spectra at each time point by using eq 9
permitted us to analyze the population dynamics of separated
triplet states in the amorphous and crystalline TIPS-Pn films
through their T(Z) vibrational features. Figure 6C displays the
triplet population kinetics for each film obtained by plotting
the area of the T(Z) vibrational feature in each film as a
function of time. Similarly, the dynamics of the hot ground
state population Sy* are obtained from the AAr,,,, feature and
shown in the Supporting Information. The growth of the
triplet population in each film was quantified by using a kinetic
model that takes into account the separation of '(TT)
intermediates to spatially separated triplets (see the Supporting
Information) and their subsequent decay, which is dominated
by triplet—triplet annihilation."®*° From the exponential fits,
we determined that triplet pair separation from '(TT)
intermediates occurred on the 6 + 0.5 and 3 + 0.5 ps time
scales in amorphous and crystalline TIPS-Pn films, respec-
tively. These time scales are in quantitative agreement with the
results obtained from analysis of the broad mid-IR absorption
kinetics traces appearing in Figure 5. Note that the open
symbols appearing in Figure 2B for the amorphous and
crystalline films represent the time dependent rise of the T(¥)
vibrational features obtained from the analysis of the transient
vibrational spectra described here. The vertical lines marking
the time constants of the rise of the T(¥) vibrational features
match the slow rise components observed in the triplet
absorption kinetics traces, consistent with prior assignments
that both metrics indicate the time scale for separation of
'(TT) intermediates. Consequently, we conclude that triplet
pair separation from '(TT) intermediates occurs on similar
time scales in the amorphous film as is observed in crystalline
TIPS-Pn films despite the lack of long-range order in the
amorphous environment.

We note that prior reports of triplet pair separation in
amorphous nanoparticles suggested that the process occurs on
longer time scales.” We speculate that amorphous nano-
particles formed by rapid injection of concentrated TIPS-Pn
solutions into water in that work® may differ in structure from
the amorphous TIPS-Pn films spin-cast from dichloromethane
solutions examined here. The dry-down time for the spin-cast
film is longer than the abrupt precipitation of nanoparticles in
water. It is likely that TIPS-Pn molecules in the amorphous

nanoparticles had weaker average intermolecular interactions
and slower triplet pair separation dynamics in comparison to
amorphous TIPS-Pn films examined here.

Finally, we consider the implications of the differences in
triplet decay kinetics appearing in Figures 2C and 6C. Both
measures of the triplet population dynamics reveal that triplets
decay much more slowly in the amorphous film under the
same excitation intensity conditions. It is understood that the
density of triplet excitons may be lower in the amorphous
TIPS-Pn film because the yield of triplet exciton formation has
been estimated to be ~75% of the yield observed in the
crystalline film.* This and the similarity in time scale of the
triplet separation dynamics k, and k; obtained from kinetic
modeling of the amorphous and crystalline films in Figure 5C
and Table 3 suggest that triplets have comparable potential to
separate in both films. Therefore, we do not believe the nearly
order of magnitude variation in triplet decay time can be
explained by differences in triplet densities in the amorphous
vs the crystalline TIPS-Pn films.

The observation of similar time scales for *(TT) separation
but markedly different time scales for triplet—triplet
annihilation in the amorphous vs the crystalline TIPS-Pn
films is intriguing. We recall that the process by which '(TT)
intermediates separate in TIPS-Pn and the diffusion of triplet
excitons both involve triplet energy transfer.’' ~** For example,
a recent report demonstrated that the rate of '(TT) separation
k, (eq 6) and the bimolecular constant for triplet—triplet
annihilation k, (eq 7) varied in direct proportion to each other
comparing different polymorphs of TIPS-Pn.’' If the
amorphous film behaved similarly, we would anticipate only
a factor of 2 change in the time scale for triplet—triplet
annihilation. The amorphous film by contrast exhibits a nearly
order of magnitude increase in the time scale for triplet—triplet
annihilation (Table 2 and Figure 6C), indicating that triplets
diffuse more slowly in the amorphous environment. This result
is consistent with previous reports that demonstrated a marked
reduction in the bimolecular rate constant ki, for triplet—triplet
annihilation in amorphous TIPS-Pn films.*

The similarity in time scale of the triplet separation
dynamics of the amorphous and crystalline films combined
with the markedly lower triplet diffusivity and slower
annihilation kinetics suggests that states exist in the amorphous
TIPS-Pn film that inhibit triplet energy transfer. For example,
prior results demonstrated that triplet excitons in amorphous
films have shorter exciton diffusion lengths (~20 nm) than
they have in Form I brickwork crystalline films (~80 nm).*
Because the triplet pair separation and fusion dynamics on the
100 ps time scale’ are similar in both amorphous and
crystalline films (Figure SC), we conclude that these states are
relatively sparse. We will refer to these states that impede
triplet transport as triplet traps, although the nature of such
triplet trap states remains to be determined. We note that time-
resolved fluorescence measurements in amorphous TIPS-Pn
films revealed the presence of states that trapped singlet
excitons, which enabled fluorescence to be detected from
TIPS-Pn molecules in the amorphous film environment.’

We speculate that the structural disorder that gives rise to
such states may also lead to the trapping of triplet excitons. For
example, the amorphous TIPS-Pn films examined here may
contain a distribution of structures and intermolecular coupling
strengths. Thus, while the average intermolecular coupling in
amorphous TIPS-Pn films is low (based on its absorption
spectrum, Figure 1A), there may be clusters of molecules that
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experience stronger coupling, affecting singlet fission and
triplet pair separation rates. Conversely, there may be clusters
of molecules that experience such low intermolecular coupling
as to appear isolated in the film. Molecules in such locations
may be responsible for the observation of fluorescence from
singlet states in the amorphous film® and also may serve as
triplet traps due to the low diffusivity that triplets would
experience once they encountered such isolated states.*’ In
this latter case, triplet traps would function in this role not
because of energetic disorder but because of kinetic trapping
due to low electronic coupling with their neighboring
molecules. We believe that future work which investigates
the structural characteristics of the TIPS-Pn films that lead to
triplet traps will provide important information regarding the
formation of such states in amorphous materials.

The presence of sparse triplet traps in amorphous TIPS-Pn
films suggests a plausible explanation for the modest triplet
multiplication yields that have been observed in polymeric
singlet fission sensitizers.”**"*' For example, recent work has
suggested that excimer formation in amorphous TIPS-Pn
nanoparticles may cause '(TT) intermediates to return to their
ground electronic state before separation.® We speculate that,
like amorphous TIPS-Pn films, polymeric singlet fission
sensitizers may contain triplet traps that reduce the diffusivity
of triplets formed from singlet fission and may accelerate
excited state relaxation processes that compete with the
separation of multiplied triplet excitons following singlet
fission.

The observation of rapid triplet pair separation in
amorphous TIPS-Pn films that is comparable to polycrystalline
systems suggests that it may be possible to utilize amorphous
or mixed phase singlet fission sensitizer systems and polymers
in practical applications. The presence of sparse triplet trap
states in amorphous films suggests two approaches going
forward. One approach would seek to identify the structural
origins of triplet traps and find molecular structures that self-
assemble in patterns that avoid them. Another approach would
nanostructure amorphous or polymeric singlet fission sensi-
tizers so that triplet excitons do not need to diffuse far to be
harvested. This approach may have the advantage of allowing
triplet traps to accelerate the decorrelation of triplets from
their spatial and spin pair states following singlet fission. This
could enhance the overall yield for harvesting multiplied triplet
excitons by avoiding relaxation processes that can occur before
such pair states separate.

B CONCLUSION

In this work, the separation of triplet pair intermediates in
amorphous and crystalline TIPS-Pn films was monitored by
using time-resolved infrared and electronic transient absorp-
tion spectroscopy. In both amorphous and crystalline TIPS-Pn
films, triplet pair intermediates were shown to spatially
separate on the sub-10 ps time scale, despite TIPS-Pn
molecules in the amorphous film lacking long-range order.
The irreversible separation of these intermediates occurred on
the hundreds of picoseconds time scale and likely involved
multiple triplet separation and fusion events. The similarity of
the singlet fission reaction dynamics in both amorphous and
crystalline TIPS-Pn films suggests that materials with low
crystalline order, such as polymers, can be utilized in singlet-
fission sensitized photovoltaic or light-emitting devices.
However, measurements of diffusion-controlled triplet—triplet
annihilation revealed that triplet transport in amorphous films

occurred much more slowly in comparison to crystalline films.
The data suggest the presence of sparse states in the
amorphous environment that inhibit long-range triplet trans-
port. The presence of such states, which we call triplet traps,
may provide insight about why low triplet multiplication yields
have thus far been observed in polymeric singlet fission
sensitizers. The fast rates of triplet pair separation in both
crystalline and amorphous environments of TIPS-Pn observed
here suggest that it may be possible to nanostructure
amorphous or polymeric singlet fission sensitizers to efficiently
harvest multiplied triplets despite their low diffusivity in the
amorphous environment.
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