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1.) Methods
a.) Materials
TIPS-tetracene was synthesized according to the procedure in reference [1]. This
material incorporates two triisopropylsilylethynyl (TIPS) groups coordinated to the
para-positions of the second benzene ring in tetracene. The TIPS side groups make
TIPS-tetracene highly soluble (up to 300 mg/ml in chloroform) and substantially
change the crystal structure (see structural characterization below).
For all of the optical measurements TIPS-tetracene was either spin coated or drop cast
onto 13 mm diameter fused silica substrates in an oxygen free environment. Samples
were measured under vacuum or, for low temperature measurements, in a helium
dynamic flow cryostat.
b.) Optical Spectroscopy
UV-Vis absorption spectra were measured on a Cary 400 UV-Visible Spectrometer
over the photon energy range 1.55 eV-3.54 eV. Steady-state photoluminescence
spectra were collected using a pulsed laser at 2.64 eV (PicoQuant LDH400 40 MHz)
and collected on a 500 mm focal length spectrograph (Princeton Instruments,
SpectraPro2500i) with a cooled CCD camera.
Time-resolved photoluminescence decay was measured using time-correlated single
photon counting (TCSPC), an intensified CCD camera (ICCD) and a transient grating
set-up (TGPL). For all measurements the sample was measured in either a side-on or
backward reflection geometry, to mitigate self-absorption. The TCSPC set-up uses the
same excitation source and camera as the steady-state PL and has a temporal
resolution of 300 ps.
Transient grating measurements were measured by a home-built transient-grating
photoluminescence spectroscopy (TGPLS) [2]. Briefly, a Ti-Sapphire amplifier
provided 470 nm excitation pulses from an optical parametric amplifier and 800 nm
fundamental outputs for transient grating optical gate. The excitation intensity is ~40
µJ/cm2. No photodegradation was found during the measurement. All reflective optics
was used between the sample and nonlinear gate medium to minimize the dispersion
of PL. The broadband PL emission was diffracted by transient grating optical gate
generated by inference of two gate beams on a 1 mm fused silica plate. The gated PL
was spectrally resolved and detected by a spectrograph (SP2300 by Princeton
Instruments) and an intensified CCD (ICCD, PIMAX 3 by Princeton Instrument).
Spectral bandwidth of the setup is from 500 to 740 nm limited by bandpass filters to
block the residual of 470 nm excitation and 800 nm gate laser pulses. The electronic
gate width of the ICCD was set at 10 ns. It took 10 second for the ICCD to
accumulate 30000 shots for a time-resolved spectrum at each time delay. Four scans
were averaged to improve the signal-to-noise ratio of time-resolved spectra and
kinetics.
Nanosecond- millisecond spectrally-resolved photoluminescence measurements were
made using an intensified CCD camera (ICCD). For the ICCD measurements the
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excitation source was the output of a home built NOPA, a 2.33 eV laser pulse at a
1kHz repetition rate.
The photoluminescence quantum efficiencies of the films were measured using an
integrating sphere and a 2.33 eV excitation source. These measurements were
performed on encapsulated films at room temperature.
Transient absorption spectra were recorded on a setup that has been previously
reported [3]. Spectra were recorded over ultrafast (20 fs- 2 ps), short (50 fs- 2 ns) and
long (1 ns-1 ms) time delays with probe ranges covering from 2.48 eV- 1.55 eV and
1.55 eV- 1.13 eV.
The ultra-fast (20 fs) TA experiments were performed using a Nd :YAG based
amplified system (PHAROS, Light Conversion) providing 14.5W at 1025nm and
38kHz repetition rate. The TA setup is similar to the TA set-up described above, the
probe beam being generated by focusing a portion of the fundamental in a 4mm YAG
substrate. The pump beam is generated using a NOPA (37° cut BBO, type I, 5°
external angle) pumped with the third harmonic of the source (HIRO, Light
Conversion). The amplified 3mm YAG-generated white light results in 525nm
centered, 25nm bandwidth 600µW pulses. The pump pulses are compressed using
chirped mirrors and leads to pulse durations in the 40-20fs range. The 525nm NOPA
pump pulses and white light are overlapped in the sample with a 8.7° angle using
reflecting optics. The white light is delayed using a computer-controlled piezoelectric
translation stage, and a sequence of probe pulses with and without pump is generated
using a chopper wheel on the pump beam. After the sample, the probe pulses are
seeded through a monochromator and imaged using an InGaAs photodiode array
camera (Sensors Unlimited/BF Goodrich) so as to measure the transient difference
absorption between 540 and 1000nm at a 19kHZ rate.
For short-time (ps-TA) measurements a portion of the 1 kHz pulses from the central
Ti:sapphire amplifier system (Spectra-Physics Solstice) was feed into a TOPAS
optical parametric amplifier (Light Conversion) to produce a tunable narrowband 2.33
eV pump beam. A second portion is directed into a series of home-built NOPAs,
modelled on Cerullo et al.[4], to generate probe beams in the visible and near-IR. For
short-time measurements the probe is delayed using a mechanical delay-stage (Newport). For long-time (ns-TA) measurements a separate frequency-doubled Q-switched
Nd:YVO4 laser (AOT-YVO-25QSPX, Advanced Optical Technologies) is used to
generate the pump. This laser produces pulses with a temporal breadth below 1 ns at
2.33 eV and has an electronically controlled delay. The pump and probe beams are
overlapped on the sample adjacent to a reference probe beam. This reference is used
to account for any shot-to- shot variation in transmission. The beams are focused into
an imaging spectrometer (Andor, Shamrock SR 303i) and detected using a pair of
linear image sensors (Hamamatsu, G11608) driven and read out at the full laser
repetition rate by a custom-built board from Stresing Entwicklungsburo.
Initial measurements were recorded at a range of laser fluences (5-400 µJ/cm2) on
both the ps and ns transient absorption set-ups. We find S1 decay is unaffected by S1S1 annihilation up to 100 µJ/cm2. The same rate of decay across the fluence series rule
out any bi-molecular decay below 100 µJ/cm2. For the measurements on the
crystalline films we found higher pump power were needed, due to the additional
4

noise in the measurement from scattering. We found that that the decay of the longlived triplet absorption features are insensitive to fluence, up to 400 µJ/cm2.
In all measurements every second pump shot is omitted, either electronically for longtime measurements or using a mechanical chopper for short- time measurements. The
fractional differential transmission (∆T/T) of the probe is calculated for each data
point once 500 shots have been collected. Positive signals are due to stimulated
emission of excited states (SE). Photoinduced absorptions of excited states (PIA) are
observed at lower energies as negative signals.
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2.) Structural Characterization
For the polycrystalline films, they are composed of large (~ 100 µm diameter)
domains of aligned crystallites (100 nm diameter) and TIPS-tetracene does not pack
in a herringbone arrangement, as found in pentacene and tetracene, nor in a 'bricklike' motif, as in TIPS-pentacene. Instead, the TIPS-tetracene molecules are arranged
in loose 1D chains, where the molecules are offset with little overlap of the tetracene
cores. Disordered films contain smaller aligned domains (~30 nm in diameter), of
undetermined molecular packing, surrounded by large amorphous regions.
a.) GIWAXS images
Grazing incidence wide angle X-ray scattering measurements were performed at
beamline I07, Diamond Light Source, UK, using a Pilatus 1M detector and beam
energy of 12.5keV.
We measured the GIWAXS images for the spin-coated disordered and the dropcast
polycrystalline film. The disordered films presented in the paper are all spun from 1030 mg/ml solution. The polycrystalline films presented in the main text are made via
dropcasting from toluene solution.

Figure S1: GIWAXS images for a spin coated TIPS-tetracene film, spun from 10
mg/ml chloroform solution.
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Figure S2: GIWAXS images for a dropcast polycrystalline TIPS-tetracene film.
For the dropcast sample we observe Debye-Scherrer rings that indicate there are
crystallites with a preferred orientation. The thickness of the coherently scattering part
of the film (crystallite size) was determined by the Scherrer formula, which assumes
spherical grains [5]. The Scherrer formula predicts domains on the order of 0.09 µm
for the dropcast sample. The spin-coated sample shows no rings present. For a film
spun from 30 mg/ml, the Scherrer formula gives a crystallite size of 34 nm.
b.) X-ray diffraction data for single crystal TIPS-tetracene and dropcast
polycrystalline films.
X-ray diffraction measurements were performed using a Bruker D8 setup and a
wavelength of 1.5406 angstrom. We compare the X-ray diffraction recorded for three
polycrystalline films with the diffractogram of the single crystal.
Figure S3 shows the different dropcast samples all give diffraction peaks that are
observed in the powder diffractogram of the single crystal. We can see the single
crystal powder diffractogram displays many diffraction peaks. This is because the
powder is composed of crystallites at random orientations on the film. The dropcast
films show fewer peaks, indicating the measurement is sensitive to certain crystallites.
This is evidence that the crystallites are packed with a preferential orientation relative
to the substrate surface. We see intense peaks at 0.7 and 1.0 A-1. These peaks are
assigned to the (111) and (121) planes. The (111) plane lies parallel to the substrate
surface. Thus, we can determine the relative orientation of the majority of TIPStetracene molecules to the substrate surface- this is shown in Figure S4. The long axis
of the molecule lies along the substrate surface.
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Figure S3: X-Ray diffraction recorded for three different TIPS-tetracene crystalline
films (black traces). The powder diffractogram of the single crystal was calculated
based on the unit cell parameters of TIPS-tetracene using Mercury. The Bragg peaks
observed for the drop cast samples have a comparable width of the diffraction peaks
for the single crystal but exhibit a consistent shift to smaller Qz values which we
relate to an increase in the lattice dimensions in the dropcast samples. We note that
not all peaks of the powder data are observable in the XRD-data of the dropcast
samples due to a preferred orientation of the crystallites in the dropcast films.

Figure S4: Orientation of one molecule in the TIPS-tetracene structure with respect
to the (111) and (121) crystal planes.
c.) Determination of average crystallite grain size.
The average crystallite size of the dropcast films was estimated from the full width
half maxima of the Bragg-peaks in the XRD data using the Scherrer formula. This
method assumes spherical grains, thus is expected to give just a rough estimate. From
our collection of 13 dropcast samples we determined an average crystallite diameter
of ~90 nm and a spread of sizes of ~40- 200 nm. We determine from the GIWAXS
images that these crystallites are preferentially aligned and we observe in the
8
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Figure S5: One unit cell of the crystal structure of TIPS-tetracene. The unit cell is
orthorhombic with a = 14.22, b = 15.13, c = 16.85 angstrom and consists of four
rotationally inequivalent molecules per unit cell.
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3.) Photoluminescence
a.) Photoluminescence Quantum Efficiency (PLQE)
Sample

PLQE

Disordered
film
Polycrystalline
film
Concentrated
solution*
Dilute
solution*

0.03 ± 0.005
0.01 ± 0.005
0.02 ± 0.005
0.82 ± 0.01

Table 1: Room temperature PLQE values for the disordered and polycrystalline films
and concentrated and dilute solution.
* Solutions were in chloroform. Concentrated= 300 mg/ml and dilute= 3mg/ml.
The PLQE values at room temperature for both films is low: ~ 3 % and 1 % for the
disordered and polycrystalline films respectively. As the temperature is lowered to 10
K we observe a rapid increase in PL intensity for the disordered film (x20) but less of
an increase in the polycrystalline film (~ x2.5). Below, we represent the changes in
intensity and spectrum with temperature, and show the time-resolved PL behavior.
b.) SVD Components of Time-resolved Emission Scans
We observe prompt S1 emission and red-shifted TT emission in both film types.
Below we display the spectra identified using singular value decomposition and their
associated kinetics, in the disordered film.

Figure S6: We use singular value decomposition (SVD) to determine the principal
components in the TRES scans. Here, we present the two main SVD components for
the disordered film measurement at 10 K. We observe S1 emission that is instrument
limited (<300 ps) and longer-lived red-shifted emission (τ= 50 ns). We note the
spectral resolution for this measurement is 10 nm therefore the weak vibronic
features in the TT spectrum (seen clearly in the steady-state measurement) are harder
to see.
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c.) Solution and Film TT emission
We plot the normalized steady-state emission for the concentrated solution and
disordered film to highlight the similarity in spectral shape in the TT emission. The
solution spectrum shows a more S1 emission due to the slower S1 decay rate in the
solution system. The TT state in both systems shows a similar lifetime (~7.8 ns in
solution and 10 ns in the film).
The similarity in spectral shape between the TT state in the disordered film and
solution suggests that the molecules in the TT states find a similar intermolecular
geometry in both systems. We expect that the TT excimer state formed in solution
represents the optimal intermolecular interaction, a pi-stacked dimer, and we predict
that such sites also exist in the disordered morphology and are preferentially
populated by the TT state.

Figure S7: Normalized steady state emission and time resolved emission (at 650 nm)
of concentrated TIPS-tetracene solution (red) and the disordered film (black). The
steady state emission of the concentrated solution and disordered film is normalized
to the peak of the TT emission at 650 nm
d.) Determination of activation energy
We fit the rate of the red-shifted emission for the disordered and crystalline films
against temperature, to the expression,
𝑦 = 𝐴 + 𝐵 × 𝑒(

!"#
)
!

where,
A = rate of emission at negligible temperature.
Eac= Activation energy
For each film the emission displays two time constants, and here we plot the second,
longer emissive decay rate against temperature. We extract an activation energy of
~90 meV for the disordered film and ~50 meV for the crystalline film. For the
crystalline film there are fewer data points, and the emission is very weak, making
this a rough estimate.
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Figure S8: The fluorescence rate (s-1) at 650 nm plotted against temperature (K) for
the TT emission in the disordered film (left) and polycrystalline film (right). We
determine an activation energy of ~90 meV and ~50 meV respectively.
e.)Transient Grating Photoluminescence Spectroscopy
Transient grating measurements were carried following a protocol set out in reference
[2] on a set-up with a time resolution of 200 fs from 1 ps- 100 ps.

Figure S9: Spectra taken at 0.5 ps- 10 ps, normalized to the maximum of the 0-1 peak,
from the transient grating photoluminescence measurement of the disordered film
(top) and polycrystalline film (bottom) at 295 K. We observe a loss in intensity in the
0-0 peak over the first 10 ps in the disordered film, but no change in the 0-0/0-1 peak
ratio in the polycrystalline film.
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Figure S10: Decay of S1 PL at 540 nm for the disordered (a) and polycrystalline (b)
films, measured on the TG set-up. Both decays are fit to a biexponential decay with τ1
set to 250 fs. We obtain τ2 fluorescence lifetimes of 11.6 ± 1 ps and 12.2 ±1.3 ps
respectively.
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4.) Transient Absorption Spectroscopy
a.) Fluence dependence

Figure S11: S1 decay in a disordered film, measured with a pump wavelength of 532
nm. We observe that the S1 decay is unaffected by fluence up to ~ 100 uJ/cm2 for both
film types.

Figure S12: Fluence-dependence of the transient absorption decay at 850 nm (TT and
T1 absorption peak) in the disordered film at 295 K, excitation wavelength= 532 nm.
We observe little fluence-dependence in the disordered film before 100 ns, consistent
with monomolecular decay. The decay of separated T1 is accelerated slightly at
higher fluence.
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Figure S13: Fluence-dependence of the transient absorption decay at 850 nm (TT
and T1 absorption peak) in the polycrystalline film at 295 K, excitation wavelength=
532 nm. The TT decay in the polycrystalline film shows no strong dependence on
fluence up to 400 uJ/cm2.
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b.) Ultrafast TA spectra
TA spectra of TIPS-tetracene films were measured with 10 fs time resolution. Below
we present the TA spectra, the residual maps recovered after globally fitting the TA
maps and the FFT maps of the residuals.
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Figure S14. (a,b,c) Ultrafast transient absorption spectra of dilute solution, a
disordered film and a polycrystalline film. (d,e,f) The residuals maps of a-c recovered
after globally fitting a-c and subtracting the electronic populations. (g,h,i) The FFT
maps of measurements a-c.

16

800

Disordered Film
0.005000

600

Time, fs

0.002500

400
0.000

200

-0.002500

-0.005000

0

600

700

800

900

1000

1100

1200

1300

Wavelength, nm

Figure S15: Transient absorption measurement of the disordered film from -100 fs to
800 fs.
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Figure S16: Transient absorption measurement of the polycrystalline film from -100
fs to 800 fs.
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Figure S17: (Below) The map of vibrational coherence (residual map once the electronic
population kinetics have been removed) of the crystalline film, from 0-1ps. The position of
visible nodes in the vibrational coherence is marked with a dashed line. These correspond to
peaks in the transient absorption (above).
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Figure S18: Schematic of the TA and FFT spectra of an oscillatory wavepacket on an excited
state potential energy surface. As the wavepacket oscillates around the minimum of the PES
surface the energy of the PIA shifts to higher and lower energies. The regions of largest
intensity difference occur around the PIA centre, resulting in a node in the FFT map.
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Figure S19: The FFT spectra of the 315 cm-1 and 760 cm-1 modes for the crystalline
film. The probe frequency of the modes differs slightly, with the 315 cm-1 mode
showing stronger activity in the near-IR region (>1200 nm). The spectral shape of the
two modes also differs: the 315 cm-1 mode reveals clear nodes at 620 nm, 760 nm and
850 nm, while the 760 cm-1 spectrum shows a loss of these nodes and a shifting of the
node at 850 nm.
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Figure S20: The FFT spectrum of the 315 cm-1 mode, with the nodes highlighted with
dashed lines, and the average TA spectrum from 0- 150 fs, representing the S1
absorption in the crystalline film.
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Figure S21: The FFT spectrum of the 760 cm-1 mode, with the nodes highlighted with
dashed lines, and the average TA spectrum from 90-100 ps, representing the TT
absorption in the crystalline film.
Assignment of vibrational modes in TIPS-tetracene.
We can interprete the nature of the vibrational modes obtained in the Fourier
Transform of the TA oscillations, based on the previously-assigned stretching
frequencies of tetracene.
The solution and resonance Raman spectra include low frequency modes at 315 cm-1,
500 cm-1 and 650 cm-1, of which equivalent modes in tetracene have been assigned to
deformation C-C-C stretches [6]. In addition, high-frequency modes are observed
between 1200 and 1300 cm-1, a region usually assigned to C-C ring stretching. In the
film spectra (green and purple traces) we observe additional modes that are not
present in either the solution or the ground state spectra, namely modes at 760 cm-1,
890 cm-1 and 1090 cm-1. This frequency range is associated with C-C deformation
stretches in tetracene.
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c.) Ultrafast rise of the TT state (results obtained with spectral deconvolution
algorithm).
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Figure S22: The output of a spectra deconvolution algorithm run over the ultrafast
TA measurement of the disordered film from 30 fs- 10 ps.
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d.) Temperature-dependence
i.)

S1 ps decay

Figure S23; Decay of S1 in a disordered film from TA measurements at 10 K and 295
K. Lifetimes of 10 ps and 9 ps.

Figure S24: Decay of S1 in a polycrystalline film from TA measurements at 10 K and
295 K. Lifetimes of 16 ps and 17 ps.
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ii.) TT dissociation
We observe thermally-activated TT separation in the disordered film at 295 K. At 10
K we do not resolve any dissociation of the TT state. In the crystalline film we
observe no dependence on temperature over the ns- ms timescale and resolve only the
TT state absorption spectrum.

Figure S25: The two spectral species identified in the 295 K ns-TA measurement of
the disordered film. Species 1 shows a broadened absorption with the T1 peaks blueshifted by ~5 meV. Species 2 shows the T1 absorption peaks observed in solution and
confirmed to be T1 via a separate sensitization technique.

Figure S26: The two kinetic components that correspond to the SVD spectral
solutions for the 295 K ns-TA measurement of the disordered film. Species 1
represents the TT decay and shows a 10 ns lifetime. Species two corresponds to the
decay of T1 and shows lifetimes of 570 ns and 10 µs.
At 10 K we do not resolve TT separation in the disordered film; we identify only one
spectral species using SVD (Fig S21), the TT state, and we observe no spectral
shifting in the band position. The singular value spectra for the 10 K and 295 K
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nanosecond TA measurements, in the NIR spectral range, are shown below. There are
two outlying components at 295 K, the TT and T1 + T1 and only one at 10 K.
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Figure S27: The ns-TA spectra of a disordered film at 10 K.
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Figure S28: The singular values from the SVD analysis of the disordered film at 10 K
(left) and 295 K (right). The SVD only identifies one principal component at 10 K (the
TT state) and two at 295 K (TT and T1 + T1).
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Figure S29: The shift in T1 peak position (966 nm peak) at 295 K in the disordered
and polycrystalline films over the first 100 ns after excitation. The y axis is defined as
the shift in peak position relative to the wavelength of the max intensity at 1 ns. We
observe that the disordered film peak position shifts by ~ 6 nm (5 meV) over the first
10 ns as the TT dissociates into T1 + T1. In contrast, the max peak position in the
crystalline film shifts one pixel over the first 100 ns. We note that the resolution of the
TA measurement is ~1 nm.
e.) Spectral assignments
TT absorption

Figure S30: The TT absorption spectrum identified by the spectral deconvolution
algorithm for concentrated solution, the disordered film (295 K) and the
polycrystalline film (295 K). The T1 absorption bands displayed in the TT absorption
are indicated with the dashed grey lines. We note the extra 900-920 nm TT absorption
band is clear to see in the solution and crystalline material. It is broadened in the
disordered film.
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T1 absorption
The TIPS-tetracene T1 absorption spectrum was confirmed in the solution study using
a T1 sensitization experiment with N-methylfulleropyrrolidine. For full details see
reference [7]. In the solid-state we observe the same T1 absorption bands as in
solution.

Figure S31: The T1 absorption spectrum identified by the spectral deconvolution
algorithm for concentrated solution, and the disordered film. The T1 absorption bands
are indicated with the dashed grey lines.
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5.) Genetic algorithm for spectral deconvolution
To isolate the spectral species present in the transient absorption measurements of the
TIPS-tetracene films, and to determine their individual evolution over time, we used a
combination of singular value de-composition (SVD) and a spectral de-convolution
code based on a genetic algorithm [8]. This code generates a given number of spectra
that best reproduce the original data, while satisfying basic physical constraints such
as spectral shape and population dynamics. The spectra are optimized by a genetic
algorithm that minimizes the residual between the obtained spectra and the original
data. In brief, the genetic algorithm is an example of an evolutionary algorithm that
factors TA spectra into a pre-determined number of spectral components. The idea is
based on natural selection of genes in a population; random spectra or parents are
mixed until they give separate spectra that best reproduce the original data, which
constitutes a test for genetic fitness. The output of the algorithm is a set of spectra and
kinetics for the species identified.
We use this optimization method over other approaches because the algorithm
requires minimal initial input; the only input is the number of species to optimize. The
optimization starts from random initial spectra, if no initial solution is provided, and
does not require a starting kinetic scheme, such as in global analysis methods. Unlike
SVD, the algorithm is confined by physical constraints, such as non-negative kinetics.
We use SVD to identify how many species are likely to be in the measurement.
The advantages of a genetic algorithm for our purpose over other optimization
methods, such as gradient search methods, is that it is more capable of modeling a
multidimensional data space that can be noisy and contain several overlapping
features. Gradient search methods, on the other hand, are much more likely to get
stuck in local minima. The schematic below demonstrates the operation of the
algorithm:

Figure S32: Schematic demonstrating the general process of the genetic algorithm
code.
The algorithm starts with 1000 randomly generated set of vectors that are assessed for
their fitness during one mutation cycle, which involves exchange of genes, mutation,
assessment of fitness and sorting. We can specify the runs of times this mutation cycle
occurs before the winning pair is taken out and re-randomized in a brand new
iteration. This process prevents solutions being trapped in local minima. Once the
algorithm has run for the specified number of iterations, the solutions are given.
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6.)

Computational Methods

a.) Dimer Structures
The calculations presented were all performed on dimer or monomer structures. The
geometry optimizations were performed using the ωB97X-D functional in the 6-31G*
basis set. We chose the ωB97X-D functional because it includes Van der Waals
interactions, which are the dominant type of intermolecular interactions present for
the TIPS-tetracene molecule.
The dimer structure used for the disordered film assumes the optimum slip-stacked
packing of two molecules, the same interaction that we assume forms in solution
where molecules have diffusional freedom. In this case the geometry is optimized at
the dimer level in the ground state.
The crystal structure was not optimized at a dimer level because the optimization
would require a much larger set of molecules to properly model the structure.
Instead, we optimized the monomer and placed it in maximum overlap with the
crystal dimer structure. This was done for multiple unique dimers in the crystal, and
we found that there are only two dimer structures with a significant intermolecular
interaction. The results obtained from the two different crystal dimer geometries were
essentially identical. The isolated dimer energies were modeled by separating the thin
film geometry by 2 nm. The lowest S1 and T1 energies obtained from this geometry
were identical to that of monomer calculations.
b.) Triplet-Triplet Hopping
The T1-T1 hopping coupling is a two electron process and is therefore determined by
Dexter energy transfer rates. The hopping rates depend on the overlap between the
two different molecular wavefunctions, causing it to be a much more local effect than
S1 energy transfer.
To model the hopping rate we use the same dimer geometries. In the crystal, and
more so the disordered film, this represents a maximum rate of energy transfer
because any thermal fluctuations on the molecules and in their intermolecular
separation will reduce the hopping rate.
We assume a Marcus hopping rate for the transfer and use reorganization energy of
0.33 eV [8]. The free energy change is assumed to be the TT binding energy in the
thin film and crystal, 0.056 and 0.00 eV, respectively. This was chosen because we
are most concerned with the initial separation of the TT state, and once one T1 moves
away there will be no appreciable binding in the TT state relative to two independent
T1. The couplings were obtained from linear response time-dependent density
functional theory using the fragment excitation difference (FED) method with the
B3LYP functional in the 6-31G* basis. This approach has been shown to give fairly
accurate predictions of triplet diffusion lengths in organic crystals [8]. For the
disordered film and crystal geometries we computed a T1-T1 coupling of 0.015 and
0.00017 eV, respectively. This gives a hopping time of 2.4 ps and 52 ns,
respectively.
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7.)

Yield Approximation

The overall yield of T1 + T1 in the disordered film is temperature dependent. We
estimate the yield at room temperature via two methods: using the photoluminescence
(kinetic analysis) and from the relative strength of the S1 and T1 absorption. This
second method uses the absorption extinction coefficients for the S1 and T1 on TIPStetracene that were determined in solution. Both methods require taking certain
assumptions, thus they provide only an estimate of the yield.
a.) Kinetic analysis
From analysis of the PLQE and emissive lifetime of the TT state at 10 K and 295 K,
we can determine the radiative (krad) and non-radiative (knrad) decay rates. The
PLQE value at 295 K (0.03 ± 0.005) was experimentally measured using an
integrating sphere and the PLQE at 10 K (0.60± 0.1) was determined from the
intensity increase of the steady-state emission from 295 K to 10K, which showed a
x20 increase from 295 K to 10 K. We assume the difference in PLQE values with
temperature reflects the change in radiative decay via the TT state, as the S1 state has
the same radiative lifetime at 10 K and 295 K and we observe rapid TT formation at
both temperatures.
The rate of the decay of the TT state is given by the radiative decay rate (krad), the
non-radiative decay rate (knrad) and the rate of TT dissociation to form T1 + T1
(kdiss). Whilst the energy barrier from TT back to S1 is lower than the barrier from
TT to free triplets, reformation of S1 will result in rapid singlet fission, reforming TT,
while direct radiative or non-radiative decay of TT (e.g. free triplet generation) acts as
a terminal loss pathway.
! !!
!"

= −𝑘𝑟𝑎𝑑 𝑇𝑇 𝑇𝑇 − 𝑘𝑛𝑟𝑎𝑑 𝑇𝑇 𝑇𝑇 − 𝑘𝑑𝑖𝑠𝑠 𝑇𝑇 𝑇𝑇

Kdiss is temperature dependent whilst we assume Knrad is not temperature
dependent. This assumption is based on the observation in the crystalline material,
where the TT state does not dissociate, is very weakly emissive at high and low
temperature and shows the same lifetime at 10 K and 295 K. This suggests that the
non-radiative decay pathways for the TT state in this material are relatively
insensitive to temperature. For this calculation, we assume the same is true for the
disordered material and give an upper bound for the dissociation rate.
At 10 K, there is no dissociation of TT into T1 + T1. Thus,

𝑑 𝑇𝑇
= −𝑘𝑟𝑎𝑑 𝑇𝑇 𝑇𝑇 − 𝑘𝑛𝑟𝑎𝑑 𝑇𝑇 𝑇𝑇
𝑑𝑡
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We determine the krad and knrad decay rates from the PLQE and emission lifetimes.
This is summarized in the following table:

PLQE
Krad(s-1)
Knrad (s-1)
Kdiss (s-1)
KTotal (s-1)
T (ns)

10K

295K

0.6 ± 0.1
1.2 (± 0.2) x 107
7.9 (± 1.5) x 106
0
2.0 (±0.5) x 107
50 ± 10

0.03 ± 0.005
4.3 (± 0.7) x 106
7.9 (± 1.5) x 106
1.3 (±0.2) x 108
1.4 (±0.2) x 108
7±1

We note that there is a slight difference in the calculated radiative rates for 10K and
295 K which is not expected.
We find that the Kdiss at 295 K represents ~90% of the total decay rate (error bars
give 91-93% range), giving an estimate of the T1 + T1 yield of ~180-186%.
b.) Sensitization
A second way we can estimate the T1 + T1 yield is using the absorption coefficients of
the S1 and T1 states, determined by a solution sensitization experiment [7]. We assume
that S1 and T1 display a similar absorption cross section in the solid-state as in
solution. In some solid-state materials delocalization of the excitons make comparison
with solution difficult. However, as pointed out in the main text, in TIPS-tetracene the
similarity between solution and the solid-state for the absorption of S1 and T1 states
suggests that excitons are relatively localized in the solid state. Therefore, we will use
this method as a second estimate of the T1 + T1 yield.
𝜀 𝑇! = −5463 𝐿𝑚𝑜𝑙 !! 𝑐𝑚!!
And
𝜀 𝑆! = 1.41 × 10! 𝐿𝑚𝑜𝑙 !! 𝑐𝑚!!
If we consider a disordered film measurement in the main text (Figure 2(b)) and a 100
nm thick film:
∆!
!

(𝑎𝑡 650 𝑛𝑚, 1𝑝𝑠) = −0.002

𝑆 ! = 1.56 × 10!! 𝑚𝑜𝑙𝐿!! 𝑐𝑚!!
∆!

𝑎𝑡 750 𝑛𝑚, 500 𝑛𝑠 = 1.0 × 10!!
𝑇 ! = 1.8 × 10!! 𝑚𝑜𝑙𝐿!! 𝑐𝑚!!

!

[T1]/[S1] = 130%

30

Clearly, the two yield estimation methods give a broad range (130-180%) for the T1 +
T1 yield, reflecting the difficulty in determining this parameter. However, both show
well over 100% T1 generation. In addition, we note that the photoluminescence
properties of TIPS-tetracene are not largely dissimilar from tetracene, where the T1
yield is reported to be close to 200 %.

References
[1] Odom, S.; Parkin, S. R.; Anthony, J. E. Organic letters, 2003 , 5 , 4245-8.
[2] Chen K, Gallaher JK, Barker AJ, Hodgkiss JM, J. Phys. Chem. Lett, 2014, 5(10),
1732-1737.
[3] Rao, A.; Wilson, M.; Hodgkiss, J. M.; Sei, Basser, H.; Friend, R.H.; Journal of the
American Chemical Society 2010, 132, 12698-12703.
[4] Cirmi, C.; Brida, D.; Manzoni, C.; Maragoni, M.; De Silvestri, S.; Cerullo, G.;
Optics Letters 2007, 32, 2396.
[5] Birkholz M., Thin Film Analysis by X-Ray Scattering, Wiley-VCH, Weinheim
(2006).
[6] Alajtal, A.I.; Edwards, H. G. M.; Elbagerma, M.A.; Scowen, I.J.; The effect of
laser wavelength on the Raman Spectra of phenanthrene, chrysene, and tetracene:
Implications for extra-terrestrial detection of polyaromatic hydrocarbons.
Spectrochimica Acta Part A. 76, 1-5 (2010).
[7] Stern, H. L.; Musser, A. J.; Gelinas, S.; Parkinson, P.; Herz, L. M.; Bruzek, M. J.;
Anthony, J.;
Friend, R. H.; Walker, B. J. Proceedings of the National Academy of Sciences, 2015 ,
201503471.
[8] Yost SR, Hontz E, Yeganeh S, Van Voorhis T, JPCC, 2012, 116(33), 1736917377.

31

