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ABSTRACT

The development of efficient solid-state photon upconversion (UC) devices remains paramount for practical
applications of the technology. In recent years, incorporation of perovskite thin films as triplet sensitizers
for triplet-triplet annihilation (TTA) based UC has provided a promising solution. In the pursuit of finding
an ‘ideal annihilator’ to maximize the apparent anti-Stokes shift, we investigate naphtho[2,3-a]pyrene
(NaPy) as an annihilator in both solution-based and perovskite-sensitized TTA-UC systems. Surprisingly,
we observe different emission behavior of NaPy in the solid state based on the excitation wavelength. Under
direct excitation, a high energy transition S;’ dominates the emission spectrum, while UC results in
increased emission from a lower lying state S;”. We propose that this is the result of aggregation-related
lowering of the singlet excited state thus changing the fundamental energic landscape underlying TTA.
Aggregation decreases the singlet energy below the energy level of the triplet pair state '(TT), yielding
energetically favorable emission from the aggregated singlet state S;”” and weak emission from the higher

lying singlet state S’ through thermally or entropically-driven TTA-UC.



INTRODUCTION

Charge transfer at the bulk lead halide perovskite/organic semiconductor (OSC) interface has proven useful
in generating spin-triplet excitons in OSCs for photon upconversion (UC) via triplet-triplet annihilation
(TTA)."® While the majority of solid-state UC work to date has focused on rubrene,**'" recent work has
shown that triplet generation via charge transfer at the perovskite/OSC is not limited in nature to rubrene,
rather is a universal process enabled by a favorable energetic alignment of the conduction band (CB) and
valence band (VB) with the triplet energy level.'” Due to the small achievable apparent anti-Stokes shift
between the perovskite bandgap (1.55 eV) and the OSC emission (2.05 eV for rubrene doped with DBP,
2.19 eV undoped), new annihilators are required to increase the energy gain during UC. Many common
solution-based annihilators such as 9,10-diphenylanthracene (DPA) struggle with excimer formation or
other undesired aggregation-related effects in solid state,' leading to their use in e.g., hybrid solid/solution
approaches as in a recent study by Schmidt and coworkers.'* Another ubiquitous approach is to use DPA
derivatives that prevent aggregation by addition of bulky substituents.'>'” Using the anthracene derivative
1-chloro-9,10-bis(phenylethynyl)anthracene (1-CBPEA), our recent work has expanded the spectral region
covered in perovskite-sensitized solid-state UC, yielding green upconverted emission at 550 nm (2.25 eV)."?
However, considering the 1.55 eV bandgap of the lead iodide perovskite sensitizer,'"'*! the ideal
annihilator would have a triplet energy of ~1.5 eV, yielding the optimal upconverted emission at ~3.0 eV
while still allowing for a small driving force for the electron/hole transfer underlying triplet generation.
Here, naphtho[2,3-a]pyrene (NaPy) is introduced as a possible candidate for further extending the

achievable energy gain during UC. NaPy has been previously investigated at the single molecule level using
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scanning tunneling microscopy, and as a sky-blue dopant dye in organic light emitting devices.
However, to date, NaPy has not been utilized as an annihilator within TTA-UC systems. A previous report
by Aggarwal et al. implies that NaPy is a singlet fission (SF) material with an ensemble triplet energy (T

= 1.23 eV) at less than half of the singlet energy Si, which forms non-emissive J-aggregates in the solid

state.”’



Our results show that NaPy is a successful annihilator in both solution as well as in solid-state UC devices,
indicating that its triplet energy T\ must be equal to or higher than half the singlet energy Si, or that the
singlet state can be achieved by ambient thermal energy or entropically-driven processes.”®* Surprisingly,
our results show that the nature of the emissive state is dependent on the pathway through which the singlet
state is achieved since the emission exhibits a different branching ratio of the emissive species upon direct
emission and UC. However, the radiative relaxation from the emissive singlet excited state should not be
sensitive to the pathway that is generated by, except, if different species are emitting under the different
conditions, or if the true singlet excited state is not achieved in TTA-UC.

This suggests that different states in the OSC are emitting under direct excitation vs. after TTA-UC, which
may be due to variations in the local environment of the molecules tuning the underlying energy landscape
or changes in rate of TTA due to increased electronic coupling.® For example, Gray et al. have shown that
conformational flexibility of the phenylethynyl arms in 9,10-bis(phenylethynyl)anthracene (BPEA) results
in a change in the energy surface of the singlet and triplet energy manifold voiding the main requirement
for TTA-UC: E(S1) S 2 E(T1).*°

Translating this previous insight to the NaPy study presented here, the underlying inhomogeneity in the
OSC film can result in either: 1) a change in the charge extraction rate and yield in triplet formation at the
perovskite/OSC interface due to a change in the electronic coupling based on the molecular orientation. ii)
A change in the rate of TTA due to variations in the intermolecular coupling strength,*! which has previously
also been observed in the reverse process of SF.**** Or, iii) aggregation-based lowering of the singlet energy

level, resulting in preferential TTA-UC to the aggregate singlet energy level.

RESULTS AND DISCUSSION

To elucidate the photophysical properties of this system, first, NaPy is characterized as a solution in toluene.
Figure 1a shows the absorption and photoluminescence (PL) spectra of NaPy at a concentration of 150 uM.
The singlet energy level of the NaPy monomer is extracted at S; = 2.66 eV. Reminiscent of the transient

absorption (TA) spectroscopy of rubrene,** TA of the NaPy solution yields a strong singlet-related excited



state absorption (ESA) S>> S, which overlaps and dominates the expected spectral region of the ground
state bleach (Figure 1b). However, as indicated previously, here, NaPy is investigated as a triplet annihilator.
To further pinpoint the triplet energy level in this molecule, zinc octaethylporphyrin (ZnOEP, T; = 1.78
eV)* is utilized to sensitize the triplet state of NaPy in solution. As shown in Figure 1c, upconverted PL is
successfully observed under 532 nm excitation. However, the successful observation of TTA-UC provides
a lower bound of ~1.3 eV for the NaPy triplet energy T, in solution due to the fundamental energetic
requirement of TTA-UC: E(S) < 2 E(T)), while the upper bound of the triplet energy is set by the ZnOEP
triplet energy of 1.78 eV. This is in good agreement with the previous report of the triplet energy of the

NaPy monomer: Ty < 1.37 eV.?’
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Figure 1: a) Normalized absorption (black) and PL (blue) spectra of a NaPy in toluene (150 uM) with the extracted S; energy
highlighted. b) TA spectra extracted at specific delay times for the NaPy solution under 400 nm pump at 1.33 mJ cm™. The grey
box denotes excess laser scattering. c¢) Upconverted PL of the NaPy/ZnOEP solution (532 nm, 15 mW cm). d) Time-resolved
emission (TRES) map of the NaPy solution under 405 nm excitation at a repetition rate of 1 MHz. e) PL spectra extracted at certain
delay times, two spectral features 465 (light blue) and 492 nm (dark blue) are highlighted by the dashed lines. f) PL decays for the
465 (light blue) and 492 nm (dark blue) features and the extracted lifetime t.

Having demonstrated successful UC in solution, solid-state NaPy OSC thin films as well as lead halide
perovskite bilayer thin films consisting of the methylammonium-free 9% cesium 91% formamidinium lead
triiodide perovskite (Cso.00FAq01Pbls, CSFA) to increase long-term device stability are fabricated.”>® The

absorption spectrum of the solid-state NaPy OSC film in Figure 2a shows the expected slightly red-shifted



vibronic transitions with respect to the solution spectra shown previously in Figure 1, as well as an
additional pronounced red-shifted aggregate-related absorption feature with higher oscillator strength,
which is in agreement with the previously reported J-type aggregation of this material.”” The corresponding
solid-state PL spectrum of NaPy under 405 nm excitation surprisingly is made up of two distinct transitions:
1) the expected emission (~ 520 nm, 2.38 eV) from an amorphous NaPy thin film, with slightly redshifted
features due to changes in the effective dielectric environment and the first vibronic transition (0 - 0)
diminished in contrast to solution due to intermolecular interactions and reabsorption effects.*’*’ 2) A
weaker redshifted aggregate-related emission feature (~ 620 nm, 2.0 eV) that was not previously present in
solution (compare Figure 1a) and has not previously been reported for this molecule. Extraction of the
singlet state energy based on the overlap between the absorption and emission spectrum analogous to the
previous solution measurement yields S; =2.39 eV. However, if the two observed emissive states are viewed
as discrete states, a singlet energy S;” = 2.51 eV is extracted for the molecular emission, while the singlet
energy for the aggregate state is S;”” =2.15 eV.

To highlight the fact that these states are indeed discrete and not directly coupled, time-resolved emission
spectroscopy (TRES) is used. Figure 2b-d emphasizes the differences in the PL lifetime of these two
features. The PL spectra at selected decay times show that within the instrument response function of our
setup (~ 0.3 ns) both states are populated and the lower energy feature S, is not populated indirectly
through slow energy transfer from the high energy S,’. However, spectral slices indicate that at early times,
the emission primarily stems from the amorphous molecular environment, while the delayed fluorescence
(t > 3 ns) is dominated by emission from the aggregate state (Figure 2c). The bright PL at 520 nm decays

with an early lifetime of © = 0.7 ns and with a power law dependence (%

) at later times which has been
attributed to geminate fusion of the associated triplet pair state '(TT) and the separated triplet pair state
(T...T).***2 while the redshifted aggregate-induced emission at 620 nm is long-lived and decays
triexponentially with Tave = 5.9 ns (Figure 2d), which is not in agreement with the high oscillator strength

and fast lifetimes commonly associated with J-aggregates. Interestingly, the considerable Stokes shift (0.42

eV) of this aggregate-induced emission and long emission lifetime, shown in Figure 2d, are in contrast to



13,44-48 or a

the expected properties of a J-aggregate,” and are closer in property to e.g., an excimer state
strongly coupled J-dimer.** This may indicate that the aggregate state is not directly emitting, rather
emission occurs after internal conversion to another state, such as the ‘dull’ state proposed by Schmidt and
coworkers in tetracene thin films.*’ As a result, here, we refrain from referring to this aggregate state directly
as a J-aggregate and just consider it as an aggregation-related feature until the precise nature has been
unraveled. Additional studies will be of interest in the future to clearly elucidate the complex underlying

photophysics of the NaPy molecule and aggregate states.
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Figure 2: a) Solid-state absorption (black) and PL (blue) of the NaPy OSC film with the different possible S; energies highlighted.
The dashed lines are Gaussian fits to the absorption and PL for extrapolation of S;’and S;”. b) TRES map of the NaPy OSC under
405 nm excitation at a repetition rate of 1 MHz. c) Spectra at specific time points extracted from the TRES map, where spectral
features at 521 nm (green) and 620 nm (orange) arve highlighted by the dashed lines. d) PL decays for the 521 nm (green) and 620
nm (orange) spectral features with the associated PL lifetimes. The instrument response function (IRF) is shown in grey.

To unravel the cause of the different emissive states in NaPy in more detail, we change the local
environment of the NaPy molecules by fabricating samples with different degrees of crystallinity to

investigate its role on the emissive properties in more detail. For the smooth OSC thin films presented thus



far, the emission from the molecular state at 521 nm dominates the emission spectrum (Figure 3, top). This
is in agreement with a largely amorphous film, where intermolecular interactions are weak, and little long-
range molecular order is present. When an OSC film with larger crystallites is formed from a saturated
NaPy solution, two distinct emission spectra are found. In the amorphous regions between crystallites, the
PL spectrum corresponding to amorphous NaPy is found, while on the crystallites, the red-shifted aggregate
emission is increased in intensity (Figure 3, middle) and the high energy region is reduced in intensity.
Lastly, a macroscopic NaPy crystal is grown, which exhibits strong emission from the red-shifted aggregate
feature (Figure 3, bottom). However, when considering the lower brightness of the aggregate state, it
becomes apparent that the aggregate state dominates the optical properties of the ordered crystal. All
emission spectra can be fit to four Gaussians, indicating that the same optical transitions are present for
each crystalline environment. While reabsorption effects and inner filtering must be considered when

interpreting the relative PL intensity,**°

these cannot be the underlying cause of the shift in the emission
spectra and change in the branching ratio between the emissive states. Figure 2 indicates minimal overlap
of the absorption/scattering onset with any emission features at wavelengths longer than 550 nm, hence
only the first vibronic transition (0-0) would be strongly affected. Hence, the inner filtering effect can only
explain the reduction in PL intensity and slight redshift for the first vibronic feature in the more strongly

scattering crystalline environments, but not the increased redshifted emission for the crystal (compare Table

1 for a summary of the extracted parameters).
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Figure 3: Gaussian fits (green, orange, to the PL spectra (blue lines) for the amorphous (top) and crystallite (middle) NaPy thin
films and macroscopic NaPy crystal (bottom). The dashed line represents the sum of the individual Gaussian fits.

Table 1: Summary of the photophysical properties of NaPy in solid state and in solution.

NaPy }Labs (nm) }\-PL (Ill’Il) }\-UCPL (nm) T (IlS)
Solution | 407 | 432 | 460 | 4oo | 490 | 532 | 575 | 465 | 497 7
(toluene)
Amorphous 434 463 512 521 560 620 | 675 521 nm 620 nm
Crystallite 58 | se1 | 622 |e7s | PP |20 TIOT | T
Crystal 530 560 622 | 675

Lastly, the properties of NaPy as a solid-state annihilator when interfaced with the perovskite triplet
sensitizer are investigated. Figure 4a shows the emission of the CsFA/NaPy bilayer device under 405 nm
excitation. As expected, the NaPy emission features for both the molecular and aggregate emission are
found, as well as the residual perovskite emission. However, under 780 nm excitation, where only the
perovskite is excited and emission from NaPy stems from the TTA-UC process, the emission spectrum is
considerably different (Figure 4b). The high-energy emission is reduced in intensity while the low-energy
PL at 620 nm is strongly enhanced. In addition, the first vibronic feature of the upconverted PL at 520 nm
is enhanced in comparison to the direct PL. However, as emphasized previously, the emission spectrum and
branching ratio between multiple emissive states should not be sensitive to the process by which the singlet

state is accessed, unless the true singlet state is not actually reached in the UC process or a different OSC



population is emitting under the different conditions. To further show the changes present between direct
excitation and upconversion, the upconverted emission spectrum is normalized by the emission under direct
excitation (Figure 4c). The upconversion efficiency 7y is proportional to the triplet generation efficiency

(er), the efficiency of TTA (774), as well as the quantum yield of NaPy (n,y):
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Figure 4: a) Average steady-state PL spectrum of the CsFA/NaPy bilayer film under 405 nm (30 W cm™) excitation across four
different spots. The shaded region represents the 95% confidence interval, indicating a homogeneous emission spectrum across the
sample. b) Average UCPL spectrum of the CsFA/NaPy bilayer under 780 nm (153 W cm™) excitation across ten spots. The shaded
region represents the 95% confidence interval. c) Ratio of NaPy spectral features (black) under 405 nm (blue) and 780 nm (red)
excitations normalized to the 620 nm aggregate PL feature. d) Perovskite PL decays for the CsFA and CsFA/NaPy films under 780
nm excitation (81 mW cm?). Triexponential fits (grey) and amplitude weighted lifetimes are included for both films. e) UCPL
dynamics of the CsFA/NaPy bilayer under 780 nm excitation measured at 250 kHz (175 mW cm™). The corresponding fit (grey)
and lifetimes of the singe rising exponential, and two decaying exponentials are included. The inset highlights the early rise and
decay. The immediate spike in intensity is due to a small amount of overlapping perovskite PL. f) Proposed energy diagram for the
different states present within NaPy.

By removing the impact of the direct emission intensity ( 1qy), i.e., accounting for the much higher
emission yield from the high energy state S;’, this normalization emphasizes the ratio of the upconverted
photons stemming from each distinct state. The low energy aggregate-based state is clearly dominating the
emission spectrum, with a ratio of 1:0.09 (aggregate:direct emission). However, it is not yet clear whether
this effect is caused by the charge extraction step at the perovskite/NaPy interface, or if the triplet diffusion

and annihilation rates are improved in the aggregate due to increased electronic coupling, or whether the

10



lowering of the singlet energy in the aggregate results in preferential TTA-UC to the aggregate singlet
energy level (S1”’=2.15 eV) due to the increased energetic driving force since E(S:”) <2 E(Ty).

The PL decays of the CsFA perovskite and bilayer films shown in Figure 4d follow the same trend as
previously established for both the state-of-the-art rubrene system and newer 1-CBPEA system, where
charge extraction at the perovskite/OSC interface results in quenching of the perovskite lifetime.'**!
Investigations into the upconverted dynamics, however, show clear similarities to the 1-CBPEA system and
stark differences to the rubrene UC system: a single rapid rise of Trsc = 10 ns is found and within the time
window of 4 ps, the UCPL has nearly decayed entirely. Comparison of the CsFA/NaPy bilayer perovskite
lifetime of ta. = 12 ns rules out its contribution to the longer-lived decay observed in the UCPL on the
order of 3 pus. However, this is only a lower bound for the triplet lifetime, as previous studies have shown
that the repetition rate can influence the extracted triplet lifetime.””

Lastly, the results are put into context with the previously suggested causes for the differences in the PL
spectra under direct excitation or after upconversion. Since no distinct changes in the perovskite PL
lifetimes are found across a sample, and the same spot shows a different PL spectrum under 405 and 780
nm excitation, differences in charge extraction are ruled out as the underlying cause. While increased
coupling and triplet diffusion within the aggregate may indeed play an underlying role, if the singlet energy
achieved after TTA-UC is equal to the same S; state that is directly excited, we would still expect the same
branching ratio between the emissive states as under direct excitation.

Hence, we propose that the aggregation-related lowering of the singlet excited state changes the
fundamental energy landscape such that the triplet pair state '(TT) formed during TTA-UC is straddled by
the higher energy molecular singlet energy level Si” and the lower aggregate singlet energy Si”” (Figure 4e).
As a result, conversion of '(TT) to S;”” = 2.15 eV will occur rapidly and with higher efficiency since the
process is exothermic, while the conversion of '(TT) to S;” = 2.51 eV is slightly endothermic. Considering

Aggarwal’s triplet energy assignment for NaPy in solid state: T1 = 1.23 eV,?’ this places '(TT) at 2.46 eV,
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50 meV below S;’, an energy barrier that can be slowly overcome with ambient thermal energy, but with

lower efficiency than the exothermic depopulation pathway to S;”.

CONCLUSION

In conclusion, the results presented here highlight the critical role of the underlying crystal structure and
resultant intermolecular electronic coupling on the energy landscape underlying TTA-UC and the reverse
process of singlet fission. Furthermore, this study indicates that aggregation-related effects can not only be
used as leverage to influence the efficiency and rate of TTA-UC, but also be used as a feature to turn on the
process of TTA-UC in singlet fission materials by modifying the underlying energy landscape. This result
has the potential to reshape the experimental approach to finding new compatible annihilators for solid-
state UC.

The key to unlocking TTA-UC will be to fundamentally understand the photophysical properties of not
only the OSC monomers, but their ensemble properties stemming from intermolecular interactions on the
nanoscale to the macroscale and on timescales ranging from femtoseconds to milliseconds. Albeit beyond
the scope of this initial study, future studies that spatially and spectrally resolve and pinpoint the nature of

the underlying emissive states in NaPy will be of interest.

EXPERIMENTAL METHODS

Device Synthesis

For the bilayer and OSC thin films, glass substrates were cleaned via sonication for 15 min in each of the
following: 2% Hellmanex, deionized water, ethanol, and acetone. After sonication, the substrates were
cleaned by UV-ozone (Ossila) treatment for 15 min. Precursor solutions of Pbl, (1.2 M, TCI), CsI (1.2 M,
99.999% Sigma), and FAI (1.2 M, Dyenamo) were prepared in anhydrous DMF:DMSO (9:1 v/v Sigma-
Aldrich) in a 1:1.09 ratio. The precursor solution was diluted to 0.6 M prior to spin-coating at 1000 rpm for
10 s then 5000 rpm for 30 s. Anhydrous chlorobenzene (Sigma-Aldrich) was used as the antisolvent. The

films were annealed at 120 °C for 45 min prior to solvent treatment (5 s) with acetonitrile (Sigma-Aldrich).*!
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Naphtho[2,3-a]pyrene (NaPy, 98.0%, TCI) was used without further purification. A saturated 10 mg mL™"
solution of NaPy in anhydrous toluene (Sigma-Aldrich) was prepared then spin-coated onto the perovskite
substrates at 6000 rpm for 20 s and annealed at 100 °C for 1 min. OSC only films were made by spin-
coating NaPy onto bare glass substrates. The ‘amorphous’ NaPy films were fabricated with the clear
supernatant, while ‘crystallite’ films were formed after vigorous stirring of the saturated solution to include
undissolved NaPy crystallites. Films were encapsulated with a glass cover slip using a two-part epoxy
(Devcon) under an inert nitrogen atmosphere (<0.5 ppm Oy).

Crystal Growth

NaPy crystals were grown in air-free atmosphere (<0.5 ppm O;) through an anti-solvent diffusion method.
In a small vial, 70 pL of the 10 mg mL"' NaPy stock was diluted with 470 pL of anhydrous toluene (Sigma)
then placed uncapped into a larger vial of an ethanol:toluene (1:1, v/v, Sigma) mixture which was then
capped and left undisturbed until the crystal formed.

Solution Upconversion

All materials were prepared in an air-free environment (<0.5 ppm of O,). Zinc (II) octaethylporyphrin
(ZnOEP) (97%, Sigma) was used without further purification. Stock solution of ZnOEP and NaPy were
made by diluting with anhydrous toluene (Sigma). Upconverting solutions contained 7.7 uM ZnOEP and
7.25 uL of the 10 mg mL™" NaPy stock solution diluted to 400 puL with toluene. Solutions were transferred
to quartz cuvettes for characterization.

Steady-State Characterizations

Visible absorption spectra were collected with a Thermo Scientific Evolution 220 spectrophotometer.
Steady-state PL spectra were collected by an Ocean Optics spectrometer (HR2000+ES) in a homebuilt
setup. Direct excitation emission for the thin films and solutions were collected via a 405 nm continuous
wave laser (LDH-D-C-405, PicoQuant) at a 30 W cm™ where excess laser scatter was removed via a 425
long-pass filter (Chroma Tech.). The NaPy single crystal direct emission was collected under 405 nm

continuous wave at 542 W cm™.
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Upconverted emission for the NaPy:ZnOEP solution was collected using a 532 nm pulsed (LDH-P-FA-
530L, PicoQuant) at a repetition frequency of 80 MHz and 15 W cm™. Laser scatter was removed with a
532 nm notch filter (Thorlabs). For the bilayer films, a 780 nm continuous wave laser (LDH-D-C-780,
PicoQuant) was used at 152 W cm™ where a 700 nm short-pass filter (Thorlabs) was used to isolate the
upconverted signal.

Time-Resolved Emission Spectroscopy (TRES)

Time-resolved PL measurements for the perovskite PL. decays were collected under 780 nm picosecond
pulsed excitation (LDH-D-C-780, PicoQuant) at 125 kHz with at a power density of 81 mW cm™. An 800
nm long-pass filter (Thorlabs) and 780 nm notch filter (Thorlabs) were used to isolate the perovskite
emission and minimize laser scattering. Upconverted PL decays were measured under 780 nm picosecond
pulsed excitation (LDH-D-C-780, PicoQuant) at 250 kHz with a power density of 175 mW cm™. A 650 nm
short pass (Thorlabs) filter was used to isolate the upconverted emission and remove excess laser scattering.
The single photon counting avalanche photodiode used is from Micro Photon Devices, and all collected PL.
decays was histogrammed by a MultiHarp 150 TCSPC unit from PicoQuant.

Wavelength-dependent PL maps were collected using a Gemini interferometer (NIREOS) for both the NaPy
solution and OSC measurements. TRES maps for the solution measurement were recorded over 180 steps
from 425 to 660 nm at, and 233 steps with a spectral range of 425 to 700 nm for the NaPy OSC
measurement. Both were integrated for 15001 ms. A 405 nm picosecond pulsed laser diode (PicoQuant
LDH-D-C-405) was used at a repetition frequency of 1 MHz at a power density of 2.9 mW cm™ for the
solution and 98 mW cm™ for the OSC. Photon arrival times were collected via a silicon single-photon
avalanche photodiode (Micro Photon Devices SPD-100-COC) connected to a HydraHarp 400 (PicoQuant)
event timer. A 425 nm long pass filter (Chroma Tech.) was used to remove excess laser scatter.

Ultrafast Transient Absorption

Transient absorption (TA) measurements were taken using a HELIOS Fire transient absorption
spectrometer (Ultrafast Systems). An Astrella-V-F-1K amplifier was used to generate femtosecond laser

pulses where the Vitara-S Coherent Ti:Sapphire laser used was amplified using a 1 kHz Coherent
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Revolution-50 pump laser. The resulting laser pulses were 5 mJ with a full width half max of 100 fs at 800
nm. Pump and probe beams were directed through an optical parametric amplifier (OperaA Solo, Coherent)
and delay stage, respectively. The white light continuum was generated via a CaF; crystal (320 nm to 650
nm). Excess laser scattering was minimized through a dual chopper system, and neutral density filters were
used to attenuate pump power. For all measurements, three spectra were collected with a 0.5 s integration
time at each delay position with an exponential point collection method starting at 0.01 ps, resulting in a
total of 200 points. A 400 nm pump was used at a power density of 1.33 mJ cm™. The TA maps were

processed through the Surface Xplorer software package from Ultrafast Systems in addition to MATLAB.
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