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ABSTRACT

Aromatic ketones, such as benzophenone (BP), are widely used as photophores and triplet sensitizers
in photochemical reactions. It is also employed in donor-acceptor delayed fluorescence systems. BP is
the benchmark for studying the photophysics of aromatic ketones due to its efficient triplet generation.
Despite its importance, many spectroscopic properties of BP have not been critically investigated in
recent times. Here we report the characterization of BP using steady-state and time-resolved optical
techniques in non-polar environments. The planar structural analogue, 10,10-dimethylanthrone (DMA),
was also studied to assess the degree of importance that the BP molecular structure plays. Both BP and
DMA exhibit direct triplet absorption and instantaneous phosphorescence, challenging current models
of fast triplet formation in ketones. Surprisingly, high-energy excitation produces anti-Kasha S
emission alongside Si. The intersystem crossing (ISC) mechanism was further clarified through
transient absorption measurements. This work offers fresh insights into aromatic ketone photophysics.

MAIN
Introduction

Aryl ketones play a relevant role in synthetic chemistry, primarily as efficient photosensitizers . They
readily form triplets upon photoexcitation with ultraviolet radiation, which can be transferred to organic

5

substrates and lead to subsequent reactions °. Aryl ketones act as intermediators of synthetic

transformations. They enable hydrogen atom transfer (HAT)®’ and H-abstraction from a wide range of

8-10

organic functional groups * ', opening the doors for novel synthetic routes. More recently, aromatic

ketones have been used as an acceptor unit in materials with delayed fluorescence!""'? for optical

applications, such as organic light-emitting diodes (OLEDs)"*"1?

, and sensitizers for the up-conversion
of solar radiation to the UV'® displaying another side its versatile application in the field of photonics.
Within this scope, benzophenone (BP) is the simplest example of an aryl ketone and is often utilized as

a model molecule to probe their excited state dynamics, triplet-state formation and reactivity 7',

The properties of BP, and other aryl ketones, arises from the high population of triplet states that are
photogenerated and effectively transferred?* 2. The efficiency of intersystem crossing (ISC) from the
singlet (S) to triplet (T) manifold is close to unit 2*** and the reported values of the ISC rate (kisc) in
solution range from 2 to 30 ps™', depending on the polarity of the environment 2%, Given that BP is a
purely organic molecule, these values appear unusually large considering that, in theory, both S; and T



states would have a nm* character, making such transition forbidden by El-Sayed’s rule?’. However, it
has been proposed that the twisted structure of BP causes the T state to acquire a mixed 3nn’/*nn”

character 2%%

, explaining the fast process that is experimentally observed. However, efficient ISC has
been reported for anthrone, a planar aryl ketone with pure nnt” character for S; and Ty states **3!. The
mechanistic pathway for triplet formation in BP remains a topic of ongoing debate '°22. While some
evidence supports a direct S1 — T transition *3, most studies in recent literature suggest the involvement

of a higher-lying triplet state T> (S1 — T2 — Ti) 183435,

Despite the relevance of benzophenone, much of its foundational data stems from work conducted
decades ago . In this study, we explore the photophysics of benzophenone in solid and fluid non-polar
environments through state-of-the-art steady-state and time-resolved techniques. To isolate the effect
of the molecular twist on ISC efficiency, we further examine 10,10-dimethylanthrone (DMA), a
structurally analogous but planar aryl ketone. By comparing BP and DMA, we aim to unify the
understanding of the photophysics and structure—property relationships governing ISC in aromatic
ketones.

RESULTS AND DISCUSSION
Optical properties

The optical properties of BP and DMA (Fig. 1a) were studied in zeonex (a branched polyolefin used in
the manufacture of compact discs) host-guest films at 1% wt/wt concentrations (Fig. 1). Room
temperature (RT) steady-state (SS) photoluminescence (PL) (Fig. 1b and d) shows a strong dependence
of emission with excitation energy, with a steady red shift of emission spectra when the samples are
excited with progressively lower energy. Excitation with wavelengths lower than 300 nm were avoided
due to matrix absorption. The films were further measured at 80 K to improve spectral resolution (Fig.
Ic and e). In the frozen matrix, we observe two separate emissions in both molecules: denoted I and II1.
Both vibrationally well resolved bands with onsets at 350 nm and 400 nm. The phosphorescence
emission from BP has often been reported in the literature as a well-resolved curve with 400 nm on-
set’”*8, The same signal was identified in our measurements of BP (Fig. 1¢c — 3.4 eV excitation). DMA
presents emission at the same wavelengths but with more resolved vibronic structure at RT (Fig. le —
3.5 eV excitation). Therefore, I and III are, respectively, assigned as fluorescence and phosphorescence.
Emission from an aggregate state was also identified under lower-energy excitation (<3.3 eV, 375 nm)
(Supplementary Fig. 1). Time-resolved photoluminescence (TRPL) experiments were also performed
(Fig. 1f and g and Supplementary Fig. 2). At RT, BP and DMA emission undergoes an apparent red
shift in the first 20 ns as singlet emission decays and phosphorescence becomes more predominant.
Weak phosphorescence is observable until 120 and 200 ps for BP and DMA, respectively.
Phosphorescence is far stronger at 80 K; therefore, no red shift is observed in the early times as the
signal is strong. However, the spectra delayed by 1.1 ns are very broad, ascribed to emission from hot
vibrational states. An emission feature at 375 nm with a fast decay is observed, hinting at a contribution
from a further singlet state, which has low intensity compared to the phosphorescence. Notably, pure
phosphorescence is observed from delay times as short as 9 ns and 12 ns for BP and DMA, respectively.
Considering how predominant the phosphorescence is in the radiative decay, cyclooctatetraene (COT),
a triplet excited state quencher *°, was doped into the host-guest films, and the photophysical properties
remeasured at room temperature. The resulting PL spectra (Fig. 2 a and b) and TRPL measurements
(Fig. 2 ¢ and d) show complete quenching of the phosphorescence. Moreover, an emission that was,
seemingly, not seen in the pure films is observed between 355 nm and 600 nm, under a wide range of
excitation energies - 3.4 eV to 3.9 eV - (denoted as II). Analyzing the PL spectra of DMA:zeonex at
RT (Fig. 1d), it is possible to identify isolated emission II with 3.5 eV excitation. Picosecond time-



correlated single photon counting (Ps-TCSPC) was used to acquire the lifetimes of bands I and II to
correctly attribute them (Fig. 2g and h and Supplementary Fig 3 and Table 1). Decay II has a decay
time of 403 ps and 339 ps for BP and DMA, respectively, I in DMA has a lifetime of 38 ps. The
respective emission decay could not be measured accurately in BP as it was faster than the system’s
internal response function (IRF-15 ps). Considering their lifetimes and energies, Il is attributed to
prompt fluorescence (PF) from the S; state, whereas I is anti-Kasha PF from the S, state. Such S,
emission has been reported in a small number of other molecules such as azulene*’, anthraquinone*!
and xanthione*’; this is an indication that both ISC from S, to the triplet manifold, and internal
conversion (IC) from S, to S; in BP and DMA are slow enough to allow radiative decay to compete
with them. Typically, to see emission, radiative decay rates need to be no less than 10 smaller than
both ISC and IC rates®. S, emission with low intensity can be seen in DMA films, exciting at 300 and
320 nm, but is difficult to observe in the presence of COT due to an overlap of the tail of COT absorption
and with S, emission between 350 nm and 400 nm (Supplementary Fig. 4). The Stokes shift between
So-S1 absorption and Si-So emission are thus 0.33 eV and 0.12 eV for BP and DMA, respectively. S»
Stokes shifts are larger, at 0.42 eV and 0.29 eV, respectively. We ascribe this energy relaxation to
changes in the twist dihedral angle about the C=0 bond in the triplet excited state for BP. DMA
undergoes less vibrational relaxation in the excited state and exhibits increased vibrational resolution
of its emission when compared to BP, due to its increased molecular rigidity. A comprehensive PL
spectrum with the decays from S, S; and T is given in Fig. 2h and g. Singlet emission decays from
zeonex films, obtained with ps-TCSPC (Fig. 2g and f), also showed a second (relatively long)
component, with lifetime of 1.8 ns and 2.5 ns for BP and DMA, respectively. This second component
indicates the presence of a delayed fluorescence (DF) and is corroborated by the decay of BP in solution
in the ns region in the presence and absence of COT, discussed below. (Supplementary Fig. 5). The
observed lifetime of 3.2 ns was reduced to 1.9 ns when COT was added to the solution as the triplets
giving rise to the DF were quenched. Not all DF is quenched by COT because the radiative singlet
decay is in competition with the diffusion rate of the COT molecules in solution. We believe that the
DF is generated whilst the excited states cool through vibrational relaxation and so may indicate the DF
coming from T> to S; and as the T population rapidly decays down to T, (see latter section) the DF is
rapidly quenched. The emission of single crystals of BP and DMA was also measured (Supplementary
Fig. 6). Only phosphorescence is observed in this case, indicating very rapid quenching of the singlet
states. DMA presents two distinct phosphorescence bands (Supplementary Fig. 7), ascribed to
phosphorescence from two distinct molecular packing motifs in the crystal structure (Supplementary
Fig. 8)
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Fig 1. Steady-state and time-resolved spectroscopy of the investigated molecules. Molecular structure of BP
and DMA. Dihedral angle (®) of BP ranges between 30° to 65° depending on the environment %5 (a).
Normalized steady-state of BP (b,¢) and DMA (d,e) in a host-guest film with Zeonex as polymeric matrix (1%
wt/wt) under varied excitation energies at room temperature (b,d. Top panel) and 80 K (¢,e. Bottom panel). Decays
I and III are identified in low temperature plots for both emitters. Normalized time-resolved emission spectra of
BP at room temperature (f) and 80 K (g). A, = 355 nm.

The photophysical behavior of BP and DMA was also evaluated in solution state. Absorption in
methylcyclohexane (MCH) 20 uM solution are in Supplementary Fig. 9. Absorbance was also recorded
varying the concentration of BP in MCH (Supplementary Fig. 10). An increase from 10 pM to 20 pM
was sufficient to quench some of the absorption intensity, indicating a formation of aggregates even at
this low concentration. The emission of ketones was also evaluated in solvents with varying polarity.
From Supplementary Fig. 11a and b, it is observed that, in aerated and degassed solutions, only S
emission is observed, and its intensity is only slightly enhanced by removing oxygen and no significant
shifts are observed when the polarity of the medium was changed. Since benzophenone is known to
undergo H-abstraction reactions in the excited state, the emission was measured in tetrachloromethane
(CCly) (Supplementary Fig. 11c). In this case, intense phosphorescence from BP was observed in a
room temperature, non-degassed solution of CCls under various excitation energies. The observation of
solution state room temperature phosphorescence (SRTP) only in non-hydrogenated solvents makes it
clear how aryl ketone’s behavior is critically dependent on the environment and how reactive they
become in the (triplet) excited state.
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Fig 2. Photophysical measurements employing triplet quencher and decay assignment. Normalized steady-
state of BP (a) and DMA (b) in a host-guest film with Zeonex as polymeric matrix (1% wt/wt) doped with
cyclooctatetraene (COT) (10% wt/wt) under varied excitation energies. Aggregate emission is observed from BP
under 3.4 eV excitation. Normalized time-resolved emission spectra of BP (¢) and DMA (d). 1., = 355 nm.
Picosecond time-correlated single photon counter decay curve of BP (e) and DMA (f) Beam reflection is observed
on IRF decay profile. Decay collected at 400 nm employed host-guest films doped with COT (10% wt/wt) to
collect emission coming from S, state. Here A,,. = 323 nm. Bi-exponential fitting yield decay lifetimes of 403
ps and 1.8 ns for BP and 339 ps and 2.5 ns for DMA. Decay collected at 345 nm was employed to collect emission
coming from S; state. Here 1., = 309 nm. Bi-exponential fitting yield decay lifetimes of 13 ps (assigned to IRF)
and 0.9 ns for BP and 38 ps and 1.1 ns for DMA. Reflection on the quartz substrate caused additional peaks in
the IRF signal. PL curves of the host-guest films attributed to S,, S; and T states for BP (g) and DMA (h). S,
emission was collected at 80 K under 4.1 eV excitation. S; at room temperature under 3.6 eV excitation in the
presence of COT. T; at 80 K under 3.5 eV excitation.

Observation of direct triplet absorption

Phosphorescence is observed with excitation energies of 3.26 eV (380 nm) for BP and 3.18 eV (390
nm) for DMA. These energies sit well below the S, state for both molecules. This could be ascribed to
excitation of Boltzmann thermally populated vibronic states of the electronic ground state, So, however
we observe the same at low temperatures. It can thus be ascribed to direct excitation from Sy into the
triplet manifold. Therefore, excitation was monitored for BP, in the presence and absence of the triplet
quencher (Fig 3a and b). Sp — S; excitation curve was determined from the sample with COT, where
only S; PF is observed, independent of excitation energy. However, upon examining the excitation
spectrum of the film without COT and monitoring the phosphorescence emission at 448 nm, it shows
that there is a structured absorption band that sits at lower energy compared to the S; absorption band
that generates phosphorescence. This is attributed to the spin-forbidden direct So — T absorption. This
band has previously been attributed to a singlet nt—mn* transition*®*’. When this excitation band is
compared to that of the phosphorescence, there is a close resemblance, but not a perfect mirror image
which we conclude arises from the overlap of absorption from Sy to the close by T state (Fig 3¢ and d).
Calculations indicate T and T to be only 0.08 eV apart®. Direct triplet absorption is also visible in the
excitation profile of DMA (Supplementary Fig. 12, below 4 eV); however, the intensity is weaker
compared to BP since the T, state in DMA has a pure nnt” character, reducing the oscillator strength of
the direct transition. The So — T; transition is also observed in solution absorption measurements with
extinction coefficients of 72.8 M-lecm™ and 80.1 M-'cm™! for BP and DMA, respectively (Supplementary
Fig 9). Any Contribution from So—T); transition to triplet formation is hidden under the So—S, and
So— T bands due to the low oscillator strength of the So—S; nxt” absorption (Fig. 3b — monitored at 448
nm). From Fig. 3b it is noticeable that excitation into the S, state is also an effective route for
phosphorescence, therefore, along with weak anti-Kasha emission from S,, S, decays non-radiatively
to Ty via ISC. On the other hand, S, excitation does not seem to lead to S; prompt fluorescence,
indicating that there is little S; to S| IC indicating weak coupling between the S, nn* state and the n*
S| state. As the direct instantaneous population of triplet states is possible and achievable with a wide
range of excitation energies, experimental determination of ISC rates need to be carefully conducted,
given that over estimation can easily be achieved through inadvertent inclusion of direct T; excitation.
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Fig 3. Investigation of direct So—T1 absorption. Excitation profile for Sy—S, transition in BP; obtained from
host-guest film doped with cyclooctatetraene (COT) (10% wt/wt). Emission was monitored at 420 nm. This is
attributed to So—S; transition since S; decay is the only emission observed from the films with the triplet quencher
(a) Excitation curves of So—S,, So—S; and S¢—T; transitions for BP; obtained from host-guest films (b) So—T;
excitation and T;—S, decay curves for BP; obtained from host-guest film (¢) Diagram displaying the overlap of
the triplet states Ty and T», clarifying the shape of the So— T} excitation curve (d) All measurements were carried
out using zeonex polymeric matrix doped with BP at 1% wt/wt.

Transient absorption spectroscopy

The measured excited state induced absorption (ESA) for both BP and DMA in toluene, excitation at
343 nm, are shown in Fig. 4. In both cases we observe near instantaneous grow in of ESA at 470 nm
which also decays rapidly within 2 ps. Along with this fast species we observe the grow-in of a band
centered around 540 nm which lives beyond our measurement time window of 6 ns. Clearly this is the
ESA from the lowest triplet state of both BP and DMA. From the plots of the ESA intensity at 560 nm
we observe an initial near instantaneous population formed within the first 2 ps then a slower grow in
over 30 ps. The fast component matches the decay of the fast ESA feature at 470 nm. Thus, we ascribe
the initial fast population of the T; state being formed through the T, state, itself populated rapidly by
ISC from S;. The slow component we ascribe to T population directly from the S; state. Within our
spectral window we do not observe an ESA feature associated with the S; state, however we do observe
S| emission when exciting at 340 nm indicating that 343 nm excitation must create S; population (Fig
2a and b). We cannot rule out some direct excitation of T through direct So-T> absorption, however.
From the theoretical calculations of Marian et al?®, in the case of BP, T; lies at slightly higher energy
than S; but excitation at 343 nm can excite S; into a vibrationally excited state which we believe will
enable rapid initial ISC from S;* to T». As Si" rapidly thermalizes then ISC to T> becomes endothermic,
potentially reducing the ISC rate below that of direct ISC from S; to Ti, hence the T» population is



rapidly quenched and the thermalized S, states populates T; directly via ISC throughout the singlet
lifetime. Non-thermalized initial triplet states are in accordance with the structureless triplet emission
observed during the first ns after excitation, indicating the presence of hot excited (singlet and triplet)
states®® (Fig. 1g) and agrees with the model proposed by Hochstrasser et al*’. From our measured T,
ESA build in times for BP ca. 30 ps and DMA ca 17 ps, Supplementary Fig. 13 and 14, we conclude
that ISC S;-T; is faster in DMA which indicates a better alignment of Si, T; and T, for ISC in DMA.
From the measured (slow) T, build-up it is possible to extract the kisc: 2.9 x 10! s and 5.4 x 10'° 5!,
for BP and DMA, respectively, in a low polarity environment. BP’s ISC is up to 3-times slower than
previously reported and often attributed to ISC S1-T22%4%, §;—T; kisc is in sub-ps range and could
not be fitted, however this process may also be quenched via thermalization of S; and so may not be
truly representative of the true rate. The experimental kisc represent the average of the calculated rates
between S;—T; and S1—T> 2, which further corroborates dual intersystem crossing pathways. A further
weak ESA band is observed centered at 720 nm. From the decay kinetics we again observe
instantaneous formation, a 2 ps decay component then a constant ESA beyond 6 ns. This behavior again
matches the decay kinetics of both T, and T populations with strongly overlapping ESA spectra as they
are energetically very close. Given that T, and T are so close in energy we can assume that they both
could be excited to the same upper Ty state so their ESA overlap. As DMA gives very similar ESA
features and decay kinetics, we believe that in toluene the T, state in DMA also lies slightly higher in
energy than S;. No S; states can be generated with excitation at 343 nm. We point out that we made
every effort to make these measurements at lowest possible concentration to avoid aggregation effects
and used an excitation wavelength that we know directly photocreates S; excited states in both BP and
DMA, (through the observation of S; fluorescence at this excitation wavelength) even in the presence
of a triplet quencher. The energetic proximity between T; and T, indicates that as the solvent
environment changes to higher polarity then energetics of the states will change, changing the dynamics
of ISC and changing the relative dynamics between BP and DMA given the mixed character of the BP
states compared to pure n and © character of the states in DMA?°. This we believe is the reason for many
differences in the reported photophysics of BP in literature.
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Electronic structure of BP and DMA

Based on the data collected from our experiments, it is possible to energetically position the electronic
states of BP and DMA, as well as their electronic mechanisms, in non-polar environments, as shown in
the diagram in Fig. 4¢ and 5a and b. Their decay pathways have proven to be highly dependent on
excitation energy. To recapitulate, high energies (> 3.65 eV) populate the S, state, which decays in
competition between ISC to Tn and radiative decay to So. The observation of anti-Kasha emission
indicates a decoupling between a S;n* and S, n* states. When excited into S, electrons can promptly
decay to the ground state or competitively ISC to T, then T as the S; state thermalizes. A direct pathway
from Sy to T} is also possible for the molecules, allowing for instantaneous triplet state population and
fast phosphorescence decay, in the range of sub-nanoseconds potentially. Similar photophysical
behavior was observed for BP and DMA, indicating little direct effect attributed to the lack of molecular
torsion in DMA. This only results in the mixing of the nn* and nn* character of the triplet states in BP.
Notably, in non-polar environments the planar structure of DMA led to a 2-fold increase in the ISC
rate. The twist in BP has a minor direct effect on ISC but does change the relative energy separations
of S; T> and T which has a far greater effect on ISC rates.
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Fig 5. Energy levels of BP and DMA in non-polar environments. Diagram of the excited states of BP (a)
and DMA (b) illustrate the character and energy of each state.

To conclude, the photophysical properties of BP were re-examined along with its planar analog DMA,
via a thorough analysis of steady state and time-resolved photophysics. They reveal emissions from S,
S and T states, with notable direct Tn absorption. The excitation spectra of the transitions were also
characterized. From our photoinduced absorption measurements, in non-polar solvents, we conclude
that S; lies energetically slightly below T in both BP and DMA and ISC proceeds first through S1*—T>
crossing but, as Si* thermalizes, this channel becomes too endothermic and ISC S;—T; takes over.
Thus, both T, and T, are involved in ISC but not sequentially, rather in dynamic competition with S,
thermalization driving the competition. BP and DMA presented similar photophysical behavior of their
excited states, apart from slight changes to the lifetime of both radiative and non-radiative processes,
mainly caused by the fact that BP has triplet orbitals with mixed nn* and nn* characters due to its
twisted structure, as opposed to DMA'’s planar geometry. Overall, these findings help clarify the non-
conventional processes that aryl ketones undergo in the excited state and shine light on the complexities
of their photophysics, especially the complex excitation dependent properties of these molecules and
the care required to avoid aggregation. These new results will be invaluable considering the important
role this class of molecules plays in a plethora of applications in the field of organic and material



chemistry. As a simple example, ketocoumarins have been shown to be excellent triplet sensitizers in
visible to UV solar up-conversion °!, however the twisted substituted BP like molecules used are not
stable and tend to cleave at the central keto group, but from our new results this problem can be solved
by going over to a central DMA structure which will not affect the efficiency of triplet formation. This
work shows the value that can be gained by going back to reexam key photophysical and photochemical
mechanisms that have simply been accepted for decades in many cases, there is much new information
waiting to be uncovered.

METHODS

Steady State Measurements

Absorption, photoluminescence, and excitation measurements were obtained using drop-cast films on
sapphire substrates at 1% by weight for zeonex (1 wt. %); for the solution measurement, concentrations
ranging from 10 20 uM L' to 100 uM L~! were used. Solutions were dissolved by bubbling with argon.
A (double-double) spectrofluorometer (Jobin Yvon Horiba Fluorolog) and a spectrophotometer
(Shimadzu UV-vis—NIR 3600) were used for emission and absorption measurements, respectively. For
vacuum and/or cryogenic temperature measurements the samples were placed in a cryostat (Janis
Research VNF-100) and cooled down by nitrogen flow. A helium-closed cycle cryopump was used for
measurements at 20 K. All spectral onset energies were corrected using the Jacobian conversion of
wavelengths to energies.

Time-resolved measurements

The time-resolved measurements were obtained using a gated iCCD camera (250-950 nm) (Stanford
Computer Optics 4Picos) with sub-nanosecond resolution and spectrograph equipped with 300
lines/mm grating, 500 nm blaze wavelength system. Excitation was from the 3rd or 4th harmonic of a
200 ps Nd:YAG 10 Hz repetition rate laser (EKSPLA). Time-resolved measurements were made using
a variable CCD gate and delay times relative to the laser trigger, allowing emission decays to be
constructed from the changes in spectrum area (normalized by gate time). TCSPC measurements were
recorded with a double subtractive monochromator (Acton Research Corporation), coupled to a
microchannel plate photomultiplier tube (Hamamatsu) and signal was acquired using a TCSPC module
(Becker & Hickl) system IRF=15 ps. Samples were excited with the 3™ harmonic generated from a
Coherent ps-Ti:saphire laser.

Transient absorption spectroscopy

The laser used in the transient absorption setup is PHAROS from Light Conversion (wavelength: 1030
nm, pulse duration: 180 fs, pulse energy: 0.6 mJ, repetition rate: 1 KHz). Part of the output is used to
do third harmonic generation (THG), which produces 343 nm output. We use this 343 nm output to
pump our samples and the pulse energy used is about 1 pJ. Another part of the output is used to pump
a calcium fluoride disk on a rotating stage to generate white light continuum (WLC). We use this WLC
to probe the dynamics of the excited states. The polarization of the pump is vertical to the optical table,
while the polarization of the probe is parallel to the optical table. The spot sizes (FW @ 1/e?) of the
pump and probe are 270 pm and 200 pm, respectively. The time delay between pump and probe is
controlled by a I1-meter motorized translation stage (Zaber Technologies Inc. A-
LST1000AKTO07G06SU), which can generate about 6 ns delay range. The pump is modulated by an
optical chopper (Thorlabs Inc. MC2000B-EC) that is locked to the half frequency of the laser repetition
rate to create an iterated pump on / pump off situation. The WLC goes through a spectrometer and the
intensities at different wavelengths are monitored by a camera (Imaging Solutions Group LightWise



LW-ELIS-1024A-1394). The camera is synchronized with the laser pulse to ensure it captures the
spectrum of WLC pulse by pulse. The transient absorption spectrum at one fixed time delay is calculated
by

N
AT _ {Z Spectrumyympon — SPECtTUMpympoff N

T £ Spectrumyympors
where N is average number, in our case N=500. By changing the time delay between pump and probe,
we obtain the whole transient absorption spectra.
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