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Introduction

Measuring the total photon economy of
molecular species through fluorescent optical

cycling¥

Anthony V. Sica, 2 £ Ash Sueh Hua,* Belle Coffey, Kierstyn P. Anderson,
Lia A. Coffey, Benjamin T. Nguyen, Alexander M. Spokoyny 2 and
Justin R. Caram = *

The total photon economy of a chromophore molecular species represents a study of how absorbed
photons partition among various electronic states and ultimately dissipate their excited energy into the
environment. A complete accounting of these rates and pathways would allow one to optimize
chromophores and their environments for applications. We describe a technique, fluorescent optical
cycling (FOC), which allows for simultaneous observation of prompt and delayed emission during and
after multiple pulsed excitation, ultimately granting access to multi-state photophysical rates. We
exercise control over the excitation pulse train, which allows us to “optically shelve” long-lived
intermediate states without the use of diode or flashlamp excitation. By recording all photon arrival
times in the visible and shortwave infrared, we can simultaneously resolve fluorescence,
phosphorescence, and singlet oxygen sensitization in a single experiment. We use FOC to examine the
photophysics of dual emitting bis(di-R-phosphino)alkanethiophene-pyridine-platinum ([Pt(thpy)(dppm)]*)
under different solvation conditions, revealing changes in intersystem crossing and phosphorescent rates
induced by the external heavy atom effect. Coupling FOC with decay associated Fourier spectroscopy
(DAFS), we demonstrate simultaneous correlated spectral and lifetime data in this dual emitting complex.
Finally, FOC combined with superconducting nanowire single photon detectors (SNSPDs) allows us to
observe the shortwave infrared region (SWIR) phosphorescence of singlet oxygen sensitized by Rose
Bengal. Overall, FOC provides a powerful tool to simultaneously study multiple photophysics across
timescales, even in weakly populated electronic states.

the most chemically relevant excited states (e.g., those long-lived
enough to participate in diffusion limited chemical reactions)

One definition of an “economy” is a system of production and
consumption activities that determines how resources are
allocated among participants. In this context, the total photon
economy would thus represent how input energy from photon
excitation is dissipated among a variety of thermal and photonic
pathways. Resolving the time and frequency of light emission
upon excitation provides an indirect method to observe excited
state dynamics through standard time-correlated single photon
counting (TCSPC). However, excited state processes in materials
span many orders of magnitude in time, from femtosecond
vibrational coherences to seconds of delayed emission." Often,
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may only populate once after hundreds of excitations and, even
then, emit photons sparingly. Time resolved measurement of
long-lived emission using long and intense illumination from
flash lamps or LEDS yields the depopulation rate of long-lived
states but is unable to simultaneously resolve the timescale of
short-lived emission needed to obtain the population rate of long-
lived states. Conversely, other transient absorption methods, such
as singlet state depletion®? or double pump-probe technique,*’
can simultaneously resolve timescales of shorter and longer
photophysical events to yield population and depopulation rates
of long-lived states but require costly high power lasers and long-
delay lines. These methods lack the simple setup, low-intensity
excitation, and insensitivity to scatter provided by TCSPC.®
Understanding the synthetic and environmental conditions that
affect the rate of intersystem crossing (ISC) in phosphorescent
molecules is critical to material development.” Phosphorescent
molecules are important candidates for phosphorescent-based
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biological imaging,'®™? photo-catalysis,”> data storage,'* and
phosphorescent light emitting diodes (LEDS)."””™"” However, the
success of the aforementioned applications is reliant on the
efficiency and overall yield of the phosphorescence in these
molecules.

We present fluorescent optical cycling (FOC), a TCSPC based
method that allows us to simultaneously study both instanta-
neous and delayed emissions in a material using multiple
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pulsed excitation as an alternative to high power excitation.
Drawing from prior multiple excitation strategies for studying
multi-excitons/trap states in quantum dots,'® phosphorescent
dyes,*>'? and charging in perovskites,?® we introduce tunable
timed excitation pulse trains while retaining high time resolu-
tion to study the formation and decay of multiple excited states.
The burst times of the pulse trains can span nanoseconds to
seconds while the off times of the pulse trains can span
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Fig. 1 (a) Scheme for pulse train generation and FOC collection. The laser
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repetition rate triggers the delay generator, which creates a fast-gating pulse

for the laser driver, ultimately controlling the burst time/number of pulses and off time. All relevant timing signals are recorded by the timing module (b)

FOC trace of the instrument response function shows timing tunability of b
module hardware and not by jitter between pulse trains.
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microseconds to seconds. Our method takes advantage of these
tunable pulse trains to build population in long-lived states by
‘optically shelving’ via excitation over multiple pulses. Using
TCSPC, we adjust the method of collection and excitation to
achieve tunable pulse trains and collect high resolution FOC
traces. We further reveal how short-time dynamics and
fluorescence intensities change upon multiple excitations,
providing a complementary signature that describes inter-
system crossing. We implement FOC on a variety of systems,
probing the features of singlet and triplet state emission.
Pairing FOC with a Mach-Zehnder interferometer, we
apply our previously established technique, decay associated
Fourier spectroscopy (DAFS), to a dual emitting system.*"
DAFS combined with FOC offers the distinguishable spectral
character of prompt and delayed emission. Finally, FOC is
implemented to study emissive events in the visible and
shortwave infrared (SWIR, 1-2 pm) range of emission using
superconducting nanowire single photon emitters (SNSPDs).
FOC in the SWIR yielded the direct detection of singlet oxygen
sensitized by Rose Bengal without the use of flash-lamp or
continuous excitation.

Generating pulse trains with controllable off times

A pulsed laser driver (PicoQuant, PDL 800D) controls the laser
repetition rate and corresponding analog synchronization sig-
nal, both of which derive from the laser driver’s internal
80 MHz crystal oscillator. The sync signal from the laser driver
is the global clock and is connected to the sync input channel of
the TCSPC module (PicoQuant, HydraHarp 400). After amplifi-
cation from a NIM to TTL converter (Micro Photon Devices,
NIM 2 TTL Converter), the sync signal also triggers the delay
generator (Stanford Research System, DG535). Subsequently,
the delay generator output signal fast gates the laser driver,
controlling both the duration of the pulsed excitation and the
pulse train cycle time. The delay generator signal is also sent to
the TCSPC module’s marker channel to time-tag the pulse train
cycle times. The delay generator is phase-locked to the TCSPC
module and shares the same internal reference clock. This
scheme and key electronic outputs are shown in Fig. 1a. In
short, the delay generator allows us to control both the number
of pulses and the subsequent waiting period or laser off time.
The burst times of the pulse trains can span nanoseconds to
seconds while the off times of the pulse trains can span
microseconds to seconds. The low timing jitter of the involved
electronics ensures the fidelity of the pulse trains while the
high time resolution of the delay generator allows for precise
control in the number of laser pulses (Table S1, ESIf). In
Fig. 1b, we show TCSPC traces of incoming laser scatter from
a 532 nm pulsed diode laser (PicoQuant, LDH-P-FA-530B) to
demonstrate that the number of pulses is finely controlled and
that the jitter between pulse trains is less than the width of the
instrument response function.

Collecting lifetimes and FOC

Experiments were conducted on a home-built optical epifluor-
escence microscope, which allows for re-excitation of a small
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focal volume. All samples were excited by either a 532 or
405 nm pulsed diode laser (PicoQuant, LDH-P-FA-530B or
LDH-P-C-405, respectively). The emission of solid-state samples
was collected using a 40x air objective (Nikon, MRD00405),
while the emission of solution-phase samples was collected
using a 60x IR water immersion objective (Nikon, MRD07650) to
ensure a tighter focal volume and higher collection efficiency
through index matching. The emission was directed through our
previously reported Mach-Zehnder interferometer.>"*> The two
outputs were either focused onto avalanche photodiodes (APDs)
(Micro Photon Devices, PD050-CTD) for visible detection or super-
conducting nanowire single photon detectors (Quantum Opus,
Opus One) for NIR and SWIR detection. Complete collection of
photon streams was achieved through recording in time-tagged
time resolved (TTTR) mode. To prevent excitation into higher
energy singlet states, laser repetition rates were selected so
that the singlet excited state decays completely. Likewise, off
times were selected to allow for total relaxation into the
ground state, resetting the system for the next pulse train. Burst
times were selected to maximize the population of long-lived
excited states. Resolution of the measurement is, therefore,
limited by the resolution of the TCSPC unit and the delay
generator which can measure time scales as fast as picoseconds
to as long as seconds.

Modeling

To understand the results, we employ a kinetic model that is
used for fitting and interpretation of the FOC signal (Fig. 2a).
We use a simple three-state system to model ground (S,),
singlet excited (S;), and triplet excited state populations (T,).
Included in this model are rates for total fluorescence, total
phosphorescence, intersystem crossing (ISC), and reverse
intersystem crossing (rISC) (k¢, kp, kisc, kusc, respectively).
Here, total fluorescence, kf = kg + ke, is the combined
radiative and nonradiative rates that connect the singlet
excited state, S;, to the ground state, S,. Likewise, total
phosphorescence, k, = kyr + kpnr, is the combined radiative
and nonradiative rates that connect the triplet excited state,
T;, to the ground state, S,. Intersystem crossing (kisc) is
defined as the transition from the singlet excited state to the
triplet excited state, while reverse intersystem crossing (ksc)
is the inverse process. Intersystem crossing and reverse inter-
system crossing represent identical processes of transfer
between singlet and triplet manifolds. In accordance to Fer-
mi’s golden rule, they require both a non-zero mixing between
singlet and triplet states, (mediated by spin-orbit coupling),
and energetic overlap between initial and final states. Both
ISC and rISC generally occur on time-scales much slower
than thermal relaxation within the bands (>10 picoseconds
(ref. 23) vs. <1 picoseconds (ref. 24)), so we take them as
the rate limiting step in our kinetic modeling, consistent
with most treatments of intersystem crossing and reverse
intersystem crossing in the literature.>® In situations where
vibrational relaxation is slow, and coherences persist (lower
temperatures, isolated transitions, vacuum environments),
the assumptions underlying Fermi’s golden rule break down,
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Fig. 2 Demonstrating the effects of adjusting photophysical rates in the kinetic modeling derived FOC traces. (a) An FOC trace showing relative
fluorescence (purple), phosphorescence (red), and total signal (grey). The decline in fluorescence amplitude/crest height is attributed to fluorescence
bleaching from a significant triplet population. In the underlying phosphorescent plateau, the steep region at the beginning of the pulse train corresponds
to triplet build up while the later equilibrium plateau corresponds to a steady-state triplet population. (b) A faster intersystem crossing rate leads to a faster
triplet build up and a higher triplet equilibrium plateau/larger triplet population. (c) A faster phosphorescent rate leads to slower triplet build up and a
lower triplet equilibrium plateau/smaller triplet population. (d) A higher absorption cross section, i.e. more emitters being addressed, leads to faster triplet
build up but the same height triplet equilibrium plateau. (e) A fourth decay rate from the triplet excited state leads to slower overall triplet buildup, a lower
triplet equilibrium plateau height, and a sharp decrease in the total signal.

requiring a more considered rate model. Each laser pulse the singlet excited state, reflecting a fixed per molecule cross-
moves a percentage of population from the ground state to section at the excitation energy. Between every pulse, the
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kinetics of each state are described with the following differ-
ential equations:

@:k;ﬂﬂ + ke [Si] (1)
({)[astl} = kr]SC[T]} - (kf + leC)[SI] (2)
agtl] = —(kp + knsc) [T1] + kisc[S1] 3)

The solutions to the differential equations take the form of
[$1] = Coy s, exp(rn) + s, explr) (4)
[T1] = Cy,r, exp(rent) + Coyr, exp(r(-yt) (5)
where D, 1(1), C(s)s,, and C(4)r, are as follows.
D = (kisc + kusc + ke + kp)” — 4(kisckp + knscke + kikp) — (6)

—(kisc + knsc + k¢ + ky) £ v/D
Ix) = 2 (7)

1

Ci)s, :ﬁ{ [:F(klsc —kusc+kr —ky) + \/B} [S1]; & 2kusc [Tl],}

(8)

Cayt, :%{i [(kISC —kusc+kp—ky) + @] [T\, £ 2klsc[sl],-}
)

The initial singlet excited and triplet excited populations at the
start of every pulse number, i, are [S,]; and [T,]; respectively. For
simplicity, implementations of this kinetic model assume
reverse intersystem crossing, k;sc, as negligible and set to zero.
The more detailed derivation is included in the ESIL.{

An example of how each of these parameters affect the FOC
trace is described in Fig. 2. All parameters used are included in
Table S2 of the ESL.t A higher intersystem crossing rate (ksc)
leads to a faster triplet buildup and a higher triplet equilibrium
plateau, corresponding to a faster rate of triplet population and
a larger steady-state triplet population (Fig. 2b). A higher total
phosphorescence rate (kp) leads to slower triplet build up
and a lower triplet plateau, corresponding to a slower rate
of triplet population and a smaller steady-state triplet popula-
tion (Fig. 2¢). With a larger absorption cross section, i.e. more
emitters are excited per pulse, we observe faster triplet buildup
but an identical triplet equilibrium plateau that corresponds to
a faster rate of triplet population and identical steady-state
triplet population (Fig. 2d). Finally, when we add a 4th pathway
that depletes the triplet population but does not return to the
ground state, such as triplet-triplet energy transfer, we observe
two effects (Fig. 2e). When depletion rates are increased, the
triplet build up time is increased and the triplet equilibrium
plateau is lower, signifying a slower rate of triplet population
and a smaller steady-state triplet population. Simultaneously,
we observe a decrease in our total signal due to a lower triplet
population. The fluorescence intensities are nearly unaffected
by this fourth depletion pathway.

21854 | Phys. Chem. Chem. Phys., 2024, 26, 21850-21860
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Dual emitting platinum complex

We demonstrate FOC on a platinum complex, (1,1-bis(di-
phenylphosphino)methane)-2-(2-thienyl-x-3-C-pyridine-k,N
platinum) ([Pt(thpy)(dppm)]’), that exhibits simultaneous fluores-
cence and phosphorescence (Fig. 3a). [Pt(thpy)(dppm)]’ was
synthesized using a procedure established by Li, et al.*>® where
dppm ligand (dppm = 1,1-bis(diphenylphosphino)methane)
(1 equiv.) was added to a solution of [Pt(thpy)(Hthpy)Cl] (1 equiv.)
in acetonitrile and refluxed under N, atmosphere. Upon isolation,
[Pt(thpy)(dppm)]" was then dissolved in varying solvent ratios of
diiodomethane (DIM) to dichloromethane (DCM) to induce an
external heavy atom effect (EHAE) that modulates the relative
amount of fluorescence to phosphorescence. With an increase in
DIM, we observe a decrease in total photoluminescence (Fig. S1,
ESIT), but also a clear increase of relative phosphorescent yield
(~550-650 nm) in the emission spectra (Fig. 3b). The emission
spectra were normalized to the fluorescent peak (~460 nm) to
emphasize this effect. Details and characterization ("H NMR, UV-vis
absorption and emission, and lifetimes) are provided in the ESL{
The complexes were excited using a 405 nm laser diode at
10 MHz with a burst time of 10 ps and an off time of 35 ps. The
resulting FOC trace is shown in (Fig. 3c). Additional FOC traces are
shown in Fig. S3 (ESIt). To demonstrate fluorescent and phosphor-
esecent contributions to FOC traces, we then split the resulting
emission between two detectors, and use edgepass filters to isolate
fluorescence in one detector and phosphorescence in the other
(Fig. 3d). The fluorescence FOC trace contains multiple short-lived
fluorescence decays from the pulse train but not the underlying
plateau attributed to phosphorescence from optical shelving into
the triplet excited state. Conversely, the phosphorescence FOC trace
consists of the phosphorescent plateau without multiple fluores-
cence decays during the burst time and a long-lived phosphorescent
decay during the off time. A further proof of principle was demon-
strated with highly phosphorescent boron clusters in the ESL{ *®

FOC-DAFS of [Pt(thpy)(dppm)]*

In prior work, we have used a Mach-Zehnder (MZ) interferometer to
capture correlated emission and lifetime spectra.>" Decay associated
Fourier spectroscopy (DAFS) is a wavelength agnostic TCSPC based
technique that allows octave spanning across the visible and SWIR
regions. Other advantages of DAFS are optical mode retention, path-
length dependent resolution, and balanced detection that allows for
Fourier filtering of different fluorescent emitters.”> To summarize,
the emission is sent through a folded Mach-Zehnder interferometer
where one path is varied, ultimately yielding two output beams.
DAFS was used in tandem with FOC to obtain spectra correlated
FOC traces of the [Pt(thpy)(dppm)]" in PMMA film (Fig. 3e). The
resulting DAFS displayed the photoluminescence of the [Pt(thpy)-
(dppm)]” with corresponding lifetimes. The complex showed a clear
separation of the fluorescent and phosphorescent emissions, with
phosphorescent lifetimes greatly exceeding fluorescent lifetimes.

Total photophysics of [Pt(thpy)(dppm)]” from FOC and QY
measurements

The external heavy atom effect (EHAE) is observed in the total
emissive quantum yield and in the quantum yields of fluorescence

This journal is © the Owner Societies 2024
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Fig. 3 (a) [Ptthpy)dppm)]* absorption and emission in DCM. (b) [Pt(thpy)(dppm)]* emission spectra in varying solvent ratios of DIM : DCM. As the percentage
of DIM increases, there is an overall increase in the relative size of the phosphorescent peak. Emission spectra were normalized to the fluorescent peak at
~460 nm. (c) FOC of [Pt(thpy)(dppm)]* in 20% DIM:DCM. (d) Demonstrative FOC of [Pt(thpy)(dppm)]* using edgepass filters to isolate fluorescence and
phosphorescence. The phosphorescent FOC contains the characteristic plateau during the burst time and long-lived decay during the off time while the
fluorescent FOC contains multiple short-lived decays from multiple pulsed excitation. (e) FOC-DAFS of 2 wt% [Pt(thpy)(dppm)]* in PMMA film. There is a clear

separation of a shorter lifetime seen at the fluorescent peak while a longer lifetime is observed when integrting along the redder phosphorescent region.

and effective phosphorescence (Fig. 4a). As the DIM: DCM ratio  increases relative to the fluorescence quantum yield. However,
is increased, the effective phosphorescence quantum yield the total emissive quantum yield decreases with an increasing
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DIM:DCM solvent ratio. Collecting FOC traces at different of [Pt(thpy)(dppm)]" FOC traces and corresponding fitting is
DIM : DCM solvent ratios shows changes in the photophysical found in the ESIT (Fig. S3). By fitting experimental FOC traces
rates caused by the EHAE from DIM (Fig. 4c). The entire series to the kinetic model, total fluorescence, total phosphorescence,
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Fig. 4 (a) The ratio of effective phosphorescent quantum yield to fluorescence quantum yield increases as the DIM solvent ratio increases. (b)
Fluorescent and effective phosphorescent quantum yields decreases as the DIM solvent ratio increases. (c) [Pt(thpy)(dppm)]* FOCs in varying DIM : DCM
ratios from 10% to 70% show how the DIM solvent ratio modulates photophysical rates. (d) Experimental FOC traces are fit to the kinetic model, showing
good agreement. (e) Using the quantum yields and rates from FOC fitting, the nonradiative rates can be inferred. As the DIM ratio increases, the
nonradiative fluorescent rate, k., remains constant while the radiative fluorescent rate, k¢, decreases and the intersystem crossing rate, kisc, linearly
increases. (f) As the DIM ratio increases, the intersystem crossing rate, kisc, linearly increases while the radiative phosphorescent rate, kp,, decreases and
the nonradiative phosphorescence, kpnr, increases and decreases.
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and most importantly intersystem crossing rates are obtained
(Fig. 4d).

With the addition of quantum yield measurements, the
radiative decay rates can be distinguished from non-radiative
decay rates since FOC only yields total fluorescence and phos-
phorescence rates. The nonradiative rates of fluorescence and
phosphorescence were found using the following equations:

kfr

Qp =— 77—
ki + kfor + kisc

(10)

kisc Kpr
kfr + kfnr + leC kpr + kpnr + krISC

Detr pr — (bISC(Dpr = (11)

where @y and P, are the quantum yields of radiative
fluorescence and effective radiative phosphorescence respec-
tively, as measured in the emission spectra. The intersystem
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crossing rate and total phosphorescent rate, kisc and kp = kyp +
knrp Tespectively, are found from fitting to the model (Fig. S3,
ESIt), and the experimental fluorescent rate, Kexp = kif + ket +
kisc, is from the lifetime fitting.

As the DIM : DCM ratio increases, the nonradiative fluorescent
rate, kg, remains constant while the radiative fluorescent rate, kg,
decreases and the intersystem crossing rate, kisc, linearly
increases (Fig. 4e). As the DIM ratio increases, the intersystem
crossing rate, kisc, linearly increases while the radiative phosphor-
escent rate, k;,, decreases and the nonradiative phosphorescence,
kpnry increases (Fig. 4f). Interestingly, an increasing DIM solvent
ratio decreases both the radiative fluorescence and radiative
phosphorescence rates while leaving the nonradiative fluores-
cence rate constant and enhancing the nonradiative phosphores-
cence rate; this is consistent with an increasing DIM ratio leading
to decreasing emissive quantum yields. Simultaneously, increased
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(a) Electronic states and emission (~1275 nm) of singlet oxygen. (b) Jablonski diagram for dye sensitization of singlet oxygen. Triplet—triplet

annihilation of a triplet excited state dye with triplet ground state oxygen produces singlet excited state oxygen. (c) FOC of singlet oxygen sensitized by
Rose Bengal collected with SNSPDs. The lifetime of singlet oxygen in water is 3.39 ps. (d) Absorption and emission spectra of Rose Bengal in water.
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intersystem crossing rates in conjunction with a decreased radia-
tive fluorescence rate results in more phosphorescence emission
relative to fluorescence emission with the addition of DIM.

FOC for direct detection of singlet oxygen

Singlet oxygen plays a paramount role in an array of biological
functions such as signaling for cell death and oxidative stress,””
bioenergetics,®® and cancer mechanisms.>® Outside of natural
systems, singlet oxygen is also used for treatments such as
photodynamic therapy, where undesired tissue is damaged
through photo-oxidative processes.® Oxygen usually exists in
the triplet ground state °Z,~ (corresponding to two paired elec-
trons in the same orbital) but can be excited into two singlet states
termed 'A, and '%," (corresponding to two spin paired electrons
in different orbitals) (Fig. 5a). Ground state triplet oxygen can be
sensitized to a higher excited singlet state through interaction
with a sensitizing dye molecule that can undergo triplet-triplet
energy transfer (Fig. 5b). One method to probe singlet oxygen
directly is through its phosphorescent emission from the A, state
at 1275 nm, in the short-wave infrared (SWIR). Superconducting
nanowire single-photon detectors (SNSPDs) previously have been
used to detect singlet oxygen.*® We enhance singlet oxygen
emission through FOC and study the dynamics of singlet oxygen
and singlet oxygen sensitization using SNSPDs.

Rose Bengal, as a sensitizer for singlet oxygen, was purposely
used to directly detect singlet oxygen generation at ~1275 nm. A
sample of Rose Bengal in water was flowed through a perfusion
cell chamber (details in the ESIf). Flowing the sample helped
regenerate chromophores and collect emission of singlet oxygen at
higher yields and in less time. The sample’s emission was detected
using custom broadband SNSPDs (Quantum Opus, Opus One),
which boast high quantum efficiencies and fast reset times. Before
collection, a 533 nm notch filter (Thorlabs, NF533-17) and 550 nm
LP (Newport, 10CGA-550) were used to filter out most of the
sensitizer fluorescence. The sample was collected using a
532 nm laser at 80 MHz with a hold time of ~15 ps and an off-
time of 60 ps. In this FOC, we see a gradual decrease in the total
signal height during the burst time, which is emphasized in the
inset linear plot (Fig. 5c). This is modeled as an additional
depletion event from the triplet excited state of Rose Bengal, where
triplet excited state Rose Bengal undergoes triplet-triplet energy
transfer with triplet ground state oxygen to produce excited state
singlet oxygen. The decrease in total signal here is attributed to
slower overall long-lived photoluminescent population build up,
and smaller steady state long-lived photoluminescent population.
This contributes to the total signal being dominated by shorter
lifetime components and higher yield in nonradiative pathways.
The FOC burst time begins to resemble the decrease in total signal
seen in our example model (Fig. 2d). When fitting the tail from the
off-time, the lifetime is found to be 3.39 ps and in excellent
agreement with photosensitized room temperature studies which
found the lifetime of singlet oxygen in water to be 3.5 ps.*>*

Comparison to other methods

In addition to the methods highlighted in the introduction that
inspired this effort, we note several other methods used to
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extract phosphorescent rates. A recent paper uses a similar
approach, burst-mode time gated Fourier transform spectro-
scopy (bmTG-FTS), where multiple pulsed excitation is com-
bined with a Fourier spectroscopy method, translating wedge-
based identical pulses eNcoding system (TWINS), in order to
obtain correlated timescale spanning spectral information.>* It
is important to note that we resolve non steady-state dynamics
during multi-pulsed excitation, yielding additional rich photo-
physical information in the form of often neglected nonradiative
rates, such as intersystem crossing rates. In addition, our imple-
mentation of FOC-DAFS possesses the advantages of DAFS,
including dual detector enabled balanced detection, drift can-
cellation, wavelength agnostic detection, and visible to SWIR
octave spanning collection. Comparisons between DAFS and
TWINS have been discussed extensively in prior literature.”!

Jahn et al. presents a single pulsed excitation technique for
simultaneous fluorescent lifetime imaging (FLIM) and phos-
phorescent lifetime imaging (PLIM) but that is only feasible
with the use of bright dual emitters and compromised time
resolution.>® Another technique for simultaneous FLIM/PLIM
from Becker et al. similarly leverages multi-pulsed excitation to
optically shelve into triplet excited states, but ignores the non-
steady state nature of multiple pulsed excitation.*® As a result,
intersystem crossing and other non-radiative rates are neglected
and only averaged fluorescent lifetimes and phosphorescent
lifetimes are obtained. The combination of FOC for simulta-
neous FLIM/PLIM is a future application that will add photo-
physical depth to FLIM/PLIM.

Discussion and conclusion

We demonstrate the utility of FOC in resolving the total
photophysics of an emitter by simultaneously measuring both
short-lived and long-lived emission without compromising
time resolution. The non-steady state measurement of both
short-lived and long-lived emission allows for the extraction of
often neglected photophysical parameters such as intersystem
crossing rates in addition to total fluorescence and phosphor-
escence rates. The addition of quantum yield information
allows for further interrogation of photophysical rates, where
the total fluorescent and phosphorescent decay rates can be
separated into radiative and nonradiative components. To our
knowledge, phosphorescent nonradiative rates are not often
characterized, despite potential chemical relevance in photo-
chemistry. How these rates change as a function of solvation
environment likely reflects the degree to which the solvent and
coordination environment influences ‘parity forbidden”
recombination of states.

Along these lines, we demonstrated in a dual emissive
platinum complex, [Pt(thpy)(dppm)]ClO,, that the intersystem
crossing rates increase linearly with the EHAE solvent ratio.
Simultaneously, the nonradiative phosphorescent rate follows a
nonlinear increase. We hypothesize this may reflect the mecha-
nism by which EHAE affects the rates of parity forbidden decay.
Linear changes may reflect direct binding of DCM/DIM to the
platinum complex, while nonlinear effects suggest a more
complex relationship between the coordination sphere and
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phosphorescent quenching. FOC may help elucidate these com-
plications in the future. Similarly, detailed studies of the mecha-
nism and timescales of singlet oxygen sensitization using direct
observation of both the sensitizer and singlet oxygen are often
quite challenging as they span energy and timescales, and rely
on a weakly emissive phosphorescent signature. We believe that
FOC will enable detailed spectroscopic interrogation of photo-
sensitization for a range of applications from photodynamic
therapies to oxygen mediated catalysis. Combining FOC with
control over the excitation volume and other TCSPC based
methods such as DAFS (for spectral access) and SNSPDs (for
infrared photons) can allow us to maximally extract information
encoded within the photon stream, revealing the total photon
economy of an emissive system.
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