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A molecule or molecular system always consists of excited states of different spin multiplicities. With
conventional optical excitations, only the (bright) states with the same spin multiplicity of the ground
state could be directly reached. How to reveal the dynamics of excited (dark) states remains the grand
challenge in the topical fields of photochemistry, photophysics, and photobiology. For a singlet—triplet
10 coupled molecular system, the (bright) singlet dynamics can be routinely examined by conventional
femtosecond pump—probe spectroscopy. However, owing to the involvement of intrinsically fast decay
channels such as intramolecular vibrational redistribution and internal conversion, it is very difficult, if
not impossible, to single out the (dark) triplet dynamics. Herein, we develop a novel strategy that uses an
ultrafast broadband white-light continuum as the excitation light source to enhance the probability of
intersystem crossing, thus facilitating the population flow from the singlet space to the triplet space. With

o

a set of femtosecond time-reversed pump—probe experiments, we report on a proof-of-concept molecular
system (i.e., the malachite green molecule) that the pure triplet dynamics can be mapped out in real time
through monitoring the modulated emission that occurs solely in the triplet space. Significant differences
in excited-state dynamics between the singlet and triplet spaces have been observed. This newly

20 developed approach may provide a useful tool for examining the elusive dark-state dynamics of
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molecular systems and also for exploring the mechanisms underlying molecular luminescence/photonics
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and solar light harvesting.

Introduction

In recent years, the importance of the optically unreachable
“dark” states, such as the triplet states in singlet—triplet coupled
molecular systems, has been increasingly evident in many
emerging photochemical and photophysical applications
including photocatalysis,'* organic light-emitting diodes,*® and
photovoltaics,”® in which enhanced spin—orbit coupling or
intersystem crossing (ISC) usually leads to greatly improved
performance. In this context, detailed insights into the excited-
state dynamics involved in singlet—triplet coupled molecular
systems, in particular the role of the triplets, are highly desirable.
However, it remains a grand challenge to glean information of
spectral signatures as well as population dynamics in the dark
triplet space.’” Time-resolved photoluminescence spectroscopy is
normally applicable only for monitoring the first excited singlet
S; (fluorescence) or triplet T; (phosphorescence) due to the
restriction of Kasha’s rule.'®!! The conventional femtosecond (fs)
pump—probe measurements'> often yield a picture of mixed-up
singlet and triplet dynamics in which the transient signals are
overwhelmed by contributions from the strongly allowed
transitions in the bright singlet space, including ground-state
bleach, stimulated emission, and excited-state absorption.13 It is
thus very difficult to single out and further map out the real-time
excited-state dynamics evolving solely in the dark triplet space of
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molecular systems.

Herein, we introduce a strategy to overcome this difficulty
with two basic ideas in mind. The first is to increase the ISC
probability by applying an ultrafast broadband white-light
continuum (WLC) as the excitation light source to populate
vibrational manifolds in a certain excited singlet state. As the ISC
efficiency can be enhanced by certain excited vibrational
modes,'*"> the use of broadband WLC that facilitates the
excitation of different vibrational modes is expected to favor ISC
and hence enhance population transfer from the excited singlet
state to the nearby excited triplet state.'® The benefit of choosing
WLC instead of tuning the central wavelength of a conventional
fs laser pulse lies in that the former naturally circumvents the
tedious search for the energy position where the ISC process
attains the largest probability (or the best efficiency). Secondly,
once the excited triplet state is thus populated, a situation of
population inversion could be naturally created in the triplet
space because of the occurrence of non-populated lower triplet
state(s), most likely resulting in photon emission. This may open
the possibility of tracking in real time the pure triplet dynamics
through monitoring the transient change of such photon emission
via time-resolved optical spectroscopy.

In an attempt to examine the validity of the above hypotheses,
we resort to the routinely used fs pump—WLC probe technique'’
but adopt an unconventional scheme. Conventionally, a preceding
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pump laser is applied to excite the molecular sample and a
subsequent WLC probe laser follows the ensuing response. As
the probing light is fed into a spectrometer that can barely
withstand high-power irradiation, the probe power is usually
much lower than the pump power. Still within the weak probing
regime, we take a time-reversed version of the conventional
pump—probe scheme (termed fs-TRPP for short), where the weak
WLC “probe” precedes, rather than follows, the strong “pump”.
This is somewhat similar to the so-called perturbed field
induction decay technique that has been employed to detect the
vibrational relaxation within molecular ground state.'™'? Notably,
in the present case the emission change as a consequence of the
population modulation effect exerted by the delayed “pump”,
rather than the pump-induced probe absorption (or transmission)
change, is detected.

Since the conventional pump—probe scheme is also employed
in this study for comparison, the terminology of “pump” and
“probe” (by convention) is nominally retained for the fs-TRPP
case. To avoid any unwanted confusions, we stress here that in
the TRPP regime the delayed “pump” actually acts as a
population modulator instead of the regular excitation source,
whereas the preceding WLC “probe” plays a dual role as the real
optical excitation source and also the carrier of the “pump”-
modulated emission (ME) signals that will be subjected to
differential detection (i.e., with the modulating “pump” laser
being chopped on and off alternately).

We here report, by performing a set of such fs-TRPP
experiments on a proof-of-concept molecular system [i.e., the
malachite green (MG) molecule], that the pure triplet dynamics
can be singled out and further mapped out through monitoring the
transient ME signals that are proven to arise solely from the dark
triplet space. With the assistance of crude (yet rational) modeling
and simulations, we have been able to capture some interesting
details of the pure triplet dynamics to a certain extent.

Methods

Femtosecond pump-—probe experiments. The fs pump—probe
experiments (in both conventional and TRPP regimes) were
performed on a modified ExciPro system (CDP) in combination
with a 25-fs amplified laser system (Coherent). The schematic of
the optical layout is depicted in Fig. 1, in which the definition of
delay-time sign is specifically indicated (with the unusual fs-
TRPP regime being highlighted). The experimental details can be
found in Supplementary Information. '

Steady-state absorption and fluorescence spectroscopy. The
steady-state absorption (230-1320 nm) and fluorescence (560—
800 nm) spectra were recorded, under ambient conditions, on a
SolidSpec-3700DUV UV-Vis-NIR Spectrophotometer
(Shimadzu) and an FLS920 fluorescence spectrometer
(Edinburgh), respectively. Both the MG and Rhodamine 6G
(R6G) samples were prepared in aqueous solution with an
identical concentration of 3.6 uM. The fluorescence spectra were
obtained under excitation at the iso-absorptive wavelength of 552
nm.

First-principles calculations. Molecular models were built for
the MG molecule. The optimized geometry, electronic structures,
and vibronic profiles (normal modes) were simulated with the
density function theory (DFT) using the Gaussian 09 package at
the B3LYP/6-31++G** level.® The water solvent effect was

e considered with the polarizable continuum model. The time-
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dependent DFT calculations at the same level*' were conducted
to find out the excited states (for both singlets and triplets) and to
generate the single-photon absorption spectrum. The linear
coupling model was used to compute the Franck—Condon
distributions with the program we developed in 2005.> More
computational details regarding the distribution profiles of the
absorption and ultrafast spectra as well as the considerations of
environmental effect are given in Supplementary Information.”
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Fig. 1 Schematic optical layout of the fs pump-probe experiments. The
inset (dashed box) defines the delay-time signs by convention.
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Results and discussion

1 The choice of molecule for proof of concept: Aspect of
fluorescing behavior

MG (Cy3H,5CIN,; molecular structure in the inset of Fig. 2) was
proven a good prototypical molecule to materialize our proposed
concept as its fluorescence-inert nature’ can simplify the
situation by eliminating as much interference as possible from the
singlet-space fluorescence. A distinctive comparison between
MG and R6G in terms of fluorescing ability is shown in Fig. 2,
from which the fluorescence quantum yield of MG is estimated to
be more than three orders of magnitude lower than that of R6G
(excitation at the iso-absorptive wavelength of 552 nm). Further
considerations regarding MG’s fluorescing behavior are
discussed later, in conjunction with the analysis on the
assignment of our time-resolved pump—probe data.
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Fig. 2 Steady-state absorption and fluorescence spectra of the MG

90 molecule of interest and the R6G molecule as a reference. Both samples

were prepared in aqueous solution with an identical concentration of 3.6
M. The inset shows the molecular structure of MG.
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2 The choice of molecule for proof of concept: Aspect of state
energetics
Most relevantly, our first-principles calculations on MG
(involving two water molecules and one electron) revealed that
s the high-lying singlet and triplet states of MG are fairly close in
energy. For instance, the S, and T; states are nearly degenerate
(see the shaded region in Fig. 3), which implies a high efficiency
of ISC (S, = T;). Schematically partitioned into two spaces
(simply for clarity) in Fig. 4 are the singlets (S; and S;) and
10 triplets (T, T,, and T3) of relevance to this study, which are
depicted with reference to the observed (for singlets) and
computed (for triplets) energetics as seen from Fig. 3.

Obs.

Sim.

T
~0.8eV  ~l2eV ninz3)
P I LA

LE!

Energy (eV)

Fig. 3 Energetics of the electronically excited states reflected in the
15 steady-state absorption spectra of MG. Obs., observed; Sim., simulated; S,
singlet; T, triplet.
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Fig. 4 Schematic illustration of how to map out the pure triplet dynamics
20 in the MG molecule by means of fs-TRPP.

3 The observation of modulated emission solely from the
triplet space
The two-dimensional map in Fig. 5a exhibits the fs-TRPP

25 transients recorded on an aqueous MG sample (1.5 mM), in the
form of differential transmission of the WLC “probe”, AT/Ty = (T
— To)/Ty, where T (Tp) denotes the “probe” transmission in the
presence (absence) of the “pump” whose central wavelength is
580 nm (pulse duration ~60 fs, spectral width ~20 nm). Note that,

30 based on the analysis below, this transient pattern is determined
to originate solely from the ME carried by the WLC “probe”, as
nominally presented in terms of A7/T,. This typical set of data
spectrally covers an energy region of 1.2-1.8 eV (689-1033 nm)
provided by the chirp-corrected WLC “probe” and temporally

s ranges from 0 to —3 ps (in negative delay times) with 50-fs
scanning steps. Markedly, the absolute amplitudes of these
transients are comparable to those of the regular transmission
signals recorded via conventional pump-probe (see
Supplementary Fig. S1).}
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Fig. 5 Pure triplet dynamics mapped out in the MG molecule via ME. (a)
The “pump”-modulated, negatively valued ME (T; — T,) transients
observed in the fs-TRPP measurements on an aqueous MG sample (1.5
mM). (b) Representative kinetic traces taken at different probe photon

45 energies (from 1.3 to 1.8 eV with 0.1-eV steps).

It should be emphasized here that our very cautious check with
the WLC’s chirp compensation (using the ExiPro 2.6 software),
the determination of delay time zero (by cross-correlating the

so pump and probe pulses at the sample cell in situ), and the WLC’s
pre-pulsing (see also the experimental details in Supplementary
Information) has safely excluded the possibility that such fs-
TRPP transients are associated with any related artifacts.

Displayed in Fig. Sb are several representative kinetic traces

ss taken at different “probe” photon energies (extracted from Fig.
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Sa), from which two distinctive features can be seen. Firstly, they
all exponentially “grow” (in terms of the absolute amplitude)
with the delay times being swept from zero towards negative
direction (down to —3 ps), but then reach maximum at certain
delay times, and right afterwards recover very rapidly. The
apparent time constants for the initial build-up at different photon
energies are on the same timescale (330-620 fs), so are those for
the subsequent recovery (~100 fs). The relevant kinetics fitting
results are collected in Supplementary Fig. S2." Secondly, the
delay times at which the signals reach maximum, ¢,,, (on the
picosecond timescale), are well separated for different photon
energies in a the-higher-the-later manner (~250-fs lag for each
0.1-eV increment).

4 The feature and assignment of the triplet emission
transients
We find it unlikely that the observed fs-TRPP transients stand
with the singlet space where the population build-up usually
occurs on a much shorter timescale (likely within the instrument
response function, ~100 fs). Rather, the observation of
picosecond #,,x could imply the population transfer from the
singlet space to the triplet space (i.e., ISC). Reflecting the real-
time population evolution of the triplet states under the naturally
formed population-inversion condition as predicted before, these
avalanche-like kinetics (Fig. 5b) manifest themselves as a
relatively slow population built-up (till saturation at a certain
threshold) followed by nearly instantaneous population depletion.
In this particular case, it could be such sort of avalanche-like
effect that renders the emission signals strong enough to be
comparable, in terms of the absolute amplitude, to the regular
singlet-space  differential signals (refer to
Supplementary Fig. S1).” At this stage the exact physical origin
of the observed avalanche-like kinetics is still unknown. We feel
that it is related to the shape of the potential energy surface of the
triplet states that can somewhat significantly reduce the
nonradiative decay between the triplet states. Another possibility
is that since the relationship between the phases of each
frequency component in the WLC pulse could be very
complicated, such complication may be implicated in the
observed avalanche-like kinetics. In the fs-TRPP regime, the
wavepackages launched by the WLC pulses could be quite
different from those by “quasi-monochromatic” fs pulses, and
such difference may correlate to the enhancement of ISC
probability via the broadband WLC excitation.

The photoexcitation drives a manifold of molecules into an

transmission

excited state; however, each molecule only hosts one exciton. In
other words, the broadband WLC can excite different molecules
differently. In the present case, the preceding WLC launches
transitions of either Sy—S; or Sy— S, (not both). Then, the
observed fs-TRPP transients can, in principle, be attributed to two
possible emission channels: either T;—T, (or T;) [via ISC (S,—~
T3)] or T,—~T, [via ISC (S;—T,)]. We assign the scythe-shaped
pattern (blue-to-black region in Fig. 5a) as stemming from ME
between different vibrational level pairs of T; and T, [hereafter
denoted ME (T;—T,) for clarity] that falls in an energy region
just above 1.2 eV by noting AE(T;-T,) = 1.2 eV (see Figs. 3 and
4). This assignment is supported by a set of control experiments
described as follows.
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60 Fig. 6 (a) The use of the four LWP filters (colored lines) to chop the high-
frequency components of the original, broad WLC spectrum (thick, black
line) makes the high-photon-energy portions of the observed ME
transients (shown in Fig. 5a) systematically disappear, as exhibited in (b).
(b) The WLC filtering results show a clear linear dependence of the ME
cutoff energies (insets in chains) vs. the corresponding WLC cutoff
energies [marked in (a)], which implies a potential shift between T; and
T, caused by Franck—Condon distributions (schematically depicted in the
lower-corner inset).
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5 The control experiments to verify the assignment of triplet
emission transients

When the high-frequency components of the broad WLC
spectrum (0.8-3.6 eV; see Supplementary Fig. S3)' were
systematically chopped by using several long-wave-pass filters
(Fig. 6a), the high-photon-energy portions of the pattern
disappeared correspondingly (Fig. 6b). This is understandable
because the high-frequency filtering simply shifts downward the
highest-lying, populated vibrational manifolds of the S, state in a
controlled manner, and so does those of the nearby Tj; state given
the ISC’s iso-energetic nature.!' Further, when the WLC
spectrum was chopped by using the filters with cutoffs below 2.7
eV, the entire pattern vanished (see Supplementary Fig. S3).'
Under these circumstances the S, manifolds (onset at ~2.7 eV;
refer to Fig. 3) are no longer subjected to the WLC’s excitation
and consequently the T; manifolds will not be populated at all,
thus diminishing any Ts— T, emissions. Interestingly, plotting the
ME (T;—T,) cutoff energies vs. the corresponding WLC cutoff
energies yields a clear linear dependence (Fig. 6b), which implies
a potential shift between T; and T, caused by Franck—Condon
o0 distributions.”* It should be pointed out here that we have
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employed several different centre wavelengths for the “pump”
(such as 480, 530, and 640 nm), all of which turned out to
generate essentially the same transient pattern as the
representative one (580 nm) reported here (Fig. 5a). This
conforms well to the fact that triplet states lying above T;
(labeled T3y in Fig. 3) abound, thus making the modulating
“pump” laser readily find a way out for resonantly driving
vibronic transitions from T; to these higher-lying triplet states.
Such insensitivity to the “pump” wavelengths in the fs-TRPP
regime validates its role as a population modulator.

It can be safely inferred from the above WLC filtering tests
that the probability of ISC (S,—T;) should be much higher than
that of ISC (S,—T,); if otherwise, we would have also observed
the alternative ME (T,—T)) channel that falls in an energy region
roughly above 0.8 eV by noting AE(T,-T)) = 0.8 eV (refer to
Figs. 3 and 4), which is however not the case. In fact, the lower
probability of ISC (S;—T,) is compatible with the relatively large
(~0.4 eV) energy mismatch between S| and T).

6 Ruling out the possible interference from MG’s
fluorescence

For the MG molecule, the fluorescence from S; to S, is rather
weak? while that from S, to S, is relatively more intense,® it is
thus important to take caution with any possibilities that MG’s
fluorescence may interfere with what we observed in the fs-TRPP
measurements.

On the one hand, the S;—S, fluorescence can be safely ruled
out to account for the observed emission (1.2-1.8 eV; Fig. 5a),
because the energy separation between S; and S, exceeds 1.8 eV
(see the experimental steady-state absorption spectrum shown in
Fig. 3), as also confirmed by our conventional pump—probe
measurements (580-nm laser excites the S; state followed by a
WLC probing; see Supplementary Fig. S1)" where the observed
transient features associated with the transitions of Sy, — S,
(ground-state bleach) and S;—S, (stimulated emission) are all in
the energy region that exceeds 1.8 eV.

On the other hand, let us examine the other two possible
fluorescing processes in the singlet space: S,—~>S; and S,—~S;. In
fact, the S,—~S, fluorescence can be readily ruled out because of
the quite large (>2.5 eV according to the steady-state absorption
spectrum in Fig. 3) energy separation between S, and S,.
Admittedly, the S,—~S; fluorescence, if any, may interfere with
what we observed in the triplet space, as the energy separation
between S, and S; is likely within 1.2-1.8 eV according to the
steady-state absorption spectrum (Fig. 3). However, in this
particular system of MG molecule, the transition between S, and
S; is not favored, as confirmed by our conventional pump—probe
measurements (580-nm laser excites the S; state followed by a
WLC probing; see Supplementary Fig. S1)7 where only the
excited-state absorption (ESA) transients assigned to the S;—S;
transition (around 2 ¢V) were observed while no ESA transients
associated with the S;— S, transition were observed in the energy
region of 1.2-1.8 eV (i.e., the specific energy region for our
observed T;—T, emission; see Fig. 5a).

7 An auxiliary pump-probe study using conventional scheme
In addition to the above fs-TRPP results, we have also performed
measurements using the conventional pump—probe scheme,

where the singlet-space stimulated emission transients were
o readily identified using a preceding 580-nm pump and a delayed
WLC probe (refer to Supplementary Fig. S1).T It is natural to ask
if any similar stimulated emission transients in the triplet space
(termed SET for short) could also be discernable. In the present
case, the “quasi-monochromatic” (as compared to the much
6s broader bandwidth of WLC) 580-nm pump drives the vibronic
transitions of Sy — S;, as schematically depicted in Fig. 7.
Besides, the energy mismatch between S; and T, is relatively
large (~0.4 eV; refer to Figs. 3 and 4). These two factors are
obviously not in favor of the ISC (S; — T,) pathway. We
70 nevertheless anticipate that they might compromise, to a large
extent, with the much higher power afforded by the strong pump,
producing a sufficient amount of MG molecules in their T, state.
This may open the possibility of using a delayed WLC probe to
directly track the SET (T,— T,) dynamics, which presumably
75 occurs in the near infrared spectral region by noting AE(T,—T)) =
0.8 eV.

Singlet space Triplet space

/"/ ™ Delayed
S, _ WLC probe
X S e
\\ I‘ T3
E
wLC

Preceding ~0.8 eV
pump 3 Tl
. |
] - e
£ )
So "~ . B :
\\ ‘ P i Conventional pump—probe ;
N A oo s A e k-

~— —

Fig. 7 Schematic illustration of SET as an auxiliary tool for tracking the
population dynamics in the triplet space.

Indeed, we did observe the SET transients within 0.8-1.2 eV,
as shown in Fig. 8a. Given the energy region it is safe to ascribe
the observed pattern to the vibronic transitions of T,—T;. Several
representative kinetic traces are displayed in Fig. 8b. The

ss apparent relaxation time constants at different photon energies are
~500 fs on average.

It is worth noting that the energy-dependent ¢#,,,, with SET (T,
—T)), ~0.5-1.0 ps, turn out to be slightly shorter than those with
ME (T5—T,). It is somewhat surprising to see that the population

o dynamics of both ME (T; = T,) and SET (T, — T,) violate
Kasha’s rule that generally governs photoluminescence in the
singlet space,'' suggesting relatively long lifetimes of the excited
triplet states. Presumably, the aforementioned situation of
population inversion naturally created in the triplet space may be
related to such violation. Since both ME (T;—T,) and SET (T,—~
T,) stand with pure triplet states, this finding hints that
applications demanding the breakdown of Kasha’s rule’®?’ could

©
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for ISC, internal conversion, and intramolecular vibrational

redistribution, respectively (see Supplementary Fig. S5).% It is
35 noted that the internal conversion assumed here for the triplets is
unusually slow, even slower than the ISC process. Admittedly,
we have found that without such an assumption, it seems
impossible to explain the avalanche-like emission observed in the
experiments. Despite the necessary assumptions as well as the
ignorance of such effects as thermalization®™ and conformational
variation®® in our crude modeling, these preliminary simulations
may help us capture, to a certain extent, the essence of our
experimental observations. Undoubtedly, a more accurate
description from the theoretical perspective evokes a more
rigorous yet sophisticated modeling framework that takes account
of the currently neglected, intractable factors as much as possible.

Notably, our numerical simulations of the state energies and
population dynamics just play a role of aid in the data
interpretation rather than indispensable evidence. By noticing that
so we have nicely reproduced the singlet-state energies (see Fig. 3)
using a molecular model that takes into account both hydrogen
bonding and charge distribution due to ions interaction (see
Supplementary Information),T we think it would be reasonable for
us to use the simulated triplet-state energies as a good reference
to our ultrafast dynamics study. As a matter of fact, there remains
a lack of effective experimental means for one to look into the
dark triplet space and further map out the real-time excited-state
dynamics therein, thus one usually has to resort to the assistance
from the theoretical calculations. This, to some extent, highlights
the very contribution of our present study which introduces a new
experimental configuration to this end.

find an easier way out in the molecular triplet space.
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Fig. 8 Pure triplet dynamics mapped out in the MG molecule via SET. (a)
The differential, positively valued SET (T,—T)) transients observed in
the conventional pump—probe measurements on an aqueous MG sample
(1.5 mM). (b) Representative kinetic traces observed at different probe
photon energies (from 0.85 to 1.15 eV with 0.1-eV steps).

Conclusions

We have introduced a strategy towards mapping of ultrafast
excited-state dynamics in the molecular triplet space, which is
established on the use of an unconventional femtosecond time-
reversed pump—probe scheme to create temporal separation of the
emission from the singlet space. Its validity and efficacy have
been justified, to a satisfactory extent, by our proof-of-concept
experiments on the prototypical molecule of malachite green. We
envision that this technique may find its value in future
applications in molecular luminescence/photonics and solar light
harvesting that rely on effective manipulation between singlet and
triplet spaces, to which the in-depth understanding of the excited-
state dynamics in the dark triplet space would be beneficial.

6:
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Last but not least, we have also performed another case study
using a combination of WLC and 400-nm (instead of 580-nm)
lasers. The relevant results and discussion are given in
Supplementary Information (Fig. S4)." This comparative study
provides collateral evidence supporting our above understanding
on the ME and SET processes in this molecular system.

7

S

8 Insights from numerical simulations

To gain a better understanding of the transient population
dynamics involved, we have attempted to develop a set of general
rate equations taking account of various possible energy

7:

S

S

G

transfer/relaxation processes, especially the cascading processes
of intramolecular vibrational redistribution (refer to Appendix to
Supplementary Fig. SS),T which turns out to rationally
accommodate the initial, exponential build-up behavior in the
observed avalanche-like ME (T;—T,) kinetics. The reverse ISC
(T;—S,) is also considered; as the T; manifolds are initially not
populated, the ISC from S, to T; dominates, producing the
observed ME (T;—T,). Particular attention has also been paid to
the temporal evolution of the vibrational populations associated
with the ME (T;—T,) as well as the SET (T,—T),); for instance,
such evolution within both the T; manifolds (for ME) and the T,
manifolds (for SET) has been reasonably simulated with a set of
time constants of realistic physical meaning: 1.2, 10, and 0.05 ps

S
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