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ABSTRACT: We report the in operando visualization of the photocatalytic turnovers on single D
eosin Y (EY) through a redox-induced photoblinking phenomenon. The photocatalytic gys (fon) EY-
cyclization of thiobenzamide (TB) catalyzed by EY was investigated. The analysis of the
intensity-versus-time trajectories of single EYs revealed the kinetics and dynamics of the o\ (Tor)”/
elementary photocatalytic turnovers and the heterogeneity of the activity of individual EYs. The Ey
quenching turnover time showed a fast population and a slow population, which could be .
attributed to the singlet and triplet states of photoexcited EY. The slow quenching turnovers =
were more dominant at higher TB concentrations. The activity heterogeneity of EYs was studied |
over a series of reactant concentrations. Excess quenching reagent was found to decrease the 2
percentage of active EYs. The method can be broadly applied to studying the elementary £
processes of photocatalytic organic reactions in operando. - J
Time
isible-light-induced photocatalytic organic synthesis has kinetics and dynamics of the photocatalytic turnovers have not
been growing rapidly in the past several decades.'™"* It been fully elucidated. In this work, we visualized the
has provided more sustainable and controllable synthetic photocatalytic turnovers on single eosin Y (EY), a commonly
methods by making use of light energy to activate the used PC in photocatalytic organic synthesis,****™>” in an
reactions. Photoredox catalysts (PCs) are the key components organic solvent. The kinetics and dynamics of the photo-
in photocatalytic reactions. They absorb light energy to reach catalytic turnovers in EY-catalyzed cyclization of thiobenza-
the phOtOEXCited state (PC*), which then initiates the mide (TB) were investigated’6’49’58 and the heterogeneity of
photocatalytic turnovers. To facilitate the future growth of the activity of EYs was revealed. The method presented in this
the field, efforts are being made to better understand the work can be used to monitor and screen EY-catalyzed organic
kinetics and dynamics of the photocatalytic cycle.">™"” synthesis in operando.
However, resolving the elementary processes at the ensemble At the ensemble level, the photoluminescence of the PCs is
level, in which different processes are always mixed and occur known to be partially quenched in photocatalytic reactions.”*’
simultaneously, is still challenging. Alternatively, single- Depending on whether the photoexcited PC (PC*) is first
molecule measurements could provide the solution for reduced or oxidized in the photocatalytic cycle, photocatalytic
overcoming the limitations of ensemble measurements because reactions are proposed to follow either the reductive
one molecule can be in only one state at any time of the quenching mechanism or the oxidative quenching mechanism
reactions. In the past decade, single-molecule techniques have (Figure 1A).%*" The quenching of the PC’s photolumines-
been used to study chemical reactions in situ, from which cence can be attributed to the generation of the intermediate
valuable insights into the kinetics and dynamics of the dark species (PC*~ or PC**).*”"” Via conversion to the single-
eﬁme?tg%_%réocesses and heterogeneity of the systems were molecule level, given that one PC can have only one redox
extracted.

state at any time, the photoluminescence of a single PC should
be switched “off” and “on” once in each photocatalytic cycle by
the quenching and dequenching elementary turnovers,
respectively. As the photocatalytic reaction proceeds, the

The photocatalytic turnover on single PCs can be observed
through the redox-induced photoblinking of single PCs.
Previously, redox-induced photoblinking of dye molecules
was mostly used in an aqueous environment for super-
resolution imaging (ASTORM in particular)®’~** and studying
biomolecule reactions and/or interactions.**® Recently,
Lupton and Ko6nig monitored the photoblinking of rhodamine
6G in an aqueous photocatalytic reaction.”” However, the
observation of photocatalytic reactions on the commonly used
PCs in organic solvents has not been achieved, and the
heterogeneity of PC’s activity has not be investigated. Also, the
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Figure 1. (A) Proposed mechanism of photoredox catalysis (Q, quenching reagent; D, dequenching reagent; v,, quenching turnover rate; vg,
dequenching turnover rate). (B) Illustration of a redox-induced single PC photoblinking trajectory and the relationship between fluorescence on-
time 7,, and off-time 7, and the kinetics of the elementary photocatalytic turnovers.
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Figure 2. Imaging of EY-catalyzed cyclization of thiobenzamide. (A) Proposed mechanism of the main photocatalytic cycle in single-molecule
imaging. Intensity-vs-time trajectories of (B) photobleaching EY and (C) photoblinking EY. Blue lines are the original trajectory; red lines are the
fitted trajectory. Photobleaching time 7, is defined as illustrated in panel B. Fluorescence on-time 7,, and off-time 7. are defined as illustrated in
panel C. Histograms and exponential decay fittings (red lines) of (D) 7.4 of photoblinking EYs (single-exponential), (E) 7., of photoblinking EYs
(double-exponential), and (F) 7, of photobleaching EYs (single-exponential) in air-saturated 20 mM TB in DMF. (G) Percentages of
photoblinking EYs (Pyy,) and photobleaching EYs (Py,e,) under different conditions.

photoluminescence of single PCs should be switched “off” and
“on” repetitively, resulting in the photoblinking of single PCs
under constant photoexcitation (Figure 1B). In the single-
molecule fluorescence imaging experiments, the photolumi-
nescence “on” state contains both PC and PC* states because
their interconversion occurs in an extremely short amount of
time (107°—107° s), which is much lower than the time
resolution of the fluorescence imaging experiments. The
photoluminescence on-time 7,, and off-time 7, of single
PCs are the times needed for the quenching and dequenching
turnovers to occur, respectively; therefore, they should be

correlated with quenching turnover rate v, and dequenching

q
turnover rate vy on single PCs through

718

vy = () = k[Q] 1)

vy = () = ky[D] (2)

where (7.,) and (7,g) are the average on time and off time,
respectively, k; and ky are the rate constants of the quenching
and dequenching turnovers, respectively, and [Q] and [D] are
the concentrations of the quenching and dequenching
reagents, respectively. In principle, the k; and k4 of single
PCs should be the same as the bulk turnover rate constants,
and bulk photocatalytic turnover rates vy and v; should be
related to single-PC turnover rates vy and vy by vg = v,[PC]
and v} vg[PC], respectively, where [PC] is the bulk
concentration of the PC.
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To perform single-molecule imaging, EYs were first
immobilized on a glass coverslip to prevent diffusion (section
1.2 of the Supporting Information).”’ The glass coverslip with
immobilized EYs was then assembled into a flow cell device,
which was used to add reactants and control the local
environment.”” The fluorescence images of single EYs were
collected using an objective-type total internal reflection
fluorescence microscope (o-TIRFM) under 532 nm laser
excitation (section 1.3 of the Supporting Information). The
fluorescence intensity trajectories of isolated EYs were picked
out and processed using the homemade MATLAB program
(section 1.4 of the Supporting Information).*>®' To ensure
that all of the “on” frames in the intensity trajectories were
generated by the same EY molecule, we determined the super-
resolved center positions of the bright spots in the “on” frames.
For a single immobilized EY, the center positions in the “on”
frames were distributed within an ~50 nm radius from the
average center position. Any bright spots outside the 50 nm
radius from the average center position were treated as false
signals (Figure S1), which were reexamined in further data
analysis. The detailed experimental procedures can be found in
section 1 of the Supporting Information. During the imaging
experiments, the system is in the pseudo-steady state. The
concentrations of the reactants (>200 uM) can be treated as
constants, because there are only ~400 EYs under laser
illumination and the consumption of reactants is negligible. In
addition, considering the potential effect of the surface
immobilization, the turnover rate constants obtained in this
work could be ~10—50% lower than the dissolved EYs.">%*

The cyclization of thiobenzamide is proposed to follow the
reductive quenching mechanism in which photoexcited EY
(EY*) is first reduced to the anion radical EY®™ and then
oxidized back to EY in each photocatalytic cycle (Figure 2A).
To produce 1,2,4-thiadiazole, two consecutive photocatalytic
cycles catalyzed by EY are needed (Figure S2). In the first
cycle, TB is oxidized by EY* to form the intermediate product.
In the second cycle, the intermediate product is oxidized by
EY* to form 1,2,4-thiadiazole. In our setup, the photocatalytic
turnovers of the second cycle should be negligible because the
concentration of the intermediate product should be much
lower than TB. Therefore, the photocatalytic turnovers on EY
mostly originated from the first cycle (Figure 2A), in which TB
and O, serve as the quenching and dequenching reagents,
respectively.

In an air-saturated pure DMF solvent, ~98% of EYs were
photobleached in a single step (Figure 2B). Only ~2% of EYs
exhibited photoblinking behavior due to side reactions or long-
lived triplet states.””®> The low percentage of photoblinking
EY was expected because no photocatalytic turnovers would
occur without TB. Photobleaching time 7, of the photo-
bleaching EYs followed a single-exponential distribution
(Figure S3A). The decay constant of the single-exponential
distribution, Topyy, which is equal to the average photo-
bleaching time (7,), was 15.20 + 1.00 s (all errors reported are
fitting errors).

In an air-saturated DMF solution of 20 mM TB, ~51% of
EYs showed photoblinking behavior (Figure 2C). The
fluorescence off-time 7., followed a single-exponential
distribution with a decay constant 7. of 0.03 & 0.00 s (Figure
2D), indicating that the dequenching turnovers had a single
rate-limiting step. This agreed with the proposed mechanism in
which the dequenching turnover occurs only between EY®~
and O,. Interestingly, fluorescence on-time 7., followed a
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double-exponential distribution (Figure 2E). The decay
constants were as follows: T,,; = 224 + 0.01 s, and T, =
0.26 + 0.00 s. The normalized prefactors of the two decay
components were as follows: A; = 0.33, and A, = 0.67 (see the
fitting procedure in section 3.2 of the Supporting Information).
The double-exponential distribution of 7, indicated that the
quenching turnovers had a single rate-limiting step, but there
were two distinct EY* states that both reacted with TB.°° In
addition, it should be noted that parallel reactions occurring on
a single EY* state can give only a single-exponential
distribution of 7,,, with the decay constant defined by the
sum of the rates of the individual reactions. For the sake of
convenience, we first named the EY* state associated with T,
and A, “state 1”7 and the EY* state associated with T, and A,
“state 2”. The nature of the two states will be discussed below.
The percentages of quenching turnovers that occurred on the
two EY* states, p; and p,, can be estimated by (section 3.3 of
the Supporting Information)

AT

onl
p =
YOAT, + AT, (3)
AZ’I:)nZ
p =
P AT, + AT, 4)

Even though the quenching turnover rate on EY* state 1
(Ton ") was ~1 order of magnitude slower than that on EY*
state 2 (T.,, '), ~81% of quenching turnovers were
contributed by EY* state 1 in air-saturated 20 mM TB (p, ~
81%) based on eq 3.

The remaining ~49% of EYs were directly photobleached in
air-saturated 20 mM TB, indicating they were inactive in the
photocatalytic reaction. Their photobleaching time, 7,
followed a single-exponential distribution with a decay
constant T, of 7.20 + 0.24 s (Figure 2F), which was notably
shorter than that of EYs in pure DMF (T pye = 15.20 & 1.00
s). The acceleration of photobleaching can be attributed to the
quenching of EY* by TB. If the EYs quenched by TB cannot
go back to the “on” state due to side reactions on the EY*~
intermediate, they will become permanently photobleached.
To test the hypothesis, we imaged single EYs in 20 mM TB in
N,, in which most of the O, was removed by freeze—pump—
thaw cycles. Because O, is the dequenching reagent in the
photocatalytic cycle, the removal of O, should block the route
for EY*™ to be oxidized back to EY, which would significantly
increase the percentage of photobleaching EYs. As expected,
~91% of EYs were photobleached in 20 mM TB in N, (Figure
2G), and their photobleaching time, 7, also followed a single-
exponential distribution with a decay constant T, of 8.19 +
1.02 s (Figure S3G), which was close to the T, in air-saturated
20 mM TB. This indicated that the photobleaching of EY in 20
mM TB was dominated by the quenching of EY* by TB. To
further confirm that the photoblinking of EY was generated by
the photocatalytic turnovers, we performed a control experi-
ment using rhodamine B (RhB) instead of EY. RhB has
absorption and emission wavelengths similar to those of EY
but cannot catalyze the cyclization of TB.>® As expected, <2%
RhB showed photoblinking behavior in air-saturated 20 mM
TB (Figure 2G).

Next, we investigated the behavior of single EYs under a
series of TB concentrations and analyzed the following
parameters: (1) the percentage of photoblinking EYSs, Py,
which represents the efficiency of EYs in catalyzing the

https://doi.org/10.1021/acs.jpclett.3c03109
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Figure 3. Effect of TB (quenching reagent) concentration on the elementary processes. (A) Effect of TB concentration on Py, and Ppj,q. Effect

of TB concentration on (B) T,,; and T,,,, (C) T,,,
v, (the red line is the linear fit; the slope is 2.40 + 0.40 M™" s71).

~! (the red line is the linear fit; the slope is 2.91 + 1.67 M™' s™"), (D) p; and p,, (E) T,, and (F)

photocatalytic reaction, (2) 7,, of photoblinking EYs, which
represents the quenching turnover kinetics with TB, and (3) 7,
of photobleaching EYs. 7.4 is not discussed in detail because it
should be independent of TB concentration. The values of the
parameters extracted under different TB concentrations are
summarized in Table S1.

The percentage of photoblinking EYs Py first increased
and then decreased with TB concentration, and the percentage
of photobleaching EYs, Py, changed in the reverse way
correspondingly (Pyjink + Ppleach = 1) (Figure 3A). When the
TB concentration increased from 0 to 20 mM, Py, increased,
indicating that more EYs became active in catalyzing
photocatalytic turnovers. The increase in Py, can be
explained by the competition between the photocatalytic
turnovers and side reactions on EY*. A higher TB
concentration made the quenching turnover with TB more
and more dominant than the side reactions so that more EYs
were reduced to EY*™ to go through the photocatalytic cycle.
When the TB concentration increased from 20 to 100 mM, to
our surprise, Py, decreased instead. The potential reason is
that the generation of EY®™ through the quenching turnover by
TB was so fast that many EY®~™ were consumed by side
reactions instead of being oxidized back to EY. This was
consistent with the observation in 20 mM TB in N,, where an
inefficient dequenching reagent resulted in a decrease in Py

In bulk synthesis, it was found that the excess of the
quenching reagent resulted in the significant decrease in the
product yield, while the excess of the dequenching reagent
resulted in an increase in the product yield."” This can be
explained well by our observations. The product yield should
be proportional to the percentage of active PC (Pyy,), and
Pyink should (1) decrease in the excess of the quenching
reagent due to the consumption of the excess intermediate-
state PC by side reactions and (2) increase in the excess of the
dequenching reagent due to the suppression of side reactions
on the intermediate-state PC by the dequenching turnovers.

The 7., values of photoblinking EYs followed double-
exponential distributions at all TB concentrations (Figure S4).
The two decay constants, T,,, and T,,, and their prefactors,

on2s
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A, and A,, were extracted for each TB concentration (Table
S1). T,n, the slower decay constant, decreased with TB
concentration, while T, ,, the faster one, stayed nearly constant
with TB concentration (Figure 3B). T, ' showed an
approximate linear correlation with TB concentration (Figure
3C), in which the slope was 2.91 + 1.67 M™' s™! and the
intercept was 0.34 + 0.09 s™!. Because decay constant T, is
equal to the average value (7z,,); in exponential decay
functions, this result indicated that the quenching of EY*
state 1 by TB was first order with TB concentration and
quenching rate constant kql =291 + 1.67 M~ s7}, based on
eq 1. The physical meaning of the intercept was not clear and
still needs to be elucidated. T,, did not show a clear
dependence on TB concentration, indicating that the
quenching of EY* state 2 by TB probably has reached the
saturated rate in the TB concentration range. We also found
that A, increased with TB concentration, and A, decreased
with TB concentration (Figure SS). Overall, the percentage of
quenching turnovers on EY* state 1 p, increased with TB
concentration in general (Figure 3D).

The 7, values of photobleaching EYs followed single-
exponential distributions at all TB concentrations (Figure
S3), and decay constant T, decreased with an increase in TB
concentration regardless of Py, (Figure 3E). The result
supported our hypothesis that the photobleaching of EYs was
accelerated by the quenching turnover with TB. The
contribution of TB to the photobleaching rate of EYs can be
estimated by

Vp = 7;)_1 - ’Iz),DMF_l

()

where v, is the rate of photobleaching of EYs by TB and T pyx
is the average photobleaching time of EYs in a pure DMF
solvent (15.20 + 1.00 s). As shown in Figure 3F, v, had a linear
correlation with TB concentration and the slope was 2.40 +
0.40 M™' 57!, indicating that the overall photobleaching of
single EYs by TB was first-order with TB concentration and
the corresponding rate constant k, = 2.40 + 040 M~ s7".
Interestingly, k, was close to kg, the rate constant for
quenching of EY* state 1 by TB in the photoblinking EYs

https://doi.org/10.1021/acs.jpclett.3c03109
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(Figure 3C). This indicated that the photobleaching of EYs by
TB and the slower quenching turnovers of EYs followed the
same mechanism.

The double-exponential distribution of 7., should not be
generated due to the heterogeneity of the local environment of
EYs. If so, then prefactors A; and A, would be constants and
not change with TB concentration. Also, photobleaching time
7, followed a single-exponential distribution, indicating that the
local environment of EYs was homogeneous.33 Furthermore,
the 7, distribution would be overfitted using exponential
decay functions with more than two decay constants, in which
the extra decay constants would have extremely large fitting
errors. Therefore, it is most likely that the two EY* states are
singlet excited state 'EY* and triplet excited state EY*.
Previously, it was believed that chemical reactions should occur
only on the triplet excited state due to their long
lifetimes.*”**%’ However, recent spectroscopic studies revealed
that the singlet excited state could also participate in the
photocatalytic turnovers in organophotocatalysis.”’”"”
Although SEY* is less oxidative than 'EY*, their longer lifetime
should make the bimolecular reaction more likely to occur.
Therefore, we assign EY* state 1 (associated with the slower
turnovers) to be 'EY* and EY* state 2 (associated with the
faster turnovers) to be *EY*. To test our hypothesis, we
examined the 7., values of photoblinking EYs in 20 mM TB in
N,, in which most of the O, was removed from the system. In
addition to being the dequenching reagent, O, is also an
efficient physical quencher of triplet state SEY*.°”7* After
removal of most of the O,, the number of quenching turnovers
associated with 3EY* should increase. Indeed, in 20 mM TB in
N,, the prefactor of the fast-decaying component, A,, increased
from 0.67 to 0.86 (Table S1 and Figure S4F), and the
percentage of quenching turnovers contributed by state 2 (p,)
increased from 0.19 to 0.31 (calculated by eq 4), which
supported our hypothesis. Furthermore, on the basis of our
results and hypothesis, the quenching turnovers should be
mainly on 'EY* at high TB concentrations (Figure 3D). This is
consistent with the previous ensemble observation, where the
quenching of EY* occurred mainly on 'EY* at the molar-level
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quenching reagent concentration.”” However, further studies

are still necessary to confirm the identities of the two EY*
states. In addition, the result in 20 mM TB in N, ruled out the
possibility that the two EY* states were caused by the
heterogeneity of the microenvironment of EYs, which should
not be affected by the removal of O,.

The individual processes on EY and the associated
parameters as well as their energy diagram are summarized
in panels A and B of Figure 4. We correlate these parameters
with the rate of completion of the photocatalytic cycle (V)
and the rate of quenching reagent consumption (V) on single
EYs by

& Pblink[(pl Tonl + pz ’IZ)nZ) + ’IZ)ff]_l

V.

cat

(6)

-1
Vo & Pl (9, Tont + £, Tona) + Togl + Pojeacn¥s (7)

The part in parentheses represents the overall (z,,). Because
Toy < Toupy Tog < Tony, and p; increased with TB
concentration, V. should be mainly determined by T,,, at
high TB concentrations. Vq, should be always faster than V,,
because of the photobleaching of EY* by TB. Finally, using the
data obtained in this work and eqs 6 and 7, we generated a plot
of the rates versus TB concentration (Figure 4C). When the
TB concentration is <20 mM, both V, and Vj increased
almost linearly with TB concentration, because Py, Toni ™
and p, all increased with TB concentration (Figure 3A,C,D).
The decrease in the rates in 50 mM TB was mainly driven by
the decrease in Py, and the increase in the rates later in 100
mM TB was driven by the further increase in T,,;~*, which
compensated for the decrease in Py, To make the PCs more
efficient in photocatalytic reactions, it is crucial to maintain a
high Py To achieve that, an excess of the dequenching
reagent is necessary to help suppress the consumption of EY*~
by side reactions.

In conclusion, we visualized single photocatalytic turnovers
on single EYs based on the redox-induced single-molecule
photoblinking phenomenon. The analysis of the intensity-
versus-time trajectories of single EYs revealed the kinetics and
dynamics of the elementary photocatalytic processes on EYs
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and the heterogeneity of EYs. The kinetics of the elementary
turnovers were determined, and the dynamics of the individual
processes were studied over a series of quenching reagent
concentrations. Through the analysis of 7., of photoblinking
EYs, two photoexcited EY states were observed. One gave the
slower quenching turnover rate T, that correlated linearly
with TB concentration; the other gave the faster quenching
turnover rate T,,”' that was independent of TB concen-
tration. Experimental evidence indicated that the two EY*
states are probably the singlet and triplet excited states, but
further studies are needed to confirm their identities. Also,
photobleaching rate To™' of photobleaching EYs correlated
linearly with TB concentration, and the slope was the same as
the slope of T, versus TB concentration. This indicated
that the photobleaching of EYs and the slower quenching
turnovers in the photocatalytic reaction were affected by TB
through the same mechanism. Furthermore, the percentage of
active EY was found to decrease in an excess of the quenching
reagent due to the consumption of EY*™ by side reactions.
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