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ABSTRACT: In this study, four Suzuki−Miyaura cross-coupling
reactions utilizing palladium as a catalyst at the single-molecule
(SM) level are investigated, employing total internal reflection
fluorescence microscopy and super-resolved optical imaging. Three
dispersion methodologies of the precatalyst Pd(II) are examined. The
first one involves direct adsorption of Pd onto ionic sites SiO2

− of the
glass surface. In the second, Pd is complexed with a ligand bound to
the silica surface, and in the third, Pd complexation occurs with a
ligand bound to the surface of a microzeolite particle used as a reaction
template. All three methods use extremely low catalyst densities.
Analysis of fluorescence intermittency from localized nanospots yields
the catalyst conversion rate or single-molecule turnover frequency
(SM-TOF), allowing calculation of the average number of product
molecules generated by a single catalytic center over time. A significant enhancement in catalytic efficiency is found in the
microzeolite template when compared with Pd adsorbed on a ligand-free silica glass surface. In the microzeolite template, each
catalyst center on average forms 95 molecules per minute, while Pd adsorbed on silica glass produces only 29 molecules per minute,
both with weak dependency among the four reactions studied. Stochastic simulation of the cross-coupling reaction cycle indicates
that the SM-TOF value is proportional to the product of the rate constant of the determining step of the cycle by the probability of
the catalyst being in its active Pd(0) state. Under this approximation, the rate constant of the determining step of the Suzuki−
Miyaura cross-coupling reaction cycle is calculated for all four reactions studied.

■ INTRODUCTION
The study of the Suzuki−Miyaura cross-coupling reactions at
the single molecule (SM) level is an emerging topic of
research.1−4 For instance, employing high-resolution spatial
microscopy in real-time, SM palladium-catalyzed coupling
reactions yielding a highly fluorescent dye have been observed.
Moreover, aiming to discern whether the reaction takes place
on the catalyst surface (heterogeneous process) or is facilitated
by the leaching of palladium species into the solution
(homogeneous phase) has also been investigated.5 In recent
decades, there have been remarkable advances in the field of
fluorescence microscopy with the development of super-
resolution and high-sensitivity techniques.6−10 These techni-
ques have enabled a meticulous assessment of individual
systems, providing molecular-level details and precise obser-
vation of the photophysics and the chemical and photo-
chemical reactivity on a microscopic scale.11,12 The application
of these advanced fluorescence microscopy techniques is an
exceptional opportunity to investigate catalysis in organic
reactions such as metal cross-coupling reactions.13 Never-
theless, other types of techniques with great SM resolution
have been applied in the field of molecular reactions.14 The

SM approach becomes very effective when the reaction
product or intermediate of the catalytic cycle is a fluorescent
species, allowing direct monitoring of emission intensity
fluctuations at the catalyst locus.15,16 It is crucial for obtaining
detailed information about reaction kinetics and, therefore, the
behavior of the catalyst activity at a molecular scale.17−19

Thus, SM reaction experiments under total internal
reflection fluorescence (TIRF) detection offer a simple but
unique perspective for studying the dynamics of individual
molecules and catalysts in real time.17 This technique, with
excitation through evanescent fields, enables the observation of
fluorescence from molecules as they are generated in active
catalytic sites bound to a glass surface under controlled
conditions or using reactive microscopic templates, such as
microzeolites.13,20−23 Zeolites are porous materials widely used
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as catalysts or catalyst supports, composed of crystalline
aluminosilicates.24 The pore size of these zeolites can be
adjusted through various modification techniques, enabling
selective adsorption and transport of specific molecules.25

Additionally, there are acidic sites within these pores that
can act as active sites for catalytic reactions.26 Therefore, due
to their highly organized structure and well-defined pore sizes,
microzeolites can provide a confined and controlled environ-
ment for conducting chemical reactions that would not be
possible under conventional conditions.27,28 Palladium has
been immobilized in other solid materials such as thiol-
modified mesoporous silica and used as an active catalyst for
the Suzuki−Miyaura reaction.29,30

In this context, this study presents the results of SM
experiments for four Suzuki−Miyaura cross-coupling reactions,
forming fluorescent products. The SM kinetic analysis of these
reactions was performed employing different methods for Pd
catalyst deposition on the glass surface, including the use of
silane-functionalized microzeolites as reactive templates. This
zeolite L is a micrometer solid particle with an elongated barrel
shape, as described and characterized elsewhere.31,32

■ EXPERIMENTAL SECTION
The four reactions under investigation using SM fluorescence
experiments are illustrated in Figure 1.
A pivotal aspect of this study involves the exploration of

three methods for preparing and depositing Pd(II) precatalyst
onto surfaces and the measurement of their catalytic activities
at the SM level. In method (I), the precatalyst Pd(II) was

adsorbed onto the anionic SiO− site of the optical glass surface,
while in method (II), it was complexed with a silane-bound
compound previously deposited on the glass surface using low-
pressure vapor deposition, as recently reported.1,29 In method
(III), we expand upon these methodologies by using the
Pd(II) complex bound to the surface of cylindrical micro-
zeolites.
The three systems containing Pd (II) precatalyst at low

density used for SM experiments are illustrated in Figure 2.

Details of the sample preparation, TIRFM measurements, data
treatment of the observed intermittency using the fluctuation
threshold method, as well as stochastic simulation of the cross-
coupling Pd cycle, are provided in the Supporting Information
and elsewhere.1

Figure 1. Four reactions explored through the Suzuki−Miyaura cross-coupling reaction in SM experiments are named SM1, SM2, SM3, and SM4.
The reagents denoted as 1−5 were as follows: Compound 1: phenanthrene-9-boronic acid; compound 2: 4-bromo-1,8-naphthalic anhydride;
compound 3: methyl(E)-3-(4-bromophenyl)-2-cyanoacrylate; compound 4: 4-(dimethylamino)phenylboronic acid; compound 5: 2-(6-
bromonaphthalen-2-yl)-5-propyl-1,3,4-oxadiazole.

Figure 2. Representation of the three systems containing Pd (II)
precatalyst at low density used for SM experiments. (I) Pd adsorbed,
(II) Pd complexed, and (III) Pd in labeled microzeolites.
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■ RESULTS AND DISCUSSION
The super-resolution fluorescence images generated by analysis
of TIRF movies of the three systems undergoing cross-
coupling reactions are illustrated in Figure 3. When the Pd
catalyst is dispersed in ionic sites of the glass surface or
complexed with a silane diacid ligand, nanoscopic spots with
high fluorescence activity appear quite randomly dispersed
over a large region (see Figure 3I,II). On the other hand, in
microzeolite templates (Figure 3III), the spots with
fluorescence activity are concentrated over the external surface
of the particle, giving the projection of its cylindrical shape,
sometimes forming a dimer or small cluster with particles near
each other. Localized fluorescent spots with intermittency
behavior are given on the right side of each super-resolution
image as typical examples. They are made of discrete
fluorescence bursts above the background signal, showing an
expected SM intermittency pattern produced by a single
catalyst.33 Statistical analysis of hundreds of fluorescence spots
for each system allows the determination of kinetic parameters
of the catalytic reaction cycle. In this procedure, the time-trace
analysis converts the nonfiltered intensity data of localized
fluorescence spots with clear intermittency behavior to a

logical on−off (1/0) time series using a fluctuating threshold
method.1 The fluctuating threshold is statistically defined for
each point of the time series using a normal distribution, thus
converting it to a stochastic logical on−off (1/0) time series.
This approach removes the critical assignment of a constant
threshold that has been used in many analyses of SM
intermittency.
The analysis of the on−off time series allows a direct

calculation of several SM parameters of the kinetics, the most
important one being the catalyst turnover frequency (SM-
TOF) that represents the average SM rate (s−1) of each cross-
coupling reaction under the pseudo-first-order approximation
because the concentration of reactants used is far higher than
the catalyst, and the SM observation is performed over the
catalyst turnover cycle. The results of the SM-TOF and other
SM parameters for each reaction in the three systems are
reported in Table S1. It is worthwhile to mention that the large
standard deviation found is a result of the stochastic nature of
the reaction process when observed at the SM level.
The corresponding plot of the SM-TOF values as a function

of the cross-coupling reaction is given in Figure 4. Although
there is a small change in the SM-TOF value with the type of

Figure 3. Super-resolved images from SM-TIRFM studies and emission time-trace. (I) Pd adsorbed with 150 s of accumulation time with 20 fps,
SM3 reaction; (II) Pd complexed with 80 s of accumulation time with 25 fps, SM3 reaction; and (III) Microzeolites with 60 s of accumulation time
with 33.33 fps SM1 reaction. The digital level scale bar represents the summed intensities of the localized molecules. The intermittency of a given
nanometric spot is illustrated for each system in the right side of the respective image.
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reaction in a given catalytic system, the slightly higher rate
observed for reaction SM3 could be ascribed to the substituent
effect on compound 4:4-(dimethylamino)phenylboronic acid,
where the dimethylamino, as a good electron donor group
(EDG), enhances the transmetalation step. However, the most
important result is the highest value found in the case of Pd
bound to the surface of microzeolites for all reactions studied.
On average, it is four times higher than the rate observed in Pd
adsorbed onto a ligand-free silica surface. The reason for this
high activity observed in microzeolites may be explained by the
more exposed Pd catalyst to reactants at first glance.
Nevertheless, care should be taken because, on the micro-
zeolite surface, catalyst sites are closer to each other when
compared to the two other systems, and, therefore, some cross-
talking effect may be present, and the sites could act somewhat
cooperatively.
A very interesting point of the statistical analysis of

intermittency, performed using the fluctuating threshold
method with a Gaussian distribution, is that it enables the
estimation of the probability p that the catalyst Pd(0) will be
found during the reaction time (the procedure to evaluate p
from experimental data is explained in detail in the Supporting
Information). The plot of the values of p among the three
systems for Pd dispersion is also given in Figure 4. Here, we
see an opposite trend to that observed among the values of
SM-TOF. Although the Pd adsorbed onto silica anionic sites
may have the largest probability of staying in its prompt active
form as Pd (0), their measured SM-TOF remains below the
corresponding values of the other systems, as already seen in
Figure 4. Moreover, it has been pointed out by stochastic
simulation of the intermittency of the reaction cycle that SM-
TOF = p.kr, where kr is the rate-determining constant of the
cross-coupling cycle.1 The stochastic simulation is performed
considering the Palladium cross-coupling reaction mechanism
(Figure 5a) in its simplified reaction cycle (Figure 5b) with a
probability p of finding the active catalyst Pd(0) and a first-
order rate constant kr that represents the determining step that
could be ascribed to the oxidative addition of the organic
halide in pseudo-first-order or transmetallation (simulation
details are found elsewhere).1

The linear behavior of SM-TOF = p.kr is shown in Figure S5
from the analysis of simulated time-trace intensity data and
determination of SM-TOF as a function of p and kr. Assuming

that kr corresponds to the effective SM rate (experimental
values are reported in Table S1), kr is plotted in Figure 6 as a

function of p. As a result, kr becomes much more effective in
the microzeolite environment, which could indicate that Pd
catalyst centers are somewhat acting cooperatively due to their
close proximity. As the density of diacid ligands is higher on
the microzeolite surface, Pd clustering forming dimers
supported on the microzeolite surface may occur and would
explain the higher catalyst activity observed.
This effect of high activity has been observed when cross-

coupling reactions are performed with a polymer-stabilized Pd
catalyst, producing higher TOF values and the formation of Pd
nanoparticles after a long reaction time.34−36 Moreover, the
presence of succinic acid groups on the microzeolite surface
will provide Pd(0) in close proximity to Pd(II), affording the
formation of a dinuclear Pd(I)−Pd(I) dimer, a species
considered highly active as a precatalyst.37 Under these
considerations, the ON probability of Pd(0) in microzeolite
may be that of having a fraction of dimers as a more active
catalytic species stabilized on the template surface. If the
Pd(II) reduction forming a dimer is a two-independent step

Figure 4. Average SM-TOF (s−1) for the four Suzuki cross-coupling
reactions, employing all three functionalization methods and
comparative probability of active state (ON) p of the Pd catalyst in
the cross-coupling reactions as a function of the Pd dispersion state.

Figure 5. Multistep mechanism of the Pd cross-coupling reaction (a)
and its corresponding simplified reaction cycle (b) with a determining
step with rate constant kr used in the stochastic simulation with
exponential waiting time distribution. The starting probability of p of
active catalyst Pd(0) is given by p = k1/(k1 + k−1).

Figure 6. Plot of the intrinsic rate constant kr (s−1) as a function of
the probability p for the four SM reactions in different Pd dispersion
state.
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process, then the probability of an active dimer to appear
should be seen as p2 of that of a single Pd in a rough
approximation. Thus, using the average of each value of p
found (0.57 for microzeolite and 0.70 for Pd adsorbed as a
single atom), the relation between microzeolite ON probability
with that of single Pd on a glass surface should be given by 0.57
= (0.7)b where b stands for the average size of the Pd(0)
cluster formed in microzeolite. Solving the equation above
gives b = 1.6, which points out that some degree of Pd
clustering is present in the microzeolite templates, explaining
its highest activity, as measured by the average SM-TOF values
found from intermittency analysis. On the other hand, the
effect of catalyst dimer in the SM activity may be simulated
considering that its probability of being active is the square of
that of a single Pd(0), but the rate constant is larger by a given
factor between 2 and 5. The SM fluorescence time trace of
stochastic simulation, considering only Pd(0) with a rate
constant kr, is compared with the corresponding data with both
Pd(0) and the dimer (with a rate constant 4kr) in Figure 7.

The simulated stochastic intermittencies in the presence of
the dimer (Pd)2(0) resemble the reaction activity observed in
microzeolite (see time trace in Figure 4III). Also, the
calculated SM-TOF in the presence of the dimer is about
three times higher than where only Pd(0) is present, being
similar to the ratio of the experimentally observed values of the
systems of Pd adsorbed and in microzeolite.
Finally, we have performed experiments with the adsorption

of Pd (II) in microzeolite particles free of surface-active
succinic acid. The results show that Pd is concentrated in the
poles of the microzeolite where the ion exchange process
occurs, leading to high catalyst activity, as illustrated in Figure
8. Different from the other system, the local density of Pd is
uncontrolled and higher than that of the previous systems, and
the intermittency of emission spots in the region departs from
the SM behavior.

■ CONCLUSIONS AND REMARKS
The results obtained in this study point out that the way of
loading the Pd catalyst defines the SM-TOF of a given cross-
coupling reaction. The use of a microzeolite template with a

surface-bound Pd ligand is a more efficient method for
achieving higher SM-TOF when compared with Pd adsorbed
or complexed with surface sites well dispersed on a flat glass.
The highest effectiveness in the microzeolite template system
is ascribed to the cooperativity of Pd with more than a single
metal complex supported by a succinic diacid ligand in close
proximity, acting as an active catalyst.
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Figure 7. Simulated SM intermittencies of the Suzuki−Miyaura cross-
coupling cycle forming a fluorescent product in the condition of only
a single Pd(0) catalyst with probability 0.7 and rate constant kr = 0.6
s−1 (red line) and adding a dimer (Pd)2(0) catalyst with probability
0.5 and rate constant kr = 2.4 s−1 (blue line). The SM-TOF values for
each time trace are 0.4 s−1 and 1.1 s−1, respectively, corresponding to
24 and 66 product molecules formed per minute in average.
Hypothetical dimer stabilized by two neighboring succinic acid
groups is given on the right side.

Figure 8. TIRFM image of nonsilanized microzeolite loaded with
Pd(II) under reaction SM3. The color scale bar is in relative intensity
of photon counts.
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