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Abstract: Single-atom heterogeneous catalysts (SACs) hold promise
as sustainable alternatives to metal complexes in organic
transformations. However, their working structure and dynamics
remain poorly understood, hindering advances in their design.
Exploiting the unique features of droplet-based microfluidics, we
present the first in-situ assessment of a palladium SAC (Pdsa@ECN)
in  Suzuki-Miyaura cross-coupling using X-ray absorption
spectroscopy. Our results confirm a surface-catalyzed mechanism
over Pdsa@ECN, revealing the distinct electronic structure of active
Pd centers compared to homogeneous systems, and providing
insights into the stabilizing role of ligands and bases. This study
establishes a valuable framework for advancing mechanistic
understanding of organic syntheses catalyzed by SACs.

Cross-coupling reactions in fine chemical syntheses have
long relied on organometallic metal complexes, which offer
precise control over active site coordination spheres, resulting in
exceptional activity and selectivity.['"However, their soluble nature
poses challenges for metal and ligand reuse and recovery,
generating undesired waste and increasing their environmental
footprint.?! Single-atom heterogeneous catalysts (SACs) attract
substantial interest for bridging the gap between homogeneous
and heterogeneous  strategies.®*?  Nonetheless, their
applications have typically been limited to couplings of relatively
simple partner molecules.*d Advancing the design principles of
SACs for more complex transformations requires knowledge of
their structure and function in reactive environments, which is
currently limited for surface-catalyzed organic reactions, due to
the limitations of existing in-situ characterization approaches for
tracking the state of metal centers under operation conditions.?!
Most previous reports have concentrated on evaluating the
stability of ill-defined supported metal nanoparticles, where

insights from suitable techniques such as X-ray absorption
spectroscopy (XAS) likely reflect an average state of distinct
palladium species (e.g. nanoparticles, clusters, isolated atoms),
or involve batch experiments with minimal control over the
catalyst-reaction medium contact time.!

Here, we develop droplet-based microfluidics platforms to
facilitate in-situ XAS analysis, unlocking valuable insights into the
structure and mechanisms of cross-coupling reactions over
heterogeneous catalysts (Scheme 1). Our focus is on exploring a
palladium SAC based on exfoliated graphitic carbon nitride
(Pdsn@ECN, 2.23 wt.% Pd content) whose synthesis and
properties are well established, and which is known to exhibit
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Pdsa@ECN catalyst, resembling the classical cycle over metal complexes.)
The adaptive coordination of the catalyst during reaction lacks experimental

verification.
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Figure 1. a) Scheme of the channel pattern and operational principle and b) bottom and top-view images of the Ls-edge microfluidic device. ¢) Scheme of the

channel pattern and operation principle and d) front view of the K-edge microfluidic device.

selective and stable performance in Suzuki-Miyaura coupling.”!
Besides the broad relevance of this reaction, another compelling
reason for its selection is the availability of in-situ data for
homogeneously catalyzed systems,® which facilitates relevant
comparisons. High-angle annual dark field scanning transmission
electron microscopy (HAADF-STEM) imaging (Figure S1,
Figure S2) and Fourier transform extended X-ray absorption fine
structure (FT-EXAFS) and X-ray absorption near edge structure
(XANES) spectra (Figure S3, Figure S4a) confirm the isolated
nature and oxidized character (Pd") of the palladium species in
the as-synthesized Pdsa@ECN. While previous density functional
theory (DFT) simulations suggested a similar reaction path to
classical homogeneous catalysis,”! experimental verification of i)
the adaptive coordination of palladium centers proposed to
facilitate charge transfer and ii) the role of ligands and other
reaction components, is lacking.

Droplet-based microfluidics offers a novel approach for
studying heterogeneous catalysts. Our developed XAS platforms
generate nanoliter reaction vessels,® containing catalyst
suspensions and required reagents at user-defined
concentrations. Despite challenges related to solid dispensing, !
this approach permits precise control over the contact time
between the catalyst and reagent streams making it particularly
suited for investigating chemical reactions at low conversions in
the kinetic regime. Importantly, the constant renewal of droplets
under X-ray illumination also avoids potential radiation-induced
damage to the studied materials during XAS measurements.®l

The platform designs require optimization for operation at
different energy ranges. Specifically, the Ls-edge platform
incorporates a microchannel network forming coils of
exponentially longer residence times around a central
measurement channel (Figure 1a, Figure S5).° To maximize
fluorescence count rates, the device is mounted on an X-ray
transparent SisNs+ window (Figure 1b).'% In contrast, when
working at the K-edge, a thin glass slide is used, with minimal loss
of signal due to the high energy of the emitted photons.
Considering the lower sensitivity of the K- compared to the
Ls-edge due to the lower absorption cross-section at higher
energy, we modified the device geometry, integrating larger
channels distributed linearly across the surface. This enables
generation of larger droplets and analysis along entire channels
length to maximize signal (Figure 1c, Figure S6). The K-edge
platform allows simultaneous measurements in transmission and
fluorescence XAS, although we only present the latter due to the
dilute palladium concentration. At this edge, a heating stage
enables the study of reactions at temperatures up to 70°C
(Figure 1d), which is precluded at the L3-edge due to beamline
constraints.

For in-situ catalytic measurements, we adopt similar
conditions to those previously optimized for Pdsa@ECN, with
minor adjustments such as substituting K2COs with an organic
base (triethylamine, TEA) to address solubility issues, and using
1,4-dioxane instead of dimethoxyethane to ensure compatibility
with device materials. The catalyst is suspended in distilled water,

This article is protected by copyright. All rights reserved.

85U8017 SUOLIIOD BAEa.D 8|qed![dde au Aq peusenob a8 Ss(oie YO ‘8sn JO'S3INI 1o} A1 3UIUO A8\ UO (SUO N IPUOD-PUR-SUIB)/OD A8 |1 Al 1[U 1 juo//SANL) SUORIPUGD PUe swis | 841 883 *[20zZ/c0/7T] Uo A%iq i sutluo A8|im ‘Younz H13 Aq 950T0rZ0Z 81Ue/Z00T 0T/I0p/wod-Ae|im Areiq1ut|uoy/sdny wouy pepeojumoq ‘el ‘e//ETZST



Angewandte Chemie International Edition

a) In-situ, L3-edge

3.0

Pd°
...... (=3l 1.4 1

—~ _g 5 1.3 A
O + AN ®
= \ i% [ J
§ 201
S g
2 <
(]
©
(0]
N
£ 10
o
z

0.0 T

3170 3172 3174 3176 3178 3180
Energy (eV)

c) In-situ, K-edge

Normalized absorption (-)

0.6 T T T

24360 24375

Energy (eV)

24390

10.1002/anie.202401056

WILEY . vcH

b) Ex-situ, L3-edge

3.0

Pdo
------ Pdsa@ECN 1.4 1

~ S 13
< S+B 3:
5 s < 129
g 207 R-RT R
2 "
2 <<
©
pel
[0}
N
£ 1.0 -
o
z

0.0 r

3170 3172 3174 3176 3178 3180
Energy (eV)

d) Simulated, L;-edge
6.0
------ PdSA@C3N4-S
——EtOH (S)
TEA (B)
= ——TPP (L)
c
S 4.0 A
e
o
[}
Q
©
©
[9)
N
g 2.0 4
[s)
zZ
0.0

3170 3172 3174 3176 3178 3180
Energy (eV)

Figure 2. a) In-situ and b) ex-situ Pd Ls-edge, and c) in-situ Pd K-edge XANES spectra of Pdsa@ECN acquired at room temperature under various reaction

conditions (Table S2). Insets in a) and b) display normalized Ls-edge white line areas (Figure 7d) Simulated Pd Ls-edge XANES spectra of Pdsa@CsNas-s in the

presence or absence of adsorbed species. The legend in a) applies to c).

while  reagents are dissolved in a  monophasic
water/ethanol/1,4-dioxane solvent mixture, optimal for microfluidic
measurements as it permits stable droplet generation. Using this
approach, we designed a series of experiments to isolate the
effects of the reaction mixture and different reaction components
on the geometric and electronic structure of palladium centers in
Pdsa@ECN. Due to challenges associated with separating the
catalytic particles after the microfluidic experiments, online
monitoring of the performance of Pdsa@ECN to link with the XAS
observations was not feasible. Importantly, evaluation of the
catalyst in batch tests under analogous conditions verified the
reaction occurrence at room temperature, albeit at a slower rate
than at 70°C (TOF of 0.04 versus 1.91 h™', Table S3). Moreover,
blank tests in the absence of Pdsa@ECN confirmed the absence
of product formation.

In this frame, we successfully captured both the electronic
and coordination environment of the palladium centers in
Pdsa@ECN through in-situ L3- and K-edge XAS measurements
during Suzuki-Miyaura coupling using droplet-based microfluidics

(Table S2). Ex-situ analysis of catalysts drop-cast from reaction
mixtures highlighted a decreased sensitivity to structural changes
between experimental conditions (Figure 2a,b) and the need for
in-situ investigations. In the case of homogeneous catalysts, the
classical mechanism of Suzuki-Miyaura coupling involves a
Pd%Pd" cycle during which the oxidative addition of the aryl halide
is rate limiting, implying that a high population of metal centers is
observed in the Pd° state at any point during the reaction. The
activation of the Pd" pre-catalyst species into the active Pd° form
has been reported to occur on a similar timescale to the residence
time achieved within our microfluidic platforms (< 1 min), with the
concurrent  observation of a palladium-halide bond.®d
Comparison of the XANES spectra of Pdsa@ECN under reaction
conditions at room temperature and 70°C (Figure 2a,c,
Figure 3a) to relevant reference compounds reveals that
palladium species exhibit a distinct electronic state close to Pd"
under both conditions. Considering the short time scale of the
microfluidic  experiments, we conducted quasi in-situ
measurements of batch tests under analogous conditions at
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Figure 3. a) In-situ Pd K-edge XANES spectra of Pdsa@ECN under full reaction conditions, acquired at room temperature and at 70°C. Inset displays the

corresponding FT-EXAFS spectra. b) Quasi in-situ K-edge XANES spectra of Pdsa@ECN under full reaction conditions, acquired at room temperature (R-RT-4h)
and at 70°C (R-70C-5min, R-70C-1h). Corresponding conversions are provided in Table S3.

higher conversions (up to 70%), confirming the absence of
changes in the K-edge XANES spectra at 70°C (in-situ, Figure 3a,
quasi in-situ, Figure 3b). No Pd°® contribution was obtained by
linear combination fitting under any conditions (Table S5). These
results suggest mechanistic differences from homogeneous
systems, particularly with respect to the predominant electronic
state of palladium. This agrees with the previously proposed
adaption of the coordination structure to the charge on the metal
center, in which the transmetalation step becomes rate limiting,
and results in the observation of the Pd" state.(! This difference in
rate limiting step is also corroborated by the lack of a noticeable
Pd-Br bond signature in the in-situ FT-EXAFS spectra (inset
Figure 3a), and supported by fits of the quasiin-situ
measurements after 5 min of reaction at 70°C (Figure S4b). It
should be noted that this Pd—halide structure (proven to be stable
under mild conditions)®® is not expected to revert to its original
state upon cooling to room temperature during the quasi in-situ
measurements.

To unravel the roles of the ligand (L) and base (B), we
decoupled their interactions with the metal center by acquiring
in-situ XANES of the catalyst at the Ls-edge (Figure 2a,c) under
controlled environments. This analysis reveals noticeable
variations in the white line intensity of the Ls-edge, with the S+L
combination displaying the lowest values compared to the
catalyst exposed only to the solvent (S). Such a drop may indicate
partial reduction of palladium, but it most likely results from
differences in the coordination environment. A similar
coordination-induced variation is exemplified by the spread of
white line intensities displayed by distinct Pd" halides (Figure S8).
The stability of the catalyst to leaching is confirmed by the
retention of the metal in the Pd" state. In the event of palladium
species leaching into the reaction medium, solvated Pd° species
similar to the homogeneous Pd(TPP)s metal complex would be
expected due to the presence of triphenylphosphine (TPP)
ligands. However, the formation of such species is not observed
(Figure S9). Instead, we propose that the drop in white line
intensity stems from the electron-donating capability of TPP,

which can coordinate to palladium. Conversely, the addition of
TEA, a coordinating base, to a suspension of catalyst in solvent
(S+B) leads to higher white line intensities at the Ls-edge. Similar
observations are conveyed by measurements at the K-edge
(Figure 2c), but with less sensitivity. Interestingly, when adding
both base and ligand together, an intermediate line is obtained,
suggesting that a competition for the coordination on the metal
center occurs between the two species.

To gain further insight into the experimental trends, we
conducted DFT simulations to identify the most energetically
favorable configurations of palladium centers stabilized on the
support in the presence of distinct reaction components.
Palladium atoms can occupy different locations within the layered
structure of graphitic carbon nitride (C3N4, Table $6), but only
those located at the surface (Pdsa@CsNs4-s) are expected to
participate in the reaction. Calculation of the Ls-edge spectra
based on the structures of TPP, TEA, and EtOH bound to
Pdsa@CsN4-s using the full potential finite difference method of
the FDMNES program evidenced a good agreement with the
experimentally observed trends (Figure 2d).['? The simulations
indicate that the adsorption of TPP over palladium in
Pdsa@CsNs-s is favorable (Ebina=-2.17 eV, Table S§7), and
influences the local structure of the palladium atom at the surface
of carbon nitride (Figure 4). Indeed, strong binding with the ligand
keeps palladium in the surface layer of this two-dimensional host,
while its resting state in the absence of TPP would be located in
the subsurface, where it is at least 0.6 eV more favorable
(Table S6). Inversely, the favored coordination of TEA to
Pdsa@CsN4-s (Ebina= —1.11 eV) withdraws electrons from the
metal and causes the Ls-edge line intensity increase. We believe
that although TPP adsorbs more favorably, the large excess of
TEA (10-times excess, see Table S1) compensates for it
kinetically, explaining the intermediate line observed in the
K-edge spectra in the presence of both ligand and base
(Figure 2c). Finally, the effects of the ligand and the base on the
electronic state of the palladium atom are evidenced by the
differences in the Bader charges and the projected density of
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Figure 34. Molecular models of bare a,b) Pdsa@C3sN4-s and ¢,d)TPP-bound Pdsa@C3N4-s in top and side views, respectively. The calculated Bader charge and,

in the TPP-bound system, binding energy are indicated. Atom color codes: blue-nitrogen, dark grey-carbon, yellow-palladium, orange-phosphorus, light pink-

hydrogen.

states (PDOS) charge between the 3 cases, i) bare Pdsa@CsNa-s,
ii) TPP-bound, and iii) TEA-bound (Figure S10, Table S7). While
the Bader charges do not present significant changes, indicating
that the formal oxidation states are very close, the d-band center
for TPP-bound Pdsa@CsNs-s located at lower energies than
TEA-bound Pdsa@C:3Ns-s confirms the stabilizing effect of the
ligand over the base. That said, it is worth noting that the
comparison between computed oxidation states and formal ones
like described in the Pd/Pd" cycle is difficult, as individual atomic
charges in multi-electronic compounds are not quantum
mechanical observables.['3]

In conclusion, we have provided new insights into the
mechanism of Suzuki-Miyaura coupling over a palladium
single-atom heterogeneous catalyst, enabled by the development
of versatile in-situ droplet-based XAS platforms. Our findings
corroborate a fully heterogeneous, surface-catalyzed pathway.
The electronic structure of the palladium remained largely
constant, the metal centers maintaining a state close to Pd" during
the reaction, consistent with the expected adaptive coordination
to the carbon nitride host. Furthermore, we evidenced the
previously unexplored stabilizing role of phosphine ligands and
triethylamine base, as corroborated by DFT. This innovative
approach emphasizes distinct design criteria for homogeneous
and heterogeneous catalysts, advancing our understanding of
surface catalyzed reactions in organic syntheses. These insights
are crucial for unlocking the potential of SACs in such
transformations. The provided fabrication blueprints enhance
accessibility to in-situ XAS studies, with potential applications to
other liquid-phase reactions. The current platforms are
particularly suited for studying transformations with fast kinetics,
but the design can be readily modified to increase the range of
measurable residence times. Additionally, the development of
complementary approaches (e.g., infrared, electron paramagnetic
resonance, nuclear magnetic resonance spectroscopy) will be

valuable in overcoming existing constraints posed by in-situ XAS
studies.
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