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Supported single-atom catalysts (SACs) have garnered significant interest due to their distinct electronic
and geometric properties compared to metal nanoparticles. Covalent organic frameworks (COFs), owing
to their high surface area and tunable functionalities, serve as promising supports for stabilizing isolated
metal atoms. In this work, we synthesized a PdCl,-functionalized pyrene-based COF (PdCl,@Py-1P COF)
that offers uniform binding sites ideal for immobilizing Pd single atoms. However, the synthetic route for
pristine Py-1P COF could incorporate Pd impurities during synthesis, resulting from the incomplete removal
of the homogeneous Pd(PPhs), catalyst used in the synthesis of the 1,3,6,8-tetrakis(4-aminophenyl)pyrene
(PyTTA) monomer via Suzuki-Miyaura cross-coupling reaction. To our knowledge, no study has been
reported on the role of Pd impurities in pristine COFs, complicating the distinction between the activity of
Pd single atoms and the pristine COF itself. To address this, we used a combination of X-ray photoelectron
spectroscopy (XPS), and CO-DRIFTS (diffuse reflectance infrared Fourier transform spectroscopy) to
systematically investigate different purification strategies to minimize the impact of Pd impurities on
ethylene hydrogenation kinetics. The PdCl, complexes deposited on the COF (PdCl,@Py-1P COF) were
isolated and structurally uniform. However, the Pd impurities in the pristine COF exhibit significant activity
for ethylene hydrogenation, masking the activity of PdCL@Py-1P COF. To minimize Pd carryover, the
PyTTA monomer was purified prior to COF synthesis by triphenylphosphine (PPhs) treatment or acid,
lowering the Pd content in the resulting COFs from 0.35 wt% (untreated) to 0.23 wt% (PPhz) and 0.04 wt%
(acid). Acid purification removed the vast majority of Pd impurities from the pristine (pre-deposition) COF,
thereby enabling measurement of the intrinsic kinetics of subsequently deposited PdCl, complexes. The
results emphasize the importance of the monomer purification process to accurately measure the intrinsic
properties of Pd single atoms within the COF structure.

Palladium is especially important in catalysis, playing a
central role in selective hydrogenation,>™ dehydrogenation,®™

are widely employed and cross-coupling reactions.'®"® Consequently, numerous

heterogeneous catalysts in industrial applications, with metal
particle size being a critical factor influencing catalytic
behavior. The smallest and most efficient form of these
catalysts is what is referred to as a single-atom catalyst (SAC),
in which individual metal atoms are atomically dispersed on
a support. SACs offer exceptional atom utilization—
particularly beneficial for noble metals—and have
demonstrated high catalytic activity and selectivity for some
reactions due to their unique electronic properties.'
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synthetic strategies have been developed to control the
nuclearity of Pd species. Unlike Pd nanoparticles, which often
favor over-hydrogenation due to the presence of extended
metal ensembles, atomically dispersed Pd supported on
oxides or carbonaceous materials exhibits significantly
enhanced selectivity toward ethylene, even under ethylene-
rich conditions.’® For instance, Pei et al. reported a Cu-
alloyed Pd single-atom catalyst with high ethylene selectivity
(~85%) at complete acetylene conversion.'> Similarly, Yan
et al. synthesized atomically dispersed Pd on graphene via
atomic layer deposition, achieving 100% selectivity toward
butene at 95% conversion in the selective hydrogenation of
1,3-butadiene.'®

Among the emerging novel supports for SACs are covalent
organic frameworks (COFs). COFs are crystalline, highly
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porous, extended two- and three-dimensional organic
frameworks constructed by linking organic building units
using covalent bonds. The reticular synthetic approach of
COFs enables high surface area and controlled pore size,
shape, and chemical functionality, rendering COFs ideal
platforms for a broad range of applications’”'® such as gas
capture/separation, heterogeneous catalysis, energy storage,
sensors, and medical uses. For catalytic applications, the
high surface area and chemical functionality of the pores are
crucial for stabilizing both metal nanoparticles and SACs."’
Wang et al. first demonstrated the catalytic application of
COFs by preparing Pd/COF-LZU1 via post-metalation for
Suzuki-Miyaura coupling reaction.”® COFs have also been
demonstrated as effective supports for nanoparticles and
single atoms of metals like platinum,”* rhodium,*
ruthenium,* iridium,** copper,® cobalt,>® and palladium?®’
for catalytic purposes. For instance, we have reported the
synthesis of PdCL@ILCOF-1 (imine-linked COF) and
demonstrated its application in gas-phase ethylene
hydrogenation.”® The high surface area and abundant imine-
sites allowed for high palladium loading (~18 wt%) and to a
large extent stabilized the palladium centers against
agglomeration under ethylene hydrogenation conditions.

As stated earlier, the catalytic properties of COFs rely on
the chemical and physical nature of the constituent building
blocks, which are judiciously selected to optimize catalyst
activity and stability. Among the most common building
units are arylamines and arylaldehydes used in imine- and
B-ketoenamine-linked COFs; these monomers are typically
synthesized using coupling reactions (i.e. C-C, C-N, etc.) or
under reducing conditions involving supported palladium,
like palladium on carbon (conversion of a nitro group to an
amine group). For example, one of the extensively used
amine building units is 1,3,6,8-tetrakis(4-aminophenyl)pyrene
(PyTTA), which is used to synthesize Py-1P COF. During the
synthesis of the PyTTA monomer, a homogeneous palladium
catalyst (Pd(Phs),) is used in the Suzuki cross-coupling
reaction involving 1,3,6,8-tetrabromopyrene and
4-aminophenylboronic acid pinacol ester, raising the
possibility of PyTTA contamination with palladium despite
extensive purification steps before Py-1P COF synthesis. It is
important to note that removing palladium from organic
products following Pd-catalyzed reactions, particularly
pharmaceuticals,* remains a significant challenge and raises
toxicity concerns, while residual palladium impurities in
organic building blocks used in COFs synthesis would
compromise catalyst design and selectivity. Therefore,
investigating potential metal contamination levels and their
effect on the catalytic performance of both pristine and
metal-loaded COFs is crucial and remains unexplored.

In this study, we report the synthesis of a high surface
area (Brunauer-Emmett-Teller (BET) of ~2000 m> g)
PdCL,@Py-1P COF with 1 and 4 wt% atomically dispersed Pd.
To minimize impurities in the monomer prior to Py-1P COF
synthesis, we implemented strategies based on PPh;
treatment and acid purification to reduce residual Pd
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contaminants. The 1 and 4 wt% loadings were chosen to
minimize the risk of single atom agglomerations and observe
single atom performance at low weight loadings. The
PdCl,@Py-1P COF catalyst was characterized using various
spectroscopic techniques, including X-ray photoelectron
spectroscopy (XPS), powder-X-ray diffraction (PXRD) and
Fourier transform infrared spectroscopy (FTIR) of adsorbed
CO, and its catalytic performance was evaluated for ethylene
hydrogenation. Acid purification was effective in removing
90% of the Pd impurities, thereby minimizing the catalytic
activity of the pristine Py-1P COF and enabling the
measurements of the intrinsic activity of the isolated Pd
complexes. This work highlights the critical role of
purification and its underlying mechanisms in shaping the
coordination environment and structural integrity of COFs,
which in turn significantly impacts their catalytic activity and
selectivity in ethylene and acetylene hydrogenation.

Experimental
Materials and methods

Chemicals. All starting materials were used without
further purification unless otherwise specified. 1,3,6,8-
Tetrabromopyrene (95%), 4-aminophenylboronic acid pinacol
ester (98%), and tetrakis(triphenylphosphine)palladium(0)
(98%) were purchased from AmBeed. Potassium carbonate
(99%), terephthalaldehyde (98%), and triphenylphosphine
(99+%) were purchased from Alfa Aesar. 1,2-Dichlorobenze
(99%), bis(benzonitrile)palladium(n) dichloride (99+%), and
Celite® 545 were purchased from Acros Chemicals.
1,4-Dioxane (99+%) was purchased from Thermo Scientific.
Toluene (Certified ACS, 99.9%) and hydrochloric acid
(Certified ACS Plus, 36.5-38.0% w/w) were purchased from
Fisher Scientific. Finally, n-butanol (99.9%) and anhydrous
chloroform (=99%) were purchased from Sigma Aldrich. The
PYREX tubes used were of inner diameter 9.7 mm, outer
diameter 12 mm, and length 26.5 cm. 1,3,6,8-Tetrakis(4-
aminophenyl)pyrene®® and Py-1P COF were prepared
according to modified literature methods.>"*

Synthesis and purification of 1,3,6,8-tetrakis(4-aminophenyl)
pyrene (PyTTA)

PyITA synthesis. To synthesize Py-1P COF, the 1,3,6,8-
tetrakis(4-aminophenyl)pyrene (PyTTA) monomer must first
be synthesized via a Suzuki-Miyaura cross-coupling reaction
(Fig. 1). This is done by placing 1,3,6,8-tetrabromopyrene
(1.0 g, 1.93 mmol), 4-aminophenylboronic acid pinacol ester
(2.0 g, 9.13 mmol), and potassium carbonate (1.44 g,
10.4 mmol) in a solution of 1,4-dioxane and water (80
mL:16 mL). The system was purged by bubbling N, gas
for a minimum of 30 minutes while the catalyst system
was prepared. In an argon-filled glovebox,
tetrakis(triphenylphosphine)palladium(0) (0.2 g, 0.18 mmol)
was placed in 1,4-dioxane (10 mL) and stirred for 10
minutes. The catalyst solution was then cannulated to the
reaction system, which was then fitted with a condenser

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 PdCl,@Py-1P COF synthesis. Synthesis of the PyTTA monomer, Py-1P COF, and PdCl,@Py-1P COF.

and allowed to react under continuous N, flow @ 105 °C for
72 h. Afterwards, the solution was cooled to room
temperature and filtered through Celite. Water was then
added to the filtrate to precipitate the monomer and the
solution was filtered again, collecting the solid at this time.
The monomer was then dried under vacuum at 80 °C (1.0 g,
91% yield). It is noted that this synthesis introduces a
palladium contamination of 0.46 wt% based on ICP-OES
from the homogeneous catalyst, tetrakis(triphenylphosphine)
palladium(0), wused in the reaction, which requires
purification.

Acid purification of PyTTA. To find a method to remove
the palladium contamination, the synthesized monomer
(500 mg) was placed in a beaker with 125 mL of deionized
water. Hydrochloric acid (2 M) was added dropwise into the
water in a minimal amount until the monomer dissolved.
The monomer was sonicated, as needed, to disperse larger
chunks while dissolving. The solution was then placed into
a column (16.5 cm L, 28.1 mm D) filled with 5 inches of
Celite and allowed to pass through. After collecting the
filtrate, the monomer was precipitated with 0.25 M sodium
hydroxide until the pH tested to 14 via indicator paper

This journal is © The Royal Society of Chemistry 2025

(~50 mL). The monomer was then filtered through a
medium porosity glass frit and freeze dried (447.1 mg, 89%
yield). This method reduced the palladium contamination
to 0.05 wt% based on ICP-OES.

Triphenylphosphine purification of PyITA. The PyTTA
monomer (613.1 mg) was suspended in 100 mL toluene in a
Schlenk flask while being purged with nitrogen for 30
minutes. Triphenylphosphine (601.4 mg) was added to the
flask. The system was then flushed with nitrogen before
being sealed and allowed to stir at room temperature for 12
h. The solution was then filtered and the monomer dried
under vacuum at 80 °C (472.0 mg, 77% yield). This method
reduced the palladium contamination to 0.36 wt% by ICP-
OES.

Synthesis of Py-1P COF

Py-1P COF was synthesized according to published methods
with some modification (Fig. 1). The Py-1P COF was
synthesized via a solvothermal PYREX tube method. Each
PYREX tube was charged with 45.2 mg of the dried,
synthesized PyTTA monomer and 21.5 mg

Catal. Sci. Technol.
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terephthalaldehyde. Then 2 mL n-butanol and 2 mL
o-dichlorobenzene were added and sonicated for 10 minutes
to create uniform suspension. After the suspension was
achieved, 0.4 mL acetic acid (6 M) was added and the tube
flash frozen in liquid nitrogen. This was the beginning of the
first of three freeze-pump-thaw cycles to degas the system.
Following the third cycle, the tube was flame-sealed and
placed in an oven at 120 °C for 72 h. Upon completion of the
reaction, the tubes were left to cool down to room
temperature, broken, filtered, washed with acetone until the
filtrate ran clear, and placed in a Soxhlet extractor with THF
for 24 h. The product was then dried under vacuum at 80 °C
for 12 h to yield Py-1P COF as a golden powder (47.2 mg, 90%
yield). ICP-OES was then performed to determine Pd content.

Synthesis of PACl,@Py-1P COF

The preparation of PdCl,@Py-1P COF is shown in Fig. 1 and
was performed in an inert argon-filled glovebox. This loading
procedure was adapted from the method previously reported
by this group.”® For the 1 wt% Pd loading, anhydrous
chloroform (20 mL) was used to suspend 150 mg of the COF in
a Schlenk flask. A solution of bis(benzonitrile)palladium(u)
chloride (5.5 mg, 0.014 mmol) in anhydrous chloroform (18
mL) was made according to the targeted weight loading. The
palladium solution was then added to the Py-1P COF
suspension dropwise to optimize even dispersion of the single
atoms. The solution was then filtered over a medium glass frit
then washed in a chloroform Soxhlet extractor for 12 hours.
The sample was dried under vacuum (10~ mbar, 80 °C). ICP-
OES was then performed to determine Pd content. This same
procedure was followed for the 4 wt% Pd loadings with 22 mg
(0.057 mmol) bis(benzonitrile)palladium(u)chloride being
dissolved in 72 mL of anhydrous chloroform. It is noted that
the previous work performs the chloroform Soxhlet in a
nitrogen environment that was not replicated in this work.

Characterization methods

Surface area analyses and pore size distributions were collected
on a Micromeritics 3Flex with a Smart VacPrep degassing
chamber. All samples were degassed at 90 °C for 300 minutes
and 120 °C for 600 minutes before undergoing analysis.
Powder X-ray diffraction spectra were collected on a Panalytical
X'pert pro multipurpose diffractometer (Cu Ko radiation).
Samples were mounted on a zero-background sample holder
and measured with a 26 range of 0-70. A Thermo Scientific
ESCALAB 250 microprobe was used to collect the XPS spectra.
ICP-OES data was collected on an Agilent Technologies 5110
ICP-OES equipped with an SPS 4 autosampler. The samples
were digested in 10 mL aqua regia at 60 °C for 12 h before being
diluted to 100 mL and filtered through filter paper.

DRIFTS of CO adsorption was conducted using a Thermo
Fisher Scientific Nicolet iS50 FTIR spectrometer equipped
with a liquid nitrogen-cooled mercury-cadmium-telluride
(MCT) infrared detector. The catalyst was loaded into the
sample cup of an in situ Praying Mantis diffuse reflection cell
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(Harrick Scientific Products). Prior to CO chemisorption, the
catalyst was dried under a 100 sccm N, flow at 120 °C for 2 h.
Following the N, treatment, the sample was cooled to —120 °C
using liquid nitrogen under a continuous N, flow. A
background spectrum was collected at -120 °C under N, and
subtracted from all subsequent spectra. The catalyst was then
exposed to 1 kPa CO (balanced in N,) for 10 min, followed by
N, purging to remove gas-phase CO. A series of CO adsorption
spectra were recorded continuously, with each spectrum
averaged over 32 scans at a data spacing of 0.482 cm ™.

The catalytic performance of the PdCl,@Py_COF catalyst
and their respective Pristine COF was evaluated for ethylene
hydrogenation in a quartz packed-bed reactor under
differential conditions:

C,H, + H, — C,H, (AH® = -137 k] mol ™)

To minimize transport limitations, the 4.0 wt% and 1.0 wt%
PdCl,@Py-1P COF catalyst was diluted intra-pellet with silica
gel (SiO,, 0.075-0.250 mm, 150 A, ACROS Organics), which
was calcined in air at 800 °C prior to use. The catalyst-SiO,
mixture was prepared to achieve a final Pd loading of 0.08
wt% and 0.5 wt% respectively. The materials were ground
using an agate mortar and pestle, pelletized, and sieved to
obtain 180-300 um pellets. A total of 0.075 g of the diluted
catalyst mixture was loaded into a 0.75 inch OD glass packed-
bed reactor. Before catalytic testing, the catalyst was dried at
120 °C under a 100 sccm He flow for 2 h and subsequently
cooled to 22 °C under He flow.

All catalytic activity measurements were conducted at
atmospheric pressure. The gas composition of the reactor
effluent was analyzed using an online gas chromatograph
(MicroGC Fusion Gas Analyzer, Inficon). Ethylene (C,H,) and
ethane (C,H,) were separated using an Rt-alumina Na,SO,
packed column and quantified with a thermal conductivity
detector (TCD). High-purity feed gases—H, (UHP, 99.999%),
20% C,H, (certified gas, Airgas), and He (UHP, 99.999%)—
were obtained from Airgas. H, and He were further purified
using high-capacity moisture and oxygen traps (Restek
catalog #20600). All gas flows were regulated by mass flow
controllers (5850EM, Brooks Instrument).

Ethylene conversion and reaction rate were assessed based
on the rate of reaction per gram of COF per second to
distinctly compare the catalytic activity of the pristine COF
and the Pd-loaded sample. This normalization to the total
COF mass enables a direct evaluation of catalytic
performance, providing insight into the contribution of Pd
impurities in the pristine COF to its inherent activity.

mole of C,Hg (outlet)

Conversion = -
mole of C,H, (inlet)

C,H, formation rate (mol C;Hg s 1)

Reaction Rate =
caction Rate weight of COF (Before dilution)(mg)

The hydrogenation reaction was performed at 22 °C with a

This journal is © The Royal Society of Chemistry 2025
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Table 1 Pd content and purification efficiency for Py-1P COFs under different monomer purification methods

Purification Purified monomer Pd content Initial monomer Pd content Percent COF COF Pd content
method (Wt%) (Wt%) removal sample (Wt%)
Acid 0.05 + 0.04 0.46 + 0.02 89 Pristine COF 0.04 + 0.04
Pd loaded 4.92
PPh;, 0.36 + 0.08 0.46 + 0.02 22 Pristine COF 0.23 + 0.04
Pd loaded 3.40
Unpurified N/A 0.46 + 0.02 N/A Pristine COF 0.35
Pd loaded 4.19

partial pressure of C,H, at 5 kPa and H, at 5 kPa. Ethane was
the sole detected product, and no measurable conversion of
C,H, or H, was observed in the absence of the catalyst, i.e.
empty reactor tube or quartz wool-packed reactor.

Results and discussion

The effect of monomer purification on the final palladium
(Pd) content and structural integrity of the synthesized Py-1P
COFs was systematically investigated. Table 1 summarizes
the Pd content of pristine and Pd-loaded COFs, as well as the
Pd levels in purified and unpurified monomers (PyTTA) and
the associated percent removal. Among the purification
methods tested, acid purification was the most effective,
reducing the Pd content in the monomer from 0.46 wt% to
0.05 wt%, corresponding to an 89% removal efficiency. In
contrast, PPh; purification achieved only a 22% removal. The
acid purification method is believed to remove palladium

impurities by dissolving the monomer, while the insoluble
palladium species are retained on the Celite stationary phase
during column filtration. This would be similar to how the
Pd is removed by reactions using Pd catalysts.**”” In
contrast, the PPh; purification method in an attempt to
improve the solubility of Pd contaminants by facilitating
coordination between PPh; and Pd species present on the
suspended PyTTA monomer. However, this approach may be
less effective at removing palladium if the resulting Pd(PPh;)
complexes are not efficiently separated from the monomer
during the filtration process.

Physical properties of Py-1P COF & 4 wt% PdCl,@Py-1P COF

Analysis was performed before and after the samples were
loaded with palladium, and a post-loading decrease in surface
area was consistently observed across all samples (Fig. 2 and
S1). All nitrogen adsorption-desorption isotherms were
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Fig. 2 N, absorption isotherms and pore size distributions of the pristine (red) and 4% Pd (blue) Py-1P COF from (a) unpurified, (b) PPhs purified,

and (c) acid purified PyTTA.
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Fig. 3 Powder X-ray diffraction spectra of the pristine Py-1P COFs from (a) unpurified, (b) acid purified, and (c) PPhs purified PyTTA. Each

spectrum has an inset of the zoomed-in region of the peak at 20 = 40°.

classified as type IVb.*® However, the extent of the surface area
reduction varied depending on the purification method used.
For the unpurified COF sample, the pristine surface area
(Fig. 2a) was 2294 + 228 m® g™, which decreased to 1813
m? g™" after palladium loading—a 21% reduction. This effect
was less pronounced in samples where the PyI'TA monomer
was purified prior to COF synthesis. With PPh; purification,
the surface area dropped by 12%, from 1887 + 203 m* g™* to
1666 m?> g~* (Fig. 2b). The acid purification method resulted in
the smallest decrease—only 6%—from 1936 + 133 m> g to
1812 m*> g (Fig. 2¢). These results suggest that monomer
purification is an important factor for preserving surface area
in the final COF material. The slight surface area reduction in
the pristine COFs from purified monomers may be due to
amines undergoing slight oxidation during purification upon
exposure to air and light. The partial oxidation of amine
sites introduces terminal groups that impede framework
extension and lower the surface area of the COF. Pore
size distribution was calculated using nonlocal density
functional theory (NLDFT; N,@77 K—carbon cylinder pores,
single wall nanotube model) and was found to be consistent
across both pristine and Pd-loaded samples. All samples
exhibited a pore width of approximately 2.3 nm, confirming
the mesoporous nature of the COFs. Surface area and pore
size distribution were only collected before and after PdCl,
loading and not after catalytic reactivity experiments.

Powder XRD was used to characterize the crystallinity of
the COF samples. All samples have the characteristic peaks of
Py-1P COF for the (110), (200), (220), (310), (330), (420), (440),
and (001) (Fig. 3 and $2).*° The (001) plane is where the
z-stacking of COF sheets is observed and is where the Pd SACs
are coordinating to two nitrogen atoms between COF layers.
Due to the contamination from the palladium catalysts in the
PyTTA monomer synthesis, there is a peak at 26 = 40° that is
attributed to the (111) of palladium(0) nanoparticles (inset in
Fig. 3)."%* This peak was monitored across purification
methods in the pristine samples. As expected, the sample that
has the most intense agglomeration peak is the unpurified
PyTTA pristine COF. The acid purified PyTTA pristine COF

Catal. Sci. Technol.

had this peak disappear completely due to its low Pd
contamination content. The COF sample from PPh; purified
PyTTA has an intensity at this position that is lower and
broader than that of the sample from unpurified PyTTA
indicating that the remaining Pd particles are smaller in size
than in the original COF. These XRD findings support the
ICP-OES analysis of the Pd content in each sample and each
purification method's effectiveness. These findings further
highlight the importance of monomer purification before
COF synthesis, as residual palladium impurities can
significantly influence the catalytic activity of the resulting
COFs. PXRD was only collected before and after PdCl, loading
and not after catalytic reactivity experiments.

Local coordination and local properties of Pd

Fig. 4 shows the Pdzq XPS spectra of the unpurified PyTTA
monomer. The unpurified monomer spectrum displays low-
intensity peaks at binding energies of 338.1 eV and 343.2 eV,
corresponding to the respective Pd 3ds, and Pd 3d;;
orbitals. These peaks are not observed in the spectra of either
of the purified monomers (Fig. S4a and b). These binding
energies indicate that the Pd is present in a coordinated form

—— Collected Spectrum
Fitted Spectrum

P 3,
[ Pd 3d,,

Intensity (a.u.)

Unpurified PyTTA

342 340 338 336 334

Binding Energy (eV)

346 344 332

Fig. 4 Pds4 XPS spectrum for unpurified PyTTA.
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to N rather than as PdO or metallic Pd.** This confirms that
palladium is introduced during monomer synthesis and
exists in a chemically bound state. It can be inferred that this
is most likely the state of Pd entering COF synthesis, where it
then unbinds from the N, moves throughout the solution,
and agglomerates upon PyTTA dissolution to create the
nanoparticle (111) reflections seen in the PXRD spectra in
Fig. 3. After acid and triphenylphosphine purification, no
distinct peaks within the Pd region were observed in the
PyTTA monomers. Similarly, the pristine COF spectra showed
no distinct peaks within the Pd region across all monomer
purification methods (Fig. S4d-f), making it difficult to
assess the effect of purification on the state of remaining Pd
impurity in the monomers or COF samples.

Fig. 5 shows the Pd 3d XPS spectra of 4% Pd-loaded Py-1P
COF under three different purification conditions:
unpurified, PPh; purified, and acid purified. Each spectrum
features two distinct Pd spin-orbit doublets, corresponding
to palladium in different chemical environments consistent
with PdO and PdN.**** The PdO peaks are believed to have
been introduced from the ambient environment of the post-
loading Soxhlet extraction step used for purification. The
PdO signals appear at lower binding energies, with Pd 3ds,
and Pd 3d;, peaks around 336.5-337.1 eV and 341.8-342.1
eV, respectively. In contrast, the PdN signals are shifted to
higher binding energies, near 338.2-338.4 eV and 343.4-
343.5 eV. These ranges are comparable to those reported for
PdO (336.4-336.5 and 341.8 eV) and PdN (337.8 and 343.1-
343.3 eV).” In both the unpurified and acid purified
samples, the PAN peaks are more intense, suggesting a
greater extent of palladium coordination with nitrogen within
the COF framework. Conversely, the PPh; purified sample
exhibits a diminished PdN signal, indicating a lower degree
of Pd-N interaction. These results demonstrate that the
purification method significantly influences the local
chemical environment of palladium, which may in turn affect
the catalyst's performance. This purification method may
reduce the Pd-N interaction within the COF by creating some
Pd sites where residual PPh; is bound in various states.
However, when scans were collected in the phosphorous
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region, no signal was detected, suggesting this would be in
an instance below the limit of detection.

The high-resolution N;4 XPS spectra for the pristine Py-1P
COF samples (Fig. 6a) show a consistent peak at
approximately 399.2 eV across all purification conditions—
acid purified, PPh; purified, and unpurified—indicating that
the nitrogen environment in the imine linkage remains
structurally similar regardless of the monomer purification
method. This peak corresponds to the nitrogen in the C=N
imine bond, which is the dominant nitrogen species in the
COF framework.”® The palladium-loaded samples (Fig. 6b)
exhibit a single nitrogen peak that appears broadened due to
the presence of two distinct binding environments: one
corresponding to uncoordinated imine nitrogen (~399 eV)
and the other to imine nitrogen coordinated to palladium
(~400 eV).”® This shift confirms the successful coordination
of Pd(u) species to the nitrogen atoms of the COF. The acid
purified sample with 1 wt% Pd loading (Fig. 6c) showed a
less intense Pd-coordinated N1s peak compared to the 4 wt%
sample which is consistent with the difference in Pd loading.
Among the Pd-loaded samples, the PPh;-purified COF shows
a noticeably broader N;¢ peak compared to the acid-purified
and unpurified samples. This broadening may be attributed
to a more heterogeneous nitrogen environment, possibly
arising from defect sites or varying local bonding
environments introduced during the purification process.
These subtle spectral differences offer further insight into
how monomer purification impacts the structural uniformity
of the resulting COFs and their capacity to host atomically
dispersed metal sites.

To assess the impact of different purification methods
and metal loading on the morphology of Py-1P COF and the
distribution of palladium, we employed scanning electron
microscopy (SEM, Fig. S5) and energy-dispersive X-ray (EDX)
elemental mapping (Fig. S6-S10). SEM images revealed
irregular sheet-like particles with some surface aggregation in
palladium-loaded  samples.  Despite  differences in
morphology, all materials exhibited high internal pore
accessibility, as confirmed by the consistently high BET
surface area values (Fig. 2 and S1). EDX mapping was further
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Fig. 5 Pds4q XPS spectra for 4 wt% Pd Py-1P COF from (a) unpurified (b) acid purified (c) PPhs purified PyTTA.
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Fig. 6 Nis XPS spectra for (a) pristine, (b) 4 wt% Pd, and (c) 1 wt% Pd Py-1P COF from variously purified PyTTA, acid purified (top), PPhs purified

(middle) and unpurified (bottom).

used to examine the spatial distribution of palladium and
potential agglomeration in both pristine Py-1P COF and Pd-
loaded samples, particularly those with higher metal loading
(e.g., 4 wt%). The EDX results confirmed the presence of
residual Pd in all pristine Py-1P COF samples, irrespective of
the purification method, consistent with ICP measurements
which revealed Pd contents in the range of 0.04-0.35 wt%
(Table 1). For both 1 and 4 wt% Pd-loaded samples, EDX
images (Fig. S9 and S$10) demonstrated a uniform Pd
distribution without noticeable agglomeration, underscoring
the ability of the Py-1P COF to stabilize well-dispersed single
Pd sites for subsequent application in ethylene
hydrogenation studies.

To evaluate the homogeneity of the local coordination
environment of Pd atoms in the PdCl,@Py-1P COF catalyst,
CO adsorption experiments were conducted at -120 °C using

Catal. Sci. Technol.

diffuse-reflectance infrared Fourier transform spectroscopy
(DRIFTS). A symmetric and relatively narrow absorption band
was observed at 2129 cm ', with a full width at half
maximum (FWHM) of approximately 20 cm™, as shown in
Fig. 7. A minor shoulder observed at higher wavenumbers is
attributed to the presence of small oxidized Pd species, likely
introduced during the chloroform Soxhlet extraction step
after PdCl, loading conducted under ambient conditions.
These oxidized Pd species would maintain the +2 oxidation
state of the Pd but change the local electronic properties on
the Pd, causing the noticeable shoulder peak at slightly
higher wavenumbers. This is because O is more
electronegative than Cl and, therefore, pulls more electron
density away from the Pd atom. No additional CO adsorption
bands were detected in the 1800-2200 ¢cm™' region, where
vibrational features associated with linear, bridge, and hollow

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 DRIFTS spectra of CO adsorption on the 4% PdCl,@Py-1P COF catalyst for different purification process of PyTTA.

site adsorption on Pd typically appear.**”° This absence
indicates that Pd is predominantly present as isolated single
atoms. “Noteworthy, because the native Pd impurities exist
only at trace levels and are not uniformly distributed, their
contribution to the DRIFTS signal is negligible; after PdCl,
metalation, the greatly increased population of surface-
accessible, atomically dispersed Pd sites overwhelmingly
dominates the CO-DRIFTS response, effectively masking any
signal from the minor Pd-cluster impurities”. Furthermore,
the consistent peak position and bandwidth across samples
prepared using different monomer purification protocols
suggest that these treatments have minimal impact on the
post-synthetic modification strategy employed to achieve 4
wt% Pd single-atom loading. This is in contrast to the
variations seen in the XPS spectra and suggests that the small
differences seen in Pd;q and N;s XPS peaks are not large
enough to be measured by CO adsorption on the Pd.

Catalytic activity and kinetics of ethylene hydrogenation

Ethylene hydrogenation is a crucial catalytic reaction that can
be conducted under mild conditions and is widely employed
as a probe reaction for extended metal surfaces and
supported metal catalysts, including Pt, Ir, Rh, and Au.”’"*°
In this study, the catalytic performance of the 4 wt%
PdClL,@Py-1P COF catalyst and its respective pristine COF
support was evaluated for ethylene hydrogenation at
atmospheric pressure and a constant temperature of 22 °C.
Notably, in both the non-purified (0.35 wt% Pd impurity) and
PPh;-purified (0.23 wt% Pd impurity) samples, the activities
of the Pd-loaded catalysts were statistically indistinguishable
from those of their corresponding pristine COF supports.
This trend was further validated through repeated
measurements of the 4% Pd-loaded samples, which exhibited
minimal experimental variation, with error percentages of

This journal is © The Royal Society of Chemistry 2025

2.6% for the non-purified sample and 2.1% for the PPh;-
purified sample. These low deviations suggest that, in the
absence of significant removal of Pd impurities, most of the
observed activity originates from the pristine COF, making it
challenging to distinguish the catalytic contribution of
inherent Pd impurities from that of the intentionally
introduced Pd catalyst. However, despite the lower Pd
impurity content in the PPh;-purified COF compared to the
non-purified COF, the former exhibited higher catalytic
activity. XRD results revealed a much broader peak at 26 =
40° that is attributed to smaller palladium clusters for the
PPh; purified pristine COF compared to the unpurified
pristine COF. This suggests that PPh; purification may reduce
the size of Pd impurity clusters, thereby enhancing their
catalytic performance, which further masks the catalytic
properties of the loaded Pd atoms.

At high (4 wt%) Pd loadings, there is a potential for single
atoms to aggregate under reaction conditions. To investigate
the catalyst structure under such conditions, DRIFTS of CO
adsorption was performed following in situ ethylene
hydrogenation (5 kPa C,H, and 5 kPa H, in N, balance at
22 °C), as illustrated in Fig. 8(b). A CO band observed at
1920 cm " (highlighted by the shaded region) in the higher
loading sample is attributed to bridge-bound CO on Pd
clusters, suggesting that Pd single atoms undergo aggregation
during the reaction. In contrast, the CO adsorption spectrum
at the lower Pd loading of 1% indicates the presence of only
atomically dispersed Pd sites under identical reaction
conditions. This observation underscores the critical role of
monomer purification prior to COF synthesis and metal
incorporation in stabilizing isolated Pd atoms. Importantly,
even at a reduced Pd loading of 1 wt%, the acid-purified
sample demonstrated significantly higher (~2.5x) catalytic
activity compared to the pristine COF, further validating the
effectiveness of the purification strategy.
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(b) DRIFTS Results (Under Reaction Condition)
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(a) Comparison of reaction rate for different purification processes for 4% PdCl,@Py-1P COF and their respective pristine COF. (b)

Normalized CO-DRIFTS under in situ reaction condition (5 kPa C,H4 and 5 kPa H, in N, balance at 22 °C) for 1% PdCl,@Py-1P COF (green) and 4%

PdCl,@Py-1P COF (blue) with acid purified PyTTA.

The catalytic hydrogenation of ethylene has been widely
investigated, with a well-established reaction pathway
involving the stepwise addition of atomic hydrogen across
the carbon-carbon double bond.*™®” Fig. 9 depicts the
dependence of turnover frequency (TOF) on the partial
pressures of hydrogen and ethylene. Kinetics experiments
were performed by varying the C,H, and H, partial pressures
in the ranges 2.5-5 kPa and 1-5 kPa, respectively. Linear fits
to the kinetic data under steady-state conditions reveal a
reaction order of approximately 0.57 + 0.04 with respect to
hydrogen and nearly 1.0 + 0.04 with respect to ethylene. The
reaction orders obtained in this study differ from those
reported in our previous work on 18 wt% PdCl,@IL-COF,
where the reaction orders for hydrogen and ethylene were 0.6

and 0.01, respectively. Notably, the earlier kinetic
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measurements were performed under lower ethylene partial
pressures (0.5-2.5 kPa), whereas the current study
demonstrates that the catalyst remains stable under higher
ethylene partial pressures (Fig. S11), which may account for
the observed differences in kinetic behavior. To further probe
the structural evolution of the active sites, DRIFTS
experiments were performed on 1 wt% Pd@Py-COF [PPh,
purified] under reducing environments at 50 °C and 100 °C
(Fig. S12(a)). These measurements indicate that isolated Pd
sites gradually evolve into small nanoparticles under
reductive conditions. Correspondingly, the catalytic activity
increased by approximately one order of magnitude after
reduction at 50 °C, consistent with the higher intrinsic
hydrogenation activity typically associated with Pd
nanoparticles (Fig. S12(b)). In addition, the 1% Pd@Py-COF
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Fig. 9 Kinetic analysis of ethylene hydrogenation over 1 wt% Pd@Py-1P COF catalyst. (a) TOF as a function of hydrogen partial pressure at a fixed
ethylene partial pressure of 5 kPa, with a corresponding reaction order of 0.57 in hydrogen. (b) TOF as a function of ethylene partial pressure at a
fixed hydrogen partial pressure of 5 kPa, yielding a reaction order of 1.01 with respect to ethylene.
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[acid purified] catalyst exhibited an ~1.3-fold increase in
activity after 3 h of continuous operation, suggesting the
formation of a limited population of small nanoparticles under
reaction condition while the majority of Pd species remain
atomically dispersed (Fig. S13). Nanoparticle formation is not
evident in the DRIFTS measurements [Fig. 8(b)] because the
catalyst was exposed to the reaction environment for only
~1 h during the DRIFTS experiment, whereas the repeat
catalytic measurements were collected after ~3 h on stream.
The longer exposure time during catalysis enables partial
aggregation of Pd sites, which is not captured in the shorter
DRIFTS experiment. Such observations highlight that while
nanoparticle formation enhances overall hydrogenation
rates, single-atom Pd sites are particularly attractive for
selective semi-hydrogenation, where control over product
distribution is crucial—underscoring the importance of
proper COF purification to preserve isolated metal centers.

Supported Ir-based®®®® and Rh-based®®®” catalysts,
stabilized by two oxygen ligands from the support and two
ethylene ligands, have demonstrated activity at 353 K and
atmospheric pressure, consistently showing a hydrogen
reaction order near 0.5 and a near-zero order for ethylene.
These trends suggest that ethylene adsorption is not rate-
limiting, while hydrogen undergoes dissociative adsorption
on the metal surface.”® In the present study, the observed
positive reaction order with respect to ethylene may indicate
comparatively weaker ethylene adsorption on isolated Pd
single atoms. The half-order dependence on hydrogen
pressure at lower temperatures further implies that hydrogen
adsorption is likely equilibrated under these conditions.”®
These findings suggest that at lower Pd loadings, where
single atoms are stabilized under reaction conditions and
connected with halogen ligands, ethylene hydrogenation may
proceed via a distinct reaction mechanism compared to that
reported on structurally different isolated sites of Ir and Rh.
Nevertheless, a more detailed understanding of the active site
structure and the role of chloride ligands is essential to fully
elucidate the catalytic behavior and is the subject of ongoing
work.

Conclusions

Palladium contamination introduced during the synthesis of
the PyTTA monomer significantly impacts the performance
of Pd single-atom catalysts (SACs) supported on the imine-
linked Py-1P COF, underscoring the importance of monomer
purification. The purification method chosen not only
determines how effectively the contamination is removed but
also affects the physical properties of the resulting COF
exhibits. Structural changes are observed in BET surface
areas, XRD  patterns, and XPS  spectra.  The
triphenylphosphine method is demonstrated to be the
inferior purification method, not only in effectiveness, but by
also having increased negative effects on the properties
displayed by the COF supports. This method has a 22%
contamination removal, the lowest surface area of the

This journal is © The Royal Society of Chemistry 2025
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pristine COF, introduces heterogeneity in the Pd
environment (as evidenced in XRD and XPS peak
broadening), and does not create a significant difference in
activity between its pristine and Pd-loaded COFs. In contrast,
the acid method has an 89% contamination removal, lesser
effect on surface area, preserves homogeneity, and creates a
clear distinction in activity levels of the pristine and Pd-
loaded COF samples that was so great that it allowed for a
second, lower-weight loading sample to be made. This
reduced weight loading sample not only displays catalytic
stability that the higher loading does not but also maintains
a distinct activity level difference from the pristine COF.
These results highlight the pivotal role of purification in
tuning both the COF framework and the Pd coordination
environment, ultimately influencing catalytic performance in
ethylene hydrogenation.
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