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Stabilization of single metal atoms is a persistent challenge in
heterogeneous catalysis. Especially supported late transitions
metals are prone to undergo agglomeration to nanoparticles
under reducing conditions. In this study, nitrogen-rich covalent
triazine frameworks (CTFs) are used to immobilize iridium
complexes. Upon reduction at 400 °C, immobilized Ir(acac)(COD)
on CTF does not form nanoparticles but transforms into a
highly active Ir single atom catalyst. The resulting catalyst
systems outperforms both the immobilized complex and
supported nanoparticles in the dehydrogenation of formic acid
as probe reaction. This superior performance could be traced

Introduction

The quest of isolating metal sites on solid support materials has
been one of the major topics in heterogeneous catalysis in the
last decade. Great advances in analytical methods in the new
century have made it possible to confirm the presence of such
sites and their impact on catalytic processes.” A soaring
number of publications has been published in this field, in
which innovative synthetic approaches and applications for

back to decisive changes of the coordination geometry
positively influencing activity, selectivity and stability. Spectro-
scopic analysis reveals an increase of electron density on the
cationic iridium site by donation from the CTF macroligand
after removal of the organic ligand sphere from the Ir-
(acac)(COD) precursor complex upon reductive treatment. This
work demonstrates the ability of nitrogen moieties to stabilize
molecular metal species against agglomeration and opens
avenues for catalysts design using isolated sites in high-
temperature applications under reducing atmosphere.

these systems are reported together with attempts to unravel
the local structure in these intriguing yet challenging systems.”

Post-synthetic wet impregnation is a common approach for
functionalization of heterogeneous supports with isolated metal
sites."**" |In order to prevent thermodynamically favoured
agglomeration of highly dispersed metal sites, suitable anchor-
ing sites on the support are needed.”™ Efficient stabilization at
high temperatures and oxidative environments has been
demonstrated in defect sites or when using reducible
oxides.”**** However for oxide supports and widely-used late
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transition metals, insufficient stabilization is exerted under
reducing conditions and particle formation results.” The benefit
of electron-donating oxide materials to hinder agglomeration
under reducing conditions has been reported by Kurtog~lu
et al.”” Nitrogen-containing supports such as graphitic carbon
nitrides (g-C;N,) have emerged as an alternative to stabilize
isolated, generally positively-charged metal species.”*” Palladi-
um single atoms have been reported to be stable up to 150°C
in H,, showcasing the potential of nitrogen anchoring sites for
stabilization of late transition metals.””

Another prominent class of materials containing nitrogen
binding sites comprises covalent triazine frameworks (CTFs).
Besides widespread ionothermal approaches featuring carbon-
ization of the resulting porous material,’® an innovative poly-
condensation approach employing (di)-amidines was reported
by Wang et al.”! These materials have attracted interest in the
field of photocatalysis"” but no attention has been given to
applications in heterogeneous catalysis.

The dehydrogenation of formic acid has received attention
in the light of the growing interest of storing renewable energy
in hydrogen. For this transformation both homogenous"" and
heterogeneous catalysts"” have been reported, while through
immobilization the high specificity of former systems is met by
the advantages in handling and recycling offered by heteroge-
neous catalysts."¥ Upon agglomeration of isolated metal sites
and formation of nanoparticles both activity and selectivity are
impaired,”¥ thus providing an indirect characterization of metal
speciation of the catalyst upon exposure to reductive con-
ditions.

For the mainly used and scarcely available metal iridium,
little is known on the thermal stability of immobilized
complexes in nitrogen-rich frameworks. In the case of oxides,
the cleavage of organic ligands of immobilized complexes by
addition of hydrogen was shown to precede agglomeration
towards nanoparticles."™ If suitable anchoring sites are available
by the support material, it can act as a stabilizing macroligand
for isolated iridium sites as will be demonstrated for the case of
CTFs in this contribution.

Active species derived from immobilization of (Acetylaceto-
nato)-(1,5-cyclooctadiene)-iridium(l) (Ir(acac)(COD)) on a poly-
condensation-based CTF (“CTF-HUST-1") are investigated for the
dehydrogenation of formic acid. Influences of a reduction
treatment in hydrogen are studied by annular dark field
scanning transmission electron microscopy (ADF-STEM) to
identify the nuclearity of the Ir species. The electronic structure
of the metal sites after reduction is examined by X-ray photo-
electron spectroscopy (XPS) and fluorescence-detected X-ray
absorption spectroscopy (XAS). Temperature programmed
reduction-mass spectrometry (TPR-MS) measurements as well
as infrared spectroscopy are used to comment on the changes
in ligand sphere from the reductive treatment and the resulting
changes in metal support interactions are derived from
synchrotron-based in-situ near edge X-ray fine structure (NEX-
AFS) spectroscopy.
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Results and Discussion
Catalyst synthesis and characterization

The synthesis of the support material was performed by
polycondensation of diamidine and alcohol as reported by Liu
et al."® The structure of the organic framework was confirmed
by infrared and NMR spectroscopy and an ordered structure
could be demonstrated by XRD measurements (Figure S1-S3). A
specific surface area of 525 m?g~' with an ill-defined pore
structure was derived from nitrogen physisorption experiments
(Figure S4). TGA-MS analysis accounts for the stability of the
amidine-based material to up to 450°C, where the decom-
position of the framework is accompanied by the formation of
HCN (m/z=27) and significant loss of specific surface area
(Figure S5 & S6). During optimization of synthesis conditions,
160°C in the second temperature step was ideal to find a
compromise between polymer yield, porosity and sulphur
contamination during synthesis in DMSO (Figure S7 & Table S1,
see supporting information for further discussion on sulphur
contamination from synthesis).

Before further functionalisation, the residual S-content of
about 0.6 wt.% was reduced to below 0.2 wt.% by reductive
treatment in hydrogen at 300°C (Figure S12). From N1s XPS
measurements, pyridinic nitrogen sites were identified as the
main species with minor additional components at higher
binding energies (Figure S14).

The immobilization of Ir-complexes on the optimized
support material was achieved by wet impregnation in ethanol,
adopted from previous studies in our group showing ligand ex-
change with nitrogen and phosphorus-containing polymers
(Figure 12).'**'® The impregnation efficiency for a series of
iridium complexes is>95% compared to the targeted metal
loading of 1 wt.% Ir and was confirmed by ICP-MS measure-
ments (Table S3). In the catalytic dehydrogenation of formic
acid from base-free aqueous solution at 160 °C, the highest TOF
of 16900 molg, mol,”'h™' was obtained when using immobi-
lized Ir(acac)(COD) (Figure S15 & S16). This performance is
comparable to literature reports on bipyridine-based COFs""
and corresponding homogeneous catalysts formed in-situ from
the precursor and bipyridine, while outperforming a particulate
Ir/C catalyst (Table 1).

ADF-STEM proves the isolated character of the iridium
species at atomic resolution in the as synthesized Ir(acac)(COD)/
CTF sample (Figure 1b), while a uniform distribution was
confirmed using STEM Energy-Dispersive X-ray spectroscopy
(STEM-EDX) mapping (Figure S17 & S18). The size of the isolated
metal sites (0.1-0.2 nm), appearing as bright contrast features
on the dark contrast support material, corresponds well to the
atomic diameter of iridium. From infrared spectroscopic meas-
urements on a sample with higher metal loading (9.0 wt.% Ir),
the coordination at the nitrogen sites proceeds through the
exchange of the COD ligand (L type ligands) (Figure S19). This
interaction is reflected in the N1s XPS signal by a decrease in
intensity of the signal assigned to pyridinic nitrogen and a
corresponding increase of a component at higher binding
energy (Figure S20). The Ir4f,, XPS signal is located at 62.0 eV

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 1. (a) Scheme of the functionalization of CTFs with Ir(acac)(COD) and subsequent reduction in hydrogen. Corresponding STEM-images of (b) the sample

as functionalized, (c) after reduction at 400 °C and (d) after reduction at 500°C.

Table 1. Catalytic performance of standard Ir/C catalyst as well as
homogeneous complexes and CTF based catalyst in the catalytic decom-
position of formic acid. Note that also the highest values in CO content in
the product gas correspond to CO, selectivities >99% for this trans-
formation.

Catalyst Conversion  TOF co
[%] [molg, content
mol, "h™"] [ppm]

Ir/C (5 wt.% Ir) 39.9 500 (1500[b])) 2045
Ir(acac)(COD) 9.8 1100 nd.
Ir(acac)(COD)/4,4"-Bipyridine® 97.0 35800 3020
Ir(ppy),(acac) 98.5 19300 417
Ir(acac)/CTF 98.5 16900 94
Ir(acac)/CTF¢ 99.5 24400 39

Conditions: 6 mL of 10 wt.% FA solution (13.04 mmol FA), 0.022 mol.% of
Ir, 160°C, 750 rpm, 2 h unless plateau pressure value was reached. [a] For
in-situ generation of the active complex an excess of 4 eq. bipyridine was
used. [b] Turnover frequency calculated based on exposed iridium atoms
at the nanoparticle's surface. The dispersion of the catalyst was
determined to be 33.4% by CO pulse titration. [c] after reduction at
400 °C.

and shifts to higher bindings energies (40.4eV) during
exposure to air for catalytic tests and reduction treatment,
which accounts for oxidation of the initially immobilized
Ir(acac)-complex (Figure S21).

Correlation of dehydrogenation reactivity and iridium
nuclearity

During formic acid dehydrogenation, particle formation is a
common deactivation pathway with regard to the highly
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reductive reaction conditions."** Reduction of the catalyst prior
to use was performed in order to explore the reactivity of
evolving iridium species in dependence of the stabilization by
the CTF macroligand. Contrary to expectations of agglomer-
ation upon a reductive treatment, maximum activity and
selectivity were obtained after reduction at 400°C in hydrogen
(Table 1 & Figure 2). This translates into an increase of up to
45% in activity and 58% in selectivity compared to the
untreated Ir(acac)/CTF. The pronounced difference between the
as-synthesized and reduced catalyst can also be seen from
recycling experiment, where the former loses 88% of its initial
activity after five cycles with an increase of the CO content to
more than 700 ppm (Figure 2). For the reduced sample, a
significant improvement in stability is observed with still 16800
mol, mol,'h™" and a CO content of just 128 ppm after five
cycles. ADF-STEM analysis after reduction indicates that the
isolated character of the iridium species is maintained up to
reduction temperatures of 400°C (Figure 1c). No particles >
0.5 nm were observed (Figure S22 & S23), while at higher
magnification the formation of small clusters (~0.5nm) as a
minor component is visible. The measured size of these entities
falls in the range of Ir4-clusters, reported by Bayram et al. and
Lu et al."” When the reduction temperature is increased beyond
the thermal stability of the support, activity and selectivity
deteriorate. This goes along with the carbonization of the CTF
framework, which is reflected in an increase in bulk carbon and
decrease in nitrogen content from elemental analysis as well as
effective iridium loading inducing uncertainties in the calcu-
lation of the activity (Table S5 & S6). The damage to the macro-
ligand results in agglomeration of the iridium sites, which is

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 2. Catalytic dehydrogenation of formic acid from aqueous base-free solution using Ir(acac)/CTF. (a) Influence of reduction treatment on activity (TOF)
and selectivity (CO content). (b) Stability of Ir(acac)/CTF as synthesized (blue) and after reduction at 400 °C (ochre) in recycling experiments.

reflected in the formation of nanoparticles in the range of 1.5-
2.5 nm in TEM images (Figure 1 & Figure S24).

Elucidation of metal-support interactions

The interaction of the iridium sites with the CTF after reduction
at 400°C were elucidated using a combination of analytic
methods. The fate of the organic ligands during reduction was
investigated using TPR-MS at increased iridium loading
(9.0 wt.%) and the products of the hydrogenolysis can be
observed similar to reports for Ir(acac); impregnated onto silica-
based supports (Figure S25)."® This corroborates the initial
presence of acac-ligands coordinated to iridium after impregna-
tion. The onset of methane generation as a product of
hydrogenolysis of organic ligands occurs at lower temperatures
and coincides with the detection of fragments of aliphatic
carbons (m/z=43 and 42) at 250°C."” DRIFTS measurements
during in-situ reduction reveal that carbon monoxide, which is
formed from the hydrogenolysis of the acac ligand (Figure S26),
is an intermediary ligand in the reduction process at 300°C
(Figure 528-530).2”

The electronic structure of the iridium sites was assessed
using Ir4f XPS and XAS measurements at the Ir L,-edge. A
distinct shift in binding energy of the main iridium signal in XPS
(Ir 4f,,,) to lower binding energies after reduction is observed,
indicating a higher electron density at the metal sites (Fig-
ure 3a,b). The same trend in energy shift is observed by in-situ
reduction in 2 mbar hydrogen using NAP-XPS. Thus, an
influence of reoxidation by exposure to air can be ruled out
(Figure S31). The assignment of specific oxidation states, as it is
routinely done in literature, is ambiguous — especially after
reduction -, as different factors such as changes to the ligand
sphere, charge transfer with the support and coordination
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number can influence the binding energy when dealing with
highly dispersed metal species as it was indicated by Vorobyae-
va et al. and DeRita et al.?*”

The cationic character of the metal sites after reduction can
be confirmed by XAS-measurements. From the normalized
absorption spectra at the Ir L,-edge, the propagation of
electrons in 2p;, to partially occupied valence states (5d) is
observed, while the intensity depends on its occupation (i.e.
oxidation state), symmetry and ligand sphere.”" The intensity of
the white line agrees well with Ir(lll) in acetylacetonato-bis(2-
phenylpyridine)iridium(lll) (Ir(ppy),(acac)) (Figure 3c,d). Relative
to the as-synthesized sample, the intensity of the white line
decreases by a maximum of 0.12% after reduction at 500 °C (cf.
Table S7). For this sample, a superposition of particles, identified
from ADF-STEM measurements (Figure 1), and isolated metal
sites is reflected in the results and illustrates how cationic
species are still the dominant one after reduction.

In contrast, the formation of particles as the main species
would have resulted in a much more drastic decrease in
intensity as observed for particulate Ir/C and Ir-foil
(Table 57).°*% The results agree with those by Kurtog'lu et al.,
where the formation of iridium particles on oxide supports
resulted in a decrease of 20% in intensity of white line in XAS,
while for the most stable system a decrease of 3% was
calculated albeit already for reduction at 100°C."

The Fourier transformed EXAFS spectra reveal changes in
the coordination shell of the iridium sites as result of reduction
(Figure 4). The main feature at ~1,5 A narrows significantly after
reduction and accounts for a more defined first-shell coordina-
tion geometry around the iridium site, which probably had
been affected by previous exposure to air. Moreover, a peak at
~2.5 A appears after reduction.

Based on the good qualitative agreement of this feature
with those from Ir(ppy),(acac), a coordination sphere of the

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 3. Spectroscopic analysis of Ir(acac)/CTF. (a) Ir4f XPS spectra of the catalysts after reduction in hydrogen comprising a main Ir-species, Ir(1), and a
secondary species, Ir(2), resulting from exposure of the sample to air prior to the measurement. (b) Shift of the Ir 4f,,-signal in dependence of the reduction
temperature in comparison to reference datasets, which were cited from respective publications (Ir,/C;N,,"@ Ir(Ill)/CTF?” and Ir(0)?"). The shift of Ir(I)/CTF was
derived from measurement of Ir(acac)/CTF before exposure to air (Figure S21) and 5 wt.% Ir/C from a reference sample prepared in the course of this work. (c)
Normalized XANES-data from x-ray absorption spectroscopy measurements of Ir(acac)/CTF at the Ir L,,-edge. The full spectrum is shown in Figure S33. (d) The
intensity of the white line is plotted against the reduction temperature and compared to standard iridium compounds, which were measured as pure

references (see Sl for details).

isolated iridium site after reduction at 400°C can be proposed,
apart from Ir—Ir contributions in this region.”? A four-fold
coordination with the CTF macroligand is inferred for this
sample based on the hydrogenolysis of the organic ligands
(Figure 4 & Table 2).

NEXAFS

The electronic interaction of the nitrogen sites in the CTF
support with the iridium sites was elucidated using near edge

ChemCatChem 2022, €202200179 (5 of 9)

X-ray adsorption fine structure (NEXAFS) measurements at the
N K-edge (Figure 5). In general, the transition of 1 s electrons (K-
edge) to (antibonding) molecular states close to the ionisation
energy of the atom is measured. In the nitrogen K-edge
spectrum, the main transition at 398.5 eV is assigned to the
triazine ring m*; c_y_c in accordance with results for s-Triazine,*”
Triazine-containing polymers® and g-C;N,.””’ The high intensity
is consistent with the defined molecular structure of the
material at hand, especially in comparison to bulk carbon
nitrides. Besides, a transition at 399.5 eV is ascribed to addi-
tional nitrogen species (e.g. C=N—H) consistent with XPS

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 4. Fourier transformed EXAFS data of Ir(acac)/CTF in R-space. (a) Comparison of as synthesized material with samples after reduction as well as
Ir(ppy),(acac) and iridium foil. (b) Fit of Ir/CTF data after reduction at 400 °C with a potential structure of the isolated iridium site after reduction.

Table 2. Parameters of the Fit of the EXAFS-data in Figure 4(b) of Ir(acac)/
CTF after reduction at 400°C, based on the scattering paths of Ir-
(ppy),(acac).

Parameter Value
Independent points 104
Number of variables 6
Fit range 3.00<k<11.39
R-factor 0,0296
AE, (eV) +8.16
Damping factor, S, 1.13+/-0.16
Ir—N/Ir—C, Ir—C,
Coordination number, N 4 4
R (A) 2.0364+0.0129 2.9347 £0.0313
o? (A) 0.0061140.00202 0.00734 £ 0.0041

analysis, resulting from defect formation during polymerisation
or end-capping surface species such as amides and nitriles
(Figure S14).%9 An overview of the assignment and sources is
given in Table S8 in the supporting information. The compar-
ison of the N K-edge NEXAFS of the non-functionalized CTF
with Ir(acac)/CTF (1 wt.% Ir) shows that upon functionalization
with iridium, broadening of the main n* . resonance
towards higher energy occurs (Figure 5a). Moreover, a decrease

=
]

E-Y
[

398,0 3982 3984 398,6 398.8

N

unfunctionalized CTF
-1 wt.% Ir{acac)/CTF-1
—1 wt.% Ir{acac)/CTF-2
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Normalized absorption {a.u.)

o

Photon energy {eV)

in 1 s-0* transition intensity at 406.25 eV is observed. This can
be interpreted as a o-style interaction of the nitrogen lone pair
with the iridium and charge transfer towards the iridium site, in
line with the findings from XPS (Figure 520).*” A large excess of
nitrogen in the support material compared to iridium is present
with below 0.5% of it as functionalized nitrogen (Ir—N).
However, the measurement of two different, chemically equiv-
alent samples (red and blue spectra) confirms that the small
changes observed are consistent and relate to the interaction of
metal and support.

The in-situ reduction of Ir(acac)/CTF was performed in
0.95 mbar H, at 300 and 400°C, after heating to 200°C in UHV.
In the nitrogen K-edge spectrum, the intensity of the main
resonance ¥, c_y_c increases (Figure 5b). This indicates a higher
probability of the N1s— m* transition after reduction, thus a
higher number of available states and is consistent with an o-
donation from the nitrogen lone pair to the partially filled
iridium d-orbitals.

Because no differences in o*-transitions are observed, it can
be inferred that the bond distances in the material remain
constant during reductive treatment and that the influence is
restricted to o-type coordinative bond between support and
metal alone. The increase in the N1s-m* transition upon

6 =
5
]
= a
S 4
B
8 3 398.1 398.4 398,7 399,0
=) -
®
T 2]
N
g Irfacac)CTF
5 i 300 °C in-situ reduction
= 5 —— 400 °C jn-situ reduction
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Photon energy (eV)

Figure 5. NEXAFS analysis of Ir(acac)/CTF (1 wt.% Ir) by measuring TEY. (a) Changes to main t* resonance as a results of impregnation and reproducibility by
comparison of two separate samples in UHV. (b) In-situ reduction treatment in hydrogen (0.95 mbar) after measurement in UHV at room temperature.

ChemCatChem 2022, €202200179 (6 of 9)

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemCatChem doi.org/10.1002/cctc.202200179

reduction relative to the as synthesized Ir(acac)/CTF correlates
well with the decrease in binding energy of the Ir 4f,,, signal
(higher electron density at the iridium sites). A similar increase
can be observed in the main Cls-m* transitions (w*._. from
phenyl groups), which supports the notion of a Ir—C interaction
from the EXAFS model above (Figure S34).

We can postulate that the addition of molecular H, to
iridium sites further withdraws electron density from the N site.
The increase of the intensity of the main N1s—m* transition for
triazine rings (7t*; _y_c) is accompanied by an increase of the
intensity of the N1s—xt* transitions at higher binding energies
(e.g. as C=N—H, 403-404 eV), indicating that a partial hydro-
genation of the support by the metal site occurs. Nassreddine
etal. indicate that iridium might catalyse the hydrogenative
decomposition of its ligands in Ir(acac); supported on an
amorphous silica-alumina. With regard to the negligible
changes to the bulk composition (Table S5), this appears to be
a local phenomenon in which the iridium atoms affect their
vicinity by hydrogen-spillover."®"’

Subjecting a non-functionalized sample to the same in-situ
reduction treatment leads to smaller changes in both carbon
and nitrogen K-edge spectra compared to the results for Ir/CTF
(Figure S35 & S36) and thus, the effects can be traced back to
metal functionalization.

Conclusion

In this contribution, the application of covalent triazine frame-
works (CTFs) for stabilization of isolated iridium sites in harsh
reductive conditions is reported. A polycondensation approach
allows for the synthesis of an ordered nitrogen-rich support
material and iridium centres were introduced by post-synthetic
impregnation with Ir(acac)(COD) via ligand exchange. Despite
harsh treatment usually leading to the loss of isolated-well
defined sites and formation of particles, the opposite is
observed for Ir(acac)/CTF. Up to a reduction temperature of
400°C, isolated sites prevail, while beyond this temperature
particle formation is observed alongside the decomposition of
the support responsible for metal stabilization. This approach
differs from the synthesis of single-atom catalysts via copoly-
merisation at similar temperatures>® in the respect that high
temperature treatment is conducted after synthesis. This has
the advantage that accessibility of metal sites is not an issue
and that changes in the chemical environment of the metal
species can be followed and linked to catalytic activity. For
Ir(acac)/CTF improvements in activity, selectivity and stability in
the dehydrogenation of formic acid can be traced back to the
hydrogenolytic removal of organic ligands, adoption of a
different coordination geometry within the framework and
increased electron transfer from the CTF macro-ligand to the
iridium metal site. It has been demonstrated that, depending
on the application, bimolecular metal centres can act as the
main reactive sites® and become preferable to isolated metal
sites, which can change their nuclearity under reaction
conditions.”**” In this regard, a deeper understanding of the
formed cluster species (~0.5 nm) observed in STEM analysis is
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required. Moreover, the convolution of species with different
nuclearity is a persistent analytical challenge.””

Future work will endeavour to unravel specific binding sites
in the CTF by virtue of computational methods, as Ir/CTF is
situated at the borderline between homogeneous (metal sites
comprising organic ligands) and heterogeneous (isolated atoms
agglomerating towards clusters and particles) catalysis.

Experimental Section

General procedures, chemicals used and details on analytical
methods can be retrieved from the supporting information file.

Synthesis of covalent triazine framework: The synthesis of 1,4-
terephthalamidine-dihydrochloride was done according to litera-
ture procedures.” For polycondensation to CTFs, 1,4-terephthalami-
dine-dihydrochloride (4.05g, 17.2 mmol, 2 Eq.), 1,4-benzenedime-
thanol (1.19 g, 8.61 g, 1 Eq.) and CsCO; (12359, 37.90 g, 44 Eq.)
were dispersed in dmso (dry, 300 mL). The dispersion was heated
to 100°C for 24 hours, 160°C for 36 hours. The dark red solid was
filtered from the solution, washed with HCl (ag. 1 M, 3x100 mL,
colour change to yellow/orange), water (3x 100 mL), ethanol (3 x
100 mL) and finally THF (3100 mL). The CTF was dried at 80°C for
48 hours and in vacuo (<0,02 mbar) at 85°C for 7 hours. A fine
yellow powder was obtained (2.47 g, 74.8%). Before functionaliza-
tion, the material was reduced in a tubular furnace in flowing
hydrogen (0.2 Lmin~") at 300°C for at least six hours.

Functionalization with Ir(acac)(COD): Under inert conditions, Ir-
(acac)(COD) was dissolved in freshly degassed ethanol and the CTF
was added to the solution. The resulting dispersion (~2 g L™") was
stirred at 60°C for 16 hours. The solid was separated from the
solution by filtration, dried in vacuo (<0.02 mbar) for 7 hours at
85 °C and stored under argon in a schlenk tube.

Reduction treatment: Ir(acac)/CTF was weighed into a ceramic
boat, placed in a tubular furnace and dried at 200°C in nitrogen
flow (0.2 Lmin™") for one hour. Subsequently, the temperature was
in-creased to the desired reduction temperature at 10°C/min and
the gas was switched to hydrogen (0.2 Lmin™"). The reduction was
performed for 3 hours, after which the gas mixture was reverted to
nitrogen during cool-down to room temperature. Transfer to and
from the oven was done in air.

Dehydrogenation of formic acid: Ir(acac)/CTF (0.022 mol.% I,
55.7 mg based on 1 wt.% Ir) was dispersed in aqueous formic acid
solution (10 wt.%, 6 mL, 13.03 mmol) with a magnetic stirring bar in
an inhouse-designed Hastelloy steel autoclave. The autoclave was
sealed and the atmosphere was ex-changed three times with
hydrogen to remove residual air. The autoclave was put into a pre-
heated aluminium cone at 160°C and stirred at 750 rpm. The
increase of pressure was recorded digitally every 20 seconds. Upon
reaching a pressure plateau around 60 bars or after 120 minutes
reaction time, the autoclave was transferred into ice. The gas phase
was collected and analysed by gas chromatography (Agilent
HP6890 GC/TCD, ShinCarbon ST column, He carrier gas). The
catalyst was removed from solution by filtration, and the filtrate
was analysed by HPLC to confirm full conversion (Shimadzu 2020,
organic acid resin column, S-chromatography (Langerwehe), 2 mM
trifluoroacetic acid eluent, 40°C). Leaching of iridium metal into
solution was ruled out after analysis of the filtrate by ICP-MS (see
Table S4). For recycling experiments, the catalyst was filtered and
dried at 80°C (< 0.02 mbar). For the sub-sequent run the amount of
aqueous formic acid solution was adjusted relative to the amount
of catalyst recovered to maintain a constant ratio of substrate to
metal.

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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The activity (turnover frequeny, TOF) was calculated from the
increase in pressure by generation of CO, and H, as reaction
products. The rate constant k (h™") of the associated conversion of
formic acid was obtained linear regression of a conversion curve
calculated from the pressure time data using Equation (1). A linear
increase in pressure over time was observed between 20 and 80%
conversion after an initiation period of approx. five minutes during
heating-up. Exemplary pressure-time curves are shown in Fig-
ure S17.

ot M

Pfinal

Full conversion from reaching a plateau pressure value was
confirmed by by HPLC analysis (conversions > 97 %).

The selectivity towards CO, is expressed as CO content [ppm] in the
product gas using Equation (2). A selective reaction (>99.9%
selectivity to CO,, e.g.< 1000 ppm CO) was assumed. Response
factors of the respective gases were obtained by injection of
different volumes of gas mixture of known composition.

CO content [ppm] = -10° ppm )

co
VCO + 2 VCOZ
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Formic acid dehydrogenation: Upon
reduction at 400 °C, immobilized Ir-
(acac)(COD) on CTF transforms into a
highly active Ir single atom catalyst.
The resulting catalyst systems outper-
forms both the immobilized complex
and supported nanoparticles in the
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dehydrogenation of formic acid as
model reaction. This superior perform-
ance could be traced back to decisive
changes of the coordination
geometry and increased electron
transfer from the CTF macro-ligand to
the iridium metal site.

A. lemhoff, M. Vennewald, Dr. J. Artz,
Dr. C. Mebrahtu, Dr. A. Meledin,

Prof. T. E. Weirich, Dr. H. Hartmann,
Dr. A. Besmehn, Dr. M. Aramini,

Dr. F. Venturini, Dr. F. W. Mossel-
mans, Prof. G. Held, Dr. R. Arrigo,
Prof. R. Palkovits*

1-10

On the Stability of Isolated
Iridium Sites in N-Rich Frame-
works Against Agglomeration
Under Reducing Conditions




