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As a showcase for experimentally accessible single-site catalysts,
well-defined and characterized isolated Ir sites anchored on a
covalent triazine framework (CTF) were investigated with
computational methods. The resting states of the catalyst species
after immobilization as well as after reduction at 400 °C could be
identified. These resting states were found to not be the
catalytically active species but pre-catalysts for the dehydrogention
of formic acid.

Heterogeneous single-site and single-atom catalysts currently
gain increasing attention in combining the high activity of
homogeneous catalysts with the robustness of heterogeneous
catalysts.l'6 Among the carbon-based support materials for
immobilized metal species, CTFs represent a very promising
material class due to their tuneable properties such as the
electronic structure or the porosity based on the choice of the
organic linker (Figure 1).” Moreover, the high amount of
nitrogen functionalities make CTFs a suitable support for
anchoring metal species.g

Various applications for catalysts based on metal species
immobilized on CTFs have already been reported.7' 8 For
example, Pt/CTF was used as a heterogeneous analogue to the
Periana catalyst and showed similar activity for the oxidation of
methane to methanol as well as high stability under acidic
conditions.” For the oxidation of biomass-derived chemicals
such as 5-hydroxymethylfurfural, a Ru salt was anchored on CTF
and reduced to Ruo, which outperformed the commercial Ru/C
catalyst.10 Moreover, an Ir pentamethylcyclopentadienyl (Cp*)
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precursor was immobilized on a CTF support and achieved a
turn-over frequency (TOF) of up to 27000 h™ for the hydrogen
formation from formic acid (FA).11
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Figure 1: Schematic structure of a CTF and potential organic linkers.”

Recently, lemhoff et al. reported isolated iridium species
‘CTF-1’ that catalyse the
dehydrogenation of FA as a model reaction."” As this catalyst

immobilized on the so-called

material is structurally well defined and experimentally quite
well understood, it was chosen as a case study for the herein
reported computational analysis of heterogeneous single-atom
catalysts using periodic density functional theory calculations.

Experimentally, two catalytically active species were obtained.
After Ir(acac)(COD) (acac =
acetonate, COD = 1,5-cyclooctadiene) precursor, the catalyst
achieved a TOF of 16900 h™ for the FA dehydrogenation (FADH)
in aqueous solution. However, this material lacks stability as it

immobilization of an acetyl-

loses 88% of its activity after recycling the catalyst five times. If
the immobilized Ir/CTF species is reduced at 400 °C before
catalytic experiments, a higher initial TOF of 24400 ht s
In addition, this material possesses a higher
selectivity by forming less CO and an improved stability in

obtained.

recycling experiments. Despite the differences in activity, both
catalyst materials are composed of isolated Ir atoms, as
extended X-ray absorption fine structure (EXAFS) results
confirmed the absence of Ir-Ir bonds. Reduction of Ir/CTF at
higher temperatures above 400 °C however, results in

. . 12
formation of Ir nanoparticles.



With this contribution, we provide computational insights into
the catalyst structure of isolated Ir species on a CTF macroligand
and compare these findings to the experimental
characterization by lemhoff et al.? Starting from modelling of
the CTF support, the resting states of the catalyst species after
impregnation with an Ir precursor and after reductive pre-
treatment are identified. Finally, a first modelling of the FADH
on the reduced Ir/CTF is performed by deriving catalytic cycles
to determine the activity.

The pristine CTF-1 was modelled in a 2D layered structure.
Comparing simulated X-ray diffraction (XRD) spectra of different
stackings to experimental findings12 revealed that the CTF is
constructed of either perfect AA stacking comprising congruent
CTF layers or slightly shifted AA stacked layers (Figure S1). This
shifted AA stacking has the triazine N above the triazine C of the
next CTF layer and shows a better stability than the perfect AA
stacking (Figure S1), which can probably be explained by
reduced electrostatic repulsion between the Ns of the layers.
Despite lower stability, the CTF with perfect AA stacking
matches the experimental cell parameters determined by
Liu et al.*® better (Table S1).

As IR studies suggested, a ligand exchange of the COD ligand
from the Ir(acac)(COD) precursor upon coordination to the CTF
macroligand and the interaction of Ir and the CTF N was
experimentally confirmed by X-ray photoelectron spectroscopy
(XPS)™2. Accordingly, potential anchoring points of Ir(acac) on
the CTF that contain Ir-N interactions were investigated for the
immobilized Ir species. Ir(acac) was placed on top of the CTF slab
and between two CTF layers resulting in interaction with N from
both CTF layers (Figure S2, a-d). In addition, the Ir species was
inserted into the C-H bond of the support’s phenyl ring while
simultaneously interacting with N from the same CTF layer
(Figure 2, Figure S2, e). This adsorption geometry turned out to
be the most favourable structure (Figure S3). Similar structures
could already be observed for molecular iridium bipyridinyl
complexes.”’ > In accordance with experiment by
lemhoff et al.”?, this geometry contains interaction of Ir with N
and has a formal oxidation state of +lIl, which coincides with the
white line intensity in X-ray absorption spectroscopy (XAS)
suggesting an Ir(lll) species. Consequently, this structure
corresponds to the resting state after immobilization of the Ir
precursor. Similar structures with one O of the acac ligand
detached from the Ir were found less stable (Figure S2, f-g). The
same applies to the coordination of acac via the carbon atom
(Figure S2, h-i).

b)

a)

Figure 2: Most stable adsorption geometry of Ir(acac) on CTF in a) front view and
b) side view. Formal oxidation state of Ir denoted in blue.

To derive a catalytic cycle for the FADH on this catalyst model,

adsorption studies of potential intermediates (carboxyl + H,
formate + H) and the reactant FA were performed. However, all
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tested geometries were found extremely unfavourable and
exclude the possibility of an energetically reasonable catalytic
cycle (Figure S4, Table S2). Equally unfavourable adsorption
energies were observed for slightly modified structures that
reduce the repulsion at the Ir centre (Table S3). For example,
one of the O from the acac ligand was detached from the Ir
centre or the hydride ligand at the Ir centre was transferred to
the acac resulting in an acetylacetone ligand or the
corresponding enol form. This leads to the conclusion that the
computationally determined most stable resting state structure
for Ir(acac)/CTF is not the catalytically active structure. Instead,
the catalyst centre might undergo fundamental restructuring
during the catalytic experiments that might include ligand
exchange. The weak recyclability of the catalyst supports this
hypothesis.

After reduction at 400 °C, the Ir sites remain isolated according
to annular dark-field scanning transmission electron microscopy
(ADF-STEM) results, but IR measurements indicate that the acac
ligand is removed from the Ir."? In addition, near edge X-ray
absorption fine (NEXAFS) studies suggest the
formation of an Ir-C bond.™ Consequently, various adsorption
sites for the bare Ir atom on CTF were tested (Figure S5). The
most stable geometry is quite similar to Ir(acac)/CTF and
contains N coordination as well as C-H activation and Ir-C and

structure

Ir-H coordination. However, these interactions take place within
two CTF layers (Figure S6), which is in good agreement with the
EXAFS fit (Table S4). To account for the reductive conditions, the
hydrogenation stage of Ir was investigated. Despite an excess of
hydrogen, the most stable geometry contains one H less than
the naked Ir and CTF (Figure 3). This geometry contains the four-
fold coordination of Ir as proposed by EXAFS and matches the
distances for the first and second coordination sphere
(Table S4). Moreover, the formal oxidation state +lIl suits the
experimental white line intensity in XAS™ and this structure
resembles a reasonable product from the hydrogenolysis of the
acac ligand in Ir(acac)/CTF. For a similar material based on Cu
single atoms immobilized in a carbon nitride support, Vilé et al.
also studied such a sandwich-like structure.® However, in their
case the investigated interaction of Cu with three layers of the
support was found to not match the experimental XAS data
well.

Figure 3: Front and side view of the most stable Ir/CTF after reductive treatment
at 400 °C and removal of the acac ligand by hydrogenolysis.

A comparison of XRD data of the pure CTF and Ir/CTF after
reduction reveals significant changes for larger 20 angles
(Figure S8). A loss of short-range order can be suspected from
disappearing reflects at 12.5° and 25° and a simultaneous
increase of the signal around 24.5° corresponding to
amorphous 719 This could be due to local
hydrogenation resulting in tilting of the aromatic rings through

carbon.
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formation of sp3 instead of sp2 carbon. The long-range order
however, seems to be maintained, as the reflect at 7° is
Despite its high activity for reducing its
environment, Ir itself is more stable in a less reduced position
(cf. Figure S7). Consequently, after catalysing the hydrogenation
of its environment, Ir would migrate through the CTF to such
less reduced site. Therefore, modifications of the CTF support
might not be in the direct environment of the Ir and should have
a minor influence on the active centre.

Regarding the electronic structure of the two catalyst materials,
a slight decrease in the partial positive charge of Ir can be
observed for Ir/CTF compared to the precursor complex, while
Ir(acac)/CTF has a more positive charge (Table S5). This
coincides with the XPS results of a higher electron density at Ir
after reductive treatment.? Moreover, Bader analysis revealed
that the coordinating N atoms in Ir/CTF and Ir(acac)/CTF donate
electron density to the Ir centre. While pristine CTF has localized
states at the Fermi level arising from lone pairs of the N atoms
(Figure S9), these states are quenched upon interaction with Ir
(Figure S10). This behaviour is even more pronounced for the
Ir(acac)/CTF system, which could be due to a more favourable
geometric arrangement of the Ir interaction with only one CTF
layer.

Similar to Ir(acac)/CTF, the reduced Ir/CTF (Figure 3) was found
to be an unsuitable catalyst model for the FADH, as no local
minima could be identified for the interaction with substrate or

unaffected.

intermediates. To enable the interaction with the substrate, an
additional adsorption site on the Ir centre was created by
migration of the H initially on Ir and recovery of the phenyl C-H
bond (Figure S11). This geometry is destabilized only by about
30 kI mol® and requires an activation energy of about
50 kJ mol™ (Figure S12).

For both investigated pathways of the catalytic cycles for FA to
CO, via formate (HCOO, Figure S13) and carboxyl (COOH,
Figure S14), the dehydrogenation steps were found to require
the highest activation barriers between 80— 170 kJ mol'l, while
the barriers for rotation of intermediates are rather low
(< 30 kJ mol'l). Overall, rather high energetic spans (ESs) are
observed for both pathways, with the reaction sequence via the
carboxyl intermediate being slightly preferred over the formate
pathway (Table 1). At a reaction temperature of 160 °C, these
ESs correspond to TOFs in a range of 10° - 10* h". A
comparison to the experimental TOF for the FADH in aqueous
solution reveals a difference in up to ten orders of magnitude
and emphasizes that the investigated model is inactive for
FADH. Even though this is only a rough estimate, as not all
experimental conditions such as the presence of water are
considered, the discrepancy between calculation and
experiment is large. In order to reach a TOF similar to
experiment, the ES would have to be reduced to about
100 kJ mol™ (Table 1). This reduction cannot be achieved by a
modification of the investigated catalytic
(Figures S13-14).

cycles

This journal is © The Royal Society of Chemistry 20xx

Table 1: ESs and corresponding TOFs determined for the FADH on Ir/CTE."!

Pathway ES [kJ mol'l] TOF [h'1]
Formate 182 3.67-10°
Carboxyl 163 7.17 -10™
Experimental®? (101) 24400

[a] Value in brackets indicates an ES calculated from experimental TOF.

However, it has to be emphasized that the comparability of
computational and experimental results in this study is rather
weak. One reason is the neglect of the solvent in the
computations. Especially polar solvents such as water have a
great influence on the mechanism and the activation barriers.”
Consequently, either the solvent has to be considered in the
calculations or the experimental catalytic tests need to be
performed in the gas phase. Moreover, modelling at different
length scales is required for a comprehensive comparison to
experiment.21
Nevertheless, the large difference between experimental and
computational reactivity reveals that the slight modification of
the Ir/CTF resting state does not lead to the active site. Instead,
bigger structural changes than the recovery of the C-H bond
have to take place. The active state could be obtained from
reductive activation with H, from the Ir/CTF resting state. For
example, adding two H, would result in a species that has the Ir
coordinated to only one CTF layer (Figure S7, +3 H). This species
might be more reactive due to less repulsive interactions of the
ligands.

In summary, with a combination of computational modelling
and extensive analytical methods, the resting states of the
immobilized Ir(acac)/CTF and the Ir/CTF after reductive pre-
treatment could be identified. However, assuming only minimal
changes in the structure of the resting state is not sufficient to
depict the catalytically active species under experimental
conditions. Consequently, further efforts have to be made to
reveal the experimentally active geometry. In this context,
in situ XAS experiments for the characterization of the actual
active site would be the most reasonable starting point. A
realistic model of the catalytically active site could also explain
the high selectivity for FADH with regard to the CO formation.
This result could coincide with a preference for the
dehydrogenation reaction via the formate pathway, as the
formation of CO from carboxyl should be predominant.22
Finally, this investigation shows that computational chemistry
can confirm experimental findings and provide insights into the
catalyst structure. Moreover, these results prove that reliable
computations and experiments go hand in hand.
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