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Abstract

Single atom catalysis has been recently recognized as an efficient utilization of metals in heterogeneous
catalysis with the possibility to engender unusual reactivity. Yet, despite the observation of single atoms,
controlling the uniformity in the coordination structures of supported species and understanding the
structure-property relationships remains a grand challenge due to the surface structural complexity of the
supports. Here, we combined the use of single-crystalline MgO(111) 2D nanosheets with surface
organometallic chemistry to generate highly dispersed Ir(lll) sites. The MgO(111) surfaces enable the
formation of isolated Ir(lll) single-sites stabilized by three 3-coordinated surface -O(H) anions at low
loading (0.1 %wt) as well as Ir pairs and trimers at higher loading (1 %uw). These materials show unique
catalytic properties and enable the coupling of benzene and ethylene into styrene, in contrast to the
expected ethylbenzene, formed with the corresponding Ir-based homogeneous catalysts or with
atomically dispersed Ir on MgO nanoparticles.

Atomically dispersed metal catalysts (also referred to as single-site or single atom catalysts)*? have
received increasing attention in recent years due to their unique structures and performances. The
maximized atom exposure not only improves the atom efficiency in terms of utilization of precious metals,
but it also provides unconventional geometric and electronic structures to the active sites, endowing
atomically dispersed metal catalysts with unique catalytic properties.>

While extensive efforts have been devoted to developing synthetic methods and describing catalytic
behaviors, understanding the structure-function relationship on an atomic level still remains a challenge.
The difficulty lies in controlling and characterizing the coordination environment around single atoms that
should largely determine the overall catalytic performance.'>1* The challenges arise from several factors:
(1) the inherent heterogeneity of support surfaces associated with binding sites (corners, edges and faces),
defects (vacancies, terraces, grain boundaries etc.) and amorphous structures (hydrated layers,
amorphous supports etc.),’>? (2) the complexity of surface chemistry using conventional preparation
methods, where dissolution/precipitation events take place upon deposition of the active centers, (3)
dynamic behavior of single atoms'®2! and (4) the lack of available characterization techniques to probe
the atoms (mostly C/N/O) directly bonded to the single atoms.?>?* Overall, although atomically dispersed
catalysts are usually referred to as analogs of well-defined homogenous catalysts,?>?® the interaction
between ligands (supports) and the metal centers are far less understood by comparison with what can
be achieved in coordination and organometallic chemistry.

To tackle these problems, we reasoned that well-defined 2D nanomaterials, here the single-crystalline
MgO(111) nanosheets,?” could serve as an ideal support that offers high-surface area, strong binding sites



34
35
36
37
38
39
40
41
42
43
44
45

46

47
48
49
50
51
52
53
54
55
56
57

58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

and most importantly, uniform coordination environment. Combined with surface organometallic
chemistry (SOMC), that allow the selective incorporation of active centers by grafting well-defined
molecular precursors,?®3° the proposed approach should provide an ideal way to generate uniform
atomically dispersed metal centers on the well-defined support. We first selected iridium due to its
reactivity towards the selective activation of C-H bonds,?"3? its catalytically activity towards the arylation
of olefins with O-donor ligands,®*3* as well as its stability in reductive environment at elevated
temperature.® Herein, we report the synthesis and the characterization of atomically dispersed Ir over
MgO(111) nanosheets with molecular-level precision via SOMC approach. We find an unexpected catalytic
activity in the coupling of ethylene and benzene to yield styrene, contrasting with the known arylation
activity of the corresponding homogeneous system or supported system on MgO nanoparticles yielding
ethylbenzene under similar conditions, showing the uniqueness of iridium single atoms dispersed on
MgO(111).

Results and Discussion

Single-crystalline MgO(111) nanosheets were contacted with Ir(COD)(acac) (COD = cyclooctadiene; acac =
acetylacetonate) in pentane for 3 hours. The consumption of Mg-OH (3573 cm), together with the
appearance of bridging -O-H (3513 cm™, 3374 cm™) and C-H (3080 - 2840 cm?) stretches according to
infrared (IR) spectroscopy (Figure 1b, Figure S1) supports an anchoring process via grafting (Figure 1a).
Upon grafting, the C=0 stretch of the acac ligands shifted from 1565 cm™ to 1618 cm™, which is consistent
with the transfer of the ligand from iridium to magnesium. In fact, similar IR signatures at 1620 cm™ for C-
O stretch and 3513 cm™ for bridging -O-H are obtained upon reacting acetylacetone with MgO (Figure S2)
and Ir(C;Ha)2(acac) with Mg0.%® Analysis of the supernatant showed that all Ir(COD)(acac) (ca. 0.1
equivalent to surface -OH groups, 2 Mg-OH/nm?) precursors are grafted, thus providing a material with 1
wt% Ir loading as confirmed by elemental analysis (ca. 0.2 Ir /nm?). We also prepare a material at 0.1wt%
Ir loading, which shows similar spectroscopic characteristics (vide infra).

We first investigated the nature of the Ir sites by CO adsorption combined with IR spectroscopy and X-ray
absorption spectroscopy (XAS). IR of the grafted sample contacted with CO (Figure S3) shows two CO
bands at 2033 cm™ and 1953 cm™ upon exposure to 10 pbar CO at 25 °C, corresponding to symmetric and
antisymmetric C-O vibrations bound to Ir. Treatment under higher concentration of CO led to complete
removal of COD ligands and reduction of Ir(l) to Ir(0) (Figure S4).3”-3 Similar C-O vibrations bands (2043
cm™ and 1965 cm™) associated with Ir gem-dicarbonyls are observed upon reacting Ir(CO)2(acac) with
MgO support (Figure S3); the slightly redshifted vco values and band broadening are likely due to dipole-
dipole interactions [also observed when high dose CO adsorbed on Ir(COD)(acac)/MgO, Figure S4]. The
presence of a gem-dicarbonyl Ir surface species was confirmed by isotope labeling: upon adsorption of
1:1 2C0O/*3CO, the IR spectrum showed 6 bands corresponding to symmetric and antisymmetric vibrations
of Ir(*2C0O)(*?C0), Ir(*2CO)(*3CO) and Ir(**CO)(*3CO) structures (Figure S5).3%%° The presence of iridium gem-
dicarbonyl confirms the presence of isolated Ir sites and indicates the lability of the COD ligand. The Ir LIII-
edge X-ray absorption near-edge structure (XANES) spectrum showed a slightly shifted white line
comparing to Ir(COD)(acac), which indicates a change in the coordination environment (Figure S6). The
Fourier-transform extended X-ray absorption fine structure (FT-EXAFS) spectrum could be adequately
fitted using a structure close to the molecular precursor, showing 2 oxygen atoms from the support
replaced acac ligands, that is consistent with the proposed structure in Figure 1a. The Ir-O scattering path
was shortened from 2.03 + 0.01 A in the free complex to 1.94 + 0.01 A in the grafted ones. Ir-C scattering
path at 2.09 + 0.01 A showed no apparent changes after grafting (2.10 + 0.01 A) (Figure 1c, Table S1).
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Figure 1. Materials preparation and characterization (a) schematic procedure for grafting of Ir(COD)(acac)
on MgO-NS, followed by calcination to form Ir/MgO catalysts. (b) IR characterization of the support, the
grafted and the calcined materials. (c) IR characterization of the grafted material with CO adsorbed as
probe molecules, in comparison to Ir(CO),(acac)/MgO. Representative ADF-STEM images of (d) 1 wt% and
(e) 0.1 wt% Ir/MgO-cal catalysts.

Subsequent calcination of the grafted material in synthetic air removed all the organic ligands and led to
the appearance of a new band at 3680 cm™ in IR, which is assigned to -OH, likely at Ir-O(H)-Mg sites. No
diffraction associated with metallic Ir or IrO particles was observed by powder X-ray diffraction (XRD),
consistent with the formation of highly dispersed Ir sites (Figure S7). Annular dark-field scanning
transmission electron microscope (ADF-STEM) images of 1 wt% and 0.1 wt% Ir/MgO-cal samples show no
presence of Ir nanoparticle (Figure 1d, e, Figure S8, S9). In contrast, for both materials, highly dispersed Ir
atoms are found at the surface of the material; close look reveals that they exclusively sit on the bright
Mg atom sites, which indicates that Ir atoms likely locate at positions similar to Mg cations. For 1 wt%
Ir/MgO-cal, Ir was found as monomers, dimers, trimers as well as small clusters. 68 % of all Ir atoms (86 %
of Ir assemblies) are single atoms based on statistics of over 800 counts (Figure S8). Interestingly, all the
trimer sites appear to be structurally similar, with a distance between adjacent Ir atoms of 3.0 A. Such a
value was then used to distinguish dimers from two neighboring monomers by measuring the spacing
between two atoms. The measured Ir-Ir distance was identical to Mg-Mg distance on MgO(111) projection
(2.98 A), which nicely demonstrates that Ir has the same coordination structure as Mg cations on
MgO(111). Hence, the trimer sites are likely linked by an p3-oxygen anion, while two Ir atoms are likely
bound by a p2-oxygen in dimers. For comparison, Ir-Ir distance in metallic Ir (2.71 A) is much shorter while
this in IrO; is longer (3.14 A) than observed here.
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For the 0.1 wt% sample, all Ir species are uniformly dispersed as isolated single atoms. For these
monomers, the most possible binding structure is that three three-fold coordinated O anions (Osc%) or -
OH groups (-OHs) on the flat support surface stabilized one Ir atom, considering the prepared MgO(111)
nanosheets is terminated by Os2. Such a structure is also assigned to be the most stable one on edge
sites of MgO(100) nanocubes.?® It is likely that the site-isolated Ir atoms on 0.1 wt% sample adapt identical
coordination structures. Such a uniform structure is only possible due to the single-crystalline 2D support
with well-defined surfaces, thus minimizing the surface heterogeneity. The observed Ir atoms by
microscopy are more likely to be adatoms supported on the surface (Figure 1a) rather than embedded in
the lattice, because MgO has extremely low atom mobility due to ionic bonding.*!
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Figure 2. Characterization of Ir/MgO-cal (a) Ir-LIll edge XANES and (b) FT-EXAFS spectra of 1 wt% Ir/MgO-
cal, with bulk Ir and IrO; as references. (c) 4f XPS spectrum of 1 wt% Ir/MgO-cal. (d) top view and side view
of a scheme showing the coordination structures of Ir trimer and monomer on MgO(111). (Atom symbols:
white, Mg; red, O; orange, Ir; grey, H).

To provide further information on the overall atomic and electronic structure of Ir, XAS of 1 wt% Ir/MgO-
cal was performed on the Ir-LIll edge under strict air and moisture free atmosphere. The white line
intensity and edge energy [11215.5 eV, determined from the first derivatives of u(E)] in XANES is slightly
lower than that for IrO, (11215.9 eV), indicating a lower oxidation state of Ir. The similar shape of XANES
spectra suggests a similar octahedral coordination structure for the Ir cations (Figure 2a). EXAFS in R space
had one major scattering peak at ca. 2 A, corresponding to the first coordination shell of iridium (Ir-O,
Figure 2b). No strong Ir-Ir at ~2.7 A or Ir-O-Ir at ~3.1 A was found, which is consistent with the presence
of highly isolated atoms in the STEM images and excludes the presence of iridium or iridium oxide domains.
The best fitting of EXAFS data gave 5.0 + 0.4 Ir-O coordination number at a distance of 2.02 A + 0.01 (Table
S2), consistent with Ir(111).#>** The observation of a doublet at 65.5 and 62.5 eV associated with Ir 4f 5/2
and Ir 4f 7/2 by X-ray photoelectron spectroscopy (XPS) further confirms the oxidation state of +lIl
oxidation of Ir (Figure 2c¢).*** In addition, the symmetrical shape of this doublet is again in full agreement
with highly isolated Ir sites and the absence of conductive bulk iridium (oxide) phase.*® We thus propose
that each Ir(Ill) cation is anchored by three Oz or -OH3s, sites on MgO(111), coordinates with a hydroxide



128
129
130
131

132
133
134
135
136
137
138
139
140

141
142
143

144
145
146
147
148
149
150
151
152
153

154
155
156
157
158

ion (to balance the charge) and a water molecule (to complete 5 Ir-O coordination) as shown in Figure 2d.
Regarding Ir trimers, they are likely bridged by a p® hydroxide anion. Each Ir coordinates to one terminal
hydroxide ion for charge compensation. Another structure of Ir trimers bridged by a u*-0* anion with no
terminal hydroxide ion is also possible.

Both 1 wt% and 0.1 wt% Ir/MgO-cal were then evaluated in the coupling reaction of benzene and ethylene
at 3 bar and 180 °C and compared with Ir(O,0-acac),(C-acac)(py) and Ir(O,0-acac),(Ph)(py), which are
known homogeneous hydroarylation catalysts.>®> We also prepared 1.6 + 0.4 nm silica-supported Ir
nanoparticles as metallic Ir reference (Figure $10-12).*” Both Ir/MgO-cal catalysts lead to the formation of
styrene as the major product (94% and >99% selectivity for 1 wt% and 0.1 wt% materials, respectively —
Table 1, Entries 1-2), sharply contrasting with what is observed for the corresponding homogeneous
catalytic systems that yield ethylbenzene (Table 1, Entries 3-4). The absence of conversion of benzene
with MgO support alone or silica-supported Ir nanoparticles (Table 1, Entries 5-6) supports that isolated
Ir sites on MgO are important for catalyzing this reaction.

Ir-based cat. e
SRR |
180 °C

Entry Catalyst TON Product
styrene ethylbenzene
1 1% Ir/MgO-cal 145 94 % 6%
2 0.1% Ir/MgO-cal 140 >99 %
3 Ir(0, 0-acac)z(C-acac)(py) 322 - >99%
4 Ir(0,0-acac)2(Ph)(py) 335 - >99%
5 Ir/SiO, <1
6 MgO-NS <1
7 0.1% Ir/MgO-NP 110 - >99%

Table 1. Catalytic activities Reaction conditions: 5 mL benzene, 3 bar ethylene, react at 180 °C for 3 hours.
For entry 1-4 and 7, the mass of Ir of loaded catalysts were kept the same as 1 mg. TON are based on Ir.
For entry 5, 200 mg of Ir/SiO, was loaded.

Such an observation highlights that atomically dispersed metal catalysts behave distinctively from their
homogeneous counterparts, even though the active metal centers and the surrounding atoms from
ligands are the same. To further evaluate the role of the support, we prepared another atomically
dispersed Ir catalyst supported on irregular-shaped MgO nanoparticles (MgO-NP) as a reference material
(0.1 w% Ir/MgO-NP, Figure S13, 14). However, Ir/MgO-NP only lead to the production of ethylbenzene
(Table 1, Entries 7), similarly to the homogenous catalysts but contrary to Ir/MgO-cal. Such a difference in
the product is likely due to the special preferential orientation and specific electronic properties of the
well-defined Mg0O(111) support. This polar surface has been proposed to have unique catalytic
properties,*®° which rises our interests to study the reaction mechanism with combined IR, UV-Vis,
isotope labeling and solid-state NMR.

To determine whether Ir/MgO-cal catalyzed the reaction through benzene C-H activation, as the same
with bis-acac-0,0-Ir(lll) complexes (that form phenyl-Ir complexes after reaction),? the spent catalyst was
analyzed by IR spectroscopy. C-H stretch over 3000 cm™ and C-C stretch in aromatic rings around 1500
cm™? proved the generation of phenyl-Ir intermediates (Figure S15), which was also observed on the
material pretreated in benzene without ethylene (Figure $16). When CsDs were used instead, O-D stretch
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at 2600 cm™ was observed, which might due to the formation of HOD as the result of C-D activation (Figure
$16). The generated HOD further protonated MgO support to form -OD groups. To further characterize
the adsorbed species, H, 13C cross-polarization magic angle spinning (CPMAS) NMR spectra were
recorded for Ir/MgO-cal pretreated with 3C-benzene at 180 °C for 3 hours, followed by evacuation under
high-vacuum. The 3C solid-state nuclear magnetic resonance (ssNMR) spectrum shows signals at 139 (Ir-
C), 127 (ortho- and meta-C), 118 (para-C) ppm as expected for Ir-phenyl species (Figure S17), with similar
chemical shifts as compared to these of the Ir(O,0-acac),(Ph)(py) complex (137, 131, 125, 122 ppm). A
signal at 170 ppm is assigned to adsorbed carboxylate species, likely generated from the oxidation of
benzene by surface superoxide ions (Figure S18).°%°! Another evidence of formation of phenyl-Ir
intermediates is that the color changed from light yellow to green after treating the catalysts. In fact, UV-
Vis diffuse reflectance spectroscopy (DRS) showed a hew absorbance band at 680 cm™, assighed to d-d
transition between Ir and phenyl ligands (Figure S19). In contrast, in the absence of atomically dispersed
Ir, MgO-NS support alone could not activate benzene to form chemisorbed phenyl moiety (Figure S20),
which further supports that C-H bond activation takes place on Ir sites (Figure S21).
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Figure 3. Reaction mechanism study. (a) 2D 'H-3C correlation NMR spectrum of spend Ir/MgO-cal
recorded at 400 MHz using a 3.2mm probe and 16kHz MAS. (b) Proposed catalytic cycles of benzene-

ethylene coupling towards styrene, the process consists olefin insertion (I to Il) and B-hydride elimination
(Il to 1V) along with hydrogenation of ethylene (IV to I).

To form styrene, a PhCH,CH»-Ir intermediate is likely also formed via olefin insertion as proposed for the
corresponding homogeneous catalysts.>? The spent catalysts using isotope-labeled reagents (*3C-Ce¢He +
13C-C,H4) was then characterized utilizing *H detected 2D H-'3C correlation Solid-State NMR (Figure 3a).>3
In addition to the set of peaks observed upon reaction of the catalyst with 3 C-benzene, new signals appear
at 19 (Ir-a-CH;) and 24 (B-CH,) as well as 129 (phenyl-C) ppm, consistent with the proposed PhCH,CH,-Ir
intermediate. We propose that this intermediate undergo B-hydride eliminations to generate styrene and
a metal hydride intermediate.>* The production of C;Hs and H, according to GC analysis is consistent with
the formation of these Ir-hydrides (Figure S22); the hydrogenation of ethene to ethane allowing the
formation of styrene. We also observe kinetic isotope effect (KIE) upon using D-labeled substrates with
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secondary KIE’s of 1.13 for the reactions carried out with CgHe/C2D4 vs. CeHe/CaH4 (Table S3). The value of
1.13 obtained from the experiment with deuterated ethylene is consistent with a change of hybridization
from sp® to sp? (1.1 - 1.2)* and thereby B-hydride elimination pathway. Based on these experimental
results and previous studies on the related homogenous systems, we propose that the catalytic reaction
occurs through C-H activation, olefin insertion and B-hydride elimination along with hydrogenation of
ethylene as a driving force to release styrene (Figure 3b).

In the catalytic benzene-ethylene coupling over 1 wt% Ir/MgO-cal, it is noteworthy to mention that the
conversion [turnover number (TON) based on exposed Ir sites] increases linearly and constantly over time
for at least 3 hours (Table S4, Figure S23), as expected for a stable catalytic system. We thus characterized
the spent catalysts using combined XAS, XPS and ADF-STEM. Both Ir L-1Il edge XAS (11215.7 eV) and Ir 4f
XPS (65.8 and 62.8 eV) showed that Ir species retained their +l1l oxidation state (Figure S24).

The Ir atoms remain highly dispersed as evidenced in ADF-STEM images (Figure 4, Figure S25): although
the number of monomers decreased from 86 % to 68 %, no Ir nanoparticles were formed. For the low
loading catalysts (0.1 wt% Ir/MgO-cal), the atomic dispersion of Ir is fully maintained despite the high
reaction temperature and reductive atmosphere (Figure S26), although the MgO 2D nanosheets breaks
into smaller units. The linear TON-time plot and the same turnover frequencies (TOFs) for both catalysts
indicate that Ir atoms have likely similar reactivity regardless of their nuclearity as monomers, dimers and
trimer. In fact, Ir atoms remain isolated even after treated this material under H, at 400 °C for 6 h
reduction (Figure S27). Such a high stability is attributed to the strong bonding between Ir cations and the
MgO(111) surface. The low-coordinated O3> as the only binding sites for Ir on well-defined MgO(111)
nanosheets are shown to be strong donor ligands for Ir.

Figure 4. Characterization of spent catalysts Representative ADF-STEM images of spent (a) 1 wt% and (b)
0.1 wt% Ir/MgO-cal catalysts.

Conclusion

Using a SOMC approach and well-defined MgO(111) nanosheets, we have prepared atomically dispersed
Iridium. At 1 wt% loading, site-isolated monomers and O-bridged Ir dimers and trimers are the major
species, while at low loading Ir(lll) cations are all monomers with identical coordination structures due to
the uniform surface structure of the support. Both catalysts show activity in benzene-ethylene coupling
towards styrene, distinct from the behavior of homogeneous catalysts and atomically dispersed Ir on MgO
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nanoparticles that lead to production of ethylbenzene. XAS, XPS and ADF-STEM show that the atomically
dispersion of Ir species are maintained after catalytic reaction, likely due to the strong ionic interaction
between Ir and MgO(111) supports. This study illustrates the power of combined SOMC approach with
crystalline 2D supports exposing preferentially one facet to form atomically dispersed catalysts with well-
defined coordination structure. This approach will enable a better understanding of their structure-
function relationships and offers opportunity, not only to bridge the gap between homogeneous and
heterogeneous catalysis but also to uncover new reactions.
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