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activity and lifetime, yet remain poorly understood. Here we describe a systematic study of the support

ABSTRACT: The electronic effects of supports on immobilized organometallic complexes impact their '°3S®

effects experienced by an organometallic complex immobilized on doped hydrotalcite-like materials. To
that end, we describe the synthesis and characterization of the first organometallic species immobilized on a
palette of doped hydrotalcites via sulfonate linkers. The organometallic species consists of iridium N-
heterocyclic carbene (NHC) carbonyl complex ([Na][Ir-(NHC-Ph-SO;),(CO),]), a highly active @

molecular catalyst for transfer hydrogenation of glycerol. The hydrotalcite supports are composed of Al,

Mg, and a compatible transition-metal dopant (Fe, Cu, Ni, Zn). The materials were characterized
extensively by STEM, XPS, TGA, PXRD, FT-IR, N, desorption, ICP-AES, TPD, and microcalorimetry to o” ol
probe the morphology and electronic properties of the support and elucidate structure—property l

relationships.

B INTRODUCTION

Immobilized organometallic complexes (OM) as single-site
species on high surface area supports are of significant interest
in catalysis because they capture the advantages of both
homogeneous and heterogeneous catalytic systems, including
uniformity of active sites, high selectivity, robustness, easy
recovery, use in flow reactors, and amenability to mechanistic
studies." While the growing number of reports of such catalysts
attests to their potential,” adoption in industry has been
stymied by a number of key challenges,” including inferior
catalytic activity and selectivity relative to homogeneous
precursors and leaching and/or decomposition that limits
catalyst lifetime and recyclability. Optimization of catalytic
activity and selectivity is challenging due to (a) formation of
multiple ill-defined metal species and catalytic sites,* (b)
unintended electronic effects and geometric constraints of the
support on catalytic activity, and (c) nonselective activity of
the support that interferes with the reaction of interest.”
Leaching and decomposition are difficult to control as the
mechanisms of decomposition to zerovalent metal nano-
particles are not fully elucidated.®

While the choice of catalyst supports has traditionally
focused on nonreactive, or “innocent” materials, such as silica,
y-alumina, zeolites and polymers, we now appreciate that most
(if not all) supports are in fact non-innocent in that they affect
the electronic and steric properties of the immobilized complex
and can participate in cooperative or independent reactions.
To exploit the potential of non-innocent supports in
development of immobilized catalysts, we must expand the
molecular-level understanding of the complex surface chem-
istry. The latter demands systematic studies of model systems
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Tunable hydrotalcite-like support

consisting of supports that allow controlled manipulation of
acid—base properties and an organometallic precursor that can
be immobilized robustly.

With these criteria in mind, we sought to study the
electronic support effects of complex 1 (Figure 1), a
compound designed in our group as a prolific catalyst for
glycerol transfer hydrogenation and dehydrogenation.”® The
NHC ligands were selected for the precursor for two main
reasons: first, we and others have shown Ir-NHC complexes to
be active catalysts for dehydrogenation and transfer hydro-
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Figure 1. [Ir-(NHC-Ph-SO,),-(CO),]Na.
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Figure 2. Schematic representation of layered double hydroxide structure of hydrotalcite, showing basal spacing d (003), approximately 4.8 A,"
PXRD parameter ¢ = 3.4(003), and interlamellar space y (modified from Tronto et al."”).
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Figure 3. Hydrotalcite-supported immobilized catalysts.

genation processes, with higher activity than phosphine altering the interlayer anions'® (CO,*~, NO;~, ‘Bu;0~, CI,
analogs; second, the thermal stability of NHC complexes oxalate) and (iv) doping with compatible M**, M** cations,
exceeds that of phosphine analogs due to the higher bond namely, Ni**, Mn?*, Fe3*, Co*', Cu*, Zn?*, and Cr*"."* These
dissociation energies of the latter.” The second factor is key tuning “knobs” allow one to selectively “dial in” electronic
when immobilizing on a support, where reactions with properties while maintaining relatively constant morphology
components of the surface can result in degradation. and surface area.

The supports selected constitute a family of hydrotalcite-like While HTs have been extensively used as heterogeneous
materials (HTs), represented by formula catalysts, their application as supports for organometallic
[M**,,M**, (OH), (1 ]"* (An"),,/,-yH,0, which can incor- species are limited to a few examples, most of which are
porate a range of M** and M** and anions (An"") (Figure 2)." intercalated in the hydrotalcite (Figure 3)."°7'° In one
The layered HT structure is composed of positively charged example, Ruiz et al.”’ suggested surface immobilization was
metal hydroxide layers charge-balanced by water and anions in achieved with a Pd, rather than interlayer intercalation, but
the interlayer (most often carbonate). Surface hydroxyls serve without any multiatom linker that would favor surface binding.
as Brensted basic sites, while cations (especially AI**) provide Here, we describe a systematic study of the support effects of
weak Lewis acidic sites. The acid and base properties of organometallic complex 1 immobilized on doped hydrotalcites
synthetic HT's can be easily tuned by (i) changing the M>*:M>* (HTs) via sulfonate linkers. We anticipate that this work will
ratio,"" (ii) varying the postsynthesis thermal treatment'” (i) inform support effects on activity, selectivity and catalyst
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lifetime—insights critical to enabling the rational design of
immobilized and single-site catalysts that overcome existing
barriers to adoption by industry.

B RESULTS AND DISCUSSION

Catalyst Synthesis and Characterization. Complex 1
was immobilized on a series of HTs, differing in dopant metal
(Fe**, Zn*, Cu?*, Ni**) and loading of precursor. Immobiliza-
tion was performed using mesoscale continuous flow
precipitation, whereby the support is precipitated in the
presence of the organometallic precursor (Figure $2).'* The
latter process yields materials with reproducible electronic and
morphological properties as well as precursor loading and
dispersion.14 The catalysts are denoted as 1-x-HT[n], where x
represents the transition-metal dopant of the HT and [n]
denotes the mass percent loading of Ir. Five 1-x-HT catalysts
(x = none, Fe**, Zn*, Cu®*, Ni**) were synthesized with <1 wt
% loading of 1. The low loading is intended to minimize
potential agglomeration and maximize support interactions. To
probe the effect of complex 1 loading on the support, three
additional 1-HT catalysts were synthesized with higher
loadings of 1 and are denoted as 1-x-HT [0.3%], 1-x-HT
[3%], and 1-x-HT [6%], respectively. Elemental composition
of the catalysts, determined by ICP-AES, shows small but
reproducible differences in the loading of 1 obtained on HTs
doped with different metals, ranging from 0.3 to 0.8 wt %
(Table 1). However, the molar ratios of Mg:Al:x (where x is

Table 1. Elemental Composition of 1-x-HT[n] catalysts (x =
none, Cu, Ni, Zn, and Fe) from ICP-AES

Ir molar ratio Mg/ AP Mg** X

1x-HT[n]  (wt %) Al/M (wt %) (wt %)  (wt %)

1-Cu-HT 0.38 51/36/13 7.48 9.53 6.14
[0.4%]

1-Ni-HT 0.37 51/32/17 9.18 13.1 10.9
[0.4%]

1-Fe-HT 0.77 41/37/22 10.8 10.8 13.3
[0.8%)

1-Zn-HT 0.25 50/30/20 9.49 14.8 15.6
[0.3%]

1-HT [0.3%] 0.26 68/32/0 10.5 20.0

1-HT [1%] 1.16 68/31/0 925 18.3

1-HT [3%] 3.10 65/32/0 9.36 18.05

1-HT [6%) 5.60 77/17/0 8.88 16.12

IrCl;— 12.0 77/17/0 5.44 22.4 12.0
HT[12%]

the dopant metal) in the HTs with and without the
organometallic precursor are consistent (Table S2), suggesting
minimal disruption of the HT matrix by precursor 1.

The surface area (Sggr) of the catalysts and HT supports,
determined by the BET method, was in the range of 93—148
m?/g for the HT supports and 98—203 m’/g for the
immobilized 1-xHTs (Table S3). The variance in Sgpy for
the catalysts is consistent with that observed in HTs with
different dopant metals. The catalysts are mesoporous, with
relatively narrow pore size distributions in the range of 3—12
nm (Figure S3).

Powder X-ray diffraction (PXRD) of the catalysts confirmed
the presence of HT phase, characterized by (003), (006),
(009), (015), (018), (110), and (113) reflections (Figure 4).1*
Immobilization of 1 also has a negligible effect on the
crystalline structure of the HTs (Figures S4—S8), with
consistent a and ¢ parameters observed regardless of metal
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Figure 4. PXRD patterns of 1-x-HT/[c] catalysts (x = none, Cu, Ni, Zn
and Fe; ¢ < 1%).

dopant (Table S4). The fact that interlamellar spacing does not
increase significantly with immobilization, even at the 3%
loading of 1, suggests that immobilization likely occurs on the
support surface. Further evidence for surface immobilization
comes from atomic force microscopy (AFM) studies of
sulfonate complexes on HTs.”' However, PXRD evidence
cannot rule out potential of some intercalation of complex 1 at
low catalyst loadings.

Scanning transmission electron microscopy with energy-
dispersive X-ray spectroscopy (STEM-EDS) images of 1-x-
HTSs show uniform distribution of Mg, Al, dopant metal, and Ir
with no segregated nanoparticle formation, except in the case
of 1-Cu-HT (Figure S), which exhibits nanoparticles with size

1-Fe-HT

1-HT

1-Zn-HT |

1-Ni-HT

Figure S. STEM-EDS images and elemental analysis of 1-x-HT (x =
Fe, Zn, Ni, none).
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Figure 6. TEM and STEM-EDS images of 1-Cu-HT with NP size distribution.
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Figure 7. (a) STEM-EDS and (b) TEM image of Cu-HT without 1 and (c) nanoparticle size distribution of the latter.

distribution 1—5 nm. EDS mapping confirms that these well-dispersed iridium across the surface (Figure 6). The
nanoparticles consist of a more concentrated Cu phase, with formation of Cu-based nanoparticles is not surprising, given
24708 https://doi.org/10.1021/acsomega.2c02593
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Figure 8. Distribution of the interaction strengths for CO, adsorption on x-HT from microcalorimetry.

that copper ions cause greater disorder in the layered double
hydroxide lattice relative to the other dopants due to their
larger ionic radii compared to that of Mg**; the latter makes
them prone to phase separation. Notably, Cu-HT without 1
also shows phase separation by STEM (Figure 7). However,
no copper phase was observed by PXRD, which is consistent
with highly dispersed and poorly crystalline copper NPs.

In order to evaluate the basic site distribution of doped HT
supports, the surface basicity was examined usin§ micro-
calorimetry data with CO, as an acid probe.”” Micro-
calorimetry affords plots of the differential enthalpy of
adsorption as a function of coverage for the adsorption of
CO, (Figure S-9), which was used to calculate the relative
abundance of sites that physisorb or chemisorb CO, vs heats of
adsorption (DH), as shown in Figure 8. Heats of adsorption
lower than —80 kJ/mol reflect chemisorption, while those
greater than that indicate threshold—physisorption.”” The
distribution of basic sites derived from those plots is clearly
influenced by the dopant metal of the HT. Based on total
basicity, defined based on chemisorption of CO,, the trend of
basicity of doped HTs, from highest to lowest is

Ni—HT > HT ~ Fe-HT > Zn-HT > Cu-HT

The basicity of the immobilized catalysts was also
determined by CO, temperature-programmed desorption
(TPD). A limitation of this technique for these catalysts is
that to eliminate interference from carbonate ions in the
interlayer, which thermally decompose to CO,, samples were
precalcined. While calcination is known to increase the basicity
of hydrotalcite materials, we anticipated that it will likely not
alter the relative basicity trend of the hydrotalcites. TPD of the
calcined catalysts suggests the presence of basic sites of weak
strength (CO, desorption at 50—200 °C) and moderate
strength (200—400 °C), as shown in Figure 9a. The overall
basicity can be determined by the relative number of basic
sites, resulting in the following trend:

24709

1-Ni-HT > 1-HT > 1-Cu-HT = 1-Zn-HT > 1-Fe-HT

Among these, 1-Ni-HT and 1-HT have the highest relative
number of moderate basic sites. 1-Ni-HT also has the highest
relative number of weak basic sites. While the trends in basicity
are reasonably consistent between the two techniques, it is
likely that the increase in basicity which occurs upon
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Figure 9. Temperature-programmed desorption (TPD) profiles with
(a) CO, and (b) NH; of the 1-x-HTs.
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calcination is higher for Cu-HT and Zn-HT than for Fe-HT.
To further substantiate this argument, we characterized HT's
after ex situ heating analogous to that incurred during TPD
measurement and show that this results in significant changes
in structure, as evidenced by increased surface area (BET) and
change in PXRD patterns consistent with mixed metal oxide
phase.

The acidity of the calcined catalysts was explored with NH,
TPD, and the TPD profiles are shown in Figure 9b. All 1-HT's
show comparable broad asymmetric desorption features at 100
°C to ~400 °C, corresponding to weak acidic sites. 1-Ni-HT
and 1-Fe-HT also show a second feature with maxima at 320
and ~480—600 °C, respectively, corresponding to moderate
acidic sites. The major features of the CO, and NH; TPD
profiles are consistent with those reported for other modified
hydrotalcites.”**

FT-IR spectra of 1-x-HTs show characteristic bands for
carbonate anions (1350—1370 cm™') and interlayer water
(~1400 and 1700 cm™!, Figure 10) within HTs. > Although
most of the IR features of precursor 1 are indistinguishable at
low catalyst loadings in the immobilized catalysts, the carbonyl
(CO) stretches (v,,) were intense enough to be identified in
all five materials. Given that the v, of iridium carbonyl

24710

complexes provides an indirect probe of relative electron
density of the metal,**® the differences in v, should
correspond to electronic effects of the support on the complex,
assuming that the complex is immobilized intact and in the
same form on each doped HT support. The experimental v,
stretches of free complex 1 (2063 and 1992 cm™') were
identified using DFT calculations as the symmetric and
asymmetric stretch, respectively (Table SS). After immobiliza-
tion of 1 on HTs, the more intense symmetric v., at 2063
em™" red-shifted by ~25 cm™' to 2038 cm™' (Figure 10),
which suggests that the immobilized complex is more electron-
rich relative to the precursor. The latter stretch showed little
variation for 1-x-HTs doped with Cu, Nji, Fe, and Zn (2036—
2040 cm™', Table S7), suggesting that metal doping of the
support does not quantifiably impact the electronics of
immobilized complex. While the above data strongly suggests
that the immobilized carbonyl complexes on all the supports
are structurally consistent, it does not exclude the possibility
that upon immobilization the complex structure changes, for
example by dissociation of one CO. Such structural detail is
challenging to ascertain, although further modeling efforts are
underway to elucidate this in the future.
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The thermal decomposition of 1-HT was studied to
elucidate changes to stability upon immobilization at 0.3%,
1%, and 3% loadings. All three catalysts exhibit the
characteristic thermal decomposition profiles of hydrotalcites
with three endothermic transitions: (I) loss of physiosorbed
water below 100 °C; (II) loss of interlayer water and
carbonates at ~150—250 °C; and (III) and dehydroxylation
and decarbonation at 350—550 °C (Figure 11).*” Immobiliza-
tion of 1 increases the temperature of transition III from ~420
to 488—495 °C in 1-HT, with negligible loading dependence
of 1 (Figure S10). Meanwhile, the temperature of interlayer
water loss (region II) decreases with a more evident loading
dependence on 1. Thus, immobilization of 1 decreases the
stability of surface water and increases the stability of
carbonate/waters in the interlayer. This trend could be the
result of: (i) change in charge distribution of the HT upon
immobilization of 1, possibly by intercalation of some complex
1 in the interlayers, which translates to a change in the
Coulombic interactions between interlayer water and the
cationic sheets of the HT, or (ii) blocking of some micropores
by complex 1.

The stability of the local structure of the immobilized
species, and the effect of the support on the latter stability, is
an important facet of the potential catalytic utility of these
materials. Ultimately, the most direct evidence for the stability
of the catalytic species is obtained from kinetic studies using
the catalysts in a continuous flow reactor. Such a study on the
dehydrogenative conversion of glycerol to lactic acid by the
latter materials was performed and detailed in an adjacent
study,” showing that materials retain their catalytic reaction
rate for over 20 h on stream at 225 °C.

X-ray photoelectron spectroscopy (XPS) analysis of 1 and 1-
x-HTs confirms the Ir 4f,/, and 4f;,, binding energies (~62.1
and 65.1 eV, respectively), consistent with a single Ir(I) species
(Figure 12a).”" Only in the case of 1-Cu-HT do we observe an
additional feature at ~61.0 and 64.1 eV, consistent with a
second Ir(0) species.”” Additional features consistent with
Cu** and Cu'*/Cu® are seen in the Cu 2p region33 (Figure
12b).

To unequivocally identify the structure of immobilized
complex 1, we attempted to collect the cross-polarized magic
angle spinning (CP-MAS) solid-state NMR spectra for the
highest loading catalyst (1-HT [6%]). However, even at this
loading, the concentration of 1 was too low to obtain 'H or
BC spectra with sufficient resolution to gain structurally
meaningful information. While we hope to be able to address
this shortcoming in the future, the extensive set of
spectroscopic characterizations performed is consistent with
the current assertion that 1 is intact and on the surface of HT
as the major species.

B CONCLUSION

Advances in our ability to design active and robust single-site
heterogeneous catalysts that take advantage of synergistic
activity of acid—base supports requires the elucidation of the
electronic effects the supports exert on the immobilized
species. Here, we report the design and characterization of
novel supported catalysts consisting of Ir(I) N-heterocyclic
carbene complex (1) immobilized on hydrotalcite-like
materials (HTs) via sulfonate linkers. The HT supports are
layered double hydroxides composed of Al, Mg, and a
transition-metal dopant x (x = Fe, Cu, Ni, Zn). The use of
doped hydrotalcites as catalytic supports for potential single-
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Figure 12. (a) Ir 4f X-ray photoelectron spectra of complex 1 and 1-x-
HT([c] catalysts (x = none, Cu, and Fe; ¢ < 1%) and (b) Cu 2p X-ray
photoelectron spectrum of 1-Cu-HT.
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site catalysts is highly promising due to the tunable acid—base
properties of these materials, the robust linkage to sulfonate-
functionalized organometallic complexes, the reproducible
one-step support coprecipitation and catalyst immobilization
procedure, as well as the potential synergistic action of
hydrotalcites in multistep catalytic processes. In order to
evaluate the basic site distribution of doped HT supports, the
surface basicity was examined using microcalorimetry and CO,
temperature-programmed desorption (TPD). The distribution
of basic sites on the support is influenced by the dopant metal
of the HT and follows the trend Ni-HT > HT ~ Fe-HT > Zn-
HT > Cu-HT. Extensive characterization of the catalysts using
ICP-AES, PXRD, FTIR, XPS, BET, and STEM suggests highly
dispersed surface immobilization of Ir-NHC complex 1 and a
substantial electronic effect on the iridium upon immobiliza-
tion but a negligible difference upon support doping. Only in
the case of immobilization of 1 on Cu-HT do we observe small
Cu nanoparticles, but with no iridium enrichment, suggesting
iridium and copper are not conforming core—shell nano-
particles. We anticipate that this work will highlight the
support effects on activity, selectivity and catalyst lifetime—
insights critical to enabling the rational design of immobilized
and single-site catalysts that overcome existing barriers to
adoption by industry.
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