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The creation of heterogeneous analogs to homogeneous catalysts is of great importance to many indus-
trial processes. Acetic acid synthesis via the carbonylation of methanol is one such process and it relies on
a difficult-to-separate homogeneous Ir-based catalyst. Using a combination of density functional theory
(DFT) and attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy, we determine
the structure and mechanism for methanol carbonylation over a promising single-site Ir—La/C heteroge-
neous catalyst replacement. Here, the Ir center is the active site with the acetyl-Ir complex being a rate
controlling intermediate. Furthermore, the La both atomically disperses the Ir and acts as a Lewis acid
site. In fact, the La promoter in the Ir—La/C catalyst was found to behave similarly to homogeneous pro-
moters by abstracting an iodine from the Ir center and accelerating the CO insertion step. Overall, this
work provides key insight into the atomistic nature of the Ir—La/C single-site catalyst and allows for
the further design and optimization of single-site heterogeneous catalysts.
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1. Introduction

Single-site heterogeneous catalysts are a new class of materials
that interface the heterogeneous and homogeneous paradigms,
combining the high activity and selectivity of homogeneous cata-
lysts with the high separability of heterogeneous catalysts. Exam-
ples of such catalysts include bimetallic surfaces with an
atomically dispersed noble metal supported on a base metal or
oxide surface, as well as being exchanged into zeolites [1-9]. One
industrially homogeneous catalytic process currently without a
viable heterogeneous replacement [10-12] is the production of
acetic acid which is accomplished via the carbonylation of metha-
nol through either the Monsanto process with an Rh catalyst
[10,13,14] or the Cativa process with an Ir catalyst with a Ru pro-
moter [14-18]. The mechanism for the catalysis has the same
major steps for both processes [14,15], with the key steps being
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the oxidative addition of iodomethane (Mel) to the reduced metal
center ([M(CO),I;]7) and the migratory insertion of CO into the
methyl-metal bond followed by the reductive elimination of acetyl
iodide (Acl) as the product [10,19-21]. In our recent work, we
reported a promising heterogeneous catalyst for the carbonylation
of methanol based on Ir and a La promoter [11]. Characterization of
this Ir—La/C system showed that the catalyst was a molecular spe-
cies with distinct sites formed from two metal atoms [11], essen-
tially creating a single-site catalyst on an activated carbon
support. Overall, the heterogeneous Ir—La/C catalyst showed com-
parable reactivity and selectivity to the analogous homogeneous
catalyst [11]. Furthermore, using La as a promoter as opposed to
Ru can also reduce the cost of the catalyst. Thus, the Ir—La/C
heterogeneous catalyst is a promising alternative to the conven-
tional homogeneous system for the carbonylation of methanol to
acetic acid.

Here, we establish the structure and methanol carbonylation
mechanism of the heterogeneous Ir—La/C catalyst using a combi-
nation of density functional theory (DFT) and attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy.
Additionally, we have elucidated the role of the La promoter in
the carbonylation reaction. Overall, this work shows that the
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dispersion and activity of single-site heterogeneous catalysts can
be tuned via the choice of promoter (i.e. altering the promoter’s
oxygen affinity and electronegativity/Lewis acidity), thereby
allowing for the greater design and optimization of heterogeneous
catalysts for the carbonylation of methanol.

2. Methods and materials
2.1. Density functional theory

DFT calculations were carried out using the Vienna Ab Initio
Simulation Package (VASP) [22-24]. The projector-augmented
wave (PAW) method [25,26] with a plane-wave basis set and
an energy cutoff of 450 eV were used. To model the electron
exchange and correlation, the Perdew-Burke-Ernzerhof (PBE)
functional [27] has been applied. Spin polarization has been
included in all calculations. The Gaussian smearing [28] method
was used with a smearing width of 0.2 eV to improve conver-
gence, and the total energy was extrapolated to zero Kelvin. All
gas phase ground state optimizations used the conjugate gradi-
ent method and were considered converged when the inter-
atomic forces were smaller than 0.01eV/A, while surface
relaxations were considered converged when the forces were less
than 0.025 eV/A. The energy tolerance was set to 10~ eV. Calcu-
lations for molecules in the gas phase were performed using an
18 x 19 x 20 A box, and one single k-point, the Gamma point,
was sufficient to span the Brillouin zone. Ab Initio Molecular
Dynamics (AIMD) simulations have been computed for a NVT
ensemble at 513 K, which is the reaction temperature. As the
spin-polarized ground state optimizations resulted in a net zero
magnetic moment for the complexes examined here, the AIMD
calculations were not spin polarized and the energy tolerance
was set to 107> eV. The transition states calculated here were
obtained using the Climbing Image Nudged Elastic Band (CINEB)
method [29]. The optimizations along the minimum energy path-
ways (MEPs) were performed with the fast inertial relaxation
engine (FIRE) optimizer with force and energy tolerances of
0.05 eV/A and 1077 eV, respectively [30,31]. Each transition state
was found to have one imaginary vibrational mode along a given
reaction pathway [32].

In order to make a stronger connection between the theory and
experiment in this work, we calculated the Gibbs energy for our
tested methanol carbonylation reaction pathways using standard
statistical mechanics principles [33]. The Gibbs energy for each
configuration was calculated as:

Gi=Ei - kBTln(qtransqrotqvib) (1)

where E; is the DFT-calculated energy for the ith configuration;
Qtranss Qror and @y are the translation, rotational, and vibrational
partition functions; and kg and T are Boltzmann’s constant and
the reaction temperature, respectively. In this study, the gas phase
Ir—La complexes were treated as the model surface in each case,
and therefore only the vibrational entropy associated with each
complex was included in the Gibbs energies. However, the transla-
tional, rotational, and vibrational entropy contributions from the
gas phase CO, Mel, and Acl species were included for the relevant
ground state configurations. The partition functions were calcu-
lated according to [34]:
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where m and P are the mass and partial pressure of the mole-
cule of interest; I;;,eqr is the moment of inertia for a linear molecule;
I, I, and I¢ are the principal moments of inertia of the molecule of
interest (non-linear case); ¢ is the symmetry number for the mole-
cule of interest; and v; is the ith vibrational mode. All Gibbs ener-
gies were calculated at a temperature of 513 K, a total pressure of
17 bar, a CO concentration of 17.3 mol%, a Mel concentration of 1.8
mol%, and an Acl concentration of 1.8 mol%, consistent with the
catalytic experiments performed in our previous work (see Supple-
mentary Material for more details) [11].

For the surface calculations, a single layer carbon sheet was
simulated to represent the activated carbon support. The single
layer sheet was found to be sufficient as only weak interactions
exist between different layers of graphite and the influence of mul-
tiple graphene layers on adsorption energies is negligible [35]. Two
different adsorption sites have been modeled using VASP and are
shown in Fig. S1; a pristine graphene sheet to represent the basal
planes and an OH-passivated armchair-graphene nanoribon
(AGNR-OH) to simulate an adsorption edge (Fig. S1). An optimized
lattice constant of 2.467 A was found for graphene which is consis-
tent with previous theoretical results [36,37]. The k-point mesh
was optimized and a (3 x 3 x 1) Monkhorst-Pack mesh [38] for
the pristine graphene has been used. A vacuum slab of 20 A was
found to be sufficient to separate the layers. To simulate the gra-
phene sheet, a p(6 x 6) supercell was used, which consisted of 72
atoms in the surface layer. These input parameters were necessary
in order to minimize the lateral interactions between adjacent
metal complexes. A (1 x 2 x 3) Monkhorst-Pack mesh was applied
for the p(5 x 9) supercell used to model the AGNR-OH surface. The
edge-to-edge and layer-to-layer distance between AGNR-OH in the
supercell is 13 A and 17 A, respectively. Binding energies for the
adsorption of the Ir—La complex were calculated as:

Eb = EIrLa/C - EC - ElrLa (6)

where Ej;5/c, Ec, and Ej,, are the total energies of the adsorbed
Ir—La complex, the respective surface site, and the Ir—La complex
in the gas phase.

Density functional perturbation theory (DFPT) was used to gen-
erate the theoretical IR spectra presented here [39]. From DFPT, the
Born effective charges and vibrational modes for our structures of
interest were calculated and then used to obtained discrete IR
intensities for each vibrational mode via a code provided by Karha-
nek et al., see Fig. S2 [40,41]. We then generated spectra for each
vibrational mode by applying a Lorentzian distribution to each dis-
crete point according to:

1 w
L(V) I (V B Vo)z N (%W)z (7)

where w and v are the peak width and wavenumber, respec-
tively. Each distribution is centered around v, which is the vibra-
tional mode of interest, and normalized such that the maximum
value of L(Vv) is equal to the calculated IR intensity. Finally, the
spectra of the individual vibrational modes calculated for a single
structure are summed in order to generate the overall vibrational
spectra for each structure of interest (Fig. S2). All theoretical spec-
tra shown here used a peak width of 35 cm~'. Using the method
presented here, we calculated the CO stretch frequencies for model
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active centers in Fe hydrogenases (Table S1) and a comparison to
experimental spectra showed that our calculated frequencies were
accurate to within 5 cm™! (see Table S1 for details) [42-44].

2.2. Catalyst preparation

The 5 wt% Ir/C and 5 wt% Ir—La/C (molar ratio of Ir to La=1:1)
catalysts were prepared by incipient wetness impregnation, where
5 wt% was chosen to improve the signal to noise ratio in the ATR-
FTIR measurement. To prepare the 5 wt% Ir—La/C catalyst, a set
amount (corresponding to Ir/catalyst weight ratio as 5 wt%) of
IrCl3-H,0 (American Elements, 56.4%Ir) and LaCls-7H,0 (Sigma-
Aldrich, 99.999%) was dissolved in a particular amount of Milli-Q
water. The amount of water corresponded to the pore volume of
the carbon support (TA60, PICATAL). The as-prepared solution
was added drop-wise to the support. Then, the support/solution
mixture was manually stirred with a glass rod for approximately
20 min in order to ensure an even dispersion of solution over the
support surface. The samples were then dried at 353 K overnight
and calcined with continuous flow of N, at 573 K for 1 h. The 5
wt% Ir/C catalyst was prepared with the same procedure except
that no LaCl3-7H,0 was dissolved in the solution. These samples
are expected to be atomically dispersed as they have two (symmet-
ric and asymmetric) CO vibration peaks (Fig. 2a) after syngas pre-
treatment to the catalysts, which is the typical indication of single
Ir atom species. Additionally, the intensity of the CO peaks for 5 wt
% catalysts after syngas pretreatment is about 5 times of the 1 wt%
catalysts (not shown) which were demonstrated to reach atomic
dispersion [11].

2.3. Characterization

ATR-FTIR spectroscopy was employed to obtain information
about the surface of the catalysts during the reaction and how
the two metals (Ir and La) are anchored to the carbon support.
The measurements were performed using a Bruker Tensor II spec-
trometer and a custom-made ATR-FTIR cell with a configuration
previously reported [45]. ATR-FTIR was chosen because the
evanescent wave during the total reflectance of the IR beam pene-
trates the surface of the sample by only a few micrometers which
mitigates the loss of signal due to absorbance in the IR region by
the carbon support [46].

The ATR-FTIR experiments were performed by depositing a cat-
alyst coating layer on top of a ZnSe Internal Reflection Element
(IRE). The sample coating was prepared by first grinding the as-
prepared catalysts with a ball mill into very fine powders, which
were subsequently suspended in Milli-Q water (1.5 mg catalyst/
mL water). The suspension was then sonicated for approximately
1 min to form an ink and deposited on the ZnSe IRE. The ink cov-
ered IRE was dried at 363 K for 1 h to remove water, thereby creat-
ing a catalyst coating on the IRE.

For each ATR-FTIR experiment, the catalyst coated IRE was first
calcined in N5 (40 mL/min) at 553 K for 20 min. Then, the temper-
ature of the cell was reduced to 513 K followed by flowing syngas
(40 mL/min, CO/H, = 4/1), methanol (5.0 vol%, bubbled by syngas
at 293 K), and Mel (1.5 vol% bubbled by syngas at 273 K). The total
pressure for the reactions was set as 3.75 bar. During the reaction,
spectra were recorded between 800 cm~! and 4000 cm~! by aver-
aging 128 scans at a resolution of 4 cm ™' to improve the signal to
noise ratio.

To determine how the Ir and La are anchored on the carbon sur-
face, the spectra of the clean IRE was taken as a background. After
the catalyst or pure carbon support was coated on the ZnSe crystal,
the samples were pretreated with N, at 553 K and syngas at 513 K
for 20 min successively. The spectra were then taken between 800
cm~! and 4000 cm~! by averaging 128 scans at a resolution of

4 cm~!. Peak deconvolution was conducted by the PeakFit v4.12
program from Systat Software Inc. After subtraction of the baseline,
the peaks were fitted with mixed Gauss-Lorentz functions. The
normalized sub-peak areas were then compared in order to obtain
information about the changes in surface functional groups after
anchoring the metals.

3. Results and discussion
3.1. Configuration of the Ir—La complex

As the carbon support material for the Ir—La/C catalyst is inert,
it is not expected to directly influence the catalytic mechanism sig-
nificantly. This allowed us to model the structure and mechanism
for the Ir—La complex in the gas phase, decreasing the computa-
tional cost of such studies (Fig. 1). From previous work [11], the
composition of the Ir—La/C catalyst was experimentally deter-
mined to be Lalr(CO),IsR, where R is a negatively charged surface
site to which the complex is bound, with the La in its +3 oxidation
state and the Ir in either its +1 or +3 oxidation state. La®* cations

Or @La @1

® C 0 H

Fig. 1. Optimized configurations for the trans (a), closed cis (b), and open cis (c)
configurations of the Ir—La complex with iodine ligands.
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Fig. 2. ATR-FTIR spectra for CO adsorption at 513 K and 1.00 bar over Ir—La/C
during syngas pretreatment (CO:H, =4:1) (a). DFT calculated IR spectra of the CO
stretching modes in the trans and open cis configurations of the Ir—La complex (b).
The Ir—La complex had chlorine ligands in both the experimental and theoretical
results as the Ir—La/C catalyst measured here has yet to be exposed to Mel (see
Fig. S3 for model structures with chlorine ligands).

form a capped trigonal prism coordination environment, with a
nine-fold coordination [20,47]. Ir is present in either a six-fold
coordinated octahedral complex for Ir3* or a four-fold coordinated
square planar complex for Ir* [20,48]. As La forms very weak bonds
with CO [11], the two CO molecules are more likely to be bonded to
Ir. Furthermore, in its formal +1 oxidation state, the Ir center needs
two additional ligands. In order for the Ir complex to be overall
charge neutral, at least one of the additional ligands must be either
iodine or the surface binding site, R. As the Ir center is likely the
active site for the carbonylation reaction based on the similarity
to the homogeneous system [16], a setup with La bonded to the
surface is more plausible to allow greater access to the Ir center.
Since Ir* has to adopt a square planar configuration [20,48], the
remaining coordination site could be either a direct Ir—La bond
[11] or an iodine bridge between the two metals.

The coordination sphere of the La was modeled with three
iodine ligands, one of which is representing the unknown oxidizing
surface site R as the anchor point. The remaining sites to reach the

nine-fold coordination were filled with water as the simplest neu-
tral ligand present during the synthesis of the catalyst. In the com-
bined Ir—La complex, one water molecule was removed from La to
allow for a potential Ir—La bond to form. The resultant Ir—La gas
phase complexes are shown in Fig. 1.

A direct metal-metal bond between Ir and La was found to
be unstable in the complex from DFT; the Ir and La are there-
fore bridged by an iodine with three possible configurations
(Fig. 1). Two different isomers can be distinguished on behalf
of a trans (Fig. 1a) or cis (Fig. 1b/c) configuration of alike
ligands on the Ir, with the cis configurations being ~65 kj/mol
more stable than the trans. Of the two cis configurations, the
open structure (Fig. 1¢) was found to be more favorable by
~5 kJ/mol.

The greater stability of the cis configuration of the Ir—La com-
plex over the trans configuration suggests that the former might
be present under catalytic conditions (i.e. a temperature of 513 K
and a syngas pressure of 1bar or higher). This was tested by
recording ATR-FTIR spectra during the syngas pretreatment of
the initially synthesized Ir—La/C catalyst. As shown in Fig. 2a,
two peaks with comparable intensities at 2030 and 1972 cm™!
are present and become stable after 20 min of flowing syngas over
the Ir—La/C catalyst. It should be noted that the Ir—La/C catalyst
has chlorine ligands instead of iodine ligands in the spectra shown
in Fig. 2a due to the catalyst synthesis conditions (see Section 2.2).
Theoretical IR spectra were generated for both the open cis and
trans configurations and the resulting spectra are shown in
Fig. 2b. In order to match with experimental conditions, the spectra
shown in Fig. 2b are for Ir—La complexes where the iodine ligands
were replaced with chlorine (Fig. S3). Both structures result in two
peaks at 2070/2088 and 2008/2000 cm™! for the open cis and trans
structures, respectively, that correspond to the symmetric and
asymmetric CO stretch [18,49,50]. While both structures result in
an over prediction of the CO stretch frequencies, the peak separa-
tion for the open cis configuration is consistent with the experi-
mental ATR-FTIR spectra, i.e. 58 and 62 cm~! separation between
the two modes in the experimental spectra and open cis theoretical
spectra, respectively. Therefore, the cis configuration is the most
likely structure of the Ir—La complex, which is consistent with
the homogeneous Ir and Rh catalysts [17].

While the cis configuration of the Ir—La complex is more likely
to be the active site for the Ir—La/C catalyst as compared to the
trans configuration, there remains the question of whether or not
there is a direct Ir—La bond within the complex in addition to
the bridging iodine ligands. As the covalent radii [51] of La and Ir
are 2.07 A and 1.41 A, respectively, a covalent bond can be formed
between these elements for distances less than (2.07 +1.41) A=
3.48 A. Using this distance as a benchmark, it is clear that the
closed cis configuration (Fig. 1b) has a stable, direct Ir—La bond,
while the open cis configuration (Fig. 1c) has only the bridging
iodine. The direct Ir—La bond observed for the closed cis configura-
tion is consistent with high-angle annular dark-field scanning
transmission electron microscopy (HAADF STEM) images [11].
However, it is important to note that the HAADF STEM images
are taken at room temperature and under vacuum, while the
methanol carbonylation reaction is performed at 513 K and a total
pressure of 17 bar. The effect of temperature on the stability of the
closed cis configuration was examined via an Ab Initio Molecular
Dynamics (AIMD) simulation at 513 K. After 1.5 ps in the AIMD
simulation, the closed cis configuration (Fig. 1b) relaxed to the
open cis configuration (Fig. 1c), meaning that the Ir—La bond is
broken. As the closed and open cis configurations are similar in
terms of their energetic favorability, these results suggest the open
cis configuration is the likely structure present under reaction
conditions.
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3.2. Methanol carbonylation mechanism on the Ir—La complex

The possible roles of the La in the Ir—La/C catalyst include: (1) a
surface anchor point for the Ir complex due to La’s high affinity to
oxygen, (2) a Lewis acid by bridging with the Ir through a CO and
thereby assisting in the migratory insertion step, as proposed in
the previous study [11], and (3) an iodine acceptor, similar to the
promoter effect in the homogeneous catalyst system [15]. Mecha-
nism 2 was determined to be unlikely to occur as the switch in
bridging ligand between Ir and La from iodine to CO prior to the
CO insertion step was endothermic by ~77 kJ/mol (Fig. S5). The
addition of entropy contributions is not expected to change the
favorability of mechanism 2 as such factors were found to increase
the reaction energies for non-adsorption/desorption reactions on
average by 6 kJ/mol (Figs. 4, S4, and S7). It is clear from a compar-
ison of both the DFT and Gibbs reaction energy profiles for mech-
anisms 1 and 3 that these two mechanisms have similar energetics
overall, but mechanism 3 favors the formation of the acetyl species
to a greater degree (Figs. 4, S4, and S7). Therefore, this mechanism
will be discussed in more detail here (Fig. 3 and Fig. 4), while the
details of the other mechanisms are shown in the Supplementary
Material.

Starting from the open cis configuration of the Ir—La complex,
Mel oxidatively adds to the Ir center forming a 6-fold coordinated
Ir>* structure, as shown in Fig. 3B and C. As the structure of the Ir in
the initial open cis configuration (Fig. 3A) resembles the homoge-
neous catalyst, the addition of Mel was studied as a Sy2 reaction
with the methyl and iodine adding trans to each other [52]. Four
different configurations were tested as possible structures for the
[IrMe(CO),I3]~ complex in the Ir—La catalyst (Fig. S6), and config-
urations B and C in Fig. 3 were found to be the most stable struc-
tures. After Mel addition, the La accepts an iodine from the Ir
center, allowing a third CO to add onto the Ir center (Fig. 3E). This
step is followed by the migratory insertion of CO into the Ir—Me
bond and the formation of the acetyl functional group (Fig. 3F).
Finally, the acetyl functional group combines with an iodine on
the Ir center to form the Acl product, reducing the Ir complex from
Ir3* to Ir* (Fig. 3G), which then relaxes back into the starting open
cis configuration (Fig. 3A).
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Fig. 3. Reaction scheme for methanol carbonylation on the Ir—La heterogeneous
catalyst complex with the La promoter acting as an iodine acceptor (mechanism 3).
Sphere colors are identical to those shown in Fig. 1.
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Fig. 4. Gibbs energy profile for methanol carbonylation on the Ir—La heterogeneous
catalyst complex with the La promoter acting as an iodine acceptor (mechanism 3).
The Gibbs energy was calculated at a temperature of 513 K, a total pressure of 17
bar, a CO concentration of 17.3 mol%, a Mel concentration of 1.8 mol%, and an Acl
concentration of 1.8 mol%, consistent with the catalytic experiments performed in
our previous work [11], and the scale is relative to the catalyst, Mel, CO, and Acl at
infinite separation in the gas phase. The labels (A-G) refer to the configurations
shown in Fig. 3 and the shown configurations are the noted transition states where
the sphere colors are identical to those shown in Fig. 1. Note, structures C and D
from Fig. 3 are not shown as they have the same Gibbs energy as structure B (i.e.
structures B, C, and D have Gibbs energies of 42.6, 40.9, and 40.7 k]/mol,
respectively, relative to structure A and either Mel or CO as needed). The DFT
reaction energy profile is shown in Fig. S7 and the MEPs for the transition states are
shown in Fig. S9.

As methanol carbonylation occurs on the Ir—La/C catalyst under
high pressures, a possible variation on mechanism 3 was examined
where 3CO molecules add to the Ir* structure forming an [Ir(CO)sl]
complex prior to Mel addition (Fig. 3D). In this variation, the La still
acts as an iodine acceptor, but the iodine transfer occurs before the
addition of Mel to the Ir* center. All other reactions occur in a sim-
ilar manner to that discussed above. The energetics for this mech-
anism calculated using DFT and Moller-Plesset Perturbation
Theory are consistent, as shown in the Supplementary Material
(Fig. S7).

The Gibbs energy profile for the mechanism presented in Fig. 3
is shown in Fig. 4. It is clear that the first several steps are ender-
gonic due to the loss of degrees of freedom for the adsorbing Mel
and CO species. However, once the [IrMe(CO)sl;] species is formed
by the abstraction of an iodine from the Ir center by the La center,
the remaining reaction steps are exergonic. For this mechanism,
we calculated the Gibbs activation barriers for the CO adsorption,
CO insertion, and Acl elimination steps. The CO adsorption
(Fig. 4B to E) and Acl elimination steps (Fig. 4F to G) have similarly
high Gibbs energy barriers of 106 and 107 kJ/mol, respectively,
while the CO insertion step (Fig. 4E to F) has a moderate barrier
of 51 kJ/mol. In fact, the Gibbs energy profile for this mechanism
predicts a possible kinetic trap for the reaction at the [IrAc(CO),l3]~
species, suggesting that this species could be a rate controlling
intermediate and therefore potentially measurable under reaction
conditions. The CO adsorption step could be a rate controlling reac-
tion step as well (Fig. 4B to E).

We note that for the calculation of the Gibbs activation barriers
for CO adsorption and Acl elimination, the adsorbing/desorbing
species (i.e. CO and Acl) were treated as if they had lost all of their
translational and rotational degrees of motion in the transition
state. While the translational and rotational contributions are
likely reduced relative to the gas phase molecule, the adsorbing
CO and desorbing Acl will likely retain some of their translational
and rotational modes of motion in their respective transition
states. Therefore, this assumed loss of translational and rotational
degrees of motion in the activated adsorption/desorption
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pathways’ transition states likely results in an over prediction of
the calculated Gibbs activation barrier for such reactions and
should be taken as an upper bound for the actual activation barrier.

The greater favorability of the mechanism with the La promoter
acting as an iodine acceptor (Figs. 3 and 4) over the other tested
mechanisms is consistent with the homogeneous-promoted Ir cat-
alyst, as the addition of a Ru promoter was found to assist in the
abstraction of an iodine from the Ir center, allowing 3CO to adsorb
onto the Ir [15,17]. Theoretical calculations for the homogeneous
system found that the Ir complex with 3CO adsorbed had a sub-
stantially lower activation barrier (by 35 to 47 kJ/mol) for CO inser-
tion than that of the Ir complex with 2CO [15]. By calculating the
CO insertion barrier for mechanism 1 (Fig. S8), we can now make
a similar comparison for the heterogeneous Ir—La/C catalyst and
we find that when the La acts as an iodine abstractor, similar to
the homogeneous Ru promoter, the Gibbs activation barrier for
CO insertion is ~47 k]/mol lower. These theoretical results suggest
that the heterogeneous Ir and La complexes interact in a similar
manner to the homogeneous-promoted Ir catalyst.

The potential weakness of this mechanism is that two of the
structures, Fig. 3D and E, have the Ir and La connected only via
hydrogen bonds between the ligands. Using the van der Waals cor-
rected optB88-vdW functional [53,54], we estimated the bond
strength between the Ir and La complexes in these two structures
to be 20-30 kJ/mol (see Fig. S11 for details). As such, the structures
could fully separate if the subsequent migratory insertion reaction
does not occur fast enough. However, the moderate Gibbs activa-
tion barrier and large exergonic reaction energy of ~—74 kJ/mol
during migratory insertion (Fig. 4E to F) suggests that the forma-
tion of the acetyl complex occurs rapidly and prevents the separa-
tion of Ir and La, indicating that this mechanism is reasonable.

The validity of the mechanism for Mel carbonylation proposed
above in Fig. 3 was probed experimentally using in situ ATR-FTIR
spectroscopy and DFT generated IR spectra (see Table S1 for the
calculated C-O vibrational frequency values). As shown in Fig. 5a,
the Ir—La/C catalyst was first pretreated with syngas after calcina-
tion with N, for 20 min, leading to the formation of two main
peaks at 2030 and 1972 cm™!, which is consistent with the sym-
metric and asymmetric CO stretching modes shown in Fig. 2
[18,49,50]. In addition to these CO stretching peaks, a small peak
appears at around 2085 cm™~! which aligns with both the vibration
of CO adsorbed on the carbon support and the CO stretch in the [Ir
(CO)sl] structure (Fig. 5b configuration D). Additionally, the peak at
1685 cm™! was attributed to the formation of the C=0 bond in car-
boxylate or carbonate on the carbon support [50,55]. After 20 min
of syngas pretreatment, methanol and syngas were introduced and
no noticeable changes in the spectra were observed, suggesting
that methanol is not directly carbonylated by CO over the Ir—La/
C catalyst (Fig. S12).

The introduction of Mel and syngas to the Ir—La/C catalyst led
to the formation of a new peak at 1711 cm™' (Fig. 5a). This peak
is consistent with the theoretically predicted acetyl C=0 vibra-
tional mode on the [IrAc(CO),I5]~ complex (Fig. 5b configuration
F), and the [IrAc(CO),I3]~ and [RhAc(CO)I3]~ complexes in the anal-
ogous homogeneous Ir and Rh catalysts, respectively [15,56-58].
Additionally, the 1711 cm™! peak measured here is redshifted from
the gas phase acetyl stretch in Acl by ~100 cm™' suggesting the
acetyl species is strongly interacting with the catalyst, which is
unlikely to occur with the activated carbon surface [59,60]. The
accumulation of the [IrAc(CO),I5]~ complex (Fig. 3F) suggests that
this complex is a rate controlling intermediate over the Ir—La/C
catalyst, which is consistent with the DFT-predicted kinetic trap
at the [IrAc(CO),l5]~ species in Fig. 4. When a similar experiment
is performed with N, as the carrier gas instead of syngas
(Fig. S14), it is clear that the 1711 cm™! peak quickly forms and
then disappears upon exposure of the Ir—La/C catalyst to Mel.
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Fig. 5. (a) ATR-FTIR spectra obtained by flowing different reactants over the Ir—La/C
catalyst at 513 K and 1.00 bar of syngas for the bottom spectrum and 3.75 bar of
syngas for the other spectra (syngas CO:H, ratios were 4:1). The spectra were taken
in the order from the bottom to the top. (b) DFT calculated IR spectra of the CO
stretching modes for the stable intermediate Ir—La complex configurations during
the carbonylation of methanol. The labels (A-F) refer to the configurations shown in
Fig. 3, and the normal modes are visualized in Fig. S13.

These experiments support the assignment of the 1711 cm ™! peak
to the formation of the acetyl functional group on the Ir>* complex.

The final change in the ATR-FTIR spectra upon the exposure of
Mel to the Ir—La/C catalyst is the disappearance of the 1972
cm~! peak (Fig. 5a). Based on the DFT-calculated vibrational fre-
quencies for the [IrMe(CO),l5]~, [IrMe(CO)sl;], and [IrAc(CO).l3]~
configurations (Fig. 3 B/C, E, and F, respectively), the oxidative
addition of Mel to the Ir—La complex results in an average blue
shift in the symmetric and asymmetric CO stretch frequencies by
~27 and 47 cm™!, respectively, relative to the [Ir(CO),I,] configu-
ration. The ~1.8 times greater blue shift in the asymmetric CO
stretch peak compared to the symmetric CO stretch peak places
the two peaks closer in proximity to each other. This suggests that
the disappearance in the 1972 cm~! peak observed experimentally
is caused by an overlap between the two CO stretch peaks. The fast
disappearance of the 1972 cm™! peak in the experimental spectra
after 1 min indicates that the oxidative addition of Mel is fast,
which is consistent with the promoted homogeneous system [21].

The role of La in this catalytic reaction was further investigated
by measuring the IR spectra using an identical procedure for an Ir/C
catalyst with an equivalent amount of Ir (Fig. S15). The spectra
comparisons showed that the dominant structures on the Ir/C
and Ir—La/C catalysts after the introduction of Mel are the



420 AJ.R. Hensley et al./Journal of Catalysis 361 (2018) 414-422

[IrMe(CO)sl] and [IrAc(CO),I5]~ configurations, respectively. These
results confirm the theoretical prediction in Fig. 4 that the La pro-
moter accelerates the CO insertion step (Fig. 3E to F), consistent
with the behavior of the promoted homogenous catalyst [15].

Overall, through the use of DFT and ATR-FTIR, the Mel carbony-
lation mechanism for the Ir—La/C heterogeneous catalyst was
determined to be similar to that of the promoted homogeneous
catalyst - with La acting as an iodine acceptor to accelerate CO
insertion. Furthermore, the [IrAc(CO),I3]” species was found to
be a rate controlling intermediate over the Ir—La/C heterogeneous
catalyst.

3.3. Surface binding site for the Ir—La complex

Since the activity and mechanism for carbonylation over the
Ir—La/C catalyst relies on the isolation of the Ir—La complex on
the activated carbon support, identifying the immobilization site
for the complex is a key factor in the further design of such
single-site heterogeneous catalysts [11]. As a computational model
for the interaction between the complex and the carbon surface,
the catalyst in the open cis configuration was adsorbed on pristine
graphene (Fig. 6a). The structure of the Ir—La complex remains
unchanged during the adsorption and the large distance of approx-
imately 5.31 A between La and the surface indicates there are no
interactions between them. This is consistent with the weak bind-
ing energy of only —16.2 kJ/mol. Thus, this structure cannot
explain the long-term stability of the catalyst observed in the
experiment [11] and the basal plane of the carbon support is there-
fore not the main adsorption site.

LW
D
O

(b)

d

Fig. 6. Adsorption of the open cis configuration of the catalyst on the (a) pristine
graphene surface and (b) AGNR-OH surface. Due to the formation of hydrogen
bridges between the terminating hydroxy groups, the edge of the AGNR-OH is
corrugated. Sphere colors are identical to those shown in Fig. 1.

Various oxidizing surface sites, e.g. defects [36,61], edges, or
adatoms like oxygen [62], can be found on the activated carbon
surface, which can act as potential binding sites for the Ir—La com-
plex. With La showing an affinity to oxygen, the adsorption of the
Ir—La complex on OH-passivated armchair-graphene nanoribon
(AGNR-OH) was investigated in order to simulate the oxidized
edge sites likely present on the activated carbon support. The opti-
mized structure for the open cis Ir—La complex adsorbed on the
AGNR-OH surface is shown in Fig. 6b. Due to the formation of a
chemical bond between La and the surface oxygen on the AGNR-
OH surface, the binding energy of —227.94 kJ/mol for the Ir—La
complex on AGNR-OH is much larger than on pristine graphene.
Additionally, the strong interaction with the surface is apparent
as the La-O distance is only 2.48 A between the surface oxygen
and La as opposed to the 2.54-2.65 A La—O distance between the
water ligands and La. Therefore, the Ir—La complex is expected to
attach to the carbon support through the surface oxygen species
bound to the La.

The attachment of the Ir—La complex to the carbon support
through an oxygen functional group was confirmed using ATR-
FTIR. The addition of the Ir—La complex to the activated carbon
support only affects the peaks in the C—0 bond adsorption region
from 1000 to 1300 cm ™! (Fig. S17). As shown in Fig. 7a, the apex of
the C—0 band shifts from 1244 cm™! to 1210 cm™!, implying that
the C—0 bond is involved in anchoring the Ir—La complex as pre-
dicted from DFT. Based on a deconvolution of this region
(Fig. 7b), we propose that the Ir—La complex is bound to the carbon
support via a broken C—0—C ether bond (assigned based on the
peaks at 1244 and 1143 cm™!) [63], which is corroborated by the
emergence of a new broad band at 1068 cm™! due to the adsorp-
tion of the Ir—La complex and formation of a C—0—La bond.

3.4. Promoter effect

From our mechanistic studies, we have determined that the
most likely carbonylation mechanism over the Ir—La/C catalyst
involves the La promoting CO insertion by abstracting an iodine
from the active Ir center (Fig. 3). This mechanism differs signifi-
cantly from that proposed previously on Ir—La/C [11], where La
acts as a Lewis acid by bonding to the Ir center via a CO ligand
(Fig. S5). This assertion was based on: (1) the most common bond-
ing method of lanthanides and transition metal carbonyls (i.e.
Ln-OC-M, where Ln =lanthanide, M = transition metal) [64,65]
and (2) the linear relationship between the activity of an Ir-X/C
catalyst and the electronegativity of X (where X = promoter metal)
[11]. Our DFT results show that the formation of the La-OC-Ir
complex is unlikely due to the endothermic formation energy of
~77 kJ/mol (Fig. S5) and lack of agreement between the ATR-FTIR
and DFT generated IR spectra for the stable intermediates in this
mechanism (Fig. S10).

While we have ruled out the possibility of the La and Ir bridging
within the Ir—La/C catalyst via a CO ligand, the effect of the second
metal’s (i.e. La) electronegativity and iodine affinity relative to the
Ir center is likely to be a crucial factor in the promotional effect of
the second metal. For the fast insertion of CO into the Ir-methyl
bond, one of the iodine ligands must be abstracted from the Ir cen-
ter (Fig. 3). Considering this effect alone, we would expect that an
effective promoter metal would be one that had a lower elec-
tronegativity and higher iodine affinity than Ir in order to draw
an iodine ligand away from the Ir center. Additionally, the transfer
of the iodine ligand from the Ir center results in an increase in the
formal charge on the overall Ir complex from —1 to 0. This suggests
that in abstracting the iodine ligand from the Ir complex, the
La complex has pulled charge from the Ir complex and is therefore
acting as a Lewis acid, which is consistent with the previous
work [11].
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Fig. 7. ATR-FTIR spectra and their deconvolution for pure activated carbon (C) and
Ir—La/C catalyst after syngas pretreatment (CO:H, =4:1) at 513 K and 1 bar (a). The
area of each deconvoluted peak from panel (a) are normalized to the area of the
1200 cm™! peak (b). Here, the 1244 and 1143 cm™! peaks were assigned to the
symmetric and asymmetric vibrations of C—0—C ether bonds, respectively,[63]
while the 1200 cm~! peak was assigned to the surface C—H bending vibration and
C—O0 vibration in ester species [50,55]. Since the C=0 absorption peak remained
unchanged, the ester and its C—0 absorption peak should be stable, and considering
the instability of a direct metal-carbon bond (Fig. 6a) it is unlikely that the C—H
bond is broken by Ir—La to replace the H atom. Therefore, we speculate that the
1200 cm ™! peak would not change and that said peak could be used as an area
benchmark, as done in panel (b).

One additional effect to consider is the dispersion of the Ir—La
complex on the support. As the mechanism determined here for
the heterogeneous Ir—La/C catalyst is similar to that of the
homogeneous-promoted Ir catalyst, it stands to reason that iso-
lated Ir atom sites are required in the heterogeneous catalyst.
Due to the high affinity of La for oxygen, the La was found to be
the surface attachment site for the Ir—La complex (Fig. 6). This sug-
gests that the oxygen affinity of the promoter can be used to obtain
greater dispersion of Ir atoms on the support and thus is a signifi-
cant factor in the performance of a promoted Ir heterogeneous
catalyst.

4. Conclusions

In summary, using a combination of DFT and ATR-FTIR, we have
determined the structure and the corresponding methanol car-
bonylation mechanism for a single-site heterogeneous Ir—La/C cat-
alyst. Based on our results, we propose that the promoter effect of
La in this system is two-fold: (1) atomically dispersing the Ir cen-
ters on the activated carbon support and (2) acting as a Lewis acid
relative to the Ir center and abstracting an iodine from the Ir,
thereby accelerating the CO insertion step. The similarities
between the mechanism and promoter effect for the heteroge-
neous Ir—La/C catalyst to the homogeneous-promoted Ir catalyst,
i.e. the accelerated insertion of CO via the abstraction of an iodine
ligand, shows that this heterogeneous system provides a bridge

between the two paradigms. Overall, this work provides insight
into the atomistic-level structure and behavior of the single-site
Ir—La/C catalyst that can be used to further design and optimize
heterogeneous catalysts for the carbonylation of methanol.
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