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ABSTRACT: Single-atom catalysts supported on metal—organic \?,;_1 Ethylons Dim:r;:tio:on NPNU-1000 |

frameworks have attracted growing attention over the past few ==

decades, as have theoretical studies on these systems. While - - density functionals [ vee

accurate predictions are highly desirable for improved mechanistic HOeT
understanding and catalyst design, benchmarks on methodologies
employed for such systems remain limited. In this work, we present

a comprehensive evaluation of computational models and various
density functionals for catalytic ethylene dimerization on a Ni |z
single-atom catalyst supported on NU-1000. We elucidate the S: XX
nature of the mononuclear Ni sites and their catalytic trans- el 44
formations along the reaction pathway via the Cossee-Arlman
mechanism. We assess the adequacy of truncated cluster models W“% N N

and the accuracy of different density functionals by comparing

them with the highly accurate yet computationally demanding periodic model and the DLPNO—CCSD(T) method, respectively.

PBE
PSS

1. INTRODUCTION consist of inorganic nodes, organic linkers, and incorporated
active sites, pose a great deal of technical challenges in the
modeling of such materials.

The first challenge is to choose a meaningful representation

In the past decades, metal—organic frameworks (MOFs) have
drawn considerable attention in a wide variety of applications,
especially in heterogeneous catalysis as catalysts per se or solid

supports for single active catalysts."”” The class of materials has of the catalytic system. An appropriate computational model
shown promising potential in bridging the gap between should include the accurate chemical environment of the
homogeneous and heterogeneous catalysts because of its catalytically active site as well as the confined steric
well-defined crystalline and highly porous structures and environment within a pore at which the active site resides.
versatile amenability to structural modifications. This is Meanwhile, the computational cost should also be considered
realized by integrating the catalytic environment of well- when choosing a model. Regarding this, cluster models, which
known homogeneous catalysts to either the metal nodes (i.e., account for partial or none of linkers’ steric effects, are more
secondary building units) or organic linkers of the MOFs. commonly used to explore catalytic mechanisms, as compared

The oligomerization process plays a vital role as it converts to periodic models, which are often employed to examine the
abundant ethylene, for example from shale gas or methanol-to- framework’s properties. Bernales and co-workers provided an
olefins processes, into linear a-olefins (LAO), which are early theoretical elucidation of the mechanisms of ethylene
important ingredients for the production of plastics, dimerization reactions over so-called Ni-AIM-NU-1000 and
surfactants, lubricants, and also aviation fuels.”™® Recently, Co-AIM-NU-1000 catalysts.'' In this study, DFT calculations
increasing efforts have been made to utilize single-atom were performed on a formate cluster model (where linkers
catalysts (SACs) supported on MOFs for selective ethylene were represented by formate groups). Based on these
oligomerization reactions.”” ' The zirconia-based MOFs, such calculations, the authors concluded that the Cossee-Arlmann

as NU-1000"* and UiO-66," are reportedly among the most
popular supports for ethylene oligomerization catalysts due to
their high thermal and chemical stability as well as catalytic
performance.'”"> Their popularity has been demonstrated in a
rising number of experimental and theoretical stud-
ies.'%' 14722 Computational methods have shown their
usefulness not only in shedding light on the mechanisms of
the reactions but also in guiding experimental explorations,
given the vast structural tunability of the materials. However,
the complex and extended structures of SACs in MOFs, which

pathway (linear insertion, Scheme 1) was the energetically
favorable mechanism. Later, Ye and colleagues'® employed
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Scheme 1. Schematic Illustration of the Cossee-Arlman
Mechanism for the Ethylene Dimerization Reaction on
Ni'-NU-1000

“The presentations of NU-1000’s ZrsOg node and organic linkers are
omitted for simplicity.

similar methods and models to screen various transition metal-
based SACs on the NU-1000 framework and demonstrated
that Ni""=NU-1000 was the most efficient catalyst for ethylene
dimerization, whereas Cr", Co",, and Pd" analogues could be
promising alternatives. Additionally, they pointed out that the
inclusion of steric effects (by representing linkers adjacent to
the active metal by benzoate groups) did not alter the free
energy profiles. Similar formate cluster models were recently
utilized to elucidate butene dimerization on UiO-66-supported
catalysts.””** A rare example where periodic models were used
for ethylene dimerization was a work by Ye et al,,'” in which
they compared catalytic activity on a single Ni atom and Ni,
cluster on NU-1000 and found that their activities toward
ethylene dimerization were essentially similar.'® The popularity
of formate cluster models can be justified by an implicit
assumption that the ethylene dimerization within MOF pores
is negligibly hindered by organic linkers, given the smaller sizes
of reactants and products when compared with a pore size.
This assumption, however, remains to be validated. We note
that for other reactions within MOFs, the utilization of
extended models is more common,”¥*° although cluster
models have also been shown to perform well.””

The second challenge in modeling reactions in MOF-based
catalysts lies in the choice of the electronic structure method.
So far, density functional theory methods have been employed
as the main “workhorse” due to their great balance between
cost and accuracy.”®” The aforementioned studies on NU-
1000-supported SACs employed either GGA or meta-GGA
functionals. Although DFT methods enable efficient explora-
tions of chemical space and screenings for potential catalysts,
they possess notorious limitations, particularly for systems
prone to self-interaction errors (SIEs) and strong correlation
effects,’® such as MOFs. The accuracy of the DFT results
depends on the choice of functionals, and thus a systematic
comparison of the performance of different functionals is
necessary. While DFT validations for catalytic reactions on
zeolitic catalysts and other transition-metal-based systems are
widely available,”' ™*° such benchmarks remain scarce for
MOF-based catalysts.27’37_39 In recent work, when bench-

marking the performance of 22 density functionals against
experimental ethylene hydrogenation activation energies,
Dohrmann et al. pointed out that in general, DFT methods
failed to reproduce the experimental trend.*”

Post-Hartree—Fock (post-HF) methods are expected to give
more accurate results, since they are free from SIEs and can be
systematically improved.** One of the most popular post-HF
methods is CCSD(T). This method has high accuracy for
systems where a single electronic configuration dominates,
such as closed-shell molecules."** It provides excellent
predictions for thermodynamic properties such as bond
dissociation energies,”’ enthalpies,** and free energies.*’
Unfortunately, CCSD(T) can be computationally expensive
when the molecular size increases, which limits its application
to larger systems. The domain-based local pair natural orbital
CCSD(T) or DLPNO—CCSD(T) is a cost-effective variation
of CCSD(T) that introduces localization approximations for
the most relevant electron pairs in a system to reduce
computational demands without significantly sacrificing
accuracy.’® Several studies have demonstrated a good agree-
ment between DLPNO—CCSD(T) with a tight threshold for
the electron interactions and canonical CCSD(T) in predicting
thermodynamic properties.”” However, the use of tight settings
for pair natural orbital (PNO) thresholds is important for
obtaining accurate thermodynamic values.**

In this study, we revisit the ethylene dimerization reaction
on a Ni(II) SAC supported on NU-1000 (hereafter termed
Ni"—NU-1000) via the Cossee-Arlman mechanism pathway.
We aim to address the two aforementioned challenges,
selecting the optimal computational model and determining
the method for solving the electronic structure problem.
Specifically, we compare the performance of different models
at the GGA-DFT level to evaluate the effects of linkers on the
stability of the stationary structures and the reaction’s
energetics. To improve the description of electronic structure
energy, we devise a hybrid hierarchical cluster approach®**~°
to correct the relevant parts of the periodic model to the
DLPNO-CCSD(T) level. We benchmark the performance of
MP2 and 10 different DFT functionals with D3 correction,
ranging from GGA (PBE’’), meta-GGAs (TPSS,”® M06-L*")
to hybrids (TPSSh,”” PBEO,"" @B97M,*> M06,”* BHandH-
LYP,** M06—2X,°° and B3LYP®), within the correction
scheme against the DLPNO—CCSD(T) energies. Although
the benchmark has been done specifically for the ethylene
dimerization reaction, we expect the findings from our study
could generally be beneficial for similar catalytic reactions
sharing similar critical steps, such as hydrogenation, C—C
bond formation, or isomerization.

2. METHODOLOGY

2.1. Models. For the periodic calculations in this study, we
adopted a unit cell of NU-1000 with the dimension of 39.90 A
X 39.90 A x 16.50 A, with @ = # = 90° and y = 120°, which are
in good agreement with the experimental crystallographic
parameters of 39.39 A X 39.39 A X 16.48 A reported by Planas
et al.% This unit cell includes three ZrOy clusters with
staggered mixed proton arrangements,”” on one of which a Ni
atom is deposited. All atoms are allowed to relax during
geometry optimizations.

Throughout this study, we employed several cluster models
for different tasks. For exploring reaction mechanisms and
assessing the performance of cluster models, shown in Section
3.1 and Section 3.2, we used the formate and benzoate models,

https://doi.org/10.1021/acs.jpcc.5c05954
J. Phys. Chem. C 2025, 129, 22377-22389


https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05954?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c05954?fig=sch1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c05954?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

where the organic linkers were represented by formate and
benzoate groups, respectively.

As discussed in Section 3.2, for the benzoate model, we
assessed two approaches: (i) assuming rigidity of the linkers by
fixing the positions of the linker’s carbon atoms or (ii) allowing
partial flexibility of the linkers by constraining only para-
carbon atoms in the phenyl rings to maintain the pseudo-
lattice of the crystalline framework. In the formate model, the
carbon atoms of the formate ligands were frozen during
geometry optimization. All frozen atoms in both models were
fixed to their respective positions in the optimized periodic
NU-1000 structure described above. In the correction scheme
in Section 3.3, several models, namely, formate and small
models truncated from the respective periodic structure, were
employed to calculate different components of the correction
formula. More details on the construction of these small
models and the corresponding calculations are given in Section
S4.

2.2. Computational Details. 2.2.1. Optimization and
Free Energy Calculations. All the calculations in Section 3.1
and Section 3.2 were conducted using the Perdew—Burke—
Ernzerhof (PBE) functional’” with Grimme’s D3 dispersion
correction.®®® The calculations with the periodic model were
conducted in the Vienna Ab Initio Simulation Package (VASP)
code.””””* The Kohn—Sham equations were solved variation-
ally in a plane-wave basis set by using the PAW method of
Blochl, as adapted by Kresse and Joubert with standard PAW
potentials. A plane wave energy cutoff of 520 eV was used. The
Brillouin zone was sampled at the I'-point. Convergence
criteria of 107° eV and 0.01 eV A™" were applied to SCF cycles
and geometry optimizations, respectively, of all the inter-
mediates and transition states (except for TS3—4, where a
threshold of 0.02 eV A™' was used). The calculations with
cluster models presented in Section 3.1 and Section 3.2 were
done with the ORCA 5.0.3 program package’* using PBE-
D3(BJ), as used for the periodic model. The def2-TZVP basis
set was applied for all atoms. Additionally, the effective core
potentials were used for the Zr atoms.

For the periodic model, partial Hessian matrices were
obtained numerically for part of the system resembling the
formate model (without the additional hydrogen atoms), using
the finite difference method in VASP with displacement steps
of 0.01 A. The resulting vibrational information was used for
computing the thermochemical properties of the periodic
model and the correction scheme, whereas analytical frequency
calculations were performed for the finite cluster models to
achieve their respective thermochemical properties. All
eigenvalues for intermediates were confirmed to be positive,
while each transition state was ensured to have exactly one
negative eigenvalue. With exceptions with the rigid benzoate
model, where an additional imaginary frequency corresponding
to the hindered rotation of a constrained benzoate ligand was
found for the structures. The harmonic oscillator approx-
imation was employed to compute the thermochemical
properties for intermediates and transitions. For gas-phase
molecules, additional rigid-rotor and free-translator approx-
imations were also applied.

2.2.2. Correction in the Hierarchical Cluster Approach.
The correction scheme was implemented using the DFT, RI-
MP2, and DLPNO—CCSD(T) methods,* as realized in the
ORCA 5.04 program package.”* Formate models of all
intermediates and transition states were extracted from
respective optimized periodic structures. Hydrogen atoms

were added to saturate dangling bonds, and their positions
were optimized at the PBE-D3(BJ)/def2-TZVP level.”” Single-
point energy calculations were performed on the optimized
formate structures using the investigated methods.

In our hierarchical cluster approach, the corrected energy is
calculated using a general form of eq 8, given as

EX — EPBE-D3 | ApX )

pbc cluster

where EX is the energy corrected to the theory level X, Eﬁff’m

is the energy calculated using the periodic model at the PBE-
D3 level, and AE X op — EEEDS gives the correction

X
cluster cluster cluster

from theory level X on the formate cluster. The

EBL](SEEO_CCSD(T) term needed to obtain the reference energy

is calculated via

DLPNO-CCSD(T) _ HF/CBS + ECCSD(T)/hybrid
cluster — cluster cluster
MP2:DLPNO MP2/CBS
+ AEcluster + AEcluster (2)
where ESE/CPS is energy at HE/CBS (extrapolation of def2

basis set family for cardinal numbers 3,4 using coeflicients from
Neese et al.”® as it is encoded in ORCA), EGCSD(T)/bybrid j¢ the
correlation energy of the coupled-cluster singles and doubles
with the perturbative triples method, respectively, at the
DLPNO-CCSD(T) level using the def2-QZVPP/def2-TZVP
hybrid basis set (see details in Section S4), AENPEPLPNO j¢ the
DLPNO truncation difference between MP2/def2-QZVPP
and DLPNO-MP2/def2-QZVPP, and AEMPYCBS s the CBS
extrapolation difference between MP2/def2-QZVPP and
MP2/CBS.

For benchmarking DFs, various functionals were considered,
including PBE, M06-L, TPSS, TPSSh, B3LYP, PBE0, wB9I7M,
MO06, BHandHLYP, and MO06-2X. Single-point calculations
were carried out for each functional, all utilizing the def2-
QZVPP basis set, with D3(BJ) (in the case of the M06 family,
D3zero) dispersion corrections applied for improved accuracy
for noncovalent interaction. We note in passing that the results
obtained from MO06-L, with and without dispersion correction,
are virtually identical, showing slightly larger deviations for

desorption barriers than for reaction barriers (Table S11).

3. RESULTS AND DISCUSSION

This section is structured as follows: First, we revise the
Cossee-Arlman mechanism for the ethylene dimerization
reaction on Ni'=NU-1000, highlighting the intricate coordi-
nation environment of the active metal sites and the role of
agostic interactions. Then, we assess the performance of cluster
models, namely, the formate and (rigid and pseudorigid)
benzoate models, against the periodic counterpart at the PBE-
D3(BJ) level. Afterward, we benchmark the performance of the
MP2 method and several DFT functionals against the highly
accurate DLPNO—CCSD(T) results.

3.1. Revised Cossee-Arlman Mechanism. The well-
known Cossee-Arlman mechanism has long been posited as
the dominant mechanism for ethylene dimerization catalyzed
by nickel-based homo- and heterogeneous catalysts. The
dimerization reaction on Ni'=NU-1000 was also widely
reported to follow this linear chain growth pathway.'"'® A
schematic overview of this mechanism is shown in Scheme 1.
In this subsection, we present a detailed analysis of the Cossee-
Arlman dimerization mechanism on the Ni(II) SAC supported
on NU-1000’s zirconia nodes, considering two possible
structures of Ni sites. The mechanistic results given in this

https://doi.org/10.1021/acs.jpcc.5c05954
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Intermediate 1

Intermediate S1

AE =0.0

AE = -17 kJ mol”

Figure 1. Two configurations of the [Ni-ethyl] structure: intermediate 1 (left) at the Ni"'O,-type active site and intermediate S1 (right) at the
Ni""O;-type active site, together with their relative electronic energies. Representative chemical elements are represented by specific colors: Zr
(cyan), Ni (green), O (red), C (brown), and H (light pink). The bond length and interatomic distances are given in pm.

Figure 2. Key stationary structures involved in the ethylene dimerization reaction on the Ni"O,-type active site calculated at the PBE-D3(BJ)/def2-
TZVP level using the formate cluster model. Representative chemical elements are represented by specific colors: Zr (cyan), Ni (green), O (red), C
(brown), and H (light pink). The bond length and interatomic distances are given in pm.

subsection are explored using the formate cluster model
(Figure 3c) at the PBE-D3(B])/def2-TZVP level.

We discovered that there could exist two types of active sites
in the Ni""=NU-1000 catalyst, in both of which the Ni center
shows preferences for square planar configurations (Figure 1).
The first type, hereafter termed the Ni"O,-type, corresponds
to a more accessible active site where the Ni center is
coordinated with two terminal hydroxo ligands, leaving space
for two other coordinations. A representative structure of this
type is intermediate 1, which involves an agostic interaction

between one f-hydrogen and the Ni atom, forming a bridging
ethyl structure. Alternatively, the active site can reside closer to
the ZrsOg node (with shorter Ni—O bonds), coordinating with
three y—OH groups (thus referred to as Ni"O-type) and one
or two additional ligands (e.g, a terminal ethyl group in
intermediate S1). Based on the Gibbs free energy profiles for
the dimerization reaction on the two types of Ni active sites
(Figure S1), it is found that the Ni"O,-type sites exhibit higher
activity compared to their Ni''O; counterpart. The enhanced
activity is evident from the lower activation energies for the

https://doi.org/10.1021/acs.jpcc.5c05954
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Figure 3. Three models used to simulate the catalytic performance of Ni’~NU-1000. (a) Visualization of the MOF structure and the unit cell used
for the periodic model consisting of three ZrsOg nodes and one Ni active site, calculated in VASP; (b) benzoate model (the red crosses denote the
para-carbon atoms being fixed in the pseudo-rigid variant); (c) formate model calculated using ORCA. In the visualization, different chemical
elements are represented by specific colors: Zr (cyan), Ni (green), O (red), framework C (gray); reactive C (brown), and H (white).

ethylene insertion and f-hydride elimination reactions in the
former site, which is primarily due to its increased accessibility
and ability to maintain nickel's favorable square planar
geometry throughout the catalytic cycle. Hence, we present a
detailed analysis of the Cossee-Arlman mechanism on the
Ni''O,-type active site (see Section S1 in Supporting
Information for discussion on Ni''Os-type).

Figure 2 depicts the structures involved in the ethylene
dimerization reaction on Ni"O,-type active sites in the Ni'—
NU-1000 catalyst. The corresponding free energy profile is
given in Figure S1. The catalytic cycle begins with the [Ni-
ethyl] species involving a bridging Ni—H agostic interaction
(intermediate 1). This contact is readily broken upon the
approach of an ethylene molecule, forming a stable square
planar z-complex 2 with an adsorption energy of —47 kJ mol".
This structure is 38 k] mol™ more stable than the five-
coordinated structure reported earlier.'”'” The ethylene
insertion takes place through a transition state TS2—3 with
coordination analogous to intermediate 2. The activation free
energy for C—C bond formation is about 84 kJ mol™". The
tetracoordinated square Ni configuration is maintained in the
[Ni-butyl] species 3 by the formation of a f-agostic hydrogen
bridge, making this structure poised for the subsequent
hydrogen elimination. The hydrogen abstraction requires an
activation free energy of 33 kJ mol™', with the transition
structure TS3—4 resembling the square planar hydride product
[H—Ni—But] 4. Alternatively, the 1-butene product can be
generated via a hydrogen transfer step in a [Et—Ni-butyl]
species, producing [ethyl-Ni-But]. However, the barrier for this
transfer is considerably higher than that of p-hydrogen
elimination and will not be discussed further.

Following the hydrogen abstraction, newly formed 1-butene
is released either via direct desorption or substitution with
another ethylene molecule. An effective desorption barrier (i.e.,
3 —> 5) of 62 k] mol™" is found for the direct route, while the
latter route is energetically preferred by 23 kJ mol™" at 298.15
K. This can be explained by the bare Ni-hydride species §
undergoing structural transformation to a Ni"Os-type config-

uration in order to retain the square planar environment, which
makes it unstable and leads to a considerable desorption
energy. By contrast, the structure with an additional
physisorbed ethylene Sa is more stable because the [H—Ni—
But] structure is preserved and the stabilizing dispersion effects
are induced by the organic linkers. It is worth noting that such
a desorption preference is entropy-dependent and relevant
only at low temperatures and increased ethylene loadings (i.e.,
high ethylene pressures). The former route becomes dominant
at temperatures above 380 K in ambient pressure (Figure S3).
Finally, the active Ni-ethyl species is readily regenerated via
ethylene hydrogenation (5 — 1) with a negligible activation
energy of 6 kJ] mol™' and available to re-enter the cycle.

We note that for the reaction on this active site, the -agostic
interactions play a key role in maintaining the square planar
environment in undercoordinated intermediates as well as in
facilitating the product formation via hydrogen elimination.
However, intermediates involving an agostic bond are less
stable than those without them. In particular, the Ni"O;-type
intermediate S1 (Figure 1) is more stable (AE = —17 kJ mol ™!
and AG = —14 kJ mol™") and, therefore, is more populated
than the more active intermediate 1 (>300 times). The
increased ethylene loadings (i.e., high ethylene pressure) could
help to prevent the active intermediate 1 from restructuring
into the S1 structure by shifting the equilibrium 1 = 2 to the
right, improving the catalyst’s performance. Such an ethylene
pressure dependence of the reaction rates was obtained
experimentally for the Zrg-based Ni/UiO-66 catalyst."* The
increased mobility of Ni active sites regarding to excessive
ethylene molecules was also observed for ethylene dimerization
on Ni-SSZ-24 zeolite.””

Under the enel;getic span approximation proposed by
Kozuch and Shaik,”® the intermediate 2 and transition state
TS2—3 are the TOF-determining intermediate (TDI) and
TOF-determining transition state (TDTS), respectively.
Consequently, the C—C coupling step is the rate-determining
state of the reaction. Note that the direct desorption state,
whose effective activation free energy is 24 k] mol™" lower than

https://doi.org/10.1021/acs.jpcc.5c05954
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that of the C—C coupling step, could potentially be an
alternative rate-determining state, given the uncertainty in PBE
energetics and inadequacy of the formate model. Therefore,
despite being energetically less favorable at 298.15 K at the
PBE-D3(BJ) level, this barrier will be considered in the
following benchmarking of simulation models and density
functionals, along with its substitutive counterpart and other
TS-involved barriers.

3.2. Performance of Three Models. In Section 3.1, we
employed a cluster model to thoroughly explore the nature of
the active sites and the reaction mechanism. The use of
truncated cluster models is widespread in the investigation of
catalytic reactions in,””*" as it not only provides a computa-
tionally efficient approach to sampling the reaction network
but also allows for high-level method treatments, often
improving the electronic description. However, it should be
noted that truncating a periodic model into a molecular cluster
often leads to perturbed electronic properties and missing
steric effects, especially when an improper truncation is made.
Therefore, it is necessary to assess the performance of the
common cluster models with respect to their extended periodic
counterpart. For this, we employed a periodic model whose
unit cell consists of three metal nodes, with the Ni active site
residing on one of the nodes (Figure 3a) as the reference
model. Using this model, we expect the steric effects to be fully
captured. Two cluster models of the ZrsOg-based catalysts
were evaluated, namely, the benzoate and formate models, in
which the metal node and the active metal center were
explicitly represented, while the organic linkers were truncated
to benzoate or formate groups, respectively (Figure 3b,c). To
preserve the rigidity of the framework, all carbon atoms of the
benzoate and formate ligands were fixed to their positions, as
in the optimized periodic NU-1000 structure. Here, the steric
influences from the bulky linkers are assumed to be partially
accounted for in the rigid benzoate model while completely
ignored in the formate model. Alternatively, one can fix only
positions of para-carbon atoms of the phenyl groups in the
benzoate model, resulting in the so-called pseudo-rigid
benzoate model. This model allows the aromatic rings to
rotate, mimicking the linkers’ flexibility in the extended model,
while retaining the pseudo-lattice of the MOF structure.®

For evaluating models’ performances, we compare the
activation energy of the following five steps/states that are
mechanistically relevant for the ethylene dimerization catalyzed
on Ni"'=NU-1000:

1. C—C coupling
[Et-Ni-ethyl] — [Ni-butyl],

AAE] = AE(TS2-3) — AE(2) 3)
2. f-H elimination
[Ni-butyl] — [H-Ni-But],

AAE} = AE(TS3-4) — AE(3) 4)
3. Direct but-1-ene desorption
[Ni-butyl] — [Ni-H] + C,Hg,),

AAE} = AE(S) + AE(C,H,) — AE(3) (s)

4. Substitutive but-1-ene desorption

[Ni-butyl] — [H-Ni-But] + C,Hgy),

AAE} = AE(5a) — AE(3) (6)
S. Ethylene hydrogenation
[H-Ni-Et] — [Ni-ethyl],

AAE} = AE(TS6-1) — AE(6) (7)

where (g) and (ph) subscripts denote the gas-phase and the
physisorbed molecules, respectively. Table 1 presents these

Table 1. Electronic Energy Barriers in k] mol ™" at PBE-D3/
def2-TZVP or PBE-D3/PP for the Most Important
Mechanistic States Calculated from eqs 3—7 Using Different
Simulation Models

pseudo-rigid rigid
reaction pbc benzoate benzoate  formate

C—C coupling 82 79 78 83
S-H elimination 40 44 45 30
ethylene 8 12 9 4

hydrogenation
direct desorption 129 123 128 121
substitutive =5 -2 -3 -1

desorption

energy barriers predicted at the PBE-D3(BJ) level (see Figure
S4 and Table S1 for the relative energy profile and full
energetic data). The Gibbs free energy barriers can be obtained
using equations analogous to eqs 3—7, with G replacing E. It is
worth noting that the free energies of desorption are largely
dependent on the entropic effects, whereas those of elementary
reactions (i.e., involving TS) are less sensitive to entropy. As a
result, the desorption activation energies reported in Table 1
differ substantially from their corresponding free energies
(Table S2). However, comparing these models based on their
free energy data at a given temperature is not straightforward.
To ensure a consistent comparison across models, we focus on
the activation energies rather than the activation free energies.
Nevertheless, for completeness, we also present the free energy
profiles at 298.15 K in Figure S5.

In general, all examined cluster models yield results that are
comparable to those of the extended model with mean
absolute deviations typically smaller than 4 kJ mol™.
Consequently, the overall reaction mechanism is well
reproduced by these truncated models. This consistency
probably reflects the localized nature of the electronic structure
in the Ni"—NU-1000 system, suggesting that truncation of the
periodic structure does not significantly perturb its electronic
properties. However, in some cases, deviations are non-
negligible. In addition to truncation-induced electronic errors,
another source can be varying degrees of steric interactions
associated with each model. To evaluate the impact of the two
factors, we further examine the deviations across the three
cluster models. The most notable differences in the activation
energies are observed for f-hydride abstraction and direct
desorption predicted by the formate model. This smallest
model underestimates the two barriers by 10 and 8 kJ mol ™/,
respectively. This underestimation arises primarily from the
model’s failure to account for the dispersion interactions
between the Ni-butyl fragment and the ligand environment in
intermediate 3, which associates with both barriers (Table S1).
As a result, the stability of intermediate 3 is overestimated by 7

https://doi.org/10.1021/acs.jpcc.5c05954
J. Phys. Chem. C 2025, 129, 22377-22389


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c05954/suppl_file/jp5c05954_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c05954/suppl_file/jp5c05954_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c05954/suppl_file/jp5c05954_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c05954/suppl_file/jp5c05954_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c05954/suppl_file/jp5c05954_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c05954?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

k] mol™!, which translates to an underestimation of associated
barriers by the same amount. A closer examination of the
stability of adsorbed intermediates (Table S1) further
underscores this limitation of the formate model, as its
predicted energies are generally higher than those of the
periodic model, particularly for sterically demanding structures.
Therefore, the errors in activation energies of cluster models
are more likely attributable to the inadequate description of the
steric environment.

Increasing the steric effects in the cluster model (i.e., by
including linker’s benzene rings) improves the energy
predictions. In particular, the rigid benzoate model yields
reaction barriers that deviate within 5 kJ mol™ from those
obtained using periodic boundary conditions, with a MAD as
low as 2.5 kJ mol™". Further improving the ligands’ flexibility
using the pseudo-rigid model does not enhance the electronic
description, as highlighted by the prediction for the direct 1-
butene desorption, with a deviation of 6 k] mol™". Nonetheless,
both benzoate models outperform the formate model. This
improved performance can be ascribed to their enhanced
ability to capture dispersion interactions, as demonstrated in
the dispersion corrections that are closer to those of the
periodic model (Table S3). While both benzoate models give
comparable accuracy in electronic energy prediction, the
pseudo-rigid variant offers a practical advantage, as it is often
free from residual imaginary frequencies corresponding to
vibrational modes coupled to the constrained ligands. This
issue, common when rigid models are used, often leads to
inaccurate thermochemical results obtained via harmonic
oscillator approximation. Therefore, the pseudo-rigid benzoate
model can be considered to be a more suitable and reliable
representation of the Ni"=NU-1000 catalyst for this reaction.

3.3. Performance of Density Functionals. While the
periodic model is capable of capturing the full steric effects on
the reactive regions, it is largely limited to the use of GGA
functionals. On the other hand, as shown in Section 3.2, the
electronic structure of the Ni'—NU-1000 system is highly
localized, implying that predictions’ accuracy can be enhanced
by treating the most catalytically important region of the
system with a more accurate method. To this end, we
corrected the energy predictions to the coupled cluster level by
employing the DLPNO—CCSD(T) method on the formate
cluster truncated from the corresponding periodic structure
(c.f,, Sections 2 and S4). This constitutes a hierarchical cluster
approach, which has been commonly adopted for zeolitic
systems.”**¥**7>3 Our hierarchical approach can be consid-
ered an “ideal model” for obtaining highly accurate results in
MOF-based catalysis.*” With the coupled cluster results as a
reference, we aim to evaluate the performance of various
density functionals (DFs) within this approach for the ethylene
dimerization reaction. It is important to note the system under
investigation exhibits single-reference character (c.f,, Section
S3), and therefore, the DLPNO—CCSD(T) method should
serve as a reliable reference.

The reference values for the energies of intermediates and
transition states are given by

PBE-D3 cc
E= prc + AEcluster (8)
where ngf:m is the energy calculated using the periodic

model at PBE-D3 level, and AESS,.. = EBRLPNO-CCSD(T)  _

cluster cluster

EZRED? gives the correction from DLPNO—CCSD(T) on the

cluster
mentioned formate cluster (a detailed description of

[EDLPNO-CCSD(T)

Cluster is given the Section 2). The results from
different DFs under the hierarchical cluster approach were
obtained via an equation similar to that in eq 8, with the AE
term calculated for each respective functional. All absolute
electronic energy and relative energy values, taking inter-
mediate 1 as the reference (zero), obtained from the coupled
cluster reference method and various DFs, is tabulated in
Tables S8 and S9, respectively.

Figure 4a—c shows the accuracy of several DFs and the MP2
method in terms of mean absolute deviation (MAD) and mean
signed deviation (MSD), evaluated for the energies of
adsorbed intermediates, transition states, and all of the
stationary points along the reaction pathway, respectively.
The PBE functional systematically overestimates the stability
of both intermediates and transition states, yielding an overall
MAD of 14 kJ mol™!, with a larger MAD observed for
transition states (20 kJ mol™"). Most meta-GGA and hybrid
functionals provide reasonably accurate energy predictions,
with overall deviations generally below 11 kJ mol™'. Among
them, the best performing functionals are TPSSh, PBEO, and
MO06-L, whose overall MAD:s fall in the range of 5—6 kJ mol™".
Notably, increasing the fraction of exact exchange deteriorates
accuracy, as evidenced by the remarkably larger MADs of
approximately 30 kJ mol™' for BHandHLYP and M06-2X,
which contain 50 and 54% HF-exchange, respectively. The
MP2 method fails to provide reliable results for this
dimerization reaction, highlighting the important role of
higher-order electron correlation effects. The MSD data
further reveal systematic trends. The GGA and meta-GGA
functionals tend to underestimate the energies, while hybrid
functionals are more likely to overestimate them. Such
propensities are observed for both intermediates and transition
states.

It is worth noting that transition state energies are generally
more difficult to predict than adsorbed intermediates, as
demonstrated in larger MADs in all of the examined methods.
This observation is consistent with previous benchmarks on
other catalytic systems.”* However, the accuracy of activation
energy predictions often benefits from the fact that transition
states and corresponding intermediates have the same signed
deviations (both overstabilized and both understabilized),
resulting in the so-called error cancellations. Consequently, the
predicted energy barriers evaluated by a given functional may
be more accurate than the predictions for the relevant
transition states and intermediates. In order to elucidate this
point, we plot in Figure 5 the activation free energy values of
the important states discussed in Section 3.2 from some
selected DFs and the deviation statistics of all benchmarked
methods. Note that the same partial Hessians obtained at the
periodic PBE-D3 level were used to estimate the Gibbs free
energies for all DFs presented in Figure Sa, and therefore, the
deviations essentially stem from electronic energy differences
(see Figure S9).

As seen in Figure Sa, the GGA, meta-GGA, and hybrid
functionals with low proportions of HF exchange generally
yield more accurate C—C coupling barriers compared to those
with higher exchange contributions. The A-hydrogen elimi-
nation reaction is particularly challenging to model, as only
three functionals, namely, MO6-L, TPSSh, and B3LYP, are able
to reproduce the reference barrier within S kJ mol™". The GGA
and meta-GGA functionals tend to underestimate the barrier,
while hybrid functionals generally overestimate it. All selected
DFs perform reasonably well for the ethylene hydrogenation
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Figure 4. Accuracy of the MP2 method and different density
functionals for ethylene dimerization on Ni"—NU-1000 catalyst,
evaluated in terms of mean absolute deviation (MAD) and mean
signed deviation (MSD) with respect to the coupled cluster reference.
(ab) Deviations in energies of intermediates and transition states,
respectively, relative to intermediate 1; (c) Overall deviations, taking
into account all intermediates and transition states. The number
above each bar denotes the corresponding MAD (in kJ mol™"). All
DFT calculations were performed with the D3 dispersion correction.

reaction, aligned with the observation by Benali et al.*’ The
two desorption barriers are also challenging, with TPSSh
providing the most reliable predictions.

Figure Sb shows that TPSSh performs best in predicting
energy barriers, followed by MO06-L. B3LYP benefits
significantly from error cancellation in the TS-involved
barriers, achieving a remarkably low MAD* of 2 kJ mol™
despite its overall energy MAD of 10 kJ mol™" (Figure 4c).

Due to error cancellation, most of the DFs in Figure S are able
to offer a qualitatively correct mechanistic picture of the
ethylene dimerization reaction on Ni"—NU-1000. However,
when deviations of transition states and intermediates are of
different signs, one ends up with increased rather than reduced
deviations. For example, although the statistics for PBEO in
Figure 4 might suggest reasonable accuracy, the reaction
mechanism predicted by this functional deviates from the
reference. All PBEO barriers, except for hydrogenation, deviate
within the 10 kJ mol™' range, making mechanistic
interpretation inconclusive, considering the inherent uncer-
tainty of DFT.

The calculated reaction energies and barriers are often used
to predict reaction rates via kinetic models to compare
theoretical predictions to experimental results. To achieve the
best agreement with experiments, high accuracy in both
relative energy and barrier predictions is highly desirable.
Among the tested functionals, TPSSh and M06-L demonstrate
the best performance, with TPSSh slightly outperforming. This
finding supports the widespread use of the M06-L functional
for modeling catalysis in NU-1000 and other Zr-based
MOFs, 101,167,828

Finally, we plot in Figure 6 the Gibbs free energy profile at
298.15 K for ethylene dimerization on Ni''—~NU-1000 obtained
using the best DFT functional, identified in our benchmarking,
namely TPSSh. The ethylene insertion barrier remains the
rate-determining state with an activation energy of 77 kJ mol™".
The f-hydrogen abstraction activation energy is moderate (41
kJ mol™") while the hydrogenation barrier is readily overcome.
The desorption of the 1-butene is expected to occur via
substitution of an incoming ethylene molecule, while a direct
desorption is nearly 15 kJ mol™" less preferred.

Our most accurate DFT activation free energy for the rate-
determining state is approximately 20 kJ mol ™" higher than the
MO6-L values reported in literature using cluster models."""”
The discrepancy in computational values, however, arises
mainly from a new stable structure identified for intermediate
2, rather than from differences in the accuracy of the
computational method. The Ni SAC supported on NU-1000,
while still active for ethylene dimerization, exhibits lower
activity than previously predicted. To further compare with
previous theoretical and experimental data, we compute
turnover frequencies (TOFs) at 298.15 K and 1 atm using
the energetic span approximation78 via

TOF = kB—Texp(ﬁ)

h RT 9)

where G is the energetic span, which, for our reaction, is the
activation free energy of the rate-determining state, kg is the
Boltzmann constant, h is the Planck constant, R is the gas
constant, and T is the temperature. The results predicted by all
examined methods are listed in Table S10. The coupled cluster
approach predicts a TOF of 260 h™', in great agreement with
the experimental value of 252 h™,'® while our best functional,
TPSSh, also provides a reasonable prediction of 612 h™". These
values are 3 orders of magnitude smaller than those previously
predicted in the literature.'®

4. CONCLUSIONS

In this study, we have thoroughly investigated the ethylene
dimerization via the linear insertion pathway (Cossee-Arlman
mechanism) on a Ni single-atom catalyst supported in NU-
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Figure 5. (a) Comparison of activation free energies in k] mol™"' of important mechanistic states estimated by several selected DFs within the
hierarchical cluster approach. (b) Accuracy of MP2 and DFs in terms of mean absolute deviation (MAD) and mean signed deviation (MSD) with
respect to the coupled cluster reference. The MAD* and MSD¥* consider only the TS-involved barriers, whereas MAD and MSD represent the
deviations for the five barriers discussed in Section 3.2. The number above each bar denotes the corresponding MAD (in kJ mol™"). All DFT
calculations were performed with the D3 dispersion correction.

Ethylene Dimerization on Ni-NU-1000 at 298.15 K (TPSSh)

TS2-3 TS3-4 TS6-1
60
40
40
20 direct desorption
_ 53
T 0 +C,H, 13
g - C4Hg + C,H,
% -20
G -37 m
I -40 *+ CoH, 35" B C,Hg
substitutive desorption
-60 P
-80 C-C coupling  B-H elimination hydrogenation
-100
1 2 3 4 5 (5a) 6 1+ C4Hg

Reaction Coordinate

Figure 6. Gibbs free energy profile at 298.15 K for the ethylene dimerization reaction on Ni"—NU-1000 obtained at the TPSSh-D3(BJ) level
within the hierarchical cluster approach. This profile is the most accurate result predicted by examined DFs with respect to the coupled cluster
reference. The framed values are the activation free energy for each reaction state, in which the asterisk denotes an effective desorption barrier,
defined in Section 3.2.
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1000 by DFT methods. We provide atomistic insights into the
nature of the mononuclear Ni sites and their catalytic
transformations along the reaction pathway. The adequacy of
truncated cluster models and the accuracy of different density
functionals in describing the reaction were benchmarked
against highly accurate and computationally demanding
models and methods, respectively.

Using a formate cluster model at the PBE-D3(BJ) level, we
have identified two stable motifs of the mononuclear Ni active
sites that could exist simultaneously on NU-1000s zirconia
nodes and catalyze the dimerization reaction via the Cossee-
Arlman mechanism. While the Ni"O; sites are energetically
more stable, the Ni"O, counterparts are catalytically more
active and, thus, act as the primary active sites. High ethylene
pressure and an f-agostic bond are found to play a key role in
preserving the square planar environment of the under-
coordinated Ni"O, catalyst across the catalytic cycle.
Furthermore, the agostic bond also facilitates the f-hydrogen
abstraction reaction in the Ni"O, sites. The ethylene pressure
also influences the desorption of the butene product at the
temperature of interest, as high pressure facilitates the
energetically favorable substitutive desorption.

The examined truncated models are all capable of providing
results that are in qualitative agreement with that of the
extended periodic model, which highlights the highly localized
electronic structure of the catalytic system and minimal role of
steric effects. The recovery of steric interactions, particularly in
spatially demanding structures, is enhanced by introducing
better linker representations, resulting in benzoate models
outperforming their formate counterparts in predicting key
activation energies. The pseudo-rigid model, however, is
practically more advantageous, as it often gives a clean
vibrational spectrum, beneficial to computing thermochemical
properties, such as Gibbs free energy.

The reaction energetics were found to be more sensitive to
the choice of electronic structure method than to the
simulation model. Transition state energies are generally
more difficult to predict exactly using DFT than those of
adsorbed intermediates, and the DFT energy barriers often
benefit from error cancellation. Overall, the best performance
in describing both reaction energies and barriers was achieved
by using TPSSh and M06-L functionals. These results provide
theoretical support for the common use of cluster models and
the M06-L method in computational studies of catalysis in Zr-
based MOFs. Additionally, our finding reveals that all tested
GGA, meta-GGA, and hybrid functionals with exact exchange
fractions below 50% (except for PBEO) can be employed for
the qualitative exploration of the reaction mechanisms. In
particular, the PBE functional, despite showing large deviations
in relative energies, systematically underestimates barriers of
TS-related reactions, with a MAD of less than 8 kJ mol™.

Finally, owing to the comprehensive consideration of the
factors discussed above, our best predictions successfully
reproduced the experimental TOF. Given the scarcity of
similar benchmarks for MOF systems, we expect our approach
and benchmarking results to be valuable for studying catalytic
processes in this class of materials.
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