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ABSTRACT: Ni-based solids are effective catalysts for alkene / Ethene Dimerization on (Ni-OH)* Active Centers
dimerization, but the nature of active centers and identity and
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functional theory (DFT) treatments presented here confirm the
plausible involvement of pathways and active centers not SVEN A
previously considered as mediators of high turnover rates for \ AH:: 59 kJ mol! Alkene ,c"\_i,,h“,ﬁy
C,—C, alkenes at cryogenic temperatures. (Ni—OH)" species act

as Lewis acid—base pairs that stabilize C—C coupling transition

states by polarizing two alkenes in opposite directions via concerted interactions with the O and H atoms in these pairs. DFT-
derived activation barriers for ethene dimerization (59 kJ mol™") are similar to measured values (46 + S k] mol™") and the weak
binding of ethene on (Ni—OH)" is consistent with kinetic trends that require sites to remain essentially bare at subambient
temperatures and high alkene pressures (1—15 bar). DFT treatments of classical metallacycle and Cossee—Arlman dimerization
routes (Ni* and Ni**—H grafted onto AI-MCM-41, respectively) show that such sites bind ethene strongly and lead to saturation
coverages, in contradiction with observed kinetic trends. These C—C coupling routes at acid—base pairs in (Ni—OH)" differ from
molecular catalysts in (i) the type of elementary steps; (ii) the nature of active centers; and (iii) their catalytic competence at
subambient temperatures without requiring co-catalysts or activators.

1. INTRODUCTION logues, in spite of the contrasting co-catalysts, activators, and
temperatures required for these two catalyst systems.”

The speculative nature of such mechanistic proposals
reflects, at least in part, inherent uncertainties about the
identity of active Ni-based sites in solids, a persistent subject of
scrutiny and contention.”” Ni species based on Ni’, Ni*, Ni**,
and Ni-alkyl species'’™'* have all been suggested as active
centers for alkene oligomerization on solid catalysts, often
based on sparse direct evidence.” Mobile Ni** complexes,
rendered stable by alkyl ligands and voids of molecular
dimensions, have also been proposed in the case of Ni-zeolite
catalysts.15 In many instances, the diverse and uncertain nature

C—C bond formation reactions in alkene oligomerization
represent ubiquitous practical routes to increase the molecular
weight of chemical intermediates. Ethene is a particularly
attractive reactant because of its role as a polymer precursor
and its emergence as a cost-advantaged reactant derived from
shale gas resources, which has led, in turn, to shortfalls of
propene and butene. Ethene dimerization on organometallic
complexes proceeds via Cossee—Arlman' or metallacyle
mechanisms,” but the structural complexity and architectural
diversity of solid catalysts have impeded precise mechanistic
descriptions and rigorous connections to mechanisms that are
broadly accepted in the case of molecular catalysts.’
Heterogeneous catalysts, with the exception of metal—organic Received: December 18, 2022
frameworks,” do not require co-catalysts or activators, in Published: March 13, 2023
contrast to their organometallic counterparts.® Ni-based solid

catalysts are particularly effective for ethene oligomerization,

but mechanistic details have remained notional and, in most

cases, underpinned by analogies with organometallic ana-
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of active Ni moieties has combined with ubiquitous fast
deactivation and extensive secondary C—C coupling reactions
to preclude precise mechanistic inferences from the observed
kinetic trends with changes in alkene pressures and reaction
temperatures.

The grafting of Ni** moieties at different surface densities
onto mesoporous aluminosilicates (Al-MCM-41), taken
together with the discovery that the presence of a nonpolar
liquid phase (alkenes or alkanes) within mesopores leads to
remarkable stability during ethene, propene, and butene
dimerization reactions, has allowed more accurate rate and
selectivity measurements on catalysts with well-defined
architectures and with unprecedented reactivity at very low
temperatures (~250 K).'*'” These effects of nonpolar liquids
reflect the preferential stabilization of dimer desorption
transition states (TS) over those for the kinetically relevant
C—C coupling step, thus favoring desorption over the
sequential growth steps that form larger oligomers and
strongly bound reaction-derived organic residues. Dimerization
rates show a second-order dependence on alkene pressures,
consistent with the bimolecular TS involved in C—C coupling
steps and indicative of Ni-based sites that remain essentially
bare of alkene-derived species, even at the very low
temperatures (243—253 K) and high ethene pressures (0.1—
25 bar) of these studies. Dimerization rates (per Ni atom in
each sample) remained constant up to Ni contents
corresponding to one Ni atom per H' grafting site in Al-
MCM-41 supports and then decreased sharply at higher Ni
contents; such observations indicate that one Niztcontaining
moiety replaces a H' and that additional Ni atoms form
structures that do not contribute to measured rates. (Ni—
OH)" moieties represent the only active structure consistent
with all experimental observations.'®'” As we show here, they
act as Lewis acid—base (LA—LB) pairs in stabilizing the C—C
coupling TS structures, via interactions and mechanisms not
previously considered for these C—C coupling reactions.

This study provides theoretical evidence for the kinetic
relevance of the C—C coupling step and for the unique ability
of (Ni—OH)"* to interact in a concerted manner with two
ethene molecules, one bound at the O atom (acting as the LB)
and one at the H atom (acting as the LA) at the C—C coupling
TS. Density functional theory (DFT) methods and accepted
structural models for MCM-41 solids are used to assess the
enthalpy and free energy of relevant bound species and TS
structures for ethene reactants, but the conclusions remain
relevant for higher alkenes, which show similar experimental
kinetic trends and effects of Ni content and intrapore liquids
on dimerization rates.'” These theoretical methods also show
that alkene dimerization does not proceed via routes mediated
by carbenium ions (as in C—C coupling on Brensted acids) or
on active sites consisting of Ni* (metallacycle routes)* or
Ni**~H~ (Cossee—Arlman routes)," which would bind ethene
very strongly, in contradiction to the measured effects of
ethene pressure on dimerization rates. We surmise that
moieties resembling the (Ni—OH)* considered here and
containing LA—LB pairs may form, at least in some cases,
through the use of additives required for reactivity with
organometallic and metal—organic framework catalysts, thus
accounting for the role of activators and co-catalysts in such
cases.
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2. COMPUTATIONAL METHODS

Periodic DFT calculations were carried out with the Vienna Ab initio
Simulation Package (VASP; version 5.4.4'%) on the XSEDE
platform."” Interactions between core and valence electrons were
described using projector-augmented wave pseudopotentials.”’ Plane-
wave basis sets were cut off at 450 eV for all calculations. Cutoff
energies above 450 eV resulted in electronic energy changes smaller
than 0.02% (Figure S1, Supporting Information (SI)). Exchange and
correlation were treated using the generalized gradient approximation
as prescribed by Perdew—Burke—Ernzerhof methods.”’ The modified
dispersion correction by Grimme et al. combined with Becke—
Johnson damping (D3-BJ) was used to account for long-range
dispersion-type interactions.”> A Monkhorst—Pack™® k-point 1 X 1 X
1 grid was used to sample the Brillouin zone; this lessened
computational expense without a loss of accuracy, as evidenced by
energies that differed by less than 0.5 kJ mol™" from those on 3 X 3 X
1 sampling grids; electronic structures were converged to 107° eV in
self-consistent steps, previously shown to be an appropriate
convergence criterion for the ALMCM-41 model.** The expected
presence of unpaired d-orbital electrons in Ni** required that all
calculations be conducted in spin-unrestricted mode.

Geometries were optimized with a force-based convergence
criterion of 0.5 eV nm™'. Multiple geometric configurations (e.g., at
least three different binding orientations or distances, the sequence of
ethene adsorption at either the O atom or the H atom) were
examined, and the most stable configurations are reported here.
Transition state (TS) structures were isolated using the nudged elastic
band (NEB) approach.”® The results of the NEB computation were
first refined using the Climbing Image method***” to more accurately
determine the saddle point and then optimized using the Henkelman
dimer method.”® Converged TS structures were confirmed by the
existence of a single imaginary frequency. Vibrational frequencies for
surface and gaseous species were calculated using the second
derivative of the energies with respect to atomic positions by
perturbing each atom by +0.001 nm. Enthalpies, entropies, and Gibbs
free energies were computed using the DFT results and statistical
mechanics formalisms by referencing the relevant energy of the
structure to that of a bare surface and gas-phase ethene.”” Since the
vibrational analysis approach uses harmonic oscillator formalisms that
often fail to accurately describe low frequencies modes,*® resulting in
severe overestimations of the entropy of adsorbates, contributions
from low-frequency modes (<100 cm™") were replaced with a fraction
(0.7) of the rotational and translational entropz and enthalpy of the
gaseous analogue of the surface species at 1 bar.”'~>* A comparison of
the contributions from rotational, translational, and vibrational
entropies using statistical thermodynamics with reference values of
entropies for gas-phase ethene®® confirmed excellent agreement
between the computational—statistical approach with experiments
(219.0 vs 219.5 J mol™ K1),

Enthalpies (H) were determined by

H=Ey + Ezpy + Hyp + Hygns + Hyr (1)
Here, E, is the DFT-derived electronic energy, Epy is the zero-point
vibrational energy, and the H terms reflect the vibrational,
translational, and rotational contributions of enthalpy. Entropies (S)
were similarly composed of the relevant vibrational, translational, and
rotational components. A more complete description of the free
energy computation from statistical thermodynamics treatments® is
available in eqs S1—S11 in the SI. All reported enthalpies, free
energies, and entropies are reported for 243 K, unless otherwise
noted.

Aluminosilicate slabs were constructed using methods reported for
MCM-41 silica surfaces.”® A four-layer silicate slab of 1.2 nm
thickness and 1.3 X 1.3 nm width (SigyO;,4Hg per unit cell) was
extracted from a channel wall of Si MCM-41 models; such slabs were
large enough to frevent repulsive lateral interactions among reactants
in vicinal cells.** Periodic images were separated by 4 nm vacuum
layers in the z-direction; dipole and quadrupole moments were
calculated parallel to the z-lattice vector to correct the total energy for

trans
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. . L 24,37,38 A
interactions among periodic slabs.”**”** The aluminosilicate form of

these models was constructed by replacing a surface Si atom with Al
atom at the location that minimized the electronic energy of the
system and adding a proton at an adjacent O atom so as to maintain
charge neutrality. Site models for Ni species requiring one framework
oxygen anchoring site (e.g, (Ni—OH)*) were constructed by
replacing the charge-balancing H atom (Brensted acid site) by the
Ni atom in the Ni species of interest and optimizing the structure
geometry. Models consisting of Ni** species require two framework
grafting sites and were generated by replacing the proximal surface Si
atom with an Al atom so as to give the lowest energy, substituting
both charge-balancing protons with Ni**, species and optimizing the
geometry. All bare Ni site models were structurally relaxed and
subsequent computations including hydrocarbons used fixed atomic
positions for bulk Si and O atoms in AI-MCM-41 farther than five
bonds away from the Ni species (160 atoms) to save computational
resources and ensure that computed energetics solely reflect binding
and reactivity on the Ni centers.

Dipole and quadrupole energy corrections are inaccurate for
charged slab models.*’ As a result, OH-terminated cluster models of
the aluminosilicate and (Ni—OH)* site (Siy;AlO;,,Hs; and
Siy;AlO,3Hg3Ni) were extracted from the slab model described
above to estimate deprotonation energies (DPE), a rigorous measure
of the proton-donating ability of Brensted acids and thus of their acid
strength.”” DPE values (eq 2) represent the energy required to
separate a proton (H') from the conjugate anion (e.g, AlO”) to
noninteracting distances

DPE = Ey+ + Ey- — By

2)

where E;-, Eyy', and Eyy; are the energies of anionic cluster, gaseous
H*, and neutral cluster, respectively. DPE values have been extensively
used as a descriptor of acid strength for solid acids and serve as a
metric for gredicting the reactivity of Bronsted acids in acid-catalyzed
reactions. "%

The coverages of bound species at (Ni—OH)*, Ni*, Ni**~H~, and
Ni** were each obtained using Langmuirian adsorption models (eq 3)

KeCIPCzH4

6 = -
ML+ K P,

©)
where 0 is the fractional site coverage by ethene, K, is its equilibrium
constant, and P is the contacting ethene pressure. Adsorption
constants were estimated from the DFT-derived free energies of
formation of bound species from their gaseous counterpart at each

type of binding site.

3. RESULTS AND DISCUSSION

3.1. Evidence for the Presence and Catalytic
Involvement of (Ni—OH)* Species. The grafting of Ni**
species by replacing H' in aluminosilicates can form Ni
monomers and oligomers, which can act, in turn, as potential
active centers for alkene dimerization turnovers; these species
may reduce during reaction (or activation) to form Ni' or
(Ni**—H") species. Infrared spectra of bound CO detected
several types of Ni species grafted at various exchange locations
(silanol nests, extra-framework Al), as well as NiO domains, in
a given Ni/BEA sample, an indication of the challenges
inherent in establishin§ their respective contributions to
dimerization turnovers.”** Single-site structures were re-
ported using low Ni contents and grafting from hexamine
complexes onto Al-BEA zeolites (Si/Al = 12) so as to garner
mechanistic insights from spectroscopic investigation, but
kinetic assessments of reaction rates were not feasible because
of very rafjd deactivation caused by the formation of large
oligomers.™ In contrast, a systematic examination of samples
prepared by contacting aqueous Ni** species with mesoporous
AI-MCM-41 to give 0.1-8.0 Ni*" per (original) H' in the
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parent AILMCM-41 showed that dimerization rates (per mass)
for ethene, propene, and butene increased linearly with Ni
content up to a Ni*":H" exchange stoichiometry of unity and
then remained constant at higher Ni contents.'®"” Such
catalytic consequences of exchange stoichiometry indicate that
each active Ni** species replaces one H, thus ruling out Ni*",
Ni**—~O—Ni**, or Ni*—H species as active centers because
such species would require two (vicinal) grafting sites; such
vicinal sites are not likely to prevail at the low H' areal
densities (0.1 H" nm™?) and high Si/Al ratio (40) in these Al-
MCM-41 supports.'®'” These observations reflect instead the
predominant presence of monomeric Ni species. As shown in
Section 3.4, Ni* and Ni**'—H reflect reaction intermediate
coverages which are inconsistent with experimental observa-
tions, thus implicating the presence of (Ni—OH)" species and
their exclusive catalytic involvement and the formation of
unreactive NiO domains at exchange stoichiometries above
unity.

Mean Al—Al distances in the AI-MCM-41 sample used (0.1
H* nm™) are 3.6 nm, a scale that cannot accommodate vicinal
grafting sites unless Al pairing is favored by energy
considerations. A preference for such pairing is examined
here by extracting a periodic unit containing 142 Si atoms from
the MCM-41 structure and replacing one Si with an Al at the
location giving the minimum energy. This substitution was
then repeated at locations differing in distance from the Al
atom initially placed. The energies of the slab with the two Al
atoms (Figure S2) did not show any discernible preference for
Al pairing in the MCM-41 framework or any evident trends in
electronic energies with Al—Al distance for a series of Al
substitution combinations (1.256—1.287 eV for 0.4—0.5 nm
distance and 1.257—1.274 eV for a 1.5—2.1 nm distance). The
high Si/Al ratio (40) in the samples used to derive these
inferences about mechanisms and site requirements, as well as
the absence of synthetic attempts at Al pairing in these samples
through the use of structure-directing templates* or alkaline
earth cations’’ that encourage Al—Al pairs, make it unlikely
that such pairs exist to act as grafting points for Ni*" cations;
such species, in any case, would lead to the titration of all
grafting sites at 0.5 Ni*" per H', in contradiction with
experimental observations.

Alkene dimerization rates (per Ni) that remain constant up
to a grafting stoichiometry of unity and decrease thereafter
(thus leading to constant mass-normalized rates) indicate that
NiO domains are not responsible for catalysis and that they
merely act as unreactive spectators after grafting sites are
depleted by exchange. Moreover, chemical reduction treat-
ments (H,; 673 K) did not improve measured dimerization
rates,*® indicating that active Ni species are either generated
directly through the synthetic protocols used or formed rapidly
upon contact with alkene reactants. The titration of sites by
2,6-di-tert-butylpyridine (DTBP; to a DTBP/Ni stoichiometry
of unity) during catalysis implicates the involvement of (OH)~
groups on grafted Ni centers for dimerization reactions.
Similarly, titration of the Lewis acid centers by CO fully
suppressed dimerization rates, demonstrating the concerted
nature of both the acid and base functions in dimerization
catalysis."” These observations provide compelling evidence for
(Ni—OH)* monomers as the active centers that are
responsible for the unprecedented reactivity of these materials
at subambient temperatures.

Such conclusions deserve theoretical confirmation because
such sites and associated mechanisms have not been

https://doi.org/10.1021/jacs.2c13487
J. Am. Chem. Soc. 2023, 145, 6349—-6361
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Figure 1. (a) Model structure for AILMCM-41 with the segment extracted from the unit cell highlighted. (b) Extracted periodic slab with the (Ni—
OH)* site deposited at the Al-exchange position. (c) Unpaired electron density (yellow) and Bader charges for the local structure around Ni.
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Figure 2. DFT-derived structures of the AI-MCM- 41 H* site and the (Ni—OH)" site and calculated deprotonation energies for the two species

plotted with DPEs extracted from the literature.*’
crystallographically distinct H* locations in the framework.

The range bars on DPE points for zeolite frameworks indicate the range among all

considered, even after several decades of exhaustive examina-
tion of Ni-catalyzed oligomerization reactions, whether on
solids or organometallic systems.'”'#*”** These theoretical
assessments involve the substitution of an Al atom for a Si
atom in the MCM-41 model structure depicted in Figure la
and the compensation of the aluminosilicate framework charge
with a H" at an O site adjacent to Al. A slab model was
extracted from such mesoporous structures, and (Ni—OH)*
moieties were used to replace each H* site (Figure 1b) and
used in all calculations involving (Ni—OH)* species. The
electronic structures of these (Ni—OH)* species were also
probed by calculating the density of unpaired spins (using
spin-polarized calculations) for Ni atoms with a [Ar]3d®4s®
ground state and unpaired electrons in the d¢_ and d?
orbitals, and from a Bader charge analysis (Figure 1lc); these
calculations show that the unpaired electrons are localized
around the Ni atom. The Bader charge analysis indicates that a
cationic Ni species has replaced the H* species as charge-
balancing species, shown by a total computed charge of (Ni—
OH)* is 0.64. (Ni—OH)" is thus considered as a plausible
species that can form through the grafting protocols used to
prepare these samples.

3.2. Identity and Kinetic Relevance of Elementary
Steps and Bound Intermediates in Ethene Dimerization
on Grafted (Ni—OH)* Centers. Alkene oligomerization
reactions can occur on solid acid catalysts via proton transfer
routes mediated by carbenium ion transition states.”' > Such
mechanisms involve the transfer of the proton in the solid acid
to an incipiently formed dimer at the kinetically relevant
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bimolecular TS, with the formation of an alkoxide as alkene
reactants bind in the immediately preceding step. Both steps
require the deprotonation of the acid in the formation of the
relevant TS structures for both alkoxide formation and C—C
coupling steps. In the former step, one sp> hybridized C atom
in the alkene accepts the H* and the other sp® hybridized
carbon binds to the conjugate anion to form a covalently
bonded alkoxide.

The H' species in AI-MCM-41 (without grafted Ni**)
indeed showed ethene dimerization reactivity, but at rates (per
mass) about 10°-fold lower than after Ni** grafting (12 bar and
248-503 K).'®"” The free energy of formation of the requisite
carbenium ion TS for these reactions on Brensted acids
depends on the DPE of the solid acid, leading to dlmerlzatlon
rates that increase exponentially as DPE decreases.’® Any
contributions from proton transfer to bound intermediates
from (Ni—OH)" sites would require that DPE values for (Ni—
OH)" be significantly smaller than for aluminosilicates; the
latter solid acids exhibit DPE values that depend only weakly
on their framework structure, either as mesoporous amorphous
forms or as microporous crystalline solids, such as zeolites.*’

DFT-derived DPE values for the OH groups in AI-MCM-41
and in (Ni—OH)" species show that carbenium ion pathways
would be much less competent on the latter species than on
Al-MCM-41, rendering such routes undetectable on samples
with grafted Ni centers. Figure 2 depicts the structure and
bond length of the OH groups that act as the Bronsted acid in
(Ni—OH)" and aluminosilicate acids. The O—H bond lengths
in (OAIO—H)"* and (NiO—H)" species are similar (0.098 nm)

https://doi.org/10.1021/jacs.2c13487
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Figure 3. Reaction coordinate diagram of DFT-assessed ethene dimerization via a concerted acid—base mechanism over model (Ni—OH)" sites.
Energies are reported with respect to a bare (Ni—OH)" site and two gas-phase ethene molecules at 1 bar, 243 K. (a) Enthalpies reflect corrected
electronic energies for zero-point vibrational energy and (b) free energies assume 0.7 of the gas-phase rotational and translational entropy (see the
Computational Methods sections and the SI). (c) DFT-optimized geometries are shown for each species with ethene carbon labeling reflecting the
ethene interactions with H or O in (Ni—OH)" and if the atom is relatively nearer or farther from the surface (1 and 2, respectively).

and typical of O—H groups in aluminosilicate Bronsted acids
(0.0974—0.1009 nm).*>>” As shown previously, there are no
discernible correlations between O—H bond lengths and DPE
values.”” DFT-derived DPE values merely reflect the stability
of the structure that remains after deprotonation (the
conjugate anion). These DPE values are 1287 kJ mol™" for
(Ni—OH)* and 1186 k] mol™ for (OAI-OH)* in AI-MCM-
41 (Figure 2), a large difference that shows that (Ni—OH)" is
a much weaker acid than aluminosilicates and would yield
much smaller dimerization turnover rates than AI-MCM-41; in
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contrast, experimental observations show much higher turn-
over rates on Ni-containing AI-MCM-41 samples, in which the
H" centers in AI-MCM-41 have been titrated by grafted Ni**
species.'® Figure 2 also shows DPE values reported previously
for zeotypes and corrected for artifacts imposed by periodic
DFT methods (1193—1210 kJ mol™', averaged over all
crystallographically distinct (OAl—OH)* locations in MFI
and MOR frameworks).*” Computations for the acidic Al-

MCM-41 site are consistent with those of other aluminosili-
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cates and their generally weaker Bronsted acid strength relative
to polyoxometalates and super acids (1100 kJ mol™!).>*

3.3. Ethene Dimerization Routes Are Mediated by
Concerted Interactions with Lewis Acid—Base Pairs at
C—C Coupling Transition States. Kinetic trends with
changes in alkene pressures indicate that C—C coupling
elementary steps are kinetically relevant and occur at Ni
centers that are sparsely covered by alkene-derived species (for
ethene,'® propene, and butene'”). Dimerization rates were
weakly influenced by the presence of intrapore nonpolar
liquids, indicative of predominant TS stabilization through
interactions with the Ni-based active centers (only selectivity
and stability were strongly influenced by a liquid phase),'®"”
thus enabling comparisons of reactivity between experiments
and theory without the use of theoretical treatments that
include solvation by liquids. The previous section demon-
strated that well-established pathways involving proton transfer
and carbenium ions cannot occur at detectable rates on (Ni—
OH)" sites and thus are unable to account for the very large
rate enhancements observed when protons are replaced by
(Ni—OH)". This section specifically addresses how (Ni—OH)*
centers are able to interact with ethene molecules in a manner
that stabilizes the C—C coupling TS so as to lead to very fast
dimerization turnovers at subambient temperatures (~250 K).

Such alternate routes must avoid cationic C,H;* species and
allow (Ni—OH)* species to align (structurally and electroni-
cally) the two ethene molecules required to form a C—C bond,
through electron rearrangements that enable concerted
interactions with the H, O, or Ni atoms in (Ni—OH)" centers;
in doing so, some of these atoms act as Lewis acids (H*, Ni**)
and others as Lewis bases (O anions). These reaction channels
are explored here on the (Ni—OH)" and MCM-41 model
structures described above using ethene as the illustrative
alkene reactant.

The DFT-derived enthalpies and free energies of ethene
molecules reacting on (Ni—OH)* centers (at 243 K) are
depicted in Figure 3 in the form of a reaction coordinate
diagram. The computed enthalpy and Gibbs free energy for the
formation of 1-butene from two ethene molecules in the gas
phase are —115.9 and —77.4 kJ mol™" (Table 1), in good
agreement with thermochemical data®* at 243 K (=106 and
—72.1 kJ mol ™!, respectively). Such agreement indicates that
DFT-derived energies, zero-point vibrational corrections, and
statistical mechanics formalisms are able to describe the
relevant thermodynamic properties of gaseous ethene and 1-
butene molecules.

Table 1. DFT-Derived Enthalpies and Free Energies for the
Formation of Each Species in the Proposed Concerted
Acid—Base-Catalyzed Ethene Dimerization Pathway on
(Ni—OH)" Sites from Figure 3“

structure AH (kJ mol™) AG (kJ mol™)
I reference reference
11 -20.0 -0.5
111 -32.6 5.0
v 58.8 100.7
A\ —168.1 —104.6
VI -119.9 —59.6
VII —-115.9 774

“Energies are with respect to a bare (Ni~OH)" site and two gas-
phase ethene molecules at 1 bar, 243 K.
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Interactions between ethene and (Ni—OH)* sites lead to
slightly exothermic adsorption (—20 kJ mol™", Table 1; species
II), but the associated entropy losses lead to adsorption free
energies that are essentially zero (—0.5 k] mol™'; 243 K). Such
species involve weak interactions of the H atom in (Ni—OH)*
with the ethene z-bond; an alternate mode, in which ethene
interacts via the ethene H atoms with the O atom in (Ni—
OH)*, gave slightly less favorable adsorption enthalpies (by
about 15 kJ mol™) and an adsorption free energy of +12 kJ
mol~". The addition of a second gaseous ethene to species II
forms species III, in which one C atom in the first ethene
interacts with the H atom of (Ni—OH)" (Cy;) and one C
atom in the second ethene interacts with the O atom in the
(Ni—OH)" center (Cp;). The enthalpy for the conversion of
species II to species IIT is —12 kJ mol ™", but the reaction free
energy is positive (+6 kJ mol™'). Both ethene molecules
become polarized via interactions with the Lewis acid (H
atom) and base (O atom) centers in (NiO—H)*. The ethene
molecule at (Ni—OH)" in species II shows differences in Bader
charge relative to gaseous ethene of —0.02 and +0.1 for the
carbon atom of the ethene proximal to H of (NiO—H)* (Cy,)
and the other carbon in ethene which will form a C—C bond in
species IV (Cy,) (Figures 3 and 4), respectively; these charges
are indicative of weak polarization induced by interactions with
the net positive charge of the (H—ONi)* species through the
H atom, which withdraws electron density from ethene. Upon
adsorption of a second ethene molecule (species III) near the
electron-donating O atom of (NiO—H)*, the charge on Cy; is
slightly perturbed. This second adsorbed ethene also shows
charge redistribution relative to gaseous ethene with Cg, and
Co, exhibiting Bader charges of —0.06 and —0.16, respectively.
Those carbon atoms most closely bonding to (Ni—OH)* (Cy;
and C,) are polarized in opposite directions upon adsorption
and closer coordination to Lewis acid H atoms and Lewis base
O atoms shown in the C—C coupling transition state (species
V).

NEB and dimer methods were used to isolate the TS for the
kinetically relevant C—C coupling step'®"® involving species
II1. This TS (species IV) represents the highest enthalpy (and
free energy) along the reaction coordinate (Figure 3); its
imaginary vibrational frequency corresponds to the symmetric
motion of the two nearest C atoms (Cyy, and Cg,) in the two
ethene molecules in species III along the axis connecting these
two C atoms. The bond distance in the incipiently formed C—
C bond at the TS is 0.23 nm (Figure 4) and exceeds that in the
product structure (0.153 nm), but it is much shorter than in
structure III (0.411 nm; the reactant state). The Ni—O bond
in (Ni-OH)" at the TS is slightly elongated (0.184 nm)
relative to the initial state (0.174) because of electronic
interactions of bound alkenes with the H—O Lewis acid—base
pair. The NiO—H bond in (Ni—OH)" is minimally perturbed
(0.099 nm at the TS (IV); 0.098 nm in species I and species
III) and interacts with Cyy; in ethene at a distance of 0.2 nm.
This H—Cy; bond length is slightly smaller than in structure
III (0.22 nm), but nearly twice the length for the butoxide in
species V (0.11 nm). The C—O bond between ethene and the
O atom in (Ni—OH)* becomes shorter as species III (0.327
nm) forms the TS (0.145 nm) and resembles closely the C—O
bond in the product state (species V; 0.141 nm). This
evolution in bond lengths indicates that the TS exhibits
product-like geometry, consistent with experimental measure-
ments that reflect entropic losses more consistent with product
dimers than substrate monomer alkenes and indicate a late
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Figure 4. Bond lengths and charges for structures of DFT-assessed ethene dimerization via a concerted acid—base mechanism over model (Ni—
OH)" sites. Bond lengths are reported in nm. Charges are reported in parentheses.

product-like transition state.'” Such a late TS for an exergonic
reaction is not typical or consistent with the Hammond
Postulate; it suggests that the product minimum (species V)
lies within a narrow potential well (large force constant for
vibrational displacements) relative to the reactant (species
I11)," or that vibration modes parallel to the reaction
coordinate contribute to the distribution of electron density
at the TS.%

The enthalpy of formation of this C—C coupling TS from
two gaseous ethene molecules (one bar) and (Ni—OH)*
(species 1) is +58.8 kJ mol™' (Figure 3a and Table 1), a
modest barrier that is commensurate with the remarkable
competence of such active centers in catalyzing C—C coupling
reactions of alkenes. This enthalpy value is also in good
agreement with measured activation barriers (46 = S kJ
mol™),"” especially in light of the approximate nature of the
structural models used here to describe the anchoring of the
(Ni—OH)* centers and the aluminosilicate substrate. Rate
constants computed with respect to a pressure of 1 bar of
ethene (adapted from those reported as (mol s™' MPa™2 Ni '),
shown in Figure $3)," and regressing activation entropies
(AS*) from measured rate constant preexponential factors,”
reveals a AS* of —138 J mol™" K" at 1 bar, which reflects the
entropy of formation of the C—C coupling TS from two
gaseous ethene molecules.

The ubiquitous inaccuracies in using DFT vibrational modes
of surface adsorbates to estimate entropies arise from the use
of harmonic oscillator approaches which have shallow potential
energy wells that can deviate from intramolecular vibrational
modes.’* > To circumvent this, an empirical approach that
replaces the low-frequency modes of adsorbates with a fraction
(0.7) of the gas-phase rotational and translational entropy of
adsorbates (one or two ethene or one 1-butene molecule) was
employed, based on heuristic arguments observations for the
retention of significant fraction of the gas-phase rotational and
translational motion upon adsorption to a surface.”' =

The resulting AS* (Table 2) depicts estimates of activation
entropies for retention of a fraction of 0.7 (—172 J mol ™ K™')
of the gas-phase rotational and translational entropy,
significantly larger than measured (—138 J mol™" K™'). The
convention of 0.7 of the gas-phase entropy yields activation
free energies of 100.7 kJ mol™" (1 bar, 243 K), also notably
larger than those measured (79.5 kJ mol™'). These
discrepancies predominantly reflect entropy estimates for the
bound species, and the retention of 0.8 of the gas-phase
rotational and translational entropy (—136 J mol™' K™') shows
consistence with measured values. This slightly larger retention
of gas-phase entropy upon adsorption may reflect the less-
constrained nature of the adsorbed species and a relatively
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Table 2. Computed Activation Entropies for the C—C
Coupling Transition State for Adsorbates Retaining 0.7 and
0.8 Fractions of Their Gas-Phase Rotational and
Translation Entropy”

retention criterion AS* (J mol™! K1)

0.7S -172

0.88 -136
@S sthene 15 219 J mol™ K% of this, 195.7 J mol™ K™! are rotational
and translational contributions.

higher degree of such motions allowed by surface (Ni—OH)*
sites.

The noted differences in computed enthalpies and free
energies may also highlight the challenge and limitations of
accurately assessing energetics by DFT methods, for example,
the selection of the PBE-D3 functional. PBE is known to
overestimate lattice dimensions of aluminosilicates, so
dispersion corrections are often incorporated, which can
overcorrect some systems with extensive hydrogen and z-
bond interactions®”®* or for hydrocarbon adsorptions on
carbon surfaces.”> The difference in enthalpy here, however,
we regard as a reasonable approximation in support of the
interpretation of experimental results.

The Bader charges at each C atom in bound ethene
molecules differ from those in their gaseous form as a
consequence of the polarization induced by interactions with
the Lewis acid (H atom) and base (O atom) centers in (Ni—
OH)*. Such perturbations are most evident as the new C—C
bond incipiently forms at the TS (species IV; Figures 3 and 4).
At the TS, C atoms in the ethene molecule interacting with the
H of (Ni—OH)* (Cy, and Cy,, Figure 3) become more
polarized than in the precursor structure (species III; —0.29
and —0.06, respectively). The ethene molecule interacting with
the O atom in (Ni—OH)" in species III is more strongly
polarized at the TS (species IV), with C; and Cg, exhibiting
charges of 0.47 and —0.29, respectively, compared to —0.06
and —0.16 in species III. The two ethene molecules in
structure IV (Figure 3c) are polarized in opposite directions by
interactions with the Lewis base O and Lewis acid H species in
the Lewis acid—base (Ni—OH)" center (Cy, and Cg, have
opposite charges relative to the gas-phase ethene: +0.14 and
—0.09, respectively); such perturbations in electron density
lead to electrostatic interactions that promote the charge
transfer required to form a new C—C bond between Cy, and
Coy

After completing C—C coupling through the TS (species
IV), a butoxide is formed and is exothermic (species V; —168
kJ mol™") with respect to two gaseous ethene molecules and a
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bare (Ni—OH)" center. The butoxide binds through its Cq, to
the O atom in (Ni—OH)*. H transfer from the butoxide back
to the Ni—O center forms a bound 1-butene (structure VI)
with its 7-bond interacting with the H atom in (Ni—OH)" in a
manner that resembles the binding of ethene as species I. The
resulting entropy gain from species V to VI (13.2 J mol™' K™")
favors its desorption and enthalpic effects brought forth by
intrapore liquids stabilize these late desorption TS structures,
thus preventing the loss of selectivity and the ultimate blocking
of active centers caused by subsequent oligomerization events
before desorption.'”"”

Previous studies of ethene dimerization have reported a
broad range of butene selectivities (among all products) from
20% on Ni silicates systems to 95% on Ni-MOF systems at
temperatures higher than in the present study (423 K, 35 bar
and 283 K, 15 bar, respectively).”**® Reactions on Ni—Al-
MCM-41 at 243 K in the presence of intrapore liquids led to
the exclusive formation of 1-butene at low conversions (<1%)
and decreased dimer selectivities with increasing conversion
(80% 1-butene and 97% all butenes at 10% conversion) as a
result of readsorption and subsequent isomerization and chain
growth of primary dimer products along the catalyst bed.'’
The absence of intrapore condensation leads to lower butene
selectivities (~93% at 448 K, conversion <1%), with
considerable isomerization of 1-butene.'® Oligomerization of
larger alkenes reflects product selectivities that also favor
dimerization under conditions of intrapore condensation, but
sequential oligomerization prevails in the absence of intrapore
condensation (selectivities of 41% to hexene and 15% to
octene for propene and 1-butene dimerization, respectively).'”

The proposed ethene dimerization route is depicted as a
complete catalytic cycle in Figure 5; these pathways, first
proposed based on kinetic trends'®'” and confirmed here
through theoretical assessments, represent a plausible C—C
coupling route on the (Ni—OH)* centers shown to act as the
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Figure S. Probable ethene dimerization catalytic cycle on (Ni-OH)*
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active sites from the effects of grafting stoichiometry on
measured dimerization rates for C,—C, alkenes. Experimental
kinetic trends show a second-order rate dependence on alkene
pressures,'®'” consistent with a bimolecular TS for the
kinetically relevant step and with the prevalence of unoccupied
(Ni—OH)" sites during catalysis, even at low temperatures and
high alkene pressures (0.1—15 bar, 243—448 K). DFT-derived
enthalpies for ethene binding on (Ni—OH)* (species II, AH:
—20 kJ mol™'; species ITI, AH: —32.6 kJ mol™") are consistent
with weak interactions of ethene with active centers. DFT-
derived energies and entropies for ethene binding onto (Ni—
OH)" centers determine site occupancy through Langmuirian
formalisms and the free energies for the binding of one ethene
(species II) and two ethene (species III) (—0.5 and +5 kJ
mol ™, respectively; 243 K) on (Ni—OH)"; these free energies
lead, in turn, to fractional site coverages of 0.56 and 0.08 (at 1
bar ethene, 243 K, Figure 6a). The coverages would have led to
detectable deviations from second-order kinetic trends, but
their low (but consequential) values are likely to reflect
inaccuracies in structural models and DFT methods; they are
consistent with weak binding of reactants at (Ni—OH)* and
stand in contrast with the very strong binding of ethene at Ni*
and Ni**—H"~ that is described in Section 3.4.

The DFT-derived enthalpy of formation of bound 1-butene
from two gaseous ethene molecules and a (Ni—OH)* site
(species VI) is —200 kJ mol™" (1 bar, 243 K). This value
indicates the stronger binding of 1-butene products than
ethene reactants. Though detectable coverages would be
expected from such negative enthalpies, determination of
these coverages should instead reflect the energy difference
between the bare site and the gas-phase dimer and the
adsorbed dimer on the site. This is valid for desorption steps
which are stabilized by intrapore liquids to yield quasi-
equilibrated desorption of dimers. With reference to a bare site
and gaseous 1-butene, the enthalpy of adsorption for 1-butene
is +4 kJ mol™" leading to site coverages of 107°—~10"° (Figure
6a) for mean ethene conversions of 1 and 10% at ethene
pressures of 0.1—15 bar.'”"” Such coverages are consistent
with the observed lack of product inhibition during
dimerization catalysis. Similarly, butoxide precursors to 1-
butene (species V, AH,4 = —52 kJ mol™") would result in
coverages of 0.98—0.99 (1 bar, 243 K). Though this would
reflect kinetically detectable coverages which were absent from
experimental results, a deviation in enthalpy by +10 kJ mol™
would be sufficient to render site coverages of species V
undetectable, in contrast to other Ni sites, described in Section
3.4.

The ethene dimerization route on (Ni—OH)* centers
proposed here (Figure S) is consistent with experimental
observations for Ni/AI-MCM-41 materials'®'” and with the
theoretical assessments presented here. The relevant TS
involves concerted interactions with Lewis acid—base pairs in
(Ni—OH)* moiety, which polarizes two bound ethene
molecules in opposite directions, thus enabling the electron
rearrangements required to form a new C—C bond. Such
concerted pathways and the involvement of (Ni—OH)* as
LA-LB site pairs have not been previously considered but
represent very active sites that catalyze dimerization turnovers
at rates unprecedented for heterogeneous catalysts and at
cryogenic temperatures (240—260 K). These pathways are
enabled by intrapore liquids that preferentially stabilize the late
dimer desorption transition states relative to those that
mediate C—C bond formation, thus rendering active sites
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stable and free of large oligomers.'®"” Higher temperatures
would selectively increase desorption rates because of their
inherent entropy gains (see reaction coordinate diagram at 500
K in Figure S4) but would also preclude the formation of
intrapore liquids. As such, extensions of the mechanistic
conclusions reported here to higher temperatures or lower
pressures (e.g, by microkinetic modeling) would require
explicit theoretical treatments of solvation by a dense liquid
phase to balance the effects of temperature on free energies of
desorption and C—C coupling transition states with those that
lead to different extents of pore filling with changes in
temperature. Reaction conditions that do not lead to intrapore
condensation result in rapid deactivation and the loss of
selectivity, rendering these catalysts impractical for use at
higher temperatures where alternate mechanistic pathways may
prevail. These active centers and pathways differ from Cossee—
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Arlman and metallacycle mechanisms involving Ni* and Ni*"—
H™ centers, respectively, which require co-catalysts, such as
modified methyl aluminoxane,”® and activators, such as alkyl
aluminum®”®® or boron compounds (e.g, B(C4Fs); or
B(Ph)3),66 for high reactivity.

The next section provides theoretical evidence to show that
Cossee—Arlman or metallacyle routes on Ni* and Ni**—H~
centers cannot account for the observed kinetic trends; such
pathways and active centers are also inconsistent with the
effects of titrants and thermal treatments on reactivity and the
observed dependence of Ni content on alkene dimerization
turnover rates for ethene, propene, and 1-butene.'®'”

3.4. Dimerization via Cossee—Arlman (Ni**~H") and
Metallacylce (Ni*) Routes. Second-order alkene dimeriza-
tion rates'®'” are consistent with the modest binding energies
of ethene on (Ni—OH)" centers derived from DFT methods
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on model (Ni—OH)* sites. Alternate proposals for site
structures and mechanisms must consider the requirement
that ethene reactants and butene products bind weakly. Active
Ni centers in Cossee—Arlman (Ni**~H~) and metallacycle
(Ni*) mechanisms are created here by placing them at grafting
sites in AI-MCM-41. Their binding properties for ethene
molecules are assessed using the same DFT methods used
above.

The catalytic cycles depicted in Figure 7 represent the
accepted elementary steps for these two classical dimerization
mechanisms at their respective proposed active Ni structures.
Cossee—Arlman pathways proceed via oxidative addition (H-
transfer) from Ni**—H™ to an ethene molecule to form an
ethyl fragment that migrates and reacts with an adsorbed
ethene molecule to form a bound butyl group that ultimately
desorbs as 1-butene. The metallacyle mechanism involves the
binding of two ethene molecules to a Ni* center to form a
nickel—cyclobutane complex that undergoes p-hydride ab-
straction via reductive elimination steps. These steps ultimately
form the bound 1-butene species that subsequently desorb as
the dimer product to complete a catalytic turnover.

The DFT-derived enthalpies for the formation of a bound
ethene on Ni* and Ni**~H~ centers are —168 and —178 kJ
mol~!, respectively; these enthalpies are much more negative
than on (Ni—OH)* centers (—20 kJ mol™') indicative of
stronger binding of ethene species; such strong binding would
lead to significant coverages at conditions of dimerization
catalysts, and also to very stable, and thus less reactive, bound
species. Their DFT-derived free energies of formation are also
much more negative than on (Ni—OH)* centers (—125 and
—135 kJ mol™ on Ni* and Ni**—H~, respectively; —0.5 k]
mol™" on (Ni—OH)"). Such free energies would lead Ni* and
Ni**—H~ centers to become saturated with ethene at all
conditions of interest (Figure 6b), in contradiction with
experimental observations that preclude such strong binding.
Such saturation coverages of Ni* and Ni**—H" species are not
consistent with the experimental kinetic trends on solid
catalysts consisting of Ni*" species grafted on ALMCM-41.

Moreover, the binding of a second ethene molecule in
subsequent steps involved in Cossee—Arlman (Figure 7a) and
metallacycle (Figure 7b) routes leads to bimolecular adducts
with DFT-derived enthalpies of formation (from two gaseous
ethene molecules and a bare Ni site) that are even more
negative than for the binding of the first ethene molecule. The
Cossee—Arlman mechanism exhibits enthalpies of binding for
intermediate steps ranging from —252 kJ mol™' for a bound
ethyl fragment with an adsorbed ethene to —302 kJ mol™" for
1-butene adsorbed on Ni**—H~ (Figure 7a). Adsorbed species
are also strongly bound in the metallacycle mechanism (Figure
7b) with enthalpies ranging from —279 kJ mol™" for two
adsorbed ethene molecules, —224 kJ mol™" for the nickel—
cyclobutane complex, —117 kJ mol™" for the adsorbed butyl,
and to —296 k] mol™! for an adsorbed 1-butene on Ni" sites.
Such strong negative enthalpies would dictate full site
occupation of adsorbed species for Ni** —~H™ and Ni". Relative
to ethene site occupations for other Ni species shown in Figure
6b, (Ni—OH)" is the site least likely to exhibit kinetically
detectable coverage of ethene at this temperature (243 K) and
pressure (0.1—15 bar).

Bare Ni** centers at aluminosilicate surfaces were also
examined as active centers, even though such species would
require Al—Al pairs and are not consistent with dimerization
rates that decrease at Ni:H" grafting stoichiometries above
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unity (expectation of 0.5:1 for Ni** centers). The DFT-derived
adsorption enthalpy for ethene on Ni** centers is —152 kJ
mol ™!, a binding strength contradicted by second-order kinetic
trends that require Ni centers to remain essentially bare during
dimerization reactions (Figure 6b)."”"” DFT-derived ethene
adsorption enthalpies reported previously on Ni** and Ni*
species grafted onto AFI zeolite are also negative and similar in
magnitude —146 kJ mol™" (Ni*; AG: —82 kJ mol™', 393 K)
and —129 kJ mol™ (Ni**; AG: —59 kJ mol™!, 393 K). An
enthalpy of adsorption of —201 k] mol™ (AG: —136 kJ mol ™",
393 K) was computed for a Ni’ particle; even this strong
binding would lead to complete site coverage at the relevant
reaction conditions.*’

The organometallic molecular catalysts that follow these
routes require not only Ni**~H™ and Ni* active centers but
also co-catalysts and/or activators for practical reaction rates.
For instance, Ni**~H~ species in the Cossee—Arlman route
typically use strong hydride donors, such as alkyl aluminum,
borane, or borohydride compounds, which are proposed to
replace the indigenous li§ands on Ni complexes to form
hydride or alkyl moieties,"”* thus altering the binding and
electronic properties of Ni centers. It is plausible, but not
mentioned in previous studies, that these systems may form
(Ni—OH)" species if, for example, alkyl aluminum compounds
react with H,O, O,, or CO, present in trace concentrations to
form Al—(OR)j; or its hydrolysis/dihydroxylation products and
then transfer an OH group as a new ligand at Ni centers.

These comparisons of the binding energy and concomitant
coverages of one and two ethene molecules at Ni, Ni**—H",
Ni**, and (Ni—OH)" species indicate that only (Ni—OH)*
centers exhibit the weak binding properties required for
dimerization rates to retain the second-order dependence on
ethene pressure observed experimentally at all reaction
conditions (0.1—15 bar, 240—260 K).'®"” The strong binding
of ethene on Ni*, Ni**=H", and Ni*" make such site structures
and their associated mechanisms implausible as descriptors of
the unprecedented reactivity of Ni-based solid catalysts for
dimerization of ethene, propene, and 1-butene.'” The presence
and involvement of (Ni—OH)* species as active centers are
consistent with the theoretical assessments reported here, and
also identify a mechanism not considered in the extensive
previous literature. This mechanism involves C—C coupling via
a kinetically relevant transition state stabilized by concerted
interactions with Lewis acid—base pairs, with the O atom
acting as the base and the H atom as the acid in polarizing the
two ethene molecules bound at (Ni—OH)" centers.

4. CONCLUSIONS

DFT assessments of Ni catalyst structures in Ni—Al-MCM-41
catalysts for alkene dimerization identify the active Ni species
as (Ni—OH)* and explicate the nature of the site as a Lewis
acid—base pair. The relevant reaction pathway for ethene
dimerization on (Ni—OH)" sites we previously proposed'®'”
was, for the first time, revealed as a plausible pathway for
ethene dimerization under the reaction conditions examined. A
concerted C—C coupling transition state arises from the Lewis
acid—base site polarizing the two ethene molecules in opposite
directions and reflects TS enthalpies, which correspond well
with experimentally derived values. Sites for heterogeneous
alkene dimerization in the Cossee—Arlman (Ni**—H"),
metallacyle (Ni*), and Ni**-based pathways bind ethene
strongly, which is inconsistent with the experimentally
undetectable coverages of ethene-derived species during
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ethene dimerization. Instead of classical Cossee—Arlman or
metallacyle pathways, a concerted Lewis acid—base pathway on
(Ni—OH)" sites prevails as the dimerization mechanism on
Ni—AI-MCM-41.
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