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ABSTRACT: Nickel-functionalized UiO-66 metal organic frameworks (MOFs) oligo-
merize ethylene in the absence of cocatalysts or initiators after undergoing ethylene-
pressure-dependent transients and maintain stable oligomerization rates for >15 days on
stream. Higher ethylene pressures shorten induction periods and engender more active
sites for ethylene oligomerization; these sites exhibit invariant selectivity-conversion
characteristics to justify that only one type of catalytic center is relevant for oligomerization.
The number of active sites is estimated using in situ NO titration to disambiguate the effect
of increased reaction rates upon exposure to increasing ethylene pressures. After accounting
for augmented site densities with increasing ethylene pressures, ethylene oligomerization is first order in ethylene pressure from 100
to 1800 kPa with an activation energy of 81 kJ mol−1 at temperatures from 443−503 K on Ni/UiO-66. A representative Ni/UiO-66
cluster model that mimics high ethylene pressure process conditions is validated with ab initio thermodynamic analysis, and the
Cossee−Arlman mechanism is posited based on comparisons between experimental and computed activation enthalpies from
density functional theory calculations on these cluster models of Ni/UiO-66. The insights gained from experiment and theory help
rationalize evolution in structure and stability for ethylene oligomerization Ni/UiO-66 MOF catalysts.

■ INTRODUCTION

Linear alpha olefins (LAOs) comonomers for polyethylene
production - 1-butene, 1-hexene, and 1-octene - are produced
at 1.1 millon tons a year using a homogeneous nickel catalyst
through the Shell Higher Olefin Process (SHOP), which
prescribes a Schulz-Flory type distribution for ethylene
oligomerization.1−3 Nickel-functionalized metal organic frame-
works (MOFs)4−7 designed with active sites to mimic the
catalytic properties of the homogeneous SHOP catalyst8 for
oligomerization rely on alkyl-aluminum cocatalysts, while
nickel-zeolite catalysts viz. Ni/LTA,9 Ni/H-Beta,10 Ni/SSZ-
24,11 and Ni/MCM-41,12 deactivate with time on stream. We
report a nickel-functionalized UiO-66 MOF formulation that,
after an induction period, exhibits >15 days on-stream stability
unprecedented in framework or supported heterogeneous
catalytic materials for ethylene oligomerization in the absence
of activators and cocatalysts. The Ni/UiO-66 material in this
study exhibits first-order kinetics in ethylene pressure after
accounting for the on-stream generation of active sites to
validate a Cossee−Arlman mechanism4−7,9−11 that prescribes
physisorbed ethylene in the pores of the MOF framework for
ethylene oligomerization. These distinctive characteristics and
correspondent mechanisms on Ni/UiO-66 are detailed
through transient and steady-state reaction kinetics and density
functional theory (DFT) calculations, and the effect of
ethylene pressure on rates of reaction is deconvoluted through
in situ chemical titration experiments to determine the site

density and reaction order and apparent activation energy for
selective 1-butene synthesis.

■ RESULTS AND DISCUSSION
An ideal UiO-66 material has Zr6O8 nodes connected with 12
terephthalate ligands.13−17 Zirconium oxide based MOFs, such
as UiO-66 and NU-1000, are characterized with missing linker
defects, and single metal atoms and metal-oxide complexes can
be anchored on the zirconium-oxide node in lieu of the missing
linker defect.18−21 We illustrate that nickel species deposited
on UiO-66 nodes do not influence the crystallinity, porosity,
and thermal stability of the nascent UiO-66 material through
powder X-ray diffraction (PXRD), N2 adsorption, and thermal
gravimetric analysis (TGA), respectively; and uniformity of Ni
dispersion is evinced by scanning transmission electron
microscopy−energy dispersive X-ray spectroscopy (STEM-
EDS) with an average nickel loading of ∼0.7 atoms per Zr6
node determined through inductively coupled plasma−atomic
emission spectroscopy (ICP-AES) (Section S2, Figures S1, S2,
S4, and S5; Tables S2 and S3).
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The catalytic behavior of Ni/UiO-66 was probed by
examining ethylene oligomerization after treating the material
in 0.83 cm3 s−1 of helium (Matheson, 99.997%) at 573 K for 4
h. The nascent Ni/UiO-66 is a precatalyst that activates on
stream at various ethylene pressures (106−2500 kPa) and in
the absence of cocatalysts, as shown in Figure 1a. The catalyst

reaches a steady state at ethylene pressures ≤1000 kPa and,
atypically for heterogeneous Ni-based ethylene oligomerization
catalysts, maintains stable rates. We observe shorter induction
periods for ethylene oligomerization as ethylene pressure is
increased, which suggests that ethylene pressures impact the
rate at which surface species necessary for attaining steady-
state rates are formed.
The effect of ethylene pressure, shown in Figure 1b, was

explored further by increasing the ethylene pressure on stream
once the catalyst had reached steady state at 106 kPa, with the
rate characteristics for 150−600 ks time on stream shown in
Figure S9. Using a reference condition of 106 kPa ethylene
pressure, increasing ethylene pressure to 657 kPa and lowering
ethylene pressure back to 106 kPa (∼0−150 ks; ∼600−750 ks)
increases the rate of oligomerization by 5×. However, a step
change in ethylene pressure from 106 kPa back to 657 kPa
(∼750−900 ks) reveals that the same intrinsic rate is observed
at 657 kPa. After exposing the catalyst to 1000 kPa ethylene
pressure (∼900−1200 ks) and decreasing the ethylene
pressure to 657 and 106 kPa (∼1200−1500 ks), the intrinsic

rate of oligomerization at each condition increased by 50%
from the reaction rates at ∼600−900 ks. Remarkably, the
catalyst is stable for 17 days on stream, which stands in marked
contrast to other nickel-supported21 and framework-based22

MOFs and nickel-functionalized zeolites9−11,23 for oligomeri-
zation. We surmise the increase in reaction rates at the same
ethylene partial pressures after subsequent exposure to higher
ethylene pressures can be attributed either to a change in the
nature of the active sites or to an increase in the number of
active sites.
Enhancement in catalytic rates on stream by generation or

alteration of active sites can be reasoned by plotting
selectivities at isoconversion, as illustrated in methanol-to-
hydrocarbons24 and methane dehydroaromatization25 catalysis.
In Figure 1c, we present steady-state product selectivities at
106 kPa after exposing the catalyst to ethylene pressures of 657
and 1000 kPa with the flow rate of ethylene (0.25−1.5 cm3 s−1

STP) regulated to maintain isoconversion. Product selectivities
overlay at isoconversion, indicating that only one type of active
site is relevant and formed during ethylene oligomerization by
exposure to higher ethylene pressures.
Observations in Figure 1a,b present initiation periods that

are shorter at higher ethylene pressures plausibly due to higher
site densities induced in more facile stoichiometric reactions
with ethylene at higher ethylene pressures. Thus, we employed
NO titration experiments to enumerate the number of nickel
active sites in situ during ethylene oligomerization, with the
flow rates for butene, Ar, and NO shown in Figure 1d. An
equimolar mixture of Ar and NO was introduced to the
catalyst bed after steady-state time-on-stream rates were
observed, and a decrease in butene flow rate was observed
upon introduction of NO. The Ar flow achieves breakthrough
while NO has a delayed breakthrough response attributed to
the adsorption of NO on the nickel active sites that in turn
impedes butene formation. The total number of active sites can
be estimated by mathematical integration between the Ar and
NO breakthrough curves, normalized by the amount of catalyst
loaded (50−200 mg) at various ethylene pressures (110−1800
kPa) and is reported in Table 1. An ex situ NO titration on the

pristine UiO-66 MOF (Figure S19) is reported to demonstrate
that NO binds to the nickel active site as opposed to the
inactive MOF framework. The tabulated values illustrate that
the number of active sites indeed increases with increasing
ethylene pressures. At 1800 kPa, it appears only ∼12% of the
nickel sites are active for oligomerization from ∼430 μmol
gcat

−1 calculated from ICP-AES (Table S3), assuming one NO

Figure 1. Ethylene oligomerization rates with pure ethylene at (a)
106, 500, 1000, and 2500 kPa at 0.83 cm3 s−1 STP and (b) 106, 657,
and 1000 kPa step changes on the same catalyst with (c) the
corresponding 1-butene (green), cis-2-butene (blue), trans-2-butene
(red), and hexene (black) selectivity and conversion profiles initially
at 106 kPa (●) and after exposure to 657 kPa (○) and 1000 kPa (★)
ethylene pressures with an ethylene flow rate of 0.25−1.5 cm3 s−1 STP
and 102 mg of 2.5 wt%Ni/UiO-66. (d) Butene, Ar, and NO flow rates
during in situ NO titration for ethylene oligomerization at 500 kPa
total pressure, 0.83 cm3 s−1 ethylene, and 8.3 mm3 s−1 of Ar and NO.
Total flow: 0.92 cm3 s−1. All data shown at 473 K.

Table 1. Experimental Conditions and Ni Titrated for in
Situ NO Titrations for Ethylene Oligomerization on Ni/
UiO-66 at 473 K

ethylene pressure
(kPa)

NO flow rate
(10−8 mol s−1)

Ni titrated
(μmol gcat

−1)

110 3.48 4.1
111 3.48 5.5
200 2.09 13
500 3.48 15
500 3.48 16
500 3.48 24
1000 6.96 21
1000 13.9 23
1800 13.9 51
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binds to one nickel atom to suppress the rate of
oligomerization. Prior reports on Ni/NU-1000, a zirconium
based MOF,21,26,27 show isolated nickel atoms and clusters are
supported on the MOF framework, and thus, we postulate that
only some of the Ni species present are relevant for ethylene
oligomerization.
On-stream generation of nickel sites with increasing ethylene

pressures requires enumeration of active sites formed during
reaction and then normalization of rates per mole of active
nickel species to determine oligomerization reaction orders
with respect to ethylene pressure. After accounting for the
increase in the number of active sites formed upon exposure to
high ethylene pressures, rates are first order in ethylene
pressure as shown in Figure 2a, whereas rates appear second

order in ethylene pressure when active site densities are not
enumerated (Figure S10). An Arrhenius plot, shown in Figure
2b, from temperatures of 443−503 K yields an apparent
activation enthalpy of 80.9 ± 2.3 kJ mol−1. We note that the
number of active sites is unchanged with changing temper-
atures (Figure S11).
We report a mechanistic sequence for ethylene oligomeriza-

tion to rationalize our observed induction periods and reaction
kinetics utilizing DFT calculations on cluster models of Ni/
UiO-66. The initiation mechanism10,11,28 (A to H in Scheme
1) involves a series of stoichiometric reactions with the first
step involving heterolytic activation of a C−H bond in
ethylene to form a [Ni-vinyl]− (C) and an acidic [μ3-OH]

+

complex, which is similar to initiation mechanisms proposed
on Ni-containing zeolites where a proton from ethylene is
abstracted to form a [Ni-vinyl-H]+ complex.10,11,28−30 After the
formation of C, another ethylene molecule is adsorbed (D)
and inserts into the Ni-vinyl bond to form a [Ni-
CH2CH2CHCH2]

− species (E). Species E undergoes β-
hydride elimination to form butadiene bound to the active site
(F), and a nickel hydride species (G) is formed upon
subsequent desorption of butadiene.10,11,28

Steady-state oligomerization kinetics are proposed to follow
the Cossee−Arlman mechanism, which typically initiates with
formation of a nickel hydride species (G in Scheme 1 and CA-
1 in Scheme S1).6−8,10,12−14,22,24,29,31 DFT calculations carried
out using cluster models of Ni/UiO-66 result in near zero

apparent activation energies that are inconsistent with first-
order kinetics and activation energies observed experimentally
(Table S8 and Figure S24). Hence, we employed ab initio
thermodynamic analysis32−35 (see SI) to probe the active site
composition under reaction conditions. Thermodynamic
modeling suggests among candidate structures plausible at
steady-state conditions (Scheme 1 and S1), a nickel-ethyl
species (CA-3 in Scheme S1) requires the presence of an
additional ethylene adsorbate for ethylene pressures greater
than ∼100 kPa (Figure 3). Thus, we employ a more
representative model of the active site environment that
accounts for physisorbed ethylene in the pores of the MOF at
the experimental operating conditions (110−1800 kPa) in
cluster model DFT calculations throughout the catalytic cycle.
This model incorporates one extra adsorbed ethylene molecule
to influence the reaction energetics and nature of the active
site. A similar model on Ni-SSZ-24 with physisorbed ethylene
molecules was able to replicate experimentally determined
activation energies with DFT calculations.11 Experimentally,
catalytic stability for ethylene oligomerization on Ni-MCM-41
is reported at 1500 kPa and subambient temperatures, and this
stability is ascribed to solvation by ethylene molecules. At
lower ethylene pressures (<900 kPa), the intrapore liquid is
absent in Ni-MCM-41 which alters the reaction pathway to
promote oligomerization to form higher olefins and deactivate
the catalyst.12 In the Ni/UiO-66 system reported herein, we
observe catalytic stability at lower ethylene pressures (<1000
kPa) and elevated temperatures (443−503 K) to plausibly
suggest physisorbed ethylene stabilizes nickel active site at our
process conditions.12 Furthermore, previous studies on
homogeneous nickel catalysts have suggested that an additional
olefin facilitates the formation of a five-coordinated transition
state which in turn enables β-hydride elimination required to
desorb the resultant oligomer and enable subsequent chain
growth during oligomerization.36 Along the same lines, we
posit that solvation by ethylene facilitates olefin insertion into
the Ni−C bond for chain growth. Coadsorbed ethylene
prevents the formation of a stable, unreactive surface-bound
intermediate (K) and destabilizes the kinetically relevant
transition state for this step (KLTS) relative to a four
coordinated nickel-ethyl-ethylene complex (J).36,37 For these
reasons, we postulate that structure H, a nickel hydride species
with ethylene adsorbed on the active site, is relevant for the
Cossee−Arlman mechanism operative in our system.
From H, another ethylene molecule is adsorbed to yield

structure I. A migratory hydride insertion transforms species I
to a nickel-ethyl species (J). From species J, another ethylene
molecule is adsorbed (K) and inserts into the Ni−C bond to
produce a nickel-butyl species (L). The nickel butyl species
undergoes β-hydride elimination to produce 1-butene
adsorbed on the surface (M) and regenerate the nickel hydride
active site with ethylene adsorbed (H).
Enthalpy (red) and free energy (blue) diagrams for ethylene

oligomerization on Ni/UiO-66 are presented for the initiation
mechanism and the Cossee-Arlman mechanism in Figure S23
and Figure 4, respectively. We examined various spin states of
Ni and report here the lowest energy spin state structures (S2 =
0) with results from other spin states reported in the SI along
with optimized reaction coordinates. The intrinsic free energy
barrier for the C−H activation of the bound olefin (BCTS)
during the initiation mechanism is 141 kJ mol−1 at 298 K and
ambient pressure, which is consistent with the 153 kJ mol−1

intrinsic free energy barrier calculated on Ni-AIM+NU-1000

Figure 2. (a) Butene formation rate versus ethylene partial pressures
(110−1800 kPa) at 473 K. (b) Arrhenius plot at 500 kPa on 40.0 mg
Ni/UiO-66 and 0.83 cm3 s−1 STP for ethylene oligomerization from
443 to 503 K.
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for C−H activation.31 Olefin insertion into the Ni-vinyl bond
(DETS) and the β-hydride elimination step (EFTS) have
intrinsic free energy barriers of 15 and 31 kJ mol−1,

respectively. The free energy of adsorption of an ethylene
molecule from G to H is −49 kJ mol−1. From experiment,
butadiene is observed at all ethylene pressures during the first
100 min on stream (Figure S14), which is consistent with the
β-hydride elimination step (EFTS) where butadiene is formed.
Additionally, shorter induction periods and an increase in the
number of active sites per gram catalyst are observed with
increasing ethylene pressures (Figure 1 and Table 1), which is
congruous with the stoichiometric formation of active sites
dependent on ethylene pressure proposed in the initiation
mechanism.
The steady-state Cossee−Arlman mechanism begins with

species H followed by adsorption of an ethylene molecule (I),
resulting in a free energy of adsorption of 17 kJ mol−1. The
migratory insertion of the hydride and adsorbed ethylene
molecule (IJTS) has a barrier of 22 kJ mol−1. From species J,
the free energy for adsorbing another ethylene molecule is 18
kJ mol−1. The olefin insertion step (KLTS), the kinetically
relevant step in the Cossee−Arlman mechanism, transpires
with a free energy barrier of 80 kJ mol−1. The β-hydride
elimination step (LMTS) yields a free energy barrier of 48 kJ
mol−1. Calculated free energy barriers for the migratory
insertion, olefin insertion, and β-hydride elimination step for
ethylene oligomerization on a model of Ni/NU-1000, where
physisorbed ethylene was not incorporated, are 15, 55, 48 kJ

Scheme 1. Initiation Mechanism and Cossee−Arlman Mechanism for Ethylene Oligomerization on Ni/UiO-66

Figure 3. Phase diagram for the Ni/UiO-66 catalyst model calculated
as a function of PC2H4

(relative to standard pressure) and temperature
at a constant 1,3-butadiene partial pressure of 0.05 Pa. Candidate
structures were those utilized in Schemes 1 and S1; thermodynami-
cally stable structures are those indicated in the phase diagram.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c09320
J. Am. Chem. Soc. 2021, 143, 20274−20280

20277

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c09320/suppl_file/ja1c09320_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c09320?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c09320?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c09320?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c09320?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c09320?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c09320/suppl_file/ja1c09320_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c09320?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c09320?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mol−1, respectively, and are consistent with calculated free
energy barriers on Ni/UiO-66 reported here.4,31 With ethylene
insertion into the Ni−C bond as the kinetically relevant step
(KLTS), experimentally determined first order kinetics with
respect to ethylene (Figure 2a), and thermodynamic modeling
results indicating additional adsorbed ethylene under reaction
conditions (Figure 3), we propose J as the most abundant
surface intermediate, which results in a calculated apparent
activation enthalpy of 49 kJ mol−1. This value is somewhat
lower than the experimentally determined activation enthalpy
of 81 kJ mol−1. However, this mechanistic sequence and model
are consistent with experimentally observed first-order kinetics
in ethylene, induction periods that decrease with higher
ethylene pressures, and stoichiometric events that form active
sites on stream.

■ CONCLUSION
In summary, we report a nickel supported UiO-66 MOF that
uniquely engenders active sites on stream and exhibits >15-day
time-on-stream stability devoid of cocatalysts unprecedented in
heterogeneous catalytic systems for ethylene oligomerization.
Active site densities are enumerated in situ with NO titration
experiments to disambiguate the effect of increased reaction
rates with increasing ethylene pressures to appropriately
determine first-order kinetics in ethylene pressure. A cluster
model of Ni/UiO-66 that captures the effect of physisorbed
ethylene is determined with ab initio thermodynamic
modeling, and comparisons between experimental and
computed apparent activation enthalpies validate the Cos-
see−Arlman mechanism for ethylene oligomerization on Ni/
UiO-66 MOFs.
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