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ABSTRACT: A mixed-valence oxotrimer metal—organic frame-
work (MOF), Ni-MIL-127, with a fully coordinated nickel atom
and two iron atoms in the inorganic node, generates a missing
linker defect upon thermal treatment in helium (>473 K) to
engender an open coordination site on nickel which catalyzes
propylene oligomerization devoid of any cocatalysts or initiators.
This catalyst is stable for ~20 h on stream at 500 kPa and 473 K,
unprecedented for this chemistry. The number of missing linkers
on synthesized and activated Ni-MIL-127 MOFs is quantified using
temperature-programmed oxidation, 'H nuclear magnetic reso-
nance spectroscopy, and X-ray absorption spectroscopy to be ~0.7
missing linkers per nickel; thus, a majority of Ni species in the
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MOF framework catalyze propylene oligomerization. In situ NO titrations under reaction conditions enumerate ~62% of the nickel
atoms as catalytically relevant to validate the defect density upon thermal treatment. Propylene oligomerization rates on Ni-MIL-127
measured at steady state have activation energies of 55—67 k] mol™" from 448 to 493 K and are first-order in propylene pressures
from S to 550 kPa. Density functional theory calculations on cluster models of Ni-MIL-127 are employed to validate the plausibility
of the missing linker defect and the Cossee—Arlman mechanism for propylene oligomerization through comparisons between
apparent activation energies from steady-state kinetics and computation. This study illustrates how MOF precatalysts engender
defective Ni species which exhibit reactivity and stability characteristics that are distinct and can be engineered to improve catalytic

activity for olefin oligomerization.

B INTRODUCTION

Metal—organic frameworks (MOFs) contain a variety of
structural defects which can be beneficial for catalysis.' ™
These defects can be engendered from missing linkers in the
framework to expose relevant catalytic active sites and can be
tuned based on the choice of modulators used in synthesis to
change the electronic properties of the catalytic site.”~* UiO-
66 and NU-1000, zirconium-oxide based MOFs, for example,
have been shown to facilitate cyclization of (+)-citronellal to
isopulegol and epoxide-ring opening reactions, respectively,
through a coordinately unsaturated zirconium Lewis acid site
derived from a missing linker defect.”'® Up to 25% of linkers
can be missing in UiO-66 to generate these unsaturated
zirconium Lewis acid sites.'' The strength of coordinately
unsaturated zirconium Lewis acid sites on UiO-66 can be
tuned by the choice of acetic acid, formic acid, difluoroacetic
acid, or trifluoroacetic acid modulators in synthesis while
maintaining the structure of the MOF as these modulators
have similar chemical functionalities as the organic linker.”"*
Thermal treatment of MOE-5, a zinc-based MOF, below its
decomposition temperature exposes zinc sites through partial
decomposition of the bridging carboxylate in the organic
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linker."® Iron oxotrimer MOF catalysts, such as MIL-100 and
PCN-250/MIL-127, have been proposed to develop an
unsaturated Fe(II) site from a saturated Fe(IIl) through the
loss of an OH species or a decarboxylation mechanism to lose
CO, on the organic linker to expose relevant catalytic sites for
alkane oxidation reactions after thermal activation.”'®"
Missing linker defects and the coordination environment of
unsaturated metal sites in MOFs have been probed using
techniques such as thermogravimetric analysis (TGA), 'H
nuclear magnetic resonance (NMR) spectroscopy, and X-ray
absorption spectroscopy (XAS)."'"'*'® Metal centers can be
exposed for their respective chemistry upon generation of a
missing linker defect, but a major challenge in MOF catalysis
involves identifying and quantifying relevant open coordina-
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Figure 1. (a) Modular building blocks for Ni-MIL-127 consisting of [Fe,Ni(y3-O)] nodes and 3,3’,5,5'-azobenzenetetracarboxylate (ABTC)
linkers. (b) PXRD for computed (gray), as-synthesized (black), and thermally treated (red) structures of Ni-MIL-127 and (c) N, isotherms for Ni-

MIL-127 as-synthesized (black) and after thermal treatment (red). (d) Time on stream for propylene oligomerization at 0.83 cm

500 kPa and 473 K on 26.3 mg Ni-MIL-127.

3 57! propylene at

tion catalytic sites from the formation of defects as
nonuniformities exist in the MOF structure.'

An open coordination site is purportedly required to
facilitate the Cossee—Arlman mechanism for olefin oligome-
rization on nickel-based catalysts after the reactant olefin
molecule binds to a vacant nickel site to undergo a
stoichiometric reaction to generate nickel—alkyl or nickel—
hydride species.'’~*° Heterogeneous nickel-zeolite catalysts for
propylene oligomerization such as Ni—Na—X,*° Ni—SiOZ,Z(’
Ni—Na-MOR,” and Ni—M-MCM-41"" inherently have an
open coordination site but deactivate with time on stream at
elevated temperatures. Nickel-framework MOF catalysts for
propylene oligomerization such as Ni-MOF-74"" are proposed
to generate a Ni-propyl species during the induction period
through the loss of a Ni—O ligand and deactivate with time on
stream, while Ni-MFU-41"" inherently has an open coordina-
tion site but uses cocatalysts to promote propylene
oligomerization. Due to the lack of catalyst stability for
propylene oligomerization on these materials, few reports
elucidate either the mechanism or the kinetics devoid of
deactivation for this chemistry, while the Cossee—Arlman
mechanism has been proposed for ethylene oligomerization on
nickel catalysts.'”~>°

Herein, we report a stable trimeric bimetallic Ni-MIL-127
MOF, with a fully coordinated nickel atom and two iron atoms
in the inorganic node as-synthesized, which engenders a
coordinately unsaturated nickel site upon thermal treatment
(493 K) in flowing helium through the loss of a linker, as
determined from temperature-programmed oxidation (TPO),
'H NMR spectroscopy, and XAS. Upon thermal treatment, the
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catalyst undergoes an induction period and oligomerizes
propylene in the absence of activators and cocatalysts and is
stable for ~1000 min on stream, distinct from other catalysts
for this chemistry. The Cossee—Arlman mechanism for
propylene oligomerization is affirmed by comparisons of
apparent activation enthalpies through steady-state kinetic
measurements and density functional theory (DFT) calcu-
lations on cluster models of Ni-MIL-127 to contend that light
olefin oligomerization occurs via the Cossee—Arlman mecha-
nism regardless of the length and carbon number of the
reacting linear olefin. Our investigation of Ni-MIL-127
highlights that as-synthesized MOF materials can be
precatalysts that generate defects to engender active sites for
catalysis and allows us to formulate catalysts with isolated
metal centers with varying coordination and electronic
structure environments that can be probed and tuned through
a combination of experiment and computation.

B RESULTS AND DISCUSSION

Ni-MIL-127 is a mixed-metal MOF consisting of [Fe,Ni(y;-
O)] nodes and 3,3’,5,5'-azobenzenetetracarboxylate (ABTC)
linkers (Figure 12).>>*! Powder X-ray diffraction (PXRD) and
nitrogen isotherms, shown in Figure 1b and Ic, respectively,
were used to confirm the crystallinity and porosity of the as-
synthesized material. Mossbauer spectra (Figure S3) acquired
at 25 K affirm that the iron species are Fe(Ill) in as-
synthesized samples, and scanning electron microscopy—
energy-dispersive spectroscopy (SEM-EDS) was conducted
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Figure 2. (a) TPO profile of 4.6 mg of as-synthesized (black) and 3.7 mg of thermally activated (red, 493 K for 4 h in 0.83 cm®s™' of He) Ni-MIL-
127, outlining the evolution of CO, with the temperature ramped at 0.05 K s™" in 0.83 cm® s™ He, 0.17 cm® s Ar, and 0.17 cm® s O,. (b) 'H
NMR spectra for 23.2 mg of as-synthesized (black) and 17.2 mg of thermally activated (red, 493 K for 4 h in 0.83 cm® s™! of He) Ni-MIL-127 in 1
M NH,OH/D,0 normalized to 100 uL of acetonitrile. (c) Ni K-edge XANES, with the inset showing the pre-edge peaks, and (d) EXAFS data
[magnitude of the Fourier transform (k*weight)] in the k range of 3.0 A™" < k < 13.0 A™" for Ni-MIL-127 as-synthesized (black) and thermally
activated (513 K in 0.25 cm® s7" helium, red) at a steady state (ambient pressure of 0.14 cm® s™" propylene at 513 K after 10 h, blue).

to determine the nickel-to-iron ratio, which was 1:2.7 (Figure
S2, Table S2, and eq S2).

Reactivity, Structure, and Active Sites of Ni-MIL-127
for Propylene Oligomerization. After thermally activating
Ni-MIL-127 in 0.83 cm® s™! of helium at 493 K (0.05 K s7)
for 4 h, the catalytic behavior of the material was examined for
propylene oligomerization in 0.83 cm® s™' propylene at 500
kPa and 473 K in the absence of activators, as shown in Figure
1d. As a reference, the pure iron trimer MIL-127 material was
tested for propylene oligomerization under the same process
conditions to reveal hexene formation rates 3 orders of
magnitude lower than Ni-MIL-127, as shown in Figure S13.
Similar to other olefin oligomerization systems on heteroge-
neous catalysts devoid of cocatalysts and activators, an
induction period (~60 ks) is observed’®** on Ni-MIL-127
and has been attributed to the formation of the catalytically
relevant surface species for oligomerization.”’18’21'22 We note
that Ni-MIL-127 is stable for propylene oligomerization after
the induction period for another ~60 ks, which is
unprecedented for propylene oligomerization on heteroge-
neous catalysts at elevated temperatures and pressures. Stable
propylene oligomerization rates were obtained on Ni—Al-
MCM-41 but at subambient temperatures.”’ Prior work on
Ni—Na—X shows stable propylene oligomerization rates after
the catalyst is activated in 500 kPa of propylene at 493 K and
the temperature is subsequently decreased to 393—453 K;
however, the catalyst deactivates at 453 and 493 K without
prior activation.”® The Ni-MIL-127 system for propylene
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oligomerization reported herein showcases a Ni-based catalyst
that is stable at elevated temperatures without prior exposure
to propylene. Our disquisition examines how framework atoms
in Ni-MIL-127 enable site isolation and provide opportunities
to tailor unique coordination and electronic environments to
enhance oligomerization reactivity. A comparison of heteroge-
neous nickel catalysts for propylene oligomerization and their
respective turnover frequencies and linear hexene selectivities
is reported in Table S7.

Olefin oligomerization on heterogeneous nickel catalysts
requires an open coordination site to bind a gas-phase olefin
molecule, as noted on Ni—Na—X’° and Ni-S§Z-24”" for
propylene and ethylene oligomerization, respectively.”” We
sought to explain the reactivity of Ni-MIL-127 for propylene
oligomerization as nickel on Ni-MIL-127 appears to be fully
coordinated with four ABTC linkers, a bridging oxo species,
and an aqua ligand.*>** Prior work on PCN-250/MIL-127 and
their bimetallic analogues has shown that these materials
undergo decarboxylation to open a coordination site on Fe(II)
or M(II), as evinced by thermogravimetric analysis—mass
spectrometry after thermal treatment.”*’ These studies
focused on the nature of the iron species, determined by
’Fe Mossbauer and Fe K-edge XAS but do not investigate the
nature of M(II) species.””” Because nickel is the active species
for propylene oligomerization as opposed to iron (Figure S13),
we sought to quantify the number of missing linkers in both as-
synthesized and thermally treated (493 K in 0.83 cm® s~
helium for 4 h) samples to determine the fraction of missing
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Scheme 1. Proposed Ni-MIL-127 Structures upon Thermal Treatment in Helium, Where Ph-COOH Is an ABTC Linker
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linkers on these samples and the effect they have on nickel
active sites for propylene oligomerization.

TPO enumerates the number of linkers in as-synthesized
and thermally treated samples by quantifying carbon dioxide
from the combustion of the ABTC linker. The materials were
heated at 0.05 K s7! starting from 423 K in 0.83 cm® s7! He,
0.17 ecm® s7' Ar, and 0.17 cm® s™' O, until 723 K. The
thermally treated sample (493 K in 0.83 cm® s for 4 h) was
cooled to 423 K before ramping the temperature at 0.05 K s™'
As depicted in Figure 2a, carbon dioxide is observed at
temperatures >523 K, consistent with the thermal stability of
MIL-127-type materials.”* The amount of CO, can be
quantified by integration of the flow rate of CO, over the
time duration when CO, is observed in the effluent, and this
amount of CO, can be normalized by the mass of the material
to determine 28.7 + 3.7 and 22.4 + 4.0 mmol g, ' of CO,
evolved for the as-synthesized and thermally treated samples,
respectively. Based on the stoichiometry of the ABTC linker,
there are 16 carbon atoms per organic linker, and there are
1.79 + 0.23 and 1.40 + 0.25 mmol g, of organic linkers in
as-synthesized and thermally treated samples, respectively.
From TPO, ~22% of linkers are lost upon thermal treatment.

In conjunction with TPO, we show in Figure 2b the 'H
NMR spectra for the digested as-synthesized (black) and
thermally treated (red) Ni-MIL-127 in a 1 M solution of
NH,OH/D,0O with 100 pL of acetonitrile as the internal
standard. The ABTC linker (8.53 ppm) intensities are
normalized by the amount of Ni-MIL-127 and the intensity
of the internal standard. The chemical shift for the ABTC
linker was verified using the pure linker dissolved in NH,OH/
D,0 (Figure S4). The number of organic linkers in the as-
synthesized and thermally treated Ni-MIL-127 was 2.14 mmol
g 'and 1.69 mmol g ', respectively, as assessed by
integration of NMR peaks. This indicates that ~22% of the
linkers are lost upon thermal treatment, consistent with our
observations from TPO. We attribute a lower absolute value of
linkers determined by TPO compared to '"H NMR to plausible
incomplete combustion of the ABTC linker, where aromatic
fragments (m/z = 78) are observed (Figure S9). The TPO
data reported in Figures la and S4—S7 for the as-synthesized
and thermally activated Ni-MIL-127 species do not have
observable aromatic fragments, but we cannot eliminate the
possibility of aromatic fragments being formed during TPO
due to incomplete combustion of Ni-MIL-127. Nevertheless, a
decrease in carbon content and ABTC linkers of 22% is
observed from TPO and 'H NMR, respectively, to suggest that
linkers are removed from the MOF during thermal treatment.

The stability of the material with the incorporation of
defects can be verified with PXRD and N, isotherms (Figure
1b and lc, respectively), where the material maintains
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crystallinity and porosity. "> After degassing the sample at
393 and 493 K for 4 h in vacuum (<100 Pa), a BET surface
area of 1003 and 1551 m” g™/, respectively, is observed (Table
S1). This increase in surface area is proposed to be positively
correlated with defectivity in MOF materials as seen in UiO-66
and MOF-74 and is consistent with our observations that
m1ss1n% 3lmker defects are engendered upon thermal treat-
ment.

XAS was used to explore the effect of missing linker defects
on the nickel active sites on Ni-MIL-127. Comparing the X-ray
absorption near-edge structure (XANES) data between the as-
synthesized and thermally treated sample at 513 K in helium
(Figure 2c), minimal changes in the absorption edge energies
are observed, but variations in the XANES spectra for the as-
synthesized and thermally treated samples show an increase in
the pre-edge shoulder at 8440 eV, a decrease in the white line
intensity, and subtle changes in the post edge XANES spectra
for the thermally treated samples. The latter corresponds to
changes in the extended X-ray absorption fine structure
(EXAFS) spectra for the two states, where a decrease in the
amplitude of the oscillations in the EXAFS spectra (Figure
S31) and a decrease in the overall magnitude of the first
scattering contribution in the Fourier transform of the EXAFS
spectrum (Figure 2d) is observed when comparing the
transformation between the as-synthesized and thermally
treated samples. The pre-edge feature at 8440 eV (inset of
Figure 2c) in the thermally treated sample is attributed to a 1s
to 4p, transition, consistent with the S-coordinate square
pyramidal configuration of Ni which arises due to symmetry
reduction and a decrease in the inversion center symme-
try.”’ = From EXAFS fitting of the first coordination shell in
Figure 2d to a Ni-O scattering path, a decrease in the Ni—O
coordination from 6.0 + 0.6 to 5.3 + 0.7 for the as-synthesized
and thermally treated samples (see Section S5), respectively, is
determined, which suggests an increase in the number of
uncoordinated nickel species in the thermally treated samples.
This decrease in Ni—O coordination is consistent with the
formation of the S-coordinate signature at 8440 eV (inset of
Figure 2c). The decrease in the white line intensity and
amplitude of the oscillations in the post edge XANES spectrum
are likely due to the removal of the ABTC ligands. These XAS
results corroborate a decrease in nickel coordination to
generate an open coordination site through a missing linker
defect, as shown from TPO and '"H NMR results, to facilitate
propylene oligomerization on Ni-MIL-127.

Our goal was to determine the structure of the as-
synthesized and thermally treated Ni-MIL-127 materials from
TPO, 'H NMR, and XAS. We examined the plausibility of the
formation of the activated material using DFT on cluster
models with benzene-capped linkers of Ni-MIL-127 as
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gray) and 99% N, (M) in 0.83 cm® s™' at a total pressure of 500 kPa at 493 K on 29.8 mg of Ni-MIL-127.

opposed to those with formate-capped linkers proposed by
Barona et al.** We propose that nickel on the as-synthesized
Ni-MIL-127 structure contains four ABTC linkers, one
bridging oxo species, and one water molecule as determined
from our best fit EXAFS model (Scheme 1). Based upon our
analysis of the material upon thermal treatment where a
missing linker defect is generated as shown by TPO and 'H
NMR (Figure 2a and 2b), and no change in the formal charge
of the nickel is noted from XANES spectra (Figure 2c), we
surmise that upon thermal treatment, nickel is bound to three
ABTC linkers, a bridging oxo species, and an OH" ligand to
maintain the oxidation state of nickel (Scheme 1). Using DFT,
the generation of this missing linker defect and the unsaturated
Ni-MIL-127 species yields a change in free energy of 82 kJ
mol ™" at 298 K with respect to the as-synthesized Ni-MIL-127
material. However, at the pretreatment temperature of 493 K,
the change in free energy to generate the missing linker defect
is 25 kJ mol™". This decrease in free energy is consistent with
our observations that it is more favorable to form missing
linker defects at higher temperatures.

The effect of missing linker defects, which engender a
coordinately unsaturated nickel site on Ni-MIL-127 for
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oligomerization catalysis, was evaluated by running propylene
oligomerization at 433 K and 500 kPa of 0.83 cm® s™' of
propylene before and after thermal activation in helium at 493
K in 0.83 cm® s7', as shown in Figure S16. Without prior
thermal activation, propylene oligomerization rates decrease
with time on stream. After thermally treating Ni-MIL-127 at
493 K, a ~4X enhancement in rate is observed at the same
reaction conditions, and the catalyst maintains stable
propylene oligomerization rates. Thus, we surmise that these
missing linker defects are necessary for olefin oligomerization
stability in MOFs, as previous work for ethylene and butene
dimerization on Ni/UiO-66, a MOF with inherent missing
linker defects, shows stable oligomerization rates,”>>* while Ni-
MOF-74, a MOF that does not have missing linker defects,
deactivates with time on stream for propylene oligomeriza-
tion.”™*” The stability of Ni-MIL-127 for propylene oligome-
rization is unique and allows us to probe and enumerate the
relevant active sites, measure steady-state kinetics and product
selectivities, and scrutinize reaction mechanisms for propylene
oligomerization.

Accessible nickel sites on Ni-MIL-127, generated upon
removing linkers, which catalyze propylene oligomerization

https://doi.org/10.1021/jacs.2c10551
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Scheme 2. Initiation Mechanism and Cossee—Arlman Mechanism for Propylene Oligomerization on Ni-MIL-127
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were enumerated using NO titrations ex situ and in situ. The
upper bound estimate of nickel active sites was determined ex
situ using low-temperature (77 K) infrared (IR) dosing
experiments with NO. In Figure 3a and 3b, we show the IR
spectra of an as-synthesized sample after dosing 400 Pa (~4
umol) and 2 kPa (~20 pmol) of NO on 7.7 mg of Ni-MIL-
127. At low NO pressures, we observe a band at 1873 cm™!
attributed to Ni(I[)—NO.>" Upon subsequent NO dosing, the
Ni(II)-NO band saturates, and another band appears at 1894
cm™. This band at 1894 cm™" corresponds to a Fe(II[)—NO
species, which is consistent with the IR frequencies of Fe(I1I)—
NO bands for as-synthesized MIL-127-type materials at
subambient temperatures’”*"** and the oxidation state of
the Fe species determined by Mossbauer spectroscopy at 25 K
(Figure S3). The amount of nickel and iron was quantified by
integration of band areas upon NO dosing until the bands
saturated, as depicted in Figure 3c. The Ni(II)-NO and
Fe(III)—NO bands saturate after dosing 595 pmol g.,, ' and a
subsequent 1557 umol g ', respectively, a cumulative NO
dose of ~2152 umol g, ~". This yields a Ni/Fe ratio of 1:2.6,
consistent with the Ni/Fe ratio obtained from EDS (Table S1,
eq S2).

Previous work has reported that various nickel moieties exist
and only (Ni—OH)* species are active for propylene
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oligomerization on Ni—Al-MCM-41 at 248 K and 230
kPa.**** Similar observations in MOF systems have been
made, where not all Ni species are active during ethylene
oligomerization in Ni/ Ui0-66.”* Thus, we aimed to enumerate
the active sites in situ during propylene oligomerization as
shown in Figure 3d to accurately normalize reaction rates.
Once propylene oligomerizations rates on Ni-MIL-127
reached a steady state at 500 kPa and 493 K, a mixture of
1% NO and 99% N, was introduced into the propylene feed,
and subsequently, a decrease in the rate of hexene formation
was observed. At t;, nitrogen achieves breakthrough before NO
as NO titrates nickel active sites and impedes the formation of
hexene until t,. We note that NO continues to have a delayed
breakthrough response even after hexene is no longer formed
after ¢; as NO titrates the iron in the MOF after nickel is
titrated. This phenomenon is consistent with the ex situ IR
data for the as-synthesized material presented in Figure 3c,
where NO titrates nickel active sites before iron. As shown in
Figure S13, the pure iron analogue of Ni-MIL-127 is inactive
for propylene oligomerization, and thus, we attribute the
decrease in hexene formation to the loss of nickel active sites.
The amount of active nickel is quantified by numerical
integration between the normalized n1tr0§en and NO
breakthrough curves between time t, and t,."”** An upper
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Figure 4. (a) Hexene formation rate vs propylene partial pressure (5—550 kPa) at 473 K on Ni-MIL-127. (b) Arrhenius plot for propylene
oligomerization to form linear hexenes (@), 2-methylpentenes (¥ blue), 2,3-dimethylbutenes (M red), and 4-methylpentenes (O) at 500 kPa from

448 to 493 K for Ni-MIL-127.

bound 371 + 18 umol g~ of nickel was obtained at various
titration conditions (see Section S4), assuming that one NO
molecule binds to one nickel. Comparing the amount of NO
adsorbed ex situ on as-synthesized samples (Figure 3c) and the
uptake of NO in in situ titration experiments to impede hexene
formation (Figure 3d), ~62% of nickel atoms are active for
propylene oligomerization, consistent with the degree of
coordination fitted from EXAFS, where ~70% of nickel
atoms have an open coordination site (Figure 2d; Table S9).

Propylene Oligomerization Reaction Mechanism and
Kinetics. The Ni-MIL-127 precatalyst after thermal activation
undergoes an induction period, as shown in Figure 1d, to
generate the relevant surface Ni species for propylene
oligomerization. We propose that the initiation mechanism
for propylene oligomerization (Scheme 2) consists of a series
of stoichiometric reactions of propylene to form hexadiene and
water which facilitates the formation of a Ni-hydride or Ni-
propyl species, similar to the initiation mechanism presented
for ethylene and butene oligomerization."®*"** In Figure S14,
an increase in propylene pressure from 114 to 500 kPa
decreases the induction period from ~170 to ~60 ks at 473 K,
consistent with previous observations where higher ethylene
pressures decrease the duration of the induction period for
ethylene oligomerization on Ni/UiO-66."> Additionally, an
increase in reaction temperature from 473 to 513 K decreases
the induction period from ~170 to ~30 ks at 114 kPa,
congruous with observations on Ni—Na—X where activating
the catalyst at 493 K eliminates the induction period that was
observed at 453 K.*° Hexadiene formation (Figure S15) is also
detected during the induction period at 500 kPa and 473 K.
These observations imply propylene pressures and reaction
temperatures affect the rate at which relevant surface
intermediates are formed prior to a steady state.

The relevant Ni-propyl species formed during the induction
period were examined through steady-state kinetics and
spectroscopic measurements. Propylene oligomerization is
first-order in propylene pressure from S to 550 kPa on Ni-
MIL-127 at 473 K as shown in Figure 4a. This suggests that
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the resting state of the catalyst at a steady state is a Ni-propyl
species, considering that two propylene molecules are required
to form hexene. The Ni-propyl surface intermediate was
probed with IR spectroscopy after the catalyst reached a steady
state after exposure to propylene for 2 days (Figure S14) at
473 K and ambient pressure and subsequently degassing the
sample (<3 Pa). In Figure S11, aliphatic C—H bands at 2962,
2923, and 2867 cm™! are observed,” consistent with the
presence of a Ni-propyl species that was posited from observed
first-order reaction kinetics for propylene oligomerization.
Subtle differences in the XANES region are observed between
the thermally treated samples and the structure at steady state
(Figure 2c), but the pre-edge peak at 8440 eV persists and
suggests a five-coordinate nickel species. The EXAFS results
for Ni-MIL-127 after thermal treatment and at steady state
reported in Figure S31 are similar, and the fitting of the first
coordination shell (see Section S5) shows that, within error, Ni
maintains the same coordination (Table S9). We note that
Ni—C and Ni—O bonds cannot be differentiated, so the loss of
an OH™ species and the formation of a propyl ligand cannot be
resolved. However, we surmise that the Ni—OH moiety is
removed via migratory insertion of propylene to eliminate
water during the induction period'® and generate the steady-
state Ni-propyl species (Scheme 2) which justifies similar
coordination and geometries between the two structures.
After the relevant Ni-propyl species is formed during the
induction period on Ni-MIL-127, olefin oligomerization is
proposed in the literature to follow the Cossee—Arlman
mechanism on nickel catalysts as presented in Scheme
218192946752 [somers of linear hexenes, 2-methylpentenes,
4-methylpentenes, and 2,3-dimethylbutenes are generated
from the Cossee—Arlman cycle by regioselective insertion of
adsorbed propylene molecules.”” Herein, we report the
mechanism for the production of linear hexenes, while others
are reported in Section S6. The Cossee—Arlman mechanism
starts with a nickel-hydride species (A) that binds to a
propylene molecule to give a nickel-hydride species with
propylene physisorbed on the surface (B). 1,2-Propyl (C) or
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2,1-propyl species are formed upon migratory insertion (BCrg)
of the hydride species and are the relevant surface species.
Another propylene molecule is adsorbed on C to generate
propylene adsorbed on the Ni-propyl species (D). The
kinetically relevant 1,2- and 2,1- olefin insertions (DErg)
proceed on D to generate isomeric Ni-hexyl species (E).”” The
Ni-hexyl species undergo f-hydride elimination (EFyg) to yield
physisorbed hexene (F) which desorbs to regenerate A and
produce the respective hexene isomers.

The validity of the Cossee—Arlman mechanism was
investigated by comparison between experimental and
computed apparent activation energies. An Arrhenius plot
presented in Figure 4b for linear hexenes, 2-methylpentenes, 4-
methylpentenes, and 2,3-dimethylbutenes reveals apparent
activation enthalpies of 65.0 + 5.8, 67.3 + 5.9, 53.4 + 7.2,
and 56.8 + 4.8 kJ mol ™', respectively, between 448 and 493 K
at 500 kPa on Ni-MIL-127. The measured apparent activation
energies for the different hexene isomers are within error of
each other as the product selectivities appear to be invariant
with temperature (Figure S25). These apparent activation
energies are comparable with the activation energies of 58 and
45 kJ mol™" on Ni/UiO-66 for butene oligomerization and on
Ni—Na—X for propylene oligomerization, respectively.”***

The calculated enthalpy and free energy diagrams from DFT
with the M06-L functional for linear hexene formation via the
Cossee—Arlman mechanism are presented in Figure S on
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Figure 5. Enthalpy (red) and free energy (blue) diagram for the
synthesis of linear hexenes via propylene oligomerization through the
Cossee—Arlman mechanism for Ni-MIL-127 at 473 K and 101.3 kPa.
Intermediate structures (S* = 11) are shown along the reaction
pathway.

cluster models of Ni-MIL-127 (S* = 11) at 493 K and 101.3
kPa, while the enthalpy and free energy diagrams for the other
hexene isomers are presented in Figures S32—S35. The free
energy of adsorbing a propylene molecule to generate B is 38
k] mol™!, akin to ethylene and 1-butene adsorption free
energies on Ni/UiO-66 of 17 and 55 kJ mol™’, respec-
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tively.””** The hydride insertion step (BCrg), olefin insertion
step (DErg), and f-hydride elimination step (EFyg) yield free
energy barriers of 17, 76, and 120 kJ mol™’, respectively. The
calculated migratory insertion and olefin insertion intrinsic free
energies on Ni/UiO-66 for ethylene oligomerization are 22
and 80 kJ mol™}, respectively, consistent with the values
reported in Figure 5.°* We note that the barrier for -hydride
elimination of 130 kJ mol™" is higher than what is reported for
ethylene and butene oligomerization on Ni/UiO-66.>°* We
attribute the larger f-hydride elimination barrier of 130 kJ
mol " for linear hexenes due to a combination of the change in
the spin state found in the nickel framework-based MOFs’"
and the specific hexene isomer that is produced. Nickel-
framework-based MOFs, such as Ni-MFU-4l, for olefin
oligomerization have been groposed to change spin states
along the reaction coordinate’' while olefin oligomerization on
nickel-supported MOFs, such as Ni/UiO-66, do not.”>*>** Ni-
MFU-4l yields higher reaction barriers for f-hydride
elimination (72 kJ mol™)°" compared to p-hydride
elimination barrier on Ni/UiO-66 (48 kJ mol!)for ethylene
oligomerization”” where a change in the triplet to singlet spin
state on Ni-MFU-4] along the reaction coordinate was
attributed to contribute toward the higher observed barrier
on framework-based MOFs for f-hydride elimination.
Similarly, a change in spin state is observed for intermediates
E and F on Ni-MIL-127 to give rise to a higher f-hydride
elimination barrier (Section S1; Table S11). Additionally, the
P-hydride elimination step, which affects whether internal or
terminal alkenes are produced, for the Cossee—Arlman
mechanism yield intrinsic free energy barriers of ~130 and
~60 kJ mol™" for internal and terminal alkenes, respectively
(Figures S and S35—S38). The higher f-hydride elimination
barrier of 130 kJ mol™" for 2-hexene presented herein can be
ascribed to a change in the spin state for this step and the
specific structural hexene isomer formed.

Because of the first-order kinetics observed in experimental
studies (Figure 4a), the resting state of the catalyst is likely the
Ni-propyl species (C). The kinetically relevant step for the
formation of hexenes from C is the olefin insertion step
(DEyg) as the apparent free energy barrier is 116 k] mol™" as
opposed to 108 kJ mol™ for the B-hydride elimination step
(EFyg). From the kinetically relevant olefin insertion step
(DErg) and the most relevant surface Ni-propyl species (C)
determined from steady-state reaction orders and IR and XAS
spectroscopy, we obtain calculated apparent activation
enthalpies for linear hexenes, 2-methylpentenes, 4-methyl-
pentenes, and 2,3-dimethylbutenes in the range of 24—42 kJ
mol™" (Figures $32—S35), somewhat lower than the apparent
activation energies of ~53—6S kJ mol™' obtained from
experiment. These values are within the 8—23 kJ mol™" error
of DFT using the M06-L functional and are consistent with
errors found in olefin oligomerization on Ni/UiO-66 and Ni/
NU-1000 MOF materials.”**>?

Metallacycle and proton-transfer mechanisms for propylene
oligomerization were investigated as alternatives to the
Cossee—Arlman mechanism by comparison of expected trends
for these alternative mechanisms with experimental observa-
tions and by comparison of DFT computed energy barriers for
all three mechanisms (Section S8).'®® The metallacycle
mechanism (Scheme S7) on nickel catalysts is characteristic of
external activators, successive coordination of two olefin
molecules, and a redox reaction on the nickel active
site.'¥'”°*>> The observed induction period in the absence
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of activators, the five-coordinate nickel species after thermal
treatment (Table S9) that is unable to directly coordinate two
propylene molecules, and a persistent Ni(I[) species after
thermal treatment and during the reaction as indicated by
XANES (Figure 2c) are incongruous with the metallacycle
mechanism for propylene oligomerization on Ni-MIL-127. The
proton-transfer pathway was scrutinized with DFT calculations
(Section S8, Scheme S6, and Figure S40), where the C—H
activation step was found to be the kinetically relevant step in
our work and previous studies for ethylene oligomerization on
Ni-SSZ-24 and 1-butene oligomerization on Ni/UiO-66." %>
The intrinsic free energy barrier for the rate-limiting C-H step
of 191 kJ mol™! for the proton-transfer mechanism (Figure
S40) is higher than the intrinsic free energy for the kinetically
relevant carbon—carbon coupling step of 76 k] mol™" for the
Cossee—Arlman mechanism (Figure S). These observations
and calculations render the Cossee—Arlman mechanism most
favorable for propylene oligomerization on Ni-MIL-127
compared to the metallacycle and proton-transfer mechanisms.
The Ni-MIL-127 structure, initiation mechanism, and Cossee—
Arlman mechanism for propylene oligomerization are con-
sistent with our spectroscopic measurements, observed
induction periods, and steady-state kinetics.

B CONCLUSIONS

Thermal treatment on Ni-MIL-127, which contains a fully
coordinated nickel atom in the inorganic node, generates a
missing linker defect on nickel to engender a five-coordinate
nickel site to facilitate stable propylene oligomerization after
undergoing an induction period in the absence of cocatalysts
and activators. Transient and steady-state rate measurements
suggest that the induction period is attributed to the formation
of the relevant Ni-propyl species at a steady state. The steady-
state Cossee—Arlman mechanism is validated on Ni-MIL-127
for propylene oligomerization by comparison between
experimental and computed activation energies. These results
demonstrate how the stable Ni-MIL-127 MOF reported herein
can be designed to further improve the reactivity for olefin
oligomerization through a synergy between experiment and
theory.
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