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ABSTRACT: Metal−organic frameworks (MOFs) hold great promise
as structurally tunable catalysts capable of high selectivity in the solid
state, yet their comparatively high cost and often limited stability remain
significant concerns for their commercialization as heterogeneous
catalysts. Here, we report detailed X-ray absorption spectroscopy studies
of Co- and Ni-MFU-4l, a class of highly selective MOF catalysts for olefin
upgrading, and reveal mechanisms that lead to their deactivation. We
further show that Ni-CFA-1, a more scalable and economical alternative
to Ni-MFU-4l, reproduces both the local coordination structure and the
high selectivity of the latter in ethylene dimerization catalysis. Under
optimal conditions, Ni-CFA-1 activated by MMAO-12 achieves a
turnover frequency of 37100 per hour and a selectivity of 87.1% for 1-
butene, a combination of activity, selectivity, and affordability that is unmatched among heterogeneous ethylene dimerization
catalysts. Ni-CFA-1 retains its high activity for at least 12 h in a one-liter semibatch reactor, offering a strategy toward robust
and scalable MOFs for industrial catalysis.
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■ INTRODUCTION

Owing to the processing advantages of textural control and
catalyst recovery, heterogeneous catalysis remains the industry
standard, with a commercial significance that cannot be
overstated. Yet the structural polydispersity and inflexibility of
inorganic solid catalysts severely limits the study and
optimization of their catalytic selectivity. Consequently,
industrial processes that require high purity product streams
often rely on discrete molecular catalysts, operating under
more demanding and costly homogeneous conditions.
Metal−organic frameworks (MOFs) are structurally mono-

disperse and tunable materials that offer the capacity for
molecular-level control in the solid state. They have attracted
considerable attention as single-site heterogeneous cata-
lysts,1−10 amenable to synthetic modification, mechanistic
analysis, and exceptional catalytic selectivity. Nevertheless,
these molecule-like properties of MOFs come at the price of
using an organic linker as a repeating structural unit, typically
more expensive than purely inorganic solids.
Furthermore, the coordination networks of which MOFs are

composed of often lack the thermal, chemical, or mechanical
resilience required for the demanding conditions of industrial
catalysis.4,11 Along these lines, numerous reports have

addressed the cost and instability of MOFs through the design
of new organic linkers12 or inorganic nodes.13−15 However,
this approach would be unlikely to preserve the reactivity of a
promising but impractical MOF catalyst.
In recent years metal−organic frameworks have demon-

strated promise as catalysts for olefin oligomerization and
polymerization. These reactions are performed under air-free
conditions at relatively mild temperatures and pressures,
making them particularly well-suited for MOF catalysis.
Typically, MOF-based catalysts are prepared by employing
catalytically active metalloligands,16,17 postsynthetically ap-
pending molecularly defined catalysts to the MOF,6,18,19 or
depositing metal atoms or clusters in the MOFs.20−23 In
contrast, our laboratory and others24,25 have developed MOFs
with catalytically active metal nodes. We have reported several
catalysts for the selective polymerization and oligomerization
of light olefins prepared by cation exchange in MFU-4l (MFU-
4l = Zn5Cl4(BTDD)3; H2BTDD = bis(1H-1,2,3-triazolo[4,5-
b],[4′,5′-i])dibenzo[1,4]dioxin).26−29 This azolate MOF
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serves as an excellent platform for studying organometallic
catalysis in the solid state, with a monodisperse and highly
symmetric structure featuring scorpionate-like coordination of
Zn2+ ions. These ions undergo exchange with a variety of
transition metal cations under mild conditions,30−33 providing
a predictable method to introduce catalytic sites in a molecule-
like environment in the solid state. On the basis of this
strategy, we reported the highly selective dimerization of
ethylene to 1-butene using Ni-MFU-4l (1),27 the highly
stereoselective polymerization of 1,3-butadiene using Co-
MFU-4l (2),29 and the single-site polymerization of ethylene
with Ti-, V-, and Cr-MFU-4l.28,34 However, the scalability of
MFU-4l is limited by both the expensive, multistep synthesis of
its linker H2BTDD and the high-dilution conditions required
for its crystallization, which requires the use of a large volume
of solvent. Partly because of these limitations, key mechanistic
details including the mode of catalyst activation and
deactivation have not previously been established, despite the
obvious significance of such studies for understanding and
extending catalyst lifetime.
Here, we characterize a unique reductive demetalation

process as the basis for deactivation in Ni- and Co-MFU-4l (1
and 2; Figure 1A) using X-ray absorption spectroscopy (XAS).

Taking advantage of the modular structure of MOFs, we
develop Ni-CFA-1 (3; Figures 1B and 1C) as a more
synthetically accessible catalyst that closely reproduces the
scorpionate-like nickel site of 1. We show that Ni-CFA-1
reproduces the high selectivity and activity of Ni-MFU-4l for
the dimerization of ethylene to 1-butene in a more scalable
material. Finally, we demonstrate a larger-scale operation by
employing Ni-CFA-1 in a one-liter reactor where high activity
is retained for over 12 h.

■ RESULTS AND DISCUSSION

To gain insight into the deactivation of 1 and 2 with the aim of
increasing catalyst lifetime, we isolated samples of both
materials from ethylene dimerization and diene polymerization
conditions, respectively (i.e., both involving MMAO-12,
toluene, and olefinic substrate). For comparison, samples of
1 and 2 were treated with alkylaluminum cocatalysts in the
absence of substrate. Samples of 1 were then analyzed by Ni
and Zn K-edge XAS, while samples of 2 were analyzed by Co
K-edge XAS. For additional comparison, we also analyzed
native MFU-4l (i.e., zinc-only) after treatment with AlMe3 by
Zn K-edge XAS.
Collectively, the resulting XAS analysis implicates reductive

demetalation to metallic cobalt and nickel as the ultimate
decomposition pathway for 1 and 2, respectively. Specifically,
the cobalt K-edge XAS data show an isosbestic progression
from Co-MFU-4l to cobalt metal (Figure 2A). Indeed, X-ray
absorption fine structure analysis (EXAFS) of the most
deactivated sample (Co-MFU-4l exposed to AlMe3 for 14 h,
4) resulted in a k-space plot nearly identical to that of metallic
cobalt foil but reduced in intensity (Figure 2B). These data
indicate a near-quantitative conversion of the Co2+ ions in 2 to
cobalt nanoparticles in 4. Qualitatively, nickel K-edge XAS data
show a similar progression from 1 to nickel metal, although the
lack of isosbestic points suggests that other intermediates may
occur (Figure 2C). Nevertheless, EXAFS analysis suggests Ni−
Ni scattering consistent with partial formation of metallic
nickel (Figure S11).
In contrast, the Zn K-edge XAS analysis does not show

reduction of zinc(II) to metallic zinc in 1 or in native MFU-4l
(Figure 3).35 Instead, all of the chemically treated samples
show a similar reduction in edge energy (Table S1) to values
close to that of diethylzinc (9661.8 eV)36 and a decrease in
white line intensity relative to pristine MFU-4l (Figure 3).
EXAFS analysis of the Zn K-edge data shows no new peak in
the range R = 2.0−2.5 Å (phase-uncorrected distance), as
would arise for Zn−Zn scattering in metallic Zn (Figure S12).
Together, these data are more consistent with partial alkylation
of zinc(II) sites than reductive demetalation. In addition,
PXRD analysis shows good retention of crystallinity for MFU-
4l treated with AlMe3, even after exposure to air (Figure S6).
Given that mixtures of MFU-4l and alkylaluminums are not
reactive toward ethylene, we propose that the alkylation of zinc
sites in 1 is a benign side reaction during ethylene
oligomerization, which consumes cocatalyst but does not
impact the stability or reactivity of the MOF.
To account for the reductive demetalation of Ni2+ and Co2+

to metal, we propose the insertion of alkylaluminum units into
the secondary building unit sites vacated by Ni2+ or Co2+ ions,
respectively, and the formation of aluminum scorpionate
moieties (Scheme 1). Consistent with this hypothesis, ICP-MS
analysis of native MFU-4l after treatment with AlMe3 for 14 h
shows only trace aluminum content, while similarly treated 1
and 2 show superstoichiometric incorporation of aluminum
(Section S3). Furthermore, PXRD analysis shows that 4
remains highly crystalline when analyzed under air-free
conditions but loses crystallinity rapidly upon exposure to air
(Figure S4), as would be expected if reactive scorpionate alkyl-
aluminum species in 4 were exposed to air. By contrast,
exposure of 4 to air results only in a very minor change in the
cobalt K-edge XAS spectrum (Figure S10). Together, these
data suggest that structural collapse is not the result of cobalt

Figure 1. (A) Related Ni2+ and Co2+ sites in 1 and 2, respectively. (B)
Ni2+ site in 3. (C) Three-dimensional structure of 3. Extra-framework
anions were removed for clarity.
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oxidation but may result from the reaction of an air-sensitive
scorpionate alkyl-aluminum unit (Scheme 1; 5). As precedent
for this substitution, potassium and thalium tris(pyrazolyl)-
borate complexes both react with trimethylaluminum to
generate discrete scorpionate alkylaluminum complexes and
potassium or thalium metal.37,38 To evaluate the relevance of
this reductive substitution in 1 and 2, we combined AlMe3
with TpMesNiCl and TpMesCoCl (TpMes− = tris(3-mesityl-1-
pyrazolyl)borate), molecular scorpionate complexes shown to
reproduce the catalytic selectivity of 1 and 2, respectively.29,39

In both cases, nickel or cobalt metal are indeed produced along
with a soluble aluminum tris(pyrazolyl)borate complex,
although pure aluminum complexes were not isolated (Section
S5).
With the mechanistic insight that the deactivations of 1 and

2 are reductive demetalations heavily influenced by the metal
clusters, we realized that the lifetimes of 1 and 2 were
intrinsically limited by the chemistry of these MOFs. Instead,
we turned our efforts toward the development of a more
economical and scalable ethylene dimerization catalyst.
Although MFU-4l and CFA-1 are not isoreticular, the node
of CFA-1 (CFA-1 = Zn5(OAc)4(bibtz)3) is structurally
homologous to that of MFU-4l.30,40 Importantly, CFA-1 is
constructed from a much more synthetically accessible and
therefore more scalable linker H2bibtz (H2bibtz = 1H,1’H-5,5′-
bibenzo[d][1,2,3]triazole). This ligand can be prepared in a
single, high-yielding step from commercially available 3,3′-
diaminobenzidine (Figure 1), already used industrially in the
preparation of polybenzimidazole fibers. Indeed, our cost
comparison shows that this ligand is more than 40 times
cheaper than that used in the preparation of Ni-MFU-4l
(Section S6.4). On this basis, we anticipated that incorporation
of Ni2+ into CFA-1 would provide a more synthetically
accessible but otherwise analogous heterogeneous catalyst for
the selective dimerization of ethylene. Indeed, under
conditions analogous to those used for preparing Ni-MFU-4l,
soaking CFA-1 in solutions of Ni(NO3)2·6H2O and N,N-
dimenthylformamide provided efficient incorporation of nickel,
as determined by ICP-MS.41 Furthermore, powder X-ray
diffraction (Figure S17) and gas sorption analysis (Figure S16)
demonstrate excellent retention of crystallinity and porosity in
Ni-CFA-1 (3).
Most relevantly, 3 retains the high activity and selectivity of

1 for ethylene dimerization. Initial catalyst evaluation was
performed in a 50 mL stainless steel Parr reactor using
MMAO-12 and Ni(7.5%)-CFA-1, a sample of 3 in which
nickel accounts for 7.5% of the molar metal content. In a
typical run, MMAO-12 was added to a stirring suspension of 3
and toluene, followed by ethylene pressurization. After the
desired time interval, the reaction was rapidly cooled in a dry
ice/acetone bath, vented, and quenched with ice-cold water.
With 1000 equivalents of MMAO-12 and 25 bar of ethylene, 3
shows a turnover frequency (TOF) of 16600 mol of ethylene

Figure 2. (A) Cobalt K-edge XAS analysis of recovered samples of 2.
(B) EXAFS comparison of cobalt-containing samples. (C) Nickel K-
edge XAS analysis of recovered samples of 1.

Figure 3. Zinc K-edge XAS analysis of MFU-4l and Ni-MFU-4l after
treatment with alkylaluminums.

Scheme 1. Proposed Mechanism for the Deactivation of 2 in
the Presence of Alkylaluminum Cocatalysts
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consumed per mole of nickel per hour (Table 1, entry 15) and
a selectivity of 95.1% for dimers and 83.1% for 1-butene.
In order to confirm the immobilized nickel sites as the basis

for catalysis, we performed several control experiments. First,
subjection of CFA-1 to similar reaction conditions did not lead
to observable dimerization activity, indicating that nickel
incorporation is required for catalysis. Next, the supernatant of
the reaction and of the mixture 3/MMAO-12 were separated
by air-free filtration. ICP-MS analysis of the supernatant
demonstrated minimal leaching of soluble nickel species (<1%
mol/mol of nickel content). Finally, after resubjecting these
supernatants to reaction conditions we observed no dimeriza-
tion reactivity, evidencing the heterogeneous nature of the
nickel catalyst. As an additional test, 3 displayed no ethylene
dimerization activity in the absence of alkylaluminum
cocatalyst.
Indeed, the activity of 3 depends significantly on both the

composition and loading of the cocatalyst. As was the case with
1, 3 shows high reactivity in combination with MMAO-12,
although no dimerization activity is observed with trimethy-
laluminum. However, AlMe3-depleted MMAO-1242 provides
significantly reduced activity relative to commercial MMAO-12
solutions that contain residual AlMe3. Furthermore, with
commercial MMAO-12, the activity increases monotonically
with the Al to Ni ratio (Table 1, entries 1−7), although the
benefit of additional aluminum is reduced when the Al/Ni
ratio exceeds ∼250. As a plausible mechanism, the high
concentration of MMAO-12 may be required to promote
cocatalyst diffusion into the porous structure of 3. Along these

lines, residual AlMe3 may serve to improve diffusion into the
MOF by decreasing the average aggregation size of MMAO-12.
Indeed the viscosity-average molecular weight of MAO has
been shown to decrease significantly with the addition of
substoichiometric AlMe3.

43 Cocatalyst loading does not
significantly affect selectivity toward 1-butene, except at low
Al/Ni ratios.
In contrast, the applied ethylene pressure significantly

influences both the activity and selectivity of polymerization
catalyst 3. At ethylene pressures ranging between 5 and 50 bar,
there is an apparent linear dependence of turnover frequency
on pressure and a weaker but positive dependence of both
chain- and regioselectivity on pressure (Table 1, entries 11−
18; Figure 4). To interpret this data kinetically, we first sought
to rule out mass transport limitations by comparing the
activities of both Ni(7.5%)- and Ni(1%)-CFA-1 over this
pressure range (Figure 4A). The consistency of their TOF
versus pressure curves suggests that local depletion of
monomer does not bias the activity data. Consequently, the
first-order dependence of activity on monomer concentration
implicates a coordination−insertion mechanism for chain
growth, as previously demonstrated for 1/MMAO-12.26

Likewise, our selectivity data is most consistent with hydride
transfer to monomer,44,45 a chain termination process
commonly invoked for nickel-catalyzed ethylene polymer-
ization.46,47 Thus, dimerization would involve ethylene
insertion into ethylnickel 6 to generate butylnickel 7 (Figure
4C). Subsequent chain transfer to ethylene (8), providing 1-
butene and regenerating 6, would be accelerated at higher

Table 1. Ethylene Dimerization with Ni-CFA-1a

Selectivity (wt %)

Entry Nickel Loading Pressure (bar) T (°C)b MMAO-12 equiv MMAO-12 concn (M) TOF (h−1)c C4
d α-C4

e Overall 1-butenef

1 7.5% 50 22 50 0.03 13100 87.7 93.9 82.4
2 7.5% 50 22 100 0.05 17900 94.6 93.2 88.2
3 7.5% 50 22 200 0.08 29000 93.3 90.7 84.6
4 7.5% 50 22 250 0.10 30600 94.2 91.3 86.0
5 7.5% 50 22 500 0.13 31200 96.6 94.4 91.2
6 7.5% 50 22 1000 0.33 36300 96.2 91.0 87.5
7 7.5% 50 22 2000 0.49 37100 95.5 91.2 87.1
8 7.5% 50 0 1000 0.30 13700 97.9 98.2 96.1
9 7.5% 50 22 1000 0.33 36300 96.2 91.0 87.5
10 7.5% 50 50 1000 0.29 900 92.6 80.9 74.9
11 7.5% 5 22 1000 0.25 2300 92.4 81.4 75.2
12 7.5% 10 22 1000 0.26 5100 91.8 80.0 73.4
13 7.5% 15 22 1000 0.20 6400 94.5 81.7 77.2
14 7.5% 20 22 1000 0.35 16700 93.3 79.3 74.0
15 7.5% 25 22 1000 0.20 16600 95.1 87.4 83.1
16 7.5% 30 22 1000 0.27 25300 95.2 89.1 84.8
17 7.5% 40 22 1000 0.20 27800 96.4 91.9 88.6
18 7.5% 50 22 1000 0.33 36300 96.2 91.0 87.5
19 1% 50 22 100 0.01 0
20 1% 50 22 500 0.03 1800 88.6 87.8 77.8
21 1% 50 22 1000 0.05 16200 95.9 92.9 89.1
22 1% 50 22 2000 0.11 33300 96.6 96.6 93.3
23 1% 50 22 5000 0.24 36100 94.9 94.7 89.9
24 1% 10 22 5000 0.25 6400 92.4 90.8 83.9
25 1% 30 22 5000 0.24 16500 94.2 96.1 90.5
26 1% 50 22 5000 0.24 36100 94.9 94.7 89.9

aAs determined by GC analysis. bInitial reaction temperature as measured by an internal temperature probe. cMoles of ethylene converted per mole
of nickel per hour, determined by GC analysis. dPercent of oligomeric products that are C4 olefins.

ePercent 1-butene relative to all C4 products.
fThe overall selectivity for 1-butene among all oligomeric products.
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ethylene pressure relative to secondary insertion to hexylnickel
9 or chain walking to isobutylnickel 10.
Upon evaluating the influence of temperature on reactivity,

we found that 3/MMAO-12 is much more active at 25 °C than
at either 0 or 50 °C (Table 1, entries 8−10). However,
selectivity increases considerably to 96.1% 1-butene at 0 °C
and decreases considerably to 74.9% 1-butene at 50 °C. In
light of our proposed mechanism, we attribute the rapid drop
in selectivity at higher temperatures both to a decrease in
ethylene concentration and an entropic preference for
unimolecular chain walking over bimolecular chain transfer.
Having identified 3 as a scalable and highly selective catalyst

for ethylene dimerization, we next sought to evaluate its
performance in a 1 L stainless steel reactor emulating industrial
olefin dimerization. Initially, we found that our optimal
conditions with Ni(7.5%)-CFA-1 and MMAO-12 scaled
poorly, resulting in spontaneous heating and early catalyst
deactivation. Nevertheless, the use of Ni(1%)-CFA-1 and an
internal cooling coil more efficiently regulated the temperature
of the exothermic dimerization reaction at this larger scale.
Under conditions optimized for this catalyst on a 5 mL scale, a
semibatch dimerization process was allowed to continue in a
one-liter reactor for 96 h with continuous sampling for GCMS
analysis (Figure 5, section S7.3). The resulting time course
shows excellent retention of catalytic activity for 18 h, followed
by a gradual decrease in catalytic activity out to 48 h and a
maximum turnover of 400000 mol of ethylene per mole of
nickel. Overall selectivity for 1-butene remains high (72.2%
selective for 1-butene; 82.4% selective for dimers, 87.6%
selective for 1-butene among dimers), although we observe a

progressive decrease in both chain and regioselectivity that we
attribute to secondary reactivity by the accumulating 1-butene.
To study catalyst decomposition in the CFA-1 system,

ethylene dimerization was repeated in several batches on a
small scale, isolating the resulting solids by filtration at various
time points. PXRD analysis of the resulting solids shows
excellent retention of crystallinity for the first 8 h, followed by a
graduate decrease in crystallinity consistent with our proposed
catalyst deactivation mechanism determined for MFU-4l
(Figure S27). Notably, this analysis also showed only minor
accumulation of polyethylene (<1% yield of polyolefin
products), which exhibits a free-flowing powder morphology

Figure 4. (A) Pressure dependence of ethylene dimerization with Ni(7.5%)-CFA-1 and Ni(1%)-CFA-1. (B) The product distribution at various
ethylene pressures for Ni(7.5%)-CFA-1 with 1000 equiv of MMAO-12, demonstrating the increased selectivity for 1-butene at higher pressures.
(C) The proposed mechanism for ethylene dimerization with Ni-CFA-1. aMoles of ethylene consumed per mole of Ni per hour, determined by
GC. bWeight fraction of the total liquid product distribution as determined by GC.

Figure 5. Time course analysis of an extended ethylene dimerization
reaction. Performed with Ni(1%)-CFA-1, MMAO-12 (64000:1, Al/
Ni), and 50 bar of ethylene on a 400 mL scale. aMoles of ethylene
consumed per mole of Ni, determined by GC.
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that reduces the risk for polymer-based reactor fouling, in
contrast to the polymeric byproducts typical with homoge-
neous catalysts. Furthermore, industrial homogeneous catalysts
for ethylene dimerization deactivate in under 1 h,48−50

highlighting the relative stability of Ni-CFA-1. We believe
this increased catalytic stability is due to the site isolation of
the catalyst within the metal−organic framework, inhibiting
bimolecular decomposition pathways.
Ni-CFA-1 is a rare example of a heterogeneous catalyst that

is both active and selective for ethylene dimerization. Despite
the reduced synthetic challenges, the catalytic performance of
Ni-CFA-1 is similar to that of the related but synthetically less
accessible Ni-MFU-4l. Both catalysts are increasingly selective
for 1-butene as the ethylene pressure increases, and at similar
nickel loading levels, the activity of Ni-CFA-1 and Ni-MFU-4l
are comparable. Many other heterogeneous catalysts have been
explored for ethylene dimerization41−43 to which Ni-CFA-1
compares favorably. Although a number of Ni-based zeolite or
mesoporous silica ethylene oligomerization catalysts show a
high stability against deactivation, many are poorly selective for
1-butene.51−53 Ni-MCM-41, the only such catalyst with an
activity and selectivity similar to Ni-CFA-1, is exclusively stable
at subambient temperatures (less than −15 °C) that present
substantial practical challenges.53 By demonstrating sustained
selective ethylene dimerization at ambient temperatures, Ni-
CFA-1 represents an improvement on the existing technology
and a step toward commercial heterogeneous catalysts for
ethylene dimerization.

■ CONCLUSIONS
In summary, we have shown that the deactivation of MOF
catalysts prepared by cation exchange can be both understood
and mitigated in a manner amenable to systematic catalyst
improvement in the solid state. Through this process, we have
developed Ni-CFA-1 as a robust and scalable catalyst for
ethylene dimerization, whose selectivity and activity as a solid
catalyst is only matched by Ni-MCM-41 and the related Ni-
MFU-4l. We anticipate that these results will be relevant for
the heterogeneous dimerization of ethylene industrially by
highlighting the potential of an easily prepared MOF catalyst
for this challenging reaction.
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