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ABSTRACT: NU-1000-(bpy)NiII, a highly porous MOF
material possessing well-defined (bpy)NiII moieties, was
prepared through solvent-assisted ligand incorporation
(SALI). Treatment with Et2AlCl affords a single-site catalyst
with excellent catalytic activity for ethylene dimerization
(intrinsic activity for butenes that is up to an order of
magnitude higher than the corresponding (bpy)NiCl2
homogeneous analogue) and stability (can be reused at least
three times). The high porosity of this catalyst results in
outstanding levels of activity at ambient temperature in gas-
phase ethylene dimerization reactions, both under batch and
continuous flow conditions.
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■ INTRODUCTION
In comparison to their heterogeneous counterparts, homoge-
neous transition metal catalysts generally have a more well-
defined coordination environment that is made possible by
discrete ligands. As a result, they can access reaction pathways
that operate at lower energy regimes, their mechanisms can be
studied more readily, and their activity profiles are easier to
tune to afford better selectivity.1,2 At the same time, they tend
to suffer from low thermal and chemical stabilities, while the
need for a solvent in their operations limits their scope of
reaction conditions (temperature range, phase compatibility,
and recyclability, to name a few). Hence, the heterogenization
of homogeneous molecular catalysts to improve their stability
and reaction scope while preserving, or even enhancing, their
tunability and activity-selectivity profile has emerged as one of
the frontiers in modern catalysis.3−7

Concurrently, with well-defined solid-state structures that
include both discrete organic linkers and metal-ion/cluster
nodes, metal−organic frameworks (MOFs) have recently
emerged as a highly promising heterogeneous support for
incorporating transition metal catalysts,8,9 either at the linker
sites,10,11 directly on the nodes,12,13 or at ligand-modified
nodes.14 These well-defined ligated sites offer a homogeneous-
like coordination environment for metal species while the
hybrid organic−inorganic nature of MOF allows one to extend
their reaction scope to temperature ranges at least as high as
350 °C,12 much higher than the stability of many organic

ligands, and to include gas-phase reactions.12 Yet for many
MOF-based catalysts that have been studied to date, the slow
transport of reactants and products in and out of the nanoscale
pores of the MOF crystals can be a turnover-limiting factor.
Even if every linker- or node-based site can be modified,
reactions may only occur at surface-sites if the pore volume is
small, especially in gas-phase catalysis.12,15 For cases when the
pores are relatively large (1−2 nm in diameter), diffusion of
substrates and products through large MOF crystals may still be
slow, leading to observed induction periods,16 incomplete
reactions,14,17 or side reactions of trapped products.18

The aforementioned challenges have led us to explore the
catalysis potential of MOFs that also include pores larger than 2
nm. One of these, NU-1000, has a large pore channel (31 Å)
that has been shown to be a factor that accelerates catalysis in
the solution-phase hydrolysis of the nerve-agent O-pinacolyl-
methylphosphonofluoridate (Soman) and a simulant.19 As
such, we hypothesized that this platform can be extended to
catalysis in the gas phase. Herein, we demonstrate that
(bpy)NiII-functionalized NU-1000 is a highly active catalyst
for ethylene dimerization, an industrially important process due
to a high demand for 1-butene in the production of low density
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polyethylene.20 As such, it has been extensively studied in both
solution and gas phases and can serve as a good model system
for our investigation. In heptane, the NU-1000 support indeed
reduces decomposition pathways for the catalyst, leading to
intrinsic activities that are up to 1 order of magnitude better
than that for the analogous homogeneous complex (bpy)NiCl2
and approaching those observed for (PPh3)2NiCl2, one of the
most active homogeneous ethylene dimerization catalysts.20

Most notably, (bpy)NiII-functionalized NU-1000, with its large
mesopores, is highly active in the gas phase under both batch
and flow conditions, allowing for the elimination of solvent and
ease of separation of the reaction products.

■ RESULTS AND DISCUSSION

Preparation and Characterization of NU-1000-bpy-
NiCl2. NU-1000 can be made in gram quantities following our
previously reported procedure.21 The HCl salt of the 5-
methylphosphonate-2,2′-bipyridine ligand 1 can also be
prepared on a similar scale in 98% yield over two steps,
following a strategy reported for the symmetric 5,5′-bis-
(methylphosphonate)-2,2′-bipyridine analogue22 (Figure 1,
see Supporting Information (SI), section S3 for experimental
and characterization details). Combining NU-1000 with a
DMSO solution of 1·HCl for 12 h (Figure 1; also see SI,
section S4) readily afforded the desired NU-1000-bpyHCl
material as an orange solid.23,24 This solvent-assisted linker
incorporation (SALI) methodology took advantage of the
ability of the Zr6(μ

3-OH)8(OH)8 nodes of NU-1000 to be
readily modified through reaction between the free Zr−OH
moieties (or missing-linker sites) on the node and incoming
carboxylic23,24 or phosphonic acid25,26 -containing function-
alities. In contrast to the modifications with carboxylic
acids,23,24 it was necessary to use a dilute solution and only a
moderate excess (2.5−3 equiv/Zr6 node) of the phosphonic
acid ligand 1 to prevent decomposition of the NU-1000
framework during ligand incorporation.25

Analysis of NU-1000-bpyHCl by diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS, see SI, Figure S3)
clearly shows evidence of phosphonate modification of the
termina l Zr−OH si tes o f the Zr6(μ

3 -OH)4(μ
3 -

O)4(OH)4(OH2)4 nodes27 (henceforth referred to as Zr6
node for convenience). The terminal Zr−OH stretch at 3674
cm−1 is strongly diminished compared to that for the parent
NU-1000, suggesting near-complete reaction with the HCl salt
of the phosphonate-bpy ligand 1. In addition, a broad PO
stretch was observed at ∼1055 cm−1.25 NU-1000-bpyHCl can
be activated by heating the MOF under vacuum after
exchanging the adsorbed DMSO with acetone. The 1H NMR
spectrum of activated NU-1000-bpyHCl that has been
dissolved in a D2SO4/DMSO mixture showed an average
incorporation of 1.7 bpyHCl moiety per Zr6 node (SI, Figure
S2). While functionalization with 1·HCl partially reduced the
overall dimension of the mesoporous channel in NU-1000
(from 31 to 29.5 Å, see SI, Figure S4), NU-1000-bpyHCl
remains highly porous (surface area = 1560 m2/g, see SI, Figure
S4) and crystalline (see SI, Figure S5 for powder X-ray
diffraction (PXRD) data). The retention of the vertical feature
at the beginning of the mesoporous region in the N2

adsorption/desorption isotherm (SI, Figure S4) suggests that
the mesoporosity of the parent NU-1000 material was
conserved.25

Treating NU-1000-bpyHCl with a DMF solution of NEt3
over 12 h (Figure 1) results in complete deprotonation of the
supported bpy moiety and with minimal loss of the supported
ligand (1.6 bpy/Zr6 node; see SI, section S4 for experimental
details). The diffuse reflectance UV spectrum of the resulting
NU-1000-bpy materials shows a clear red shift in comparison
to those in the spectra of NU-1000 and [NU-1000 + NiCl2]
(SI, Figure S6). As expected, the resulting free-base NU-1000-
bpy MOF remains highly porous (surface area = 1600 m2/g,
see SI, Figure S4) and crystalline (SI, Figure S5). Subsequent
exposure of the orange NU-1000-bpy material to a solution of
anhydrous NiCl2 in methanol28 then afforded NU-1000-bpy-

Figure 1. Preparation of NU-1000-bpy-NiCl2. The representations of the MOF framework were generated from the reported crystal structure21

using Materials Studio software version 5.
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NiCl2 (Figure 1) as a green material (Figure 2, left vial),
consistent with the presence of green (bpy)NiCl2 moieties. The
diffuse reflectance UV−vis spectrum of NU-1000-bpy-NiCl2
shows an additional slight red shift of the main absorption peak
(∼410 nm) with respect to that in the spectrum of NU-1000-
bpy (SI, Figure S6). Most notable is the broad absorption
around 700 nm that is characteristic of the weak d−d transition
observed for (bpy)NiCl2.

29 Inductively coupled plasma atomic
emission spectroscopy (ICP-OES) analysis indicates a
stoichiometry of ∼1.5 [Ni]/Zr6 node, suggesting a near-
complete formation of supported (bpy)NiCl2 species. BET
analysis of NU-1000-bpy-NiCl2 (SI, Figure S4) reveals a small
decrease in specific surface area (1450 m2/g) that is consistent
with added density and narrowing of the mesoporous channel
(to 28.5 Å).
As a control, the reaction of methanolic NiCl2 with NU-1000

shows much smaller Ni uptake (0.4 NiII/Zr6 node). The color
of the isolated MOF after reaction is not distinguishable from
that of NU-1000 (Figure 2 caption), consistent with a lack of
(bpy)NiII motif. A more significant uptake of Ni (1.1 NiII/
node) was observed for the reaction of NiCl2 with NU-1000-

bpyHCl; the isolated MOF becomes a bit darker than that of
NU-1000 in color (Figure 2) but does not have the green color
characteristic of NU-1000-bpy-NiCl2. While these data
indicated that some reactions may have occurred between the
supported bpyHCl ligand, the level of nickelation is clearly not
as high as for the reaction with the free-base NU-1000-bpy
material.

Dimerization Reactions. Liquid-phase ethylene dimeriza-
tion reactions were carried out at room temperature and under
15 bar of pressure of ethylene in heptane, following conditions
used by Carnivet et al. for the (Fe)MIL-101-NH2-supported
(pyridine-imine)NiII catalyst,30 with suspended NU-1000-bpy-
NiCl2 as well as the appropriate controls (Table 1). Prior to the
dimerization, all catalysts were pretreated with Et2AlCl (70
equiv) to generate catalytically active nickel-hydrido moi-
eties31,32 (see SI, section S5 for experimental details and Figure
S7 for a proposed catalytic cycle). For convenience of handling,
the volatile products were brominated in situ prior to being
analyzed by GC-FID.
As anticipated, neither NU-1000 nor NU-1000-bpy show

any catalytic activity for ethylene dimerization (Table 1, entries

Figure 2. From left to right: Photos of samples of NU-1000-bpy, NU-1000-bpyHCl, and NU-1000 after reaction with methanolic NiCl2. The color
of NU-1000 does not change after reaction with NiCl2.

Table 1. Product Compositions from Liquid-phase Ethylene Dimerization Reactions

entry catalyst
intrinsic activity (IA) for butenes

(h−1)a,b,d
butenes
(%)b

hexenes + octenes
(%)b

1-/2-butene
ratio

1 NU-1000 (∼2.8 μmol of sites available for binding to bpy),
1 h

0

2 NU-1000-bpy (2.8 μmol bpy), 1 h 0
3 (bpy)NiCl2 (2.8 μmol), 1 h 410 ± 80 91 9 90/10
4 (bpy)NiCl2 (2.8 μmol), 2 h 255 ± 50 90 10 89/11
5 (bpy)NiCl2 (35 μmol), 1 h 100 88 12 79/21
6 (PPh3)2NiCl2 (35 μmol), 1 h 7200 99 < 1 50/50
7 NU-1000-bpy-NiCl2 (7.2 μmol Ni), 1 h, first cyclee 1950 ± 180 93 7 91/9
8 NU-1000-bpy-NiCl2 (4.7 μmol Ni), 1 h, second cyclec,e 6040 ± 430 94 6 91/9
9 NU-1000-bpy-NiCl2 (1.4 μmol Ni), 1 h, third cyclec,e 1100 ± 150 95 5 93/7

aCalculated based on the ratio between the amount of butenes formed and the Ni content of the catalyst. This number is only a lower limit of the
intrinsic activity of the catalyst because it does not include the amounts of butenes that were converted into higher alkenes. bThe amounts of
products formed were calculated from GC-FID analysis of the reaction mixture after in situ bromination. This number does not include either the
very small amount of higher alkenes (<1% by GC-FID) or the small amount of polymer coating that was formed around the MOF crystals. cThe
catalyst was reisolated from the previous reaction. A portion of it was removed for ICP-OES and SEM analyses, and the remainder was taken back
into the drybox, retreated with Et2AlCl without removing the polymer residue from the catalyst, and reused for dimerization. dStandard deviations
for the IA data were calculated based on two runs for the homogeneous catalysts and three runs for the MOF-immobilized catalysts. Data for entries
5 and 6 were reported for one run and were in agreement with previously reported results.30 eEntries 7−9 comprise a series of “reuse” experiments
where the catalyst is recovered after each experiment and split into two portions: one to be analyzed by ICP-OES, SEM, and GPC and the other to
be reused. As such, the amount of catalyst is reduced after each step. However, these changes in loading should not affect the calculation of IA data
given the high solubility of ethylene in hydrocarbon solvents (a 0.25 molar ratio to hexane (heptane should be similar) at 15 atm pressure of ethylene
at room temperature) and the fact that our reactions were run under a constant supply of ethylene.33 Under these conditions, the amount of ethylene
is about 3500-fold in excess of our largest catalyst loading.
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1 and 2), thus ruling out the possibility of any background
reaction in the absence of nickelated bipyridine. Molecular
(bpy)NiCl2 displayed very low catalytic activity, consistent with
a recent report;30 increasing the reaction time from 1 to 2 h
only resulted in a significant decrease in the intrinsic activity
(IA) for butenes (Table 1, entries 3 and 4), indicating that the
(bpy)NiII catalyst was rapidly decomposing during the ethylene
dimerization.32 Increasing the (bpy)NiCl2 loading from 2.8
μmol to 35 μmol also resulted in a decrease of the catalytic
activity (Table 1, entry 5), most likely due to limited solubility
of the catalyst in heptane. In contrast, our NU-1000-bpy-NiCl2
catalyst is almost 1 order of magnitude more active for ethylene
dimerization, with IAs and butene selectivities that are
comparable to those reported for the (pyridine-imine)NiII

catalysts, which are more active than (bpy)NiII,34−37 supported
on (Fe)MIL-101-NH2

30 and Zn4O(BDC)x(ABDC)3−x
38

MOFs. Moreover, immobilization of the (bpy)NiII catalyst on
the MOF would prevent the decomposition of the catalytically
active sites through transmetalation (SI, Figure S7). Notably,
the activity for the NU-1000-bpy-NiCl2 catalyst persists over
three cycles of reuse: its activity during the second cycle is
actually more than 1 order of magnitude higher than that
observed for (bpy)NiCl2 (Table 1, cf entries 8 vs 3),
approaching that of the more soluble and highly active
homogeneous catalyst (PPh3)2NiCl2 (Table 1, cf entries 8 vs
6).
That the activity of the NU-1000-bpy-NiCl2 catalyst is

highest during the second cycle of reuse (Table 1, cf. entries 6
vs 7 vs 8) prompted us to analyze the catalyst after each
oligomerization cycle. Interestingly, the mass of the solid
material after the first cycle increased to ∼150 mg from an
initial catalyst weight of only 15 mg. PXRD analysis of this
recovered material revealed it to be mostly highly crystalline
polyethylene (PE) that was forming around crystals of the
catalyst during the oligomerization reaction (SI, Figure S9).20,39

This PE is polydispersed and melted over a broad temperature
range as shown by gel permeation chromatography (GPC)
analysis (SI, Table S2) and differential scanning calorimetry
(DSC; SI, Figure S10). Scanning electron microscopy (SEM)
images of the recovered catalyst after the first ethylene
dimerization (Table 1, entry 6) showed a morphology
comprising porous-appearing, albeit polyethylene-covered,
MOF crystals that were connected by a “web” of polyethylene
(SI, Figure S11). The SEM images of the material that was
recovered after the second cycle of catalysis (Table 1, entry 7)
showed materials with more-solid PE coverage (SI, Figure S12).
Analysis of the MOF crystals after removal of the polymer
“coating” shows the size distributions to remain roughly the
same before and after the first oligomerization (SI, Figure S13),
suggesting that the changes in activity are not due to changes in
crystal sizes (i.e., by breaking up the initial MOF crystals into
smaller particles). In view of these data, we hypothesize that the
increase in the catalytic activity after the first cycle is due to a
layer of polymer forming on the surface of the MOF crystals
after some reaction. This layer of polymer can preferentially
increase the local solubility of ethylene near the MOF particles,
leading to increase in IAs. However, as the amount of polymer
increases (i.e., after the second reuse), it will block access to the
active sites and decrease the oligomerization activity. We note
in passing that formation of high-density polyethylene during
oligomerization reactions in hydrocarbon solvents and in the
gas phase have previously been observed for nickel-based
catalysts used in the Shell higher olefin process (SHOP).20,39

The high IA observed in liquid-phase dimerization
encouraged us to test the NU-1000-bpy-NiCl2 catalyst for
gas-phase activity, which is highly attractive from the process
perspective due to a complete elimination of solvent. Given the
larger pores of NU-1000 and its ability to stabilize the active
(bpy)Ni sites, we anticipated that the NU-1000-bpy-NiCl2
catalyst would also have excellent activities in the gas phase,
although particle sizes, and thus catalyst site accessibility, may
play more important roles in these reactions than analogous
reactions in the solution phase. For the gas-phase reactions, two
different samples of the NU-1000-bpy-NiCl2 catalyst, one as-
synthesized and another further crushed, were first treated with
Et2AlCl in heptane and then isolated as dry solids (see SI,
section S5 for further experimental details). Both were then
separately exposed to 15 bar of ethylene for 1 h, and the
products of these reactions were analyzed by GC-FID after
bromination. As expected for a sample with large polycrystalline
platelets (several mm in size), the NU-1000-bpy-NiCl2 sample
that was not crushed before Et2AlCl treatment showed minute
catalytic activity in comparison to the crushed sample (Table 2,

cf. entries 1 vs 2). This phenomenon is well-known in
heterogeneous catalysis where samples with larger particles
have smaller total external surface area and thus fewer
accessible active sites.40 In the case of MOF-based chemistry,
accessibility of substrates to the inner sites of crystals that are
too large have been reported to be greatly improved when the
crystals are ground into smaller-sized microcrystalline par-
ticles.11,16

Notably, the crushed NU-1000-bpy-NiCl2 sample was
remarkably active, with an IA that was only slightly lower
than that observed for the analogous liquid-phase reaction
(Table 2, entry 1 vs Table 1, entry 7). We speculate that the
absence of solvent in this gas-phase batch condition is also a
probable cause for the lower observed selectivity for butenes:
without solvent, the local concentration of butenes inside the
MOF pore may be quite high, and the 1-butene that formed
would have more contact time with the MOF catalyst to
undergo both isomerization (SI, Figure S7) and chain-

Table 2. Data for the Gas-Phase Dimerization Reactions
Catalyzed by NU-1000-bpy-NiCl2

entry catalyst

intrinsic
activity (IA) for

butenes
(h−1)a,e

butenes
(%)b

hexenes
+

octenes
(%)b

1-/2-
butene
ratio

1 crushed NU-1000-
bpy-NiCl2 (2.9
μmol)c

1560 ± 100 82 18 57/43

2 as-synthesized
NU-1000-bpy-
NiCl2 (2.9
μmol)d

70 ± 10 83 16 85/15

aCalculated based on the ratio between the amount of butenes formed
and the Ni content of the catalyst. This number is only a lower limit of
the intrinsic activity of the catalyst because it does not include the
amounts of butenes that were converted into higher alkenes. bThe
amounts of products formed were calculated from GC-FID analysis of
the reaction mixture after in situ bromination. This number does not
include either the very small amount of higher alkenes (<1% by GC-
FID) or the small amount of polymer coating that was formed around
the MOF crystals. cThe MOF was crushed prior to activation with
Et2AlCl.

dThe MOF was not crushed prior to activation by Et2AlCl.
eStandard deviations for the IA data were based on two runs.
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lengthening during the time that the batch reaction was carried
out.41

The excellent activity of crushed NU-1000-bpy-NiCl2 in gas-
phase batch reactions prompted us to evaluate it under
continuous flow conditions. Et2AlCl-treated NU-1000-bpy-
NiCl2 was loaded into a vertical, 1/4″ stainless steel tube
reactor equipped with mass flow controllers and a constant flow
of diluted ethylene (20 vol % in He) was passed through the
reactor at ambient temperature (24 °C) and pressure (1 bar). A
low flow rate of 13 mL/min and dilute ethylene was used to
avoid the buildup of a large exotherm, which is difficult to avoid
in gas-phase olefin polymerization/dimerization processes.42

While a small exotherm was observed on introduction of the
ethylene flow, with the temperature rising to about 28 °C, the
reactor quickly equilibrated to ambient temperature. Excellent
levels of conversion (95%) were observed at the beginning of
the reaction and remained high (>80%) over the next 4 h. The
95% level of conversion is quite remarkable because it would
scale to an IA of ∼7500/h at 15 bar ethylene,43 at least 4 times
better than the IA observed for our gas-phase batch system
when corrected for the difference in ethylene concentrations. In
comparison to the 180 °C temperature required for the gas-
phase olefin dimerization reaction catalyzed by NiII-based MOF
materials,15 the molecular nature of our supported (bpy)NiII

species and the Et2AlCl-pretreatment for activation are key
factors for achieving high activity and butene selectivity at room
temperature. The activity gradually decreased over the course
of 20 h (SI, Figure S14), presumably due to a combination of
catalyst deactivation and site blockage. Indeed, a pressure
buildup in the flow reactor was observed concurrently with
catalyst deactivation, with pressure increasing to 1.2 and 1.6 bar
after 5 and 20 h, respectively. Similarly to that observed for the
batch-scale reaction, SEM analysis of the catalyst recovered
after the reaction under flow conditions indicated that the
blocking of the flow can indeed be attributed to the formation
of polyethylene around the MOF catalyst crystals (SI, Figure
S15).20,39

In summary, we have shown that NU-1000 is a versatile
MOF support for incorporating single-site catalysts. The MOF-
supported (bpy)NiII moieties showed ethylene-dimerization
activities that are orders of magnitude higher than the
corresponding homogeneous analog and good reuse potentials
due to the immobilization-induced stabilization of the catalyst
on the support. Most importantly, the availability of the large
mesopores in NU-1000 facilitates gas-phase reactions both
under batch and continuous flow conditions, allowing for gas-
phase conversions that rival solution-phase reactions.30 These
data emphasize the need for incorporating mesoscale and larger
pores to microporous supports to facilitate transport that can
rival homogeneous catalysis.
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