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ABSTRACT: The manufacture of advanced polyolefins has
been critically enabled by the development of single-site
heterogeneous catalysts. Metal-organic frameworks (MOFs)
show great potential as heterogeneous catalysts that may be
designed and tuned on the molecular level. In this work,
exchange of zinc ions in Zn5Cl4(BTDD)3, H2BTDD = bis(1H-
1,2,3-triazolo[4,5-b],[4′,5′-i])dibenzo[1,4]dioxin) (MFU-4l)
with reactive metals serves to establish a general platform for
selective olefin polymerization in a high surface area solid
promising for industrial catalysis. Characterization of poly-
ethylene produced by these materials demonstrates both
molecular and morphological control. Notably, reactivity
approaches single-site catalysis, as evidenced by low polydispersity indices, and good molecular weight control. We further
show that these new catalysts copolymerize ethylene and propylene. Uniform growth of the polymer around the catalyst particles
provides a mechanism for controlling the polymer morphology, a relevant metric for continuous flow processes.

■ INTRODUCTION

The advent and development of single-site catalysts for olefin
polymerization has dramatically transformed the polyolefins
sector from a commodity market to a highly dynamic and
specialized industry.1 This “metallocene revolution” depended
heavily on structurally tunable molecular catalysts that offer fine
control over the polymer’s molecular structure. However,
homogeneous catalysis remains challenging for the production
of commercial polyethylene and polypropylene, whose
insolubility contributes to line fouling and reactor walling
under conventional solution phase reactor conditions.2

Typically, industrial slurry and gas phase polymerization of
ethylene and propylene rely on granular solid catalysts that are
designed to provide solid polymers as free-flowing powders or
beads.3

Toward this end, the commercialization of advanced ethylene
and propylene polymers has focused on the development of
single-site heterogeneous catalysts.4 However, conventional
solid catalysts lack the fine electronic and steric control that
underlie selectivity in homogeneous transition metal catalysts.5

Furthermore, multisite reactivity in solid catalysts complicates
structure−activity analysis and limits control over the polymer
microstructure. For these reasons, the scalable polymerization
of ethylene and propylene with morphological and molecular
control has largely depended on the immobilization of well-
defined molecular catalysts onto suitably chosen solid
supports.3,4,6

In contrast, metal-organic frameworks (MOFs) offer
unprecedented opportunities for structural design and tuna-
bility in the solid state through variations in both secondary
building units (SBUs) and organic linkers.7 In catalysis, MOFs
have been exploited primarily in the context of Lewis acid
catalysis with SBUs or by incorporating known molecular
catalysts as linkers.8 However, the SBUs behave as unique
supramolecular ligands for transition metals, providing an
intriguing platform for other types of heterogeneous catalysis.9

Transition metals at these nodes may be modified and
substituted with preservation of the basic coordination scaffold
as a result of the geometric constraints imposed by the MOF
crystal lattice. Consequently, cation exchange at the SBUs offers
a rational method for introducing metals of interest into a well-
defined coordination environment even when analogous
molecular coordination compounds are elusive or MOFs with
those metals of interest are unavailable by direct synthesis.10

Among the MOFs reported to undergo cation exchange with
transition metals, MFU-4l (MFU-4l = Zn5Cl4(BTDD)3,
H2BTDD = bis(1H-1,2,3-triazolo[4,5-b],[4′,5′-i])dibenzo[1,4]-
dioxin) seemed the most promising system for olefin
polymerization based on the structure of the SBU.11 This
cluster consists of five zinc atoms: one central atom
coordinated octahedrally by six nitrogens, and four peripheral
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tetrahedral zinc atoms coordinated by three triazole groups and
one chloride that points toward the center of the pore (Figure
1). The soft, tripodal coordination environment of the
peripheral zinc ions bears structural analogy to the post-
metallocene family of scorpionate ligands for ethylene
polymerization.12 Importantly, these zinc ions undergo cation
exchange with late transition metals10d,e and give rise to site-
isolated species that engage in a variety of reactions reminiscent
of scorpionate complexes. Most relevantly, we recently showed
that Ni-exchanged MFU-4l is highly active and selective for the
dimerization of ethylene to 1-butene, suggesting that catalysis
based on alkylation and olefin insertion is possible at this

SBU.9d By analogy with the molecular Cr and Ti scorpionate
complexes, we reasoned that targeting Cr- and Ti-substituted
MFU-4l would lead to efficient olefin polymerization catalysts.

■ RESULTS AND DISCUSSION

To incorporate Ti and Cr, we initially evaluated cation
exchange under conditions successful for the incorporation of
late transition metals into MFU-4l. However, treatment of
MFU-4l with the more oxophilic and generally more air-
sensitive titanium and chromium halides was unsuccessful at
elevated temperature, leading to decomposition of the MOF or
the metal precursors. The exchanges were successful, however,
at room temperature, where various amounts of Cr2+, Cr3+,
Ti3+, or Ti4+ readily exchanged zinc ions in MFU-4l, as
determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES, Table 1). Thus, soaking solid MFU-4l
in a DMF solution with excess CrCl3(THF)2(H2O) and
catalytic Cr2+ replaces all four exchangeable Zn sites in every
SBU to give a material with the composition (CrIIICl2)4Zn-
(BTDD)3. On the other hand, exchange with just CrCl2
replaces only approximately two zinc atoms per SBU under
similar conditions. Successful exchange with titanium chlorides
required switching the solvent to acetonitrile; treatment of
MFU-4l with excess TiCl3(THF)3 leads to substitution of
nearly 2 equiv of Zn per SBU, while only ∼0.2 Zn atoms per
SBU are displaced when excess TiCl4(THF)2 is used. Notably
the loading may be controlled by tuning the excess of transition
metal used for the exchange, and two samples of Cr-exchanged
MFU-4l with lower loading were prepared for comparison.
Powder X-ray diffraction (PXRD) patterns agree well with

that of the parent material, demonstrating that the lattice
structure of the MOF has been preserved (Figures S3.1 and
S3.2). Furthermore, N2 adsorption analyses indicate high
saturation loadings and Brunauer−Emmet−Teller apparent
surface areas that compare favorably with the parent material
(Figure S3.5). Taken together with the detection of zinc in the
exchange supernatant, also determined by ICP-AES, these
results are consistent with incorporation of chromium and
titanium into the SBU by cation exchange. In addition, the
CrCl2- and TiCl3-exchanged materials are expectedly sensitive
when exposed to air and undergo visible color changes, whereas
the CrCl3- and TiCl4-exchanged samples do not, suggesting
conservation of the transition metal’s oxidation state upon
cation exchange. The differences observed in loading efficiency
and in catalytic activity between samples exchanged with the

Figure 1. Portion of (A) the crystal structure of MFU-4l and (B) the
structure of the SBU, illustrating the environment of the tetrahedral
Zn ion replaced by Cr or Ti.

Table 1. Exchange of Early Transition Metals in MFU-4l

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯
‐ ° − −Zn Cl (BTDD) M Zn (BTDD)

l
y y5 4 3

(MFU 4 ) 23 C,7 8 days

MCl ,solvent
5 3

x

entry MOF MClx, solvent M:Zna BET areab

1 Ti(III)-MFU-4l TiCl3(THF)3, CH3CN 1.6:3.4 3144 ± 11
2 Ti(IV)-MFU-4l TiCl4(THF)2, CH3CN 0.2:4.8 3934 ± 15
3 Cr(II)-MFU-4l CrCl2, DMF 2.4:2.6 4060 ± 27
4 Cr(III)-MFU-4l CrCl3(THF)2(H2O), CrCl2,

c DMF 4.0:1.0 3665 ± 18
5 Cr(II)-MFU-4l (low loading) CrCl2, CH3OH 0.35:4.65 4329 ± 12
6 Cr(III)-MFU-4l (low loading) CrCl3(THF)2(H2O), CrCl2,

c DMF 0.25:4.75 3429 ± 40
7 MFU-4l 4114 ± 15

aMetal ratios determined by ICP-AES or ICP-MS. bApparent BET surface areas determined by N2 adsorption analysis at 77 K (cm3/mmol). cIn
catalytic quantities.
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same metal in different oxidation states also suggest oxidation
state conservation (see below).
Notably, all attempts to prepare MOFs analogous to MFU-4l

with chromium or titanium by direct solvothermal synthesis
failed. Combining H2BTDD with chromium and titanium salts
under air-free conditions yielded amorphous materials or
unidentified mixed crystalline phases according to PXRD
analysis performed under inert atmosphere. This result is
unsurprising given the relative paucity of azolate MOFs based
on oxophilic titanium and chromium,13 and underscores the
versatility of cation exchange for accessing metastable phases.
With MOF samples suitably loaded with early transition

metals, we sought to explore their effectiveness in heteroge-
neous olefin polymerization. When treated with methylalumi-
noxane (MAO) or triethylaluminum in toluene and then
pressurized with ethylene, all four samples polymerize ethylene
catalytically, with activities ranging between 1300 and 15 000
turnovers per hour at 40 bar of ethylene (Table 2). In contrast,
no observable ethylene oligomerization or polymerization
products were detected with the all-zinc precursor MFU-4l
and MAO under similar conditions. We therefore attribute the
catalytic activity to the exchanged transition metals.
The polymers produced by all four catalysts were identified

as high or ultrahigh molecular weight, high-density poly-
ethylene (HDPE)14 using a variety of molecular character-
ization techniques. Crystallinity and peak melting temperature
were evaluated by differential scanning calorimetry (DSC)
using a standard two-scan method for thermally resetting the
polymers in order to avoid inconsistencies in the thermal and
mechanical history of samples.15 All polymeric products
displayed high crystallinity (50−65%) and melting temper-
atures (133−138 °C), characteristic of HDPE. Magic angle
spinning 13C NMR spectra of samples 2, 4, and 6 in Table 2
showed large sharp crystal peaks (at 32.8 and 34.2 ppm) and a
broader shoulder at 32 ppm that can be attributed to
methylenes in the orthorhombic and monoclinic crystallites

and the amorphous regions, respectively (Figures 2A and
S8.2).16 Notably, a small peak at 15 ppm can be assigned to
methyl groups of chain-ends or terminating long-chain
branches. The polymers were further analyzed by high-
temperature gel permeation chromatography (HT-GPC).
This technique indicated apparent number-averaged molecular
weights (MN) ranging from 0.1 × 106 for the polymer produced
by Cr(III)-MFU-4l to 0.6 × 106 for the polymer produced by
Ti(IV)-MFU-4l. These data show that the titanium catalysts
consistently produce polymers of higher molecular weight than
the chromium catalysts, a conclusion consistent with the
generally lower second-scan crystallinities obtained for the
titanium-produced polymers, as evaluated by DSC. When
comparing the chromium catalysts at high and at low loading,
roughly similar thermal parameters are obtained for polymers
obtained with the same activator and exchange cation (entries
5−10). However, a higher activity is observed at lower loading.
Notably, the polydispersity indices derived by HT-GPC are

generally low, ranging from 5 for Cr(III)-MFU-4l to 2.0 for
Ti(IV)-MFU-4l at 40 bar of ethylene. These PDI values are
considerably lower than those reported for polyethylene
produced from molecular scorpionate complexes of titanium
and chromium.18 The low polydispersities further suggest
single-site polymerization activity, which has not been
previously demonstrated in a MOF.19

Comparison of the number-averaged molecular weights
calculated assuming linear chains from NMR and HT-GPC,
see Table S8.1, suggests the presence of about 10 long branches
per polymer main chain. Such long-chain branching, which is
desirable for easier polymer processability,20 causes the radius
of gyration to contract, compared to a linear chain of the same
MN; therefore, the true MN would be larger than the values
obtained by HT-GPC.21 We also note that HT-GPC data is
notoriously sensitive to the method of analysis. For an
alternative analysis, with qualitatively similar trends, see Table
S6.1.

Table 2. Catalytic Polymerization of Ethylene by Cr- and Ti-MOFs and Characterization of the Resulting Polymers

entry precatalyst activatora P (ethylene) P (H2) TOFb XC
c TM

c MW (×106)d MN (×106)d PDId

1 Ti(III)-MFU-4l AlEt3 40 bar 0 bar 11 000 58% 138 °C 1.2 0.4 2.9
2 Ti(III)-MFU-4l MAO 40 bar 0 bar 15 000 58% 135 °C 1.0 0.3 3
3 Ti(IV)-MFU-4l AlEt3 40 bar 0 bar 1330 50% 136 °C 1.2 0.6 2.0
4 Ti(IV)-MFU-4l MAO 40 bar 0 bar 1860 50% 135 °C 1.1 0.6 2.0
5 Cr(III)-MFU-4l AlEt3 40 bar 0 bar 5100 67% 135 °C 0.7 0.2 4
6 Cr(III)-MFU-4l MAO 40 bar 0 bar 3420 66% 133 °C 0.5 0.1 5
7 Cr(II)-MFU-4l MAO 40 bar 0 bar 4770 60% 134 °C 0.7 0.1 7
8 Cr(III)-MFU-4l (low) AlEt3 40 bar 0 bar 7300 66% 131 °C
9 Cr(III)-MFU-4l (low) MMAO-12 40 bar 0 bar 7200 67% 131 °C
10 Cr(II)-MFU-4l (low) MMAO-12 40 bar 0 bar 7800 63% 134 °C
11 Ti(III)-MFU-4l MAO 9 bar 0 bar 2850 56% 135 °C 1.4 0.6 2.3
12 Ti(III)-MFU-4l MAO 5 bar 0 bar 1750 54% 135 °C 1.3 0.7 1.8
13 Ti(III)-MFU-4l MAO 13 bar 2 bar 3380 67% 138 °C 0.5 0.08 6
14 Ti(III)-MFU-4l MAO 10 bar 10 bar 1620 77% 135 °C 0.2 0.04 7

aFor loading, see the Supporting Information. bTurnover frequency (TOF) = moles of ethylene consumed per mole exchanged metal per hour.
cSecond scan percent crystallinity (XC) and melting peak (TM) evaluated by differential scanning calorimetry. dWeight-average molecular weight
(MW), number-average molecular weight (MN), and polydispersity index (PDI) determined by high-temperature gel permeation chromatography.
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To explore the molecular selectivity afforded by our catalysts,
we investigated the product of the most active analogue,
Ti(III)-MFU-4l, as a function of ethylene pressure. The TOF of
Ti(III)-MFU-4l decreases proportionally with pressure, and is
accompanied by a concomitant increase of MN for the resulting
polymers (Table 2, entries 2, 8, and 9).22 This pressure
dependence suggests that polymerization occurs by the Cossee-
Arlman mechanism involving direct chain transfer to
monomer.23 Consequently, the decrease of PDI with
decreasing pressure can be explained by ethylene concentration

gradients during catalysis.24 Because the molecular weight
depends on pressure, variation in the local ethylene
concentration would be expected to increase the polydispersity.
Conversely, at reduced pressure a slower consumption of
ethylene would mitigate concentration gradients, consistent
with a decrease in PDI.
Industrially, controlling polymer molecular weight through

coloading with hydrogen is a highly desired mode of molecular
control. Typically, single-site catalysts offer better molecular
weight control than multisite catalysts, which suffer from
varying response to hydrogen at distinct catalyst sites.1

Consistently, treatment of Ti(III)-MFU-4l with an increasing
ratio of hydrogen to ethylene leads to a decrease in molecular
weight (Table 2, entries 2, 10, and 11). As the hydrogen:-
ethylene ratio increases and reaches 1:1, the crystallinity
determined by DSC also increases from 58% to 77%, while MN
decreases nearly 10-fold.
Likewise, the incorporation of comonomers provides one of

the most general means for tuning the properties of polyolefins,
and single-site catalysts offer numerous advantages over
multisite catalysts for copolymerization. Toward this end, we
evaluated the copolymerization of ethylene and propylene
under conditions similar to our homopolymerization studies
(Table 3). In all cases, the products could be characterized as
copolymers. DSC analysis indicated a significant reduction in
both crystallinity and peak melting temperatures relative to the
homopolymers produced by the same catalyst, consistent with
side chain branching. Infrared spectra of the resulting
copolymers display a sharp peak at 1378−1379 cm−1,
consistent with the characteristic C−CH3 stretch observed for
methyl-branched polyethylene (Figures S6.39−S6.41), whereas
homopolymers exhibit IR spectra consistent with linear or
minimally branched polyethylene.25

In order to confirm our molecular assignments and to
quantify propylene incorporation, the copolymers were also
analyzed by quantitative 13C MultiCP/MAS NMR.26 Three
copolymers produced by Ti(III)-, Ti(IV)- and Cr(III)-MFU-4l
were chosen for analysis and compared with the homopolymers
produced by the same precatalysts (Figure 2B). In addition to
the peaks seen in the homopolymers, the copolymer spectra
exhibit clear methyl and methine signals at 20 and 38 ppm,
respectively, characteristic of methyl branching.27 Quantifica-
tion of propylene incorporation demonstrates considerable
differences in copolymerization efficiency among the three

Figure 2. Quantitative multiCP17/MAS 13C NMR spectra of (A) an
ethylene homopolymer and (B) ethylene−propylene copolymers
(magic angle spinning frequency: 4.5 kHz).

Table 3. Copolymerization of Ethylene and Propylene

entry precatalyst TOFa XC
b TM

b % propylenec

1 Ti(III)-MFU-4l 3806 37% 125 °C 4 ± 1%
2 Ti(IV)-MFU-4l 126 38% 127 °C 6.7 ± 1.3%
3 Cr(III)-MFU-4l 95 54% 128 °C 2 ± 0.5%

aReported as moles of ethylene consumed per mole of exchanged
metal per hour. bEvaluated by double-scan DSC. cDetermined by
solid-state NMR.
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catalysts, with propylene incorporation ranging between 2 and
6.7 mol %, see Table 3. The branch contents of the copolymers
produced with titanium catalysts are higher than those of the
copolymer produced by Cr(III)-MFU-4l. Correspondingly,
lower crystallinities and melting temperatures are observed
for the copolymers produced by the titanium catalysts than for
the copolymers produced by Cr(III)-MFU-4l. The peak at 46
ppm in the NMR spectra of the polymers from the two Ti-
catalysts, resulting from two consecutive propylene insertions,

is ∼10 times larger than expected for a random copolymer;
nevertheless, neighboring propylene units are far less likely than
ethylene−propylene pairs, which resonate near 38 ppm.27

Finally, in view of the importance of polymer morphology for
industrial processing, we sought to investigate the morpho-
logical control offered by our catalysts, and analyzed the
resulting polymers by scanning electron microscopy (SEM).
Comparison of MFU-4l and the precatalysts shows that both
consist of prismatic crystallites ranging in size from 0.1−2 μm,
which do not change during cation exchange (Figures 3 and
S7.1−S7.8). As in industrial slurry-phase polymerization
conditions, the resulting products are typically obtained as
free-flowing powders with negligible solubility in common
solvents at room temperature. SEM analysis of these powders
demonstrated a crystallite-like shape reminiscent of the
precatalyst particles, although larger in size, with some reaching
10 μm (Figures 3 and S7.10−S7.25). Qualitatively, the rounded
edges and rougher surfaces observed for the polymer particles
contrasts with the sharp edges and flat faces of the precatalyst
crystallites. Furthermore, comparison of the polymer particles
and precatalyst crystallites by SEM-EDS (energy-dispersive X-
ray spectroscopy) confirmed that these cuboidal structures are
polymer particles and not residual MOF: whereas SEM-EDS
spectra of MOF particles exhibit significant peaks for Cr/Ti,
Zn, and Cl, these peaks are nearly absent in the corresponding
spectra of the polymer particles (Figures S7.9, S7.14, S7.18, and
S7.22). These results are consistent with even growth of the
insoluble polymer product around a granular catalyst particle, a
mechanism of morphological control highly desired for
industrial production of insoluble polyolefins.2,3

In summary, we report four novel chromium- and titanium-
containing MOFs prepared by cation exchange that are highly
active for the polymerization of ethylene. These MOFs produce
high molecular weight, high-density polyethylene, demonstrat-
ing features of single-site catalysis as well as morphological
control over the polymer product. Furthermore, the successful
copolymerization with propylene opens the door to a range of
commercially significant polyolefin copolymers. Likewise,
combined GPC and solid-state NMR analysis provides evidence
for long-chain branching, a structural feature desirable for
improving the melt viscosity of polyethylene. Efforts are
underway in our laboratory to expand upon this strategy to
target commercially relevant polymers and complex molecular
architectures using selective heterogeneous catalysis in MOFs.
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