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ABSTRACT: A structurally well-defined mesoporous Hf-
based metal—organic framework (HfNU-1000) is em-
ployed as a well-defined scaffold for a highly electrophilic
single-site d’ Zr—benzyl catalytic center. This new material
Hf-NU-1000-ZrBn is fully characterized by a variety of
spectroscopic techniques and DFT computation. Hf-NU-
1000-ZrBn is found to be a promising single-component
catalyst (i.e, not requiring a catalyst/activator) for
ethylene and stereoregular 1-hexene polymerization.

eterogeneous catalysts have many attractions versus their

homogeneous counterparts including recyclability, easy
separation from product streams, and, often, greater thermal
stability." Nevertheless, despite their broad implementation, the
design and synthesis of new highly active and selective
heterogeneous catalysts remain a challenge. Typically, heteroge-
neous catalysts are supported on structurally/chemically
irregular surfaces, rendering control of reaction selectivity and
establishing structure—activity relationships challenging.” Such
information is crucial for rational catalyst design, and precision
methods are needed to prepare heterogeneous catalysts in a
controlled, well-defined molecular manner and for their
simultaneous computational characterization.

One strategy to access structurally well-defined heterogeneous
catalysts is to employ atomically periodic scaffolds. The present
approach utilizes a chemically and thermally robust metal—
organic framework (MOF) in lieu of a traditional oxide/
chalcogenide/nitride or activated carbon platform for supporting
molecular complexes.” MOFs are three-dimensional, sterically/
electronically tunable, crystalline, porous materials composed of
inorganic nodes and organic linkers. In contrast to the irregular
surfaces of classical SiO, or AlL,O; supports, MOFs have
inherently uniform surface structures.

Given the periodicity of MOFs, the potential to precisely
determine atomic positions using single crystal X-ray diffraction,
and reports of MOF-based catalytic selectivity,” we consider
them promising and underexplored catalytic scaffolds. One class
of MOFs that has gained attention for exceptional stability are
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Zr- and Hf-based MOFs,® such as NU-1000 (Zr) or Hf-NU-
1000, which consist of Zrs or Hfy nodes [Mg(u5-O),(us-
OH),(OH),(H,0), M = Zr, Hf] and the tetra-carboxylate
linker 1,3,6,8-tetrakis(p-benzoate)pyrene (H,TBAPy).”*” These
MOFs have large 29—30 A hexagonal mesopores that facilitate
mass transport of both catalyst precursors and reactants/
products, as well as accessible —OH and —OH, grafting sites,
the topologies of which have been established by combined
experimental and computational techniques.” The node —OH
and —OH, sites are very acidic with the pK, of the most acidic ;-
OH proton ~3.6." Importantly, these protonolytic sites can be
functionalized in many ways.”""

To date, incorporation of catalytic metal centers into MOFs
has followed three strategies: (1) inclusion into MOF pores,'”
(2) covalent attachment via organic linkers,*"*" and (3) binding
to inorganic node groups.”''*"'> Compared to inclusion
complexes, node binding is more likely to afford stable and
structurally precise catalysts.'* Here we report the synthesis,
characterization, and preliminary catalytic olefin polymerization
properties of a single-component (i.e., not requiring a cocatalyst
or activator), single-site, highly electrophilic d° organozirconium
catalyst embedded in a well-defined Hf-NU-1000 scaffold
(Scheme 1).

A benzene solution of tetrabenzylzirconium (ZrBn,) was
reacted with a benzene slurry of microcrystalline Hf-NU-1000 at
25 °C for 1 h in an Ar glovebox. The air-sensitive product was
washed repeatedly with benzene to remove residual ZrBn,, and
the benzene supernatant exchanged with pentane to facilitate
solvent removal from the functionalized MOF. The presence of
Zr in Hf-NU-1000-ZrBn (Schemes 1B,C) was quantified with
ICP—atomic emission spectroscopy. On average, 2.4 Zr atoms/
Hf; node are incorporated (Table S1, SI)).”” SEM—EDX
indicates uniform Zr incorporation throughout the MOF
crystallites (Figure S1).

The powder X-ray diffraction pattern (PXRD) of the Hf-NU-
1000-ZrBn indicates that it retains crystallinity after ZrBn
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Scheme 1. Synthesis of Supported Organozirconium Catalysts
on (A) Silica,® (B) Hf-NU-1000, and (C) Schematic of
Proposed Chemistry Creating Highly Electrophilic Zr Species
on a MOF
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incorporation (Figure S3). Note also that N, adsorption
isotherms for Hf-NU-1000-ZrBn reveal that, while the BET
surface area decreases versus the parent HE-NU-1000 material,"®
mesoporosity is maintained (Figure $4). Diffuse reflectance FT-
IR spectroscopy of Hf-NU-1000-ZrBn confirms metalation via
reaction with the node —OH and —OH, groups (Figure 1),
evidenced by decreased intensity of the 3678 and 3679 cm™
vibrational modes assigned to terminal —OH and —OH,,
respectively (Figure S2).

Next, the Hf-NU-1000-ZrBn structure was probed by solid-
state '*C CP—MAS NMR spectroscopy. The Hf-NU-1000-ZrBn
spectrum exhibits aromatic resonances assignable to the carbon
atoms of the framework TBAPy linkers, similar to the parent Hf-
NU-1000 MOF;'” however, the spectrum of Hf-NU-1000-ZrBn
also exhibits a broad resonance centered at 6 = ~67 ppm, in the
chemical shift range expected for a Zr—CH, carbon (Figure
S6).'* The 'H MAS spectrum of Hf-NU-1000-ZrBn likewise
reveals peaks at § = 2.9 and 7.9 ppm, which are assignable to the
Zr—CH, and Zr—CH,Ph protons, respectively (Figure S7)."
These NMR data thus provide evidence for the presence of a Zr—
CH,Ph moiety in Hf-NU-1000-ZrBn.

Additional information on the Hf-NU-1000-ZrBn structure is
provided by X-ray absorption spectroscopy (XAS, Table S3).

The XANES Zr K-edge energy of Hf-NU-1000-ZrBn is 18001.5
eV, very similar to that of ZrO, and consistent with a Zr(IV)
formal oxidation state (Figure S9). The Hf-NU-1000-ZrBn
EXAFS spectrum was fit by a difference method using reference
compounds to determine the individual ligand scattering
contributions (details in the SI).*° The optimum fit around Zr
was obtained with one Zr—Bn ligand and three Zr—O ligands.
The derived Zr—C bond length is identical to that in ZrBn,, 2.29
A;*" while the Zr—O bonds are sli§htly shorter than those in
ZrO,, 2.13 and 2.15 A, respectively.”

Organozirconium precursor—MOF interactions were next
modeled using DFT. Investigating the ZrBn, reaction with Hf-
NU-1000 reveals that a Zr—monobenzyl species is the lowest
energy product on the reaction pathway, with protonolytic
release of the fourth and final benzyl ligand, yielding a purely Zr—
oxo species, energetically unfavorable (see SI for details, Scheme
S1,and Table S4). Zr species C of Figure 1 is thus predicted to be
in the 4+ oxidation state and 4-coordinate with three “Hf—0O”
ligands, originating from the MOF Hf node, and one benzyl
ligand, likely coordinated 7, in good agreement with the EXAFS
and NMR data (Figure 1, middle, and SI). Furthermore, a second
potential product is located, resulting from a carboxylate —CO,~
group (originating in the TBAPy linker) shifting from the Hf;
cluster to the Zr of C to form species C2. C2 can then react to
eliminate toluene and form the product D2 with no Zr—C bond
(Scheme S2). D2 is a four-coordinate Zr(IV) species with
average Zr—O bond lengths of 1.99 A (Figure 1, right, and ST).*
While D2 is determined to be ~7 kcal/mol more stable than C
and is the thermodynamic product of the ZrBn, reaction with Hf-
NU-1000 (Table S4), the SS NMR spectroscopy, as well as
catalytic results (vide infra), suggest that a significant fraction of
MOF Zr centers are best represented by kinetic product C.

Zr—benzyl species are known catalysts for olefin polymer-
ization, typically requiring a Bronsted or Lewis acid activator/
cocatalyst to create coordinatively unsaturated electrophilic
centers.”* Addition of neat 1-hexene to Hf-NU-1000-ZrBn under
Ar results in an immediate change of the solution viscosity,
without activator/cocatalyst addition. After stirring for 1 h, the
supernatant was decanted and the product polymer dried in
vacuo. NMR spectroscopy of the resulting colorless highly
viscous liquid reveals >95% isotactic-poly(1-hexene), consistent
with a C;-symmetric Zr catalytic center (Figures S16 and
§17).7%° To the best of our knowledge, this is the first report of

Primarily isotactic-poly(1-hexene)
and polyethylene active site

D2

Linker
Distortion

- 2 toluene

Inactive for a-olefin
polymerization

Figure 1. Calculated crystal structures showing a hexagonal pore of Hf-NU-1000-ZrBn with two Zr/Hf; clusters (left), close-up of Zr MOF component
C with three Zr—O bonds and one Zr—Bn bond (middle), and close-up of Zr species D2 with four Zr—O (right) and expected activities of C and D2
with respect to ethylene and 1-hexene. Calculated CMS charges are shown for Zr and the “Hf—O” ligands in species C (middle).
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stereoregular polymerization by a MOF catalyst.”” To obtain
better insight into the origin of the regioselectivity, DFT
calculations were performed to examine the insertion mechanism
of an a-olefin into the Zr—Bn bond. At constant elevated [a-
olefin], the turnover-limiting propagation/insertion step has a
low computed barrier of ~12 kcal/mol, with 1,2-insertion more
favorable by ~3 kcal/mol versus 2,1-insertion (Table S10). Note
that no polymerization activity is observed upon 1-hexene
addition to either the parent MOF Hf-NU-1000 or to solution
phase ZrBn, under identical reaction conditions. Additionally,
ICP analysis of the filtered reaction solution after catalysis
indicates neither Zr nor Hf particles leached into the solution or
into the polymer contained therein.

Furthermore, addition of 100 equiv of methylaluminoxane
(MAO; 100 Al/Zr) to the 1-hexene before addition of the MOF-
based catalyst yields no polymer.”® Analysis of poly(1-hexene) by
'"H NMR indicates primarily vinylene end groups, consistent with
a f-hydride elimination chain transfer pathway.”” GPC reveals a
bimodal mass distribution (M, = 274 000 g/mol, PDI = 1.9 for
the higher M, fraction, and M,, = 570 g/mol, PDI = 1.2 for the
lower M, fraction), likely reflecting activity differences between
interior and exterior MOF catalytic sites (Table S9).

The Hf-NU-1000-ZrBn 1-hexene polymerization activity is 1.4
X 10°—2.4 X 10° g polymer (mol cat) "' h™'; the lower range may
reflect competitive formation of inactive species D2 found in the
DFT calculations (Figure 1). SEM and PXRD analysis of the
MOF after polymerization (Figures S21 and S22, respectively)
indicate that the MOF remains crystalline and that the crystallites
are largely intact.”® Notably, separation of the MOF catalyst from
the poly(1-hexene) via filtration and addition of fresh 1-hexene
monomer results in further polymerization activity (albeit with a
lower activity: 1.2 X 10> g polymer (mol cat) ™" h™"). We expect
that the lower activity for the second catalytic run likely results
from incomplete separation of the polymer from the MOF,
possibly blocking some active site pores. Nonetheless, this result
indicates that Hf-NU-1000-ZrBn recyclability is promising.

Under the same catalytic conditions, H-NU-1000-ZrBn is also
very active for ethylene homopolymerization (Table S9).
Solution "*C NMR spectroscopy of the product polymer reveals
a single resonance at 6 = 30 ppm typical of linear high-M,
polyethylene (Figure $24). The low polymer solubility precludes
separation from the MOF for GPC analysis; however, DSC
reveals a melting point (T,,) of 142 °C, suggesting ultrahigh-M,,
polyethylene (Figure $25)." Hf-NU-1000-ZrBn activity for
ethylene homopolymerization is 9.3 X 10° g polymer (mol cat) ™"
h™. The higher activity vs 1-hexene likely reflects MOF—Zr
steric constraints. Attempts to copolymerize ethylene + 1-hexene
under the same conditions result in negligible 1-hexene uptake,
again likely reflecting the steric/kinetic constraints imposed by
the MOF environment.

Hf-NU-1000-ZrBn single-site catalytic behavior without an
activator/cocatalyst implies generation of a cationic/unsaturated
Zr center. Indeed, the CMS and natural population analysis
(NPA) calculations on species C reveal substantial positive
electron density at the Zr center and negative charge density on
the surrounding O atoms (Figure 1, middle; Table S6), such that
the Zr—MOF interaction is likely more ionic than covalent
(Scheme 1C). This ionicity yields a highly electrophilic d° Zr
center that enables monomer coordination, insertion, and
propagation. In conclusion, a new, structurally well-defined,
MOF-based cationic olefin polymerization catalyst was synthe-
sized by incorporation of an organozirconium complex into Hf-
NU-1000. Hf-NU-1000-ZrBn is an active single-component

catalyst for ethylene and stereospecific 1-hexene homopolyme-
rization.
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