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ABSTRACT: We report a systematic study on the gas-phase
polymerization of ethylene by a metal organic framework (MOF)
catalyst. Cr®*-exchanged MFU-4l (Cr(lll)-MFU-4l, MFU-4] =
ZnsCl,(BTDD);, H,BTDD = his(1H-1,2,3-triazolo[4,5-b],[4 /5 -
i])dibenzo[1,4]dioxin)) serves as an exemplary system to
demonstrate prereaction treatment with alkylaluminum species as
a simple method to isolate an active MOF catalyst for liquid-free
polymerization of ethylene. AlMes-treated Cr(l111)-MFU-4l sub-
jected to 40 bar of ethylene exhibits a polymerization activity of
52 000 MOlgghyjene'Molc, “+h %, an order of magnitude higher than
that observed in a slurry-phase reaction with Cr(111)-MFU-4l and
excess alkylaluminum species. Furthermore, product polyethylene
exhibits a low polydispersity index of 1.36 and a free- owing
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granular morphology favorable for industrial processing, highlighting the advantages conferred by the single-site MOF catalysts in

gas-phase ethylene polymerization.
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he advent of the gas-phase ethylene polymerization

process, epitomized by the commercialization of the
UNIPOL process by Union Carbide in 1968, transformed the
modern production of polyethylene plastics.” A key to its
commercial success lies in the use of inexpensive uidized bed
reactors devoid of energy-intensive liquid-phase operations,
resulting in a nearly 30% reduction in reactor construction and
operation costs over conventional liquid-phase processes.’
Moreover, gas-phase processes are not restricted by the
inherent solubility and viscosity constraints in liquid-phase
processes that limit the range of producible polyethylenes and
often cause complications with polymer agglomeration and
reactor fouling.®> To exploit these advantages, decades of
research has been focused on developing heterogeneous
polymerization catalysts that can reproduce the high degree
of reactivity control a orded by the molecular single-site
catalysts.”® This e ort has become increasingly relevant given
the growing demand for advanced polyole ns with precise
polymer microstructures and molecular-weight pro les for
tailored material properties.® Such stringent requirements can
be met, for instance, by a concomitant use of multiple single-
site catalysts in a single process to produce polyethylenes with
the desired multimodal molecular weight distributions.”® Thus
far, the synthesis of heterogeneous polymerization catalysts has
largely involved chemically immobilizing the active metal
species onto porous supports to achieve high dispersion of
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surface species available for gas-phase reaction.” ** However,
lack of precise molecular control over the immobilization
process leads to variability in the nal structure of the
supported species, which ultimately results in numerous active-
site local environments with vastly di ering polymerization
rates.”* Furthermore, a large number of bound sites often
become inaccessible to the substrate because of multinuclear
agglomeration upon immobilization.** These challenges are
manifested in the high polydispersity of the polymer products
and underutilization of the active component for various
heterogeneous ethylene polymerization catalysts.***® For
example, Phillips chromium-oxide catalysts that currently
produce the majority of commercial high-density polyethylenes
(HDPE) are known to have only 10% of their chromium
centers that are active in the production of polyethylenes with
polydispersity indices (PDI = M,y,/My, My = weight-averaged
molecular weight, My = number-averaged molecular weight)
varying from 4.0 to 100.**¢
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Unlike the active sites in most conventional solid catalysts,
the metal sites in the inorganic nodes of metal organic
frameworks (MOFs) exhibit remarkable structural uniformity
because of the intrinsic crystalline nature of the frame-
work.*” * Furthermore, numerous coordination geometries
a orded by the ligating organic linkers provide the node metals
with unusual electronic environments that can promote the
desired interactions with the substrate.”® 2> Combined with
the site-isolated nature of these metal ions that are readily
accessible through a porous network, the coordinatively
unsaturated metal sites of MOFs o er opportunities for
single-site catalysis uncommon to traditional supported
catalysts.”® 2° Accordingly, there have been e orts to utilize
these node metal centers as active sites for ethylene
polymerization.??® However, MOF catalysts for this process
have required alkylaluminum cocatalysts such that studies have
been limited exclusively to slurry-phase reactions. The same
holds true, for instance, for our previously reported ole n
polymerization catalysts based on cation-exchanged MFU-4l
(MFU-4l = zn;Cl,(BTDD); H,BTDD = bis(1H-1,2,3,-
triazolo[4,5-b],[4 |5 -i])dibenzo[1,4]dioxin))?>?°*° that fea-
ture a wide variety of active metal cations (Ti, V, Cr, or Co)
replacing the peripheral tetrahedral Zn?* ions of the parent
framework (Figure 1).%* ** Whereas these metals are placed in
a tripodal coordination environment reminiscent of those
found in molecular scorpionate complexes and exhibit
analogous ole n polymerization activity,*=>® the MOF
catalysts are completely inactive in the absence of alkylalumi-
num cocatalysts. This cocatalyst dependence and consequent
restriction to liquid-phase operations have limited the utility of
these and other MOF catalysts, since gas-phase ethylene
polymerization is the speci ¢ application for which the single-
site activity and porosity of MOF catalysts can best be
leveraged.

Here, we report gas-phase polymerization of ethylene by
Cr¥*-exchanged MFU-4l (Cr(111)-MFU-4l, 1) pretreated with
AlMe;. Despite the absence of excess aluminum cocatalysts
during catalysis tests, the MOF catalyst shows activity for gas-
phase ethylene polymerization that is nearly 10-fold higher
than the slurry-phase activity of 1, which notably requires
excess alkylaluminum under identical pressures and temper-
atures. The catalyst shows no appreciable deactivation for at
least 24 h and produces dry beads of HDPE. Product
polyethylene displays a low PDI of 1.36, underscoring the
high degree of molecular weight control provided by our
single-site MOF catalyst.

To probe the possibility of realizing gas-phase polymer-
ization with these catalysts, we prepared 1 and Cr?* exchanged
MFU-41 (Cr(I1)-MFU-4I, 2) as previously reported, by soaking
MFU-4l in N,N-dimethylformamide (DMF) solutions of CrCl,
or CrCl,.>* For 1, a near-complete exchange of the tetrahedral
Zn?* in MFU-4l for chromium cations was achieved using 20
equiv of CrCl; and a catalytic amount of CrCl, at room
temperature (Figures 1 and S7 S9, and Table S3). In contrast,
a lower extent of cation exchange at Cr,g: 2Ny = 2.45:2.55
was obtained with just Cr?* in forming 2 (Table S3). For 1,
DMF in the as-synthesized material can be removed by rst
exchanging with methanol and drying the recovered solids
under dynamic vacuum at 150 °C (Figure S10). Notably, a
distinct color change from forest green to a bright yellow upon
solvent removal qualitatively suggests a change in the primary
coordination sphere of the exchanged chromium centers.
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Figure 1. (A) Crystal structure of MFU-4l. (B) lllustration of the
inorganic nodes of MFU-4l and their transformation to those of Cre*-
exchanged MFU-4l (1) via cation exchange and desolvation.

Chromium K-edge X-ray absorption spectroscopy (XAS)
provided important information on the oxidation state and the
coordination environment of chromium in 1 and 2. For
comparison, a batch of Cr(I11)-MFU-4l coordinated with DMF
was prepared without performing the methanol exchange (1
DMF). We also analyzed Tp,Cr(1l), TpCr(l11)Cl,-py, Tp,Cr-
(I1PFg, and Tpm*Cr(IINCl; (Tp = tris(pyrazolyl)borate,
py = pyridine, and Tpm* tris(3,5-dimethylpyrazolyl)-
methane) as standards for Cr(ll) and Cr(lll) in the node of
MFU-4l, having found analogous scorpionate complexes to be
reliable XAS standards for nickel-, cobalt-, and vanadium-
exchanged MFU-4123**3" X.ray absorption near edge spec-
troscopy (XANES) analysis indicated a Cr(l1l) oxidation state
for 1 and a Cr(ll) oxidation state for 2 (Figure 2A,B); the edge
energies of 1:DMF and desolvated 1, de ned as the maximum
of the rst derivative of the XANES curve, were indistinguish-
able at 5999.5 eV and t among those of our Cr(l11) standards,
while that of 2 at 5996.1 eV was lower and much closer to the
edge energies of the Cr(ll) standards. The existence of a small
percentage of Cr(lll) species in 2, however, cannot be ruled
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Figure 2. (A) Chromium K-edge XANES spectra of 1.-DMF, 1, 2, and
relevant standards (Tp = tris(pyrazolyl)borate, Tpm* = tris(3,5-
dimethylpyrazolyl)methane, and py = pyridine). (B) XANES edge
energies of 1.DMF, 1, 2, 3, and relevant standards. (C) The
magnitude of the Fourier-transformed k>-weighted EXAFS spectra of
1.DMF, 1, 3, and Tpm*CrCl,. (D) The imaginary part of the Fourier-
transformed k%weighted EXAFS spectra of 1.DMF, 1, 3, and
Tpm*CrCls.

out. The pre-edge peaks that originate from the Cr 1s 3d
transition in 1, 1-DMF, and 2 all had relatively low intensities
similar to those of the pseudo-octahedrally coordinated
chromium standards. This ruled out a pseudotetrahedral
chromium coordination geometry for 1, 1.DMF, and 2, as
such an arrangement is expected to produce pre-edge features
with much higher intensity (Figure S11).*® Going from
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Tpm*CrCl; to 1.-DMF and to 1, the main Cr(lll) pre-edge
peak showed an increase in peak intensity, indicating increased
deviation away from the centrosymmetry around the Cr(lIl)
center. This is consistent with the expected di erences in the

rst coordination sphere of Cr(lll) in Tpm*CrCl;, 1.DMF,
and 1, where a chlorine ligand in Tpm*CrCl; would be
replaced by an oxygen in 1.DMF and would be absent in 1
(Figure 1B).

The extended X-ray absorption ne structure (EXAFS)
region of the XAS spectrum of dried 1 showed a rst-shell peak
that was similar in shape and position but reduced in intensity
to those of 1:-DMF and Tpm*CrCl; in both the magnitude and
imaginary parts of the Fourier tranform of EXAFS (Figure
2C,D). This suggests similar coordination environments but a
reduced coordination number in 1, further evidence for
coordinative unsaturation in 1. In addition, features from Cr
Cr bonding were clearly absent, con rming the singly
dispersed nature of the Cr active sites. We next performed

rst-shell ts of the EXAFS data from 1 and 1-DMF (Figures
S12), and we compared them to the EXAFS data from
Tp,CrPFg and Tpm*CrCl; standards as well as to the
computational models of 1 and 1.DMF by density functional
theory (DFT) (Section S4). This analysis considered multiple
models where the coordination numbers were integers
matching the possible Cr coordination structures, while all
other variables were optimized during the tting process. This
resulted in primary coordination spheres consisting of 3 Cr N
and 2 Cr Cl bonds for 1, and 4 Cr N*and 2 Cr Cl bonds
for 1.DMF (Table 1). Modeling of other coordination

Table 1. Results of the EXAFS and DFT Analyses®

bond
scattering length Ey
sample pair CNP (/g) S (V)  2(AY
1.DMF Cr N/O¥* 4 2.03 0.69 29  0.004
cr Cl 2 227 0.002
1 Cr N 3 1.99 0.69 54  0.002
cr Cl 2 2.26 0.002
DFT-1.DMF Cr N/O¥* 4 2.058 -
cr Cl 2 2.351
DFT-1 Cr N 3 2.032
cr cl 2 2.290 - - -
Tp,CrPF, Cr N 6 2.02 0.65 23 0.002
Tpm*CrCl;  Cr Cl 3 2.29 0.69 1.3 0.002

aThe average error in the EXAFS-derived bond lengths is 0.02 A, in
Eo is 2.3 eV, and in 2 is 0.001 A% PCN = coordination number
(CN was held constant during the EXAFS tting).

numbers and geometries resulted in quantitatively worse ts,
while the resulting bond lengths agreed well with those
obtained by DFT and EXAFS analyses of the standards.
Furthermore, our DFT models showed a pseudooctahedral
coordination in 1.DMF that converts to a pseudosquare
pyramidal or monovacant octahedral geometry for 1 upon
removal of coordinated DMF (Section S4). Indeed, these
results are highly consistent with the reported structure of
other coordinatively unsaturated chromium tris(pyrazolyl)-
borate complexes.*® EXAFS ts were not obtained for 2, which
is due perhaps to the di ering degree of solvation around
individual Cr(Il) centers. The XAS data support a scenario
wherein cation exchange initially a ords an octahedral Cr(lll)
center in 1:DMF bearing one DMF molecule (Figure 1B).
Subsequent solvent exchange and drying results in a ve-

https://dx.doi.org/10.1021/acscatal.9b03282
ACS Catal. 2020, 10, 3864 3870


http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b03282/suppl_file/cs9b03282_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b03282/suppl_file/cs9b03282_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b03282/suppl_file/cs9b03282_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b03282/suppl_file/cs9b03282_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.9b03282/suppl_file/cs9b03282_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.9b03282?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.9b03282?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.9b03282?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.9b03282?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.9b03282?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

coordinate, pseudosquare pyramidal Cr(lll) in 1, with one
open coordination site.

With the presumed structure of 1 in hand, we next sought
ways to convert it to an active catalyst for gas-phase ethylene
polymerization. Although alkylchromiums are often invoked as
the active species for chromium-based ethylene polymer-
ization, their high reactivity demands rigorous site isolation to
be observed experimentally.***° Consequently, active chromi-
um catalysts are conventionally generated in situ from
precatalysts by adding excess alkylaluminum cocatalysts to
the reaction medium or by subjecting the supported
precatalysts to ethylene atmosphere at elevated temperatures.
Given the site-isolated nature of the node metals in MOFs, we
surmised that ex situ activation of 1 with alkylaluminums could
provide a stable and isolable Cr(ll1l) alkyl. Such a species
suspended within a porous sca old would then be accessible to
incoming ethylene molecules for gas-phase polymerization. To
this end, 1 was treated with 0.2 M of AlMe; in hexane and
vacuum-dried after Itration. The dry, AlMes-treated Cr(l11)-
MFU-4l (3) is crystalline and porous, as con rmed by powder
X-ray di raction (PXRD) and N, sorption analyses (Figures S7
and S8). Inductively coupled plasma-mass spectrometry (ICP-
MS) analysis revealed a molar Cr:Al ratio of 1:1.8 for 3,
indicating some retention of aluminum species within the
framework (Table S3). Chromium K-edge XANES spectrum
of 3 (Figure S13) showed an edge energy at 5999.5 eV and a
main pre-edge peak at 5990.5 eV that were unchanged from
those of 1 and 1:-DMF, suggesting that the majority of
chromium centers remained Cr(l1l) following treatment with
AlMe;. The leading edge shifted to lower energy, which was
consistent with the proposed coordination of electron-rich
alkyl groups on the chromium centers, though the possibility of
partial reduction into Cr(Il) cannot be excluded.** ** The
EXAFS region of 3 is remarkably similar to that of 1, with the
only major di erence that the rst shell peak displays a
diminished scattering intensity (Figure 2C). The reduced
intensity is consistent with the presumed alkylation from
Cr(lll) CI to Cr(lll) CH; while maintaining the node
structure around the chromium centers.

The gas-phase ethylene polymerization activity of 3 was
probed by subjecting it to semibatch reactions under constant
ethylene pressure in the complete absence of solvent or
additional cocatalyst. Reactions were rst conducted without
external temperature control to compare the polymerization
activity in the gas-phase against those of slurry-phase reactions
reported previously. Notably, static pressurization of 2.0 mg of
3 at room temperature with 40 bar of ethylene for 1 h yielded
7.06 g polyethylene as free- owing white granules (Figures 3
and S14). This activity corresponds to a turnover frequency of
52000 MOlgghyiene'Mole, -h 1, more than an order of
magnitude higher than that observed when 1 was subjected
to analogous slurry-phase reactions in the presence of excess
AlMe; (Table 2). To account for this di erence in activity, we
propose that solvation and subsequent di usion of ethylene to
the active sites of the catalyst constitute an additional kinetic
barrier under slurry-phase conditions. Neither AlMe;-treated
MFU-41 nor pristine 1 polymerized ethylene under these
conditions, con rming that both the cation-exchanged
chromium centers in 1 and their subsequent treatment with
AlMe; are required for catalysis (Table 2).

On the basis of di erential scanning calorimetry character-
ization, we assign the polyethylene product from a gas-phase
reaction as linear HDPE; its second-scan melting at 130 °C
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Figure 3. AlMes-treated Cr(I11)-MFU-4l (3) before and after a gas-
phase ethylene polymerization reaction (Table 2, entry 1).

and crystallinity of 66% being consistent with HDPE of high
molecular weight (Figure $15).* This result is consistent not
only with what we had observed previously for slurry-phase
polymerization with 1 but also with the lack of chain walking in
early transition metal catalysts.*>*® Further analysis with high-
temperature gel permeation chromatography revealed a
number-averaged molecular weight (My) of 298 kDa and a
remarkably low PDI of 1.36 for the polymer product (Figure
S16). This exceptionally low PDI value demonstrates the
structural monodispersity of the active sites in our catalyst and
also suggests facile gas-phase di usion of ethylene to the active
sites. Indeed, mass transport limitations are known to increase
PDI through inhomogeneous local ethylene concentions.*’
It is also noteworthy that the polyethylene product is directly
obtained in the form of free- owing granular beads, the favored
molrfhology for industrial processing of polyethylenes (Figure
3).

Expectedly, when the gas-phase ethylene polymerization
reaction with 3 is run without external temperature control, the
temperature of the reactor increases spontaneously during the
course of the reaction (Figure S18). We ascribe this exotherm
to the high heat of reaction from ethylene polymerization
( HO,,=93.6 kl-mol 1) that was retained in our batch reactor
system.” This exothermic behavior, combined with the possible
intrapore condensation of ethylene at elevated pressures,”*°*
caused the linear dependence of polymerization activity on
ethylene pressure to deviate at higher pressures, where higher
activities were obtained (Figure S18). To account for the
exothermicity, we conducted a control reaction where 1 and
excess AlMej; in toluene were subjected to 40 bar of ethylene
for 1 h at 35 °C, the average temperature measured from a gas-
phase reaction with 3 (Table 2, entry 5). Surprisingly, the
liquid-phase reaction with 1 and AlMe; at elevated temper-
ature resulted in activity even lower than that of the identical
reaction conducted without heating. We attribute this behavior
to the thermally accelerated deactivation of 1 in the presence
of excess AlMe; and solvent: under these conditions,
alkylaluminums are known to exchange the active sites in the
nodes of MFU-4l and cause subsequent reduction, aggregation,
and formation of transition metal nanoparticles.”* Importantly,
these deactivation pathways are inaccessible to 3, whose
catalytic activity does not require liquid medium or additional
alkylaluminum. Indeed, not only does 3 retain its activity
despite autogenous heating, but its activity persists and no
appreciable deactivation is observed even for prolonged
reaction times of 24 h (Figure 4).
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Table 2. Results of Ethylene Polymerization Reactions®

PEtherne
entry catalyst cocatalyst  solvent (bar)
1 AlMes-treated Cr(l11)-MFU-4 none none 40
2 Cr(l11)-MFU-4l AlMe,’ toluene 40
3 Cr(l11)-MFU-4l none none 40
4 AlMes-treated MFU-4| none none 40
59 Cr(Il)-MFU-4l AlMe;"  toluene 40

P PR PR R S~

(0)=4 TS e My®
) (MOlegyienemole, “h ) C) (%) PDI°  (kDa)
52 000 130 66 1.36 298
4500 130 66 142 331
0 - - -
0 - - - -
3800 130 64 1.48 297

3Unless otherwise noted, reactions were conducted at room temperature without external temperature control. PTOF = turnover frequency.
°Melting peak (T,,) and second scan percent crystallinity (Xc) as evaluated by di erential scanning calorimetry. “PDI = polydispersity index ®My, =
number-averaged molecular weight. 7100 mol equiv of AlMe, to the ICP-MS-derived moles of chromium in Cr(111)-MFU-4l. 9Reaction conducted

at 35 °C.

Figure 4. Gas-phase ethylene polymerization with AlMes-treated
Cr(1I-MFU-41 (3). Reaction conditions: 2.0 mg catalyst, 10 bar
ethylene, and room temperature without external temperature control.

In summary, we show for the rst time that MOFs are
capable catalysts for gas-phase ethylene polymerization, with
activity and lifetime surpassing those of the slurry-phase
process. Isolation of Cr-alkyl species prior to catalytic tests
a ords active MOFs that do not require solvent or the
presence of excess in situ alkylaluminum cocatalyst. HDPE
produced by this catalyst in the gas-phase presents as free-

owing granules with exceptionally low polydispersity. We
attribute this favorable performance of the catalyst to the site
accessibility and structural uniformity unique to the isolated
single sites of the MOF platform. We believe these intrinsic
structural advantages could be further utilized to develop
improved MOF catalysts for the commercially important gas-
phase ethylene polymerization reaction.
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