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ABSTRACT: Polymeric linkers used to construct porous,
crystalline polymer—metal—organic frameworks (polyMOFs) are
predominantly based on macromolecules with metal-coordinating
ligand units (e.g,, 1,4-benzenedicarboxylic acid, H,bdc) included in
the primary polymer backbone. Polymers with ligand units as
pendants or dangling side chain substituents have been far less
explored for the synthesis of polyMOFs, despite the fact that such
systems may have distinct properties and could take advantage of a
variety of chain polymerization methods. Prevailing reports are based on nonliving polymerized linkers with H,bdc pendants that
generated polyMOFs with key shortcomings in controlling the polymerization, tailoring polymeric linker composition and polyMOF
properties, accessing porosity, etc. Herein, polymers containing H,bdc units as pendants were designed and synthesized via
controlled olefin-metathesis polymerization. These poly(alkenamer)s were subsequently assembled into porous, crystalline networks
with an isoreticular MOF (IRMOF) lattice topology. These polymer architectures and polymerization methodologies provide access
to the formation of polyMOFs with tailored characteristics, including controlled composition, narrow dispersity, and side chain

functionalization.

B INTRODUCTION

Macromolecules containing ligating units (e.g,, 1,4-benzenedi-
carboxylic acid and H,bdc) in the polymer backbone have
been almost exclusively used to generate polyMOFs (Figure
1). Synthesizing and designing these polymer ligands is
somewhat limited by the type of monomers that can be
accessed and the available methods for polymerization," which
may be one reason why the broader potential of polyMOFs has
not yet been realized. Alternatively, a polymer with pendant or
dangling ligating groups that are not part of the polymer
backbone might allow for the design and access to a greater
range of functional monomers and polymer ligands with more
diverse chemical and physical properties using a vast library of
chain polymerization methods.

Reports on the preparation of polyMOFs using polymeric
linkers with pendant H,bdc units are rare. Yazaki et al.
assembled a polyMOF with an isoreticular MOF-5 (IRMOF-
1) structure using a polymer ligand with H,bdc side chain units
and a poly(vinyl ether) backbone (Figure 1).” Solvothermal
synthesis using the polymer ligand and zinc nitrate hexahydrate
(Zn(NO;),-6H,0) in DMF at 100 °C gave a crystalline
polyMOF that was nonporous, as determined by dinitrogen
(N,) gas sorption analysis and Brunauer—Emmett—Teller
(BET) surface area calculation (<1 m?/g). The poly(vinyl
ether)-based ligand was obtained via nonliving cationic
polymerization that exhibited poor polymerization control,
resulting in its broad polydispersity index (D) of 2.46. Cationic
polymerization typically requires a rigorously anhydrous
atmosphere, highly purified chemicals, and carefully designed
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cationic initiators to control and has limited functional group
tolerance.”™> By contrast, controlled polymerizations not only
result in narrow D but also provide access to structurally
tailored polymers with preferred architectures and function-
alities.”” As such, Johnson et al. employed free and controlled
radical polymerization to design polyacrylamide-based linkers
containing H,bdc units as side chain substituents with broad
and narrow Ds, respectively. The nonliving, free radical
polymerized ligand formed a crystalline polyMOF with Zn(II);
however, these polymers required 1-3 equiv of free H,bdc
(per repeat unit of polymer with the H,bdc pendant) as a
supporting colinker that produced MOF/polyMOF hybrid
materials (Figure 1).8

Poly(alkenamer)s are a broad group of polyolefins used in
industrial and commercial applications due, in part, to their
processability and physical robustness.””"' Ring-opening
metathesis polymerization (ROMP) is a common approach
to obtaining poly(alkenamer) materials. Metathesis catalysts
for ROMP are typically based on Grubbs’ ruthenium and
Schrock’s molybdenum complexes.'” The remarkable stability,
functional group tolerance, and low cost of the Grubbs’
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Figure 1. Top: overview of the types of polymeric linkers used for
generating polyMOFs. Cohen et al.'® synthesized the first crystalline,
porous polyMOFs with IRMOF-like structures using polymers with
ligand units in the primary backbone. Middle: Yazaki et al.” and
Johnson et al.® utilized polymeric linkers with ligand units as pendant
side chains based on poly(vinyl ether) and polyacrylamide backbones
to prepare polyMOFs and MOF/polyMOF hybrids, respectively.
Bottom: this work used a range of tailor-made poly(pentenamer)s
(with controlled composition) to prepare polyMOFs with high
crystallinity and porosity.

ruthenium catalysts make ROMP an excellent method to
polymerize a diverse range of functionalized olefins that cannot
be synthesized using other chain growth polymerization
approaches.”*™"* Due to its high initiation-to-propagation
rate ratio, the Grubbs’ third generation (G3) catalyst can
produce highly controlled polymerizations of polyolefins,
including poly(alkenamer)s, with narrow P under mild
reaction conditions.

Herein, the cyclopentene-derived functional monomers were
synthesized and polymerized via ROMP, followed by ester
hydrolysis to obtain narrowly dispersed random poly-
(pentenamer)s with a controlled composition of H,bdc
pendant groups. These poly(pentenamer)s were subsequently
assembled with Zn(II) into crystalline, porous polyMOFs with
IRMOF-like structure types, as characterized by powder X-ray
diffraction (PXRD), scanning electron microscopy (SEM), N,
gas sorption, and BET surface area measurement. The
percentage of H,bdc repeating units in the polymer, the
polyMOEF synthetic conditions, and side chain or spacer
lengths of the repeating units containing H,bdc pendants (i.e.,
the length between the poly(pentenamer) backbone and the
H,bdc moiety; Figures 1 and 2) influenced the degree of
crystallinity, porosity, and morphology of the resultant
polyMOFs. To the best of our knowledge, no reports exist
using ROMP to design narrowly dispersed polymeric ligands
with a controlled composition of H,bdc pendant groups to
access polyMOFs and tailor the polyMOF characteristics.

B EXPERIMENTAL METHODS

Materials. Starting materials, solvents, and gases were
obtained from commercial suppliers (Combi-Blocks, Sigma-
Aldrich, Alfa Aesar, TCI, Cambridge Isotope Laboratories Inc.,
etc.) and used without further purification unless otherwise

9697

o ucn,t':‘o,u L’CI coMe O COH ran COH
a Et, N G3EVE ©,0\/\0 _ @//
no”\@ o’\o =
LAH LAH Me. bacon@ KOH H n COH
Kco, COMe wor oM e ?
CPbdc-5e poly(CPbdc-5a, ,,-CP)
[r* m
TsCl O CO,H
CO,Me \/@ CO,H y ran 2
NEt.
3 o. G3,EVE — )
Ho’\@ uo,c’g(o = @/ﬂ
Me;bdc-OH KOH
co, | COsMe Hel o o)
CPbdc-2e poly(CPbdc-2a, ,;-CP)
co,u./ Zn(l) ~X CO;H./ Zn(ll) ,4‘_‘ ~ )
[ > RN ¥ N
t )—Z(ﬁ & <7
COH 4 L COH v >/
< . < /
Zn-poly(CPbdc- Zn-poly(CPbdc-
5a ,-CP) 2a, 54-CP)

Figure 2. Top: scheme for the synthesis of poly(CPbdc-Sag,,-CP).
Middle: synthesis of poly(CPbdc-2a,,5-CP). Bottom: synthesis of Zn-
poly(CPbdc-5a,,,-CP) (bottom-left) and Zn-poly(CPbdc-2a,,5-CP)
(bottom-right) under solvothermal conditions from poly(CPbdc-
Sag,7,-CP) and poly(CPbdc-2ay,5-CP), respectively.

noted. All organic molecules were synthesized using standard
Schlenk techniques (see the Supporting Information for
complete synthesis and characterization details). Solvents
were dried under activated 4 A molecular sieves before use.
Dimethyl-2-hydroxyterephthalate was synthesized according to
the literature procedure.'” All of the synthesized monomers
and polymers were stored under air-free conditions and used
within a week after their synthesis.

Polymer Synthesis. Poly(CPbdc-5a, ,,-CP). An oven-dried
10 mL round-bottom flask was equipped with a magnetic stir
bar, charged with CPbdc-Se (0.255 g, 0.76 mmol, 200 equiv),
placed into an ice bath (at 0 °C), and stirred at ~250 rpm to
which cyclopentene (CP, 50.4 L, 0.57 mmol, 150 equiv) was
added, and sealed with a silicon septum. After 1 min, the
Grubbs third generation (G3) catalyst (3.3 mg, 3.8 ymol, 1
equiv) was added as a solid by opening the seal of the flask and
immediately capping it. The catalyst was miscible with the
monomeric mixture. The solution was stirred at 0 °C and
became viscous after 20 min. After 60 min, the reaction was
quenched by adding 0.4 mL of cold ethyl vinyl ether and 0.4
mL of CH,Cl, to solubilize the polymer. It took ~5—10 min to
dissolve the material, which was achieved by manual vortexing
and gentle shaking in an ice bath. Once the polymer dissolved,
the solution was stirred for another 15 min at 0 °C. To the
viscous solution, 35 mL of cold MeOH was added to a 50 mL
Falcon tube, and the resulting gummy precipitate was then
washed with (3 X 20 mL) cold MeOH. Next, the polymer was
redissolved and reprecipitated three times by dissolving the
polymer in 02 mL of CH,Cl, in a sealed Falcon tube,
precipitating with 35 mL of MeOH, and washing with (3 X 20
mL) MeOH. The resulting polyester polymer, poly(CPbdc-
Seg,7-CP), was dried at room temperature under a vacuum
(overnight, 16 h) and immediately used for the next step.
Yield: 32 mg (16%). Figure S6 shows a pictorial illustration of
the experimental setup of this polymerization.

To hydrolyze the polyester, an oven-dried 10 mL round-
bottom flask was equipped with a magnetic stir bar and
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charged with 30 mg of poly(CPbdc-Se,,,-CP) and dissolved in
2 mL of THF, to which 2 mL of aqueous KOH solution (0.45
g of KOH) was added. The biphasic system was stirred at
~1000 rpm at room temperature under argon for 24 h. The
THF solvent was removed under reduced pressure to obtain
the alkaline aqueous layer, which was acidified (to pH = 1)
with a dropwise addition of 1.5 M HCI to get a white
precipitate. The residue was collected by centrifugation,
washed with (3 X 40 mL) distilled water and (2 X 40 mL)
MeOH, and dried for 24 h under a vacuum at room
temperature to obtain the final product as faded brown solids.
Yield: 27 mg (91%).

poly(CPbdc-2a, ,5-CP). An oven-dried 10 mL round-bottom
flask was equipped with a magnetic stir bar, charged with
CPbdc-2e (0.255 g, 0.87 mmol, 200 equiv), placed into an ice
bath (at 0 °C), and stirred at ~250 rpm, to which CP (50.4
uL, 0.57 mmol, 130 equiv) was added, and sealed with a silicon
septum. After 1 min, the G3 catalyst (3.9 mg, 4.4 umol, 1
equiv) was added as solids by opening the seal of the flask and
immediately capping it. The catalyst was found to be miscible
with the monomeric mixture. The solution was stirred at 0 °C
and became viscous after 20 min. After 60 min, the reaction
was quenched by adding 0.4 mL of cold ethyl vinyl ether and
0.4 mL of CH,Cl, to solubilize the polymer. Once the polymer
dissolved, the solution was stirred for another 15 min at 0 °C.
To the viscous solution, 35 mL of cold MeOH was added to a
50 mL Falcon tube, and the resulting gummy precipitate was
then washed with (3 X 20 mL) cold MeOH. Next, the polymer
was redissolved and reprecipitated three times by dissolving
the polymer in 0.2 mL of CH,Cl, in a sealed Falcon tube,
precipitating with 35 mL of MeOH, and washing with (3 X 20
mL) MeOH. Finally, the polyester polymer, was dried at room
temperature under a vacuum (overnight, 16 h) and
immediately used for the next step. Yield: 42 mg (18%).

To hydrolyze the polyester, an oven-dried 10 mL round-
bottom flask was equipped with a magnetic stir bar and
charged with 35 mg of poly(CPbdc-2e,,4-CP) and dissolved in
2 mL of THF, to which 2 mL of aqueous KOH solution (0.53
g of KOH) was added. The biphasic system was stirred at
~1000 rpm at room temperature under argon for 24 h. The
THF solvent was removed under reduced pressure to obtain
the alkaline aqueous layer, which was acidified (to pH = 1)
with a dropwise addition of 1.5 M HCI to get a white
precipitate. The residue was collected by centrifugation,
washed with (3 X 40 mL) distilled water and (2 X 40 mL)
MeOH, and dried for 24 h under a vacuum at room
temperature to obtain the final product as a light brown
solid. Yield: 23 mg (56%).

Synthesis of polyMOFs. Zn-poly(CPbdc-5a,,,-CP). To
an 8-dram scintillation glass vial (with a Teflon-lined cap),
poly(CPbdc-5a4,,-CP) (7 mg, 0.034 ymol reactive CPbdc-Sa
units), Zn(NO;),-6H,0 (48 mg, 0.18 mmol), and 1 mL of
DMF were added. The vial was then transferred to an
isothermal oven and heated at 100 °C for 24 h. Yield: 6 mg
(80% w.r.t poly(CPbdc-Say,,-CP)). A similar procedure was
followed to obtain Zn-poly(CPbdc-5a,,,-CP) at 60 and 80 °C,
respectively, by heating the polymer solution at 60 and 80 °C,
respectively.

Zn-poly(CPbdc-2a, ;4-CP). To an 8-dram scintillation glass
vial, poly(CPbdc-2a;,5-CP) (7 mg, 0.035 umol reactive
CPbdc-2a units), Zn(NO;),-6H,0 (48 mg, 0.18 mmol), and
1 mL of DMF were added. The vial was then transferred to an
isothermal oven and heated at 100 °C for 24 h. Yield: 5 mg
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(70% w.r.t poly(CPbdc-2ay,4-CP)). The same procedure was
followed to obtain Zn-poly(CPbdc-2a,;,-CP) and Zn-poly-
(CPbdc-2a,,;-CP-CPOH, ).

B RESULTS AND DISCUSSIONS

Synthesis and Characterization of Polymeric Linkers.
Inspired by the polymeric linker structure of Yazaki et al.,”
dimethyl 2-(2-(cyclopent-3-en-1-ylmethoxy)ethoxy)-
terephthalate (CPbdc-Se; CP = cyclopentene; “e” = the ester
form of H,bdc; “5” = the number of methylene units and
oxygen atoms between the CP unit and H,bdc-ester moiety)
was initially designed starting from 3-cyclopentene-1-carbox-
ylic acid using a multistep procedure (Figures S1—SS). For
polymerization, a mixture of 200 equiv of CPbdc-5e and 150
equiv of CP (as a comonomer) was combined with 1 equiv of
the G3 catalyst at 0 °C for 60 min, followed by quenching with
ethyl vinyl ether, resulting in a pale brown viscous polymer
(Figure S6). The ester polymer was hydrolyzed using KOH in
a water:THF mixture to afford the desired random copolymer
ligand, poly(CPbdc-Sa,,,—CP) (where “a” = the acid form of
H,bdc). 'H NMR spectra show the emergence of characteristic
proton signals corresponding to CP and CPbdc-5a repeating
units with no traces of residual monomers (Figure S7). The
relative proton peak integration revealed an incorporation of
27% of CPbdc-5a in the copolymer, with the remaining 73%
being CP units, producing a random copolymer. The number-
average molecular weight of poly(CPbdc-Say,,-CP) was
evaluated using gel permeation chromatography (GPC),
which gave a value of M, gpc = 54710 g mol™! and a narrow
D of 1.41 (Figure S8 and Table S1).

To probe the effect of the spacer length in producing
polyMOFs, dimethyl 2-(cyclopent-3-en-1-ylmethoxy)-
terephthalate (CPbdc-2e) was synthesized, copolymerized
with CP using G3 (Figures 1 and S8—S11), and hydrolyzed
to produce poly(CPbdc-2ay,4-CP) with a comparable loading
(~28%) of H,bdc pendants and an M, gpc value of S5190 g
mol™! (P = 1.26).

Cyclopentenes are significantly less strained and favor lower
temperatures (0 °C) to polymerize to higher molecular weights
and narrow D.'® The lower ring strain of cyclopentene
derivatives promotes the depolymerization of poly-
(pentenamer)s at room (or higher) temperatures and/or
under dilute conditions in the presence of Grubbs
catalysts.'"'” G3 typically promotes rapid depolymerization
of poly(pentenamer)s at room temperature (25 °C)""; thus, all
the ester-derived polymers were synthesized under neat
monomer conditions (i.e., without solvents) at 0 °C. Attempts
to homopolymerize CPbdc-5e or CPbdc-2e using G3 at 0 °C
yielded no polymers, likely due to practical limitations in
running the reaction. For instance, both the CPbdc derivatives
were too viscous and were difficult to stir with a stir bar after
~S min at 0 °C, constraining the initiator solubility in the
reaction mixture and hindering initiation and propagation.'’
Thus, to obtain polymers with H,bdc pendant ligands, less
viscous CP was chosen as the comonomer to serve as a
“reactive diluent” to improve the mixing of the reaction
components as well as the polymerization reaction. The
volume of CP was kept to a minimum (~40—50 uL, see the
Experimental Methods section) that was sufficient to mix other
components and stir at 0 °C to produce polymers with a
reasonable (~25—28%) composition of CPbdc repeating units.
Increasing the feed content of CP resulted in polymer chains
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with more CP units and a reduced percentage of CPbdc, which
ultimately affected their ability to form polyMOFs (vide infra).

Synthesis and Characterization of polyMOFs. Using
standard solvothermal methods for IRMOEF-1 synthesis,
poly(CPbdc-5a,,,-CP) was combined with Zn(II) in DMF
and heated at 100 °C for 24 h to afford pale yellow
microcrystalline solids (Figure S12). This microcrystalline
material, assigned as Zn-poly(CPbdc-5a,,,-CP), was charac-
terized by PXRD, which produced a pattern of reflections
consistent with that for IRMOEF-1, indicating the assembly of
the desired polyIRMOF-1 material (Figure 3ab). A broad
feature in the PXRD at 20 ~ 20° suggests a degree of
amorphous content in Zn-poly(CPbdc-Say,,-CP) that may
originate from the underlying polymer ligand.

M

Normalized Intensity (a.u.)

1'5 2'0 2'5 3‘0
26/°

Figure 3. PXRD pattern of a) IRMOF-1 (simulated), b) Zn-

poly(CPbdc-Sag,,-CP), ¢) poly(CPbdc-Say,,-CP), d) Zn-poly-

(CPbdc-2ay,4-CP), €) Zn-poly(CPbdc-Say,5-CP-CPOH,;;), f) Zn-

poly(CPbdc-2a,,4-CP-CPOH,,;), g) Zn-poly(CPbdc-5a,,4-CP-

CPOH, 5), and h) Zn-poly(CPbdc-2a,,,-CP).

Attempts to synthesize Zn-poly(CPbdc-Sa,,,-CP) at lower
temperatures (e.g, 60 and 80 °C) produced materials with
PXRD patterns similar to the polyMOF produced at 100 °C
(Figure S13). However, a reduction in peak intensity at lower
angles, a relatively noisy baseline, and a more prominent, broad
feature at 26 ~ 20° for the polyMOF analogs, specifically for
Zn-poly(CPbdc-5a;,,-CP) at 60 °C, indicated that the
synthesis at 100 °C gave more crystalline polyMOFs. For the
remainder of the study, unless specifically mentioned, Zn-
poly(CPbdc-Say,,-CP) denotes the polyMOF analogue
obtained at 100 °C.

The PXRD pattern of poly(CPbdc-Say,,-CP) expectedly
exhibited no reflections and was amorphous with a broad
feature centered at 26 ~ 20° (Figure 3c). To further ensure the
crystallinity origin of Zn-poly(CPbdc-Say,,-CP), a control
study was also performed by combining Zn(II) with the ester
version of the poly(CPbdc-5a,,,-CP) ligand (i.e., poly(CPbdc-
Seg27-CP)); no solid materials were produced with the ester
polymer ligand precursor and Zn(II) (Figure S14). The
contents of this control reaction were evaluated by PXRD by
drop casting ~10 uL of the reaction solution onto a sample
plate and partially air-dried. The resulting film did not produce
any sharp reflections, with only a broad feature at 26 ~ 20°.
The SEM image of the material showed a featureless, film-like
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morphology with no characteristics of a polyMOF (Figure
S14).

To examine ambient stability, DMF-wetted Zn-poly(CPbdc-
5ay,,-CP) was stored in air, and the PXRD pattern was
recorded after its exposure for 1 day and 1 week (Figure S15).
The PXRD pattern remained somewhat preserved, with no
notable shift of the peak position or reduction in peak
intensity; however, after ambient storage for 1 day and 1 week,
there was significant peak broadening compared to the original
PXRD pattern. By contrast, IRMOF-1 (based on the molecular
H,bdc linker) collapses and shows a complete loss of PXRD
reflections after exposure to air for just 1 day.”’

Applying the same experimental protocol (to obtain Zn-
poly(CPbdc-5a,,,-CP)), poly(CPbdc-2a,,5-CP) was com-
bined with Zn(II) to obtain Zn-poly(CPbdc-2ay,s-CP) as a
white-to-pale yellow microcrystalline powder (Figure S12).
The PXRD pattern of Zn-poly(CPbdc-2a,,5-CP) showed
reflections consistent with the pattern of Zn-poly(CPbdc-
Say,,-CP) (Figure 3d), indicating the assembly of poly-
(CPbdc-2ay,4-CP) into a polyMOF with an IRMOF-like
structure.

SEM imaging revealed that the Zn-poly(CPbdc-Sa,,;,-CP)
particles were generally spherical, intergrown, and possessed a
complex, hierarchical surface morphology (Figure 4). This

Figure 4. SEM images of Zn-poly(CPbdc-Sa,,,-CP) (left) and Zn-
poly(CPbdc-2ay,5-CP) (right) (scale bar = S00 nm).

unusual morpholo%y is similar to those observed for some
other polyMOFs."**'™>* Synthesis temperatures notably
influenced the morphology of the Zn-poly(CPbdc-Sag,,-CP)
particles. Zn-poly(CPbdc-5ay,,-CP) synthesized at 60 °C
showed round particles with a relatively smooth surface,
whereas Zn-poly(CPbdc-5a,,,-CP) produced at 80 °C showed
a surface morphology similar to that of Zn-poly(CPbdc-5a,,;-
CP) synthesized at 100 °C, but with a greater content of
amorphous polymer chains enwrapping the crystalline particles
(as indicated in Figure S16). The morphological results of
these polyMOFs corroborate with their corresponding PXRD
patterns for sharper reflections of Zn-poly(CPbdc-5a,,,-CP)
and Zn-poly(CPbdc-5a,,,-CP)/80 °C that produced spherical
particles with complex, hierarchical surfaces, whereas less
crystalline Zn-poly(CPbdc-Say,,-CP)/60 °C was obtained as
rounded solids. Interestingly, Zn-poly(CPbdc-2a,,5-CP) par-
ticles yielded quasi-spherical clusters of intergrown crystallites
that were different from Zn-poly(CPbdc-Say,,-CP) morphol-
ogy (Figure 4), suggesting that the spacer length also markedly
affects the structural morphology of the resultant polyMOFs.

The ATR-IR spectra of several samples were collected to
better characterize the materials. The ATR-IR spectrum of
poly(CPbdc-5ay,,-CP) was obtained, which showed asym-
metric and symmetric carbonyl (>CO) stretches of the
terephthalate units (bdc) at 1690 and 1430 cm™, respectively.
By comparison, the same stretches in the polyMOF Zn-
poly(CPbdc-5a,,,-CP) exhibit bands at 1595 and 1385 cm™,
which are red-shifted compared to the corresponding free
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polymer ligand and indicate coordination to Zn(II). The red-
shifts of the carbonyl groups are consistent with previously
reported IR data for IRMOF-1 materials, where the
asymmetric >CO stretching band of the uncoordinated
molecular H,bdc linker (1680 cm™) is red-shifted (1563
ecm™!) in the MOF.>*"?° A similar red shift was observed for
the asymmetric (1584 cm™') and symmetric (1379 cm™)
carbonyl stretches of Zn-poly(CPbdc-2a,,,-CP) compared to
the free polymer ligand poly(CPbdc-2a,,5-CP) (asymmetric
1684 cm™" and symmetric 1429 cm™).

Zn-poly(CPbdc-Say,,-CP) and Zn-poly(CPbdc-2a,,4-CP)
were activated (vide infra) and dissolved in a 2 M HCI/DMF
mixture, precipitated in water, washed with water and MeOH,
and dried under a vacuum to isolate their corresponding
polymer ligands and confirm the structural and chemical
integrity of the polymer ligand after polyMOF synthesis
(relative to their pristine form; see the Supporting
Information). "H NMR spectroscopy and GPC analysis results
of the reisolated polymers showed that they were essentially
unchanged from their original forms (Figures S8 and S18 and
Table S1). This demonstrates that the poly(pentenamer)s
were sufficiently stable during the MOF synthesis, excluding
the possibility that degradation to monomers or oligomers is
responsible for polyMOF formation. More importantly, the
recombination of the recovered polymeric linker (poly(CPbdc-
5a5,7-CP)) with zinc nitrate hexahydrate under the same
reaction conditions resulted in polyMOF materials with
identical PXRD patterns compared to the originally prepared,
pristine Zn-poly(CPbdc-Sa,,-CP) samples (Figure S19).

To further verify the versatility of the ROMP approach, a CP
monomer with a pendant hydroxymethyl group (3-cyclo-
penten-1-ylmethanol, CPOH) was included in the polymer-
ization to generate a random terpolymer ligand (poly(CPbdc-
Sag,5-CP-CPOH5)) with a composition of 15% CPOH, 25%
CPbdc-5a, and 60% CP (Figure S20). A second terpolymer
ligand was synthesized using CPbdc-2e with CP and CPOH to
generate poly(CPbdc-2a,,,-CP-CPOH, ;) (Figure S21).
These new polymer ligands were used to prepare IRMOF-
like networks under standard synthetic conditions at 100 °C.
The resulting Zn-poly(CPbdc-Sa,,;-CP-CPOH,;5) and Zn-
poly(CPbdc-2a,,,-CP-CPOH, ;;) were characterized using
PXRD (Figure 3ef) and SEM imaging (Figure S), which
revealed that both terpolymers also formed the desired
polyMOF structures.

To evaluate the effect of comonomer composition, a third
polymer ligand was prepared, poly(CPbdc-Sag,-CP-
CPOH, ;). Importantly, a notable loss in the crystallinity of
the polyMOF (Zn-poly(CPbdc-Sa,;,-CP-CPOH,;5)) was
observed, as gauged by PXRD (Figures 3g and S22), as the
percentage of CPbdc-5a was reduced from 25% to 14% in the
polymer linker. To verify this observation, the loading
percentage of the H,bdc units was reduced in one of the
simpler copolymers of CPbdc-2a and CP; the resulting
polymer, poly(CPbdc-2a,,,-CP), was combined with Zn(II)
to produce Zn-poly(CPbdc-2a,,,-CP) as a gel (Figures S23
and $24), rather than as a microcrystalline solid. The PXRD
pattern of Zn-poly(CPbdc-2a,,-CP) showed a few low-angle
reflections (at 20 ~ 6.8° and 9.7°) consistent with the IRMOE-
1 lattice but contained a broad intense feature positioned at 26
~20° indicating that a large proportion of the material is
amorphous (Figure 3h). These findings suggest that some
minimum proportion (225%) of H,bdc repeating units is
necessary to produce a highly crystalline polyMOF.
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Figure 5. A) Synthesis of Zn-poly(CPbdc-Say,s-CP-CPOH,;5) and
B) Zn-poly(CPbdc-2a,,,-CP-CPOH,;;) under solvothermal con-
ditions from poly(CPbdc-Say,s-CP-CPOH,;5) and poly(CPbdc-
224,-CP-CPOH ), respectively. SEM images of C) Zn-poly-
(CPbdc-Sa,,5-CP-CPOH,5) and D) Zn-poly(CPbdc-2a,4-CP-
CPOH ).

N, Gas Sorption Behavior of the polyMOFs. Dinitrogen
(N,) physisorption experiments were performed on Zn-
poly(CPbdc-5a,,,-CP) at 77 K following activation by washing
the solids repeatedly with fresh DMF, exchanging the solvent
for methylene chloride (CH,Cl,), and vacuum drying at 105
°C for 10 h. A type IV (a) isotherm profile was observed,
showing significant adsorption by mesopores (a pore width of
2—50 nm) and modest adsorption by micropores (a pore
width of <2 nm) (Figures 6 and $25).*” The BET surface area
of Zn-poly(CPbdc-5a,,,-CP) was found to be 124 + 3 m* g~".
Taking into account the mass fraction of the polymer in Zn-
poly(CPbdc-5ay,,-CP) (which does not contribute to
porosity), the BET value can be normalized to 282 + 8 m®
g~! (Table S2). The corrected value is much lower than that
observed for native IRMOF-1 (up to 3800 m* g')**
indicating that the polymer chains are congested within the
pores of Zn-poly(CPbdc-Say,,-CP), resulting in substantial
pore-blocking, filling, and sealing effects throughout the
material. Despite these limitations, Zn-poly(CPbdc-Sa,,,-CP)
retains more porosity when comgared to the polyMOF
material reported by Yazaki et al.” Using lower synthesis
temperatures to generate Zn-poly(CPbdc-Say,,-CP) (e.g., at
60 or 80 °C) resulted in much smaller or no measurable
surface areas (Figure S26), consistent with their corresponding
PXRD patterns and SEM data.

By contrast, 77 K N, sorption by Zn-poly(CPbdc-2a,,4-CP)
after an identical sample treatment showed greatly enhanced
micropore adsorption while retaining the overall type IV (a)
isotherm profile (Figure 6). The BET surface area of Zn-
poly(CPbdc-2a,5-CP) was found to be 557 + 22 m* g™, with
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a corresponding mass-corrected value of 1151 + 45 m? gfl.
These values are comparable to archetypal porous polyMOFs
with ligand units in the polymer backbone, such as
polyIRMOEF-1 (230—1100 m? g~')' and polyUiO-66 (200—
400 m? g™'),* and show that high porosity is accessible in Zn-
poly(CPbdc-2a,,5-CP). A Horvath—Kawazoe treatment of
adsorption data shows that Zn-poly(CPbdc-2a,,3-CP) has a
median pore width of 6.5 A, which agrees well with previous
measurements on functionalized IRMOF materials.”’ Zn-
poly(CPbdc-2ay,5-CP) displays a significantly greater micro-
pore volume compared to Zn-poly(CPbdc-5a,,,-CP) (0.23
cm3/g vs 0.05 cm3/g at pore widths of ca. 2 nm, Figure S25).
The smaller-spaced CPbdc-2a repeating units in poly(CPbdc-
224,3-CP) likely reduce the degree of crowding of polymer
chains into or surrounding the polyMOF pores, which reduces
pore-blocking and improves the porosity of Zn-poly(CPbdc-
2a,,5-CP) when compared to Zn-poly(CPbdc-5a,,,-CP).

The desorption profiles of both materials show hysteresis
between P/P; = 0.45 and 0.85, resembling type H2 hysteresis
in the IUPAC classification.”” The contribution of mesopores
to the porosity in both cases is observable using pore size
distributions determined by the Barrett—Joyner—Halenda
(BJH) method (Figure 6), which show mesopores of widths
centered around 40 and 35 A for Zn-poly(CPbdc-5a,,,-CP)
and Zn-poly(CPbdc-2a,,5-CP), respectively. These pores are
not intrinsic to individual crystallites of Zn-poly(CPbdc-Sa,,,-
CP) and are attributed to hierarchical mesopores formed by
the packing of crystallites into aggregates, as seen in the SEM
images of both materials (Figure 4).

B CONCLUSIONS

In summary, a new strategy is reported to generate porous,
crystalline polyMOFs using tailor-made poly(pentenamer)s
containing H,bdc units as pendants. Synthesis of polymer
ligands using ROMP provides access to control their
composition and D. These poly(pentenamer)s were assembled
with Zn(II) to produce polyMOFs with IRMOF-like
structures. The degree of crystallinity of the polyMOFs was
notably improved by increasing the content of H,bdc pendant
ligands in the poly(pentenamer) chain, which can be
controlled by simply adjusting the feed content of the
(co)monomers during polymerization. The use of ROMP
also allowed for the synthesis of random terpolymers with a
specific loading of hydroxymethyl dangling units (alongside
H,bdc pendants) that readily assembled into IRMOF-like

9701

polyMOFs. The polyMOFs based on the poly(pentenamer)
linkers with a shorter spacer length were morphologically
distinctive and significantly more porous compared with their
counterparts with longer-spaced side chain ligands. Given the
widespread use of ROMP, the availability of structurally
diverse alkenamers, and accessibility to side chain engineering
of polymers, we believe this approach will prove to be a major
advancement in obtaining crystalline, porous polyMOFs with
tailored properties.
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