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ABSTRACT: Certain discrete metal—organic polyhedra (MOPs) contain pores that also
appear in extended metal—organic frameworks (MOFs) and MOP-based supramolecular
frameworks. Here, we have selected a library of three MOPs (ZrMOP, CuMOP, and

PdMOP) and their corresponding MOFs with analogous pores (UiO-66, HKUST-1, and the m
Co Sponge) to understand how parameters related to their sorption behavior differ. @
Specifically, we report the BET areas and pore size distributions for all six species. The BET

areas for the MOPs follow the same trend as those for their MOF counterparts, with the ;

highest shown by the ZrMOP (379 m*/g) and UiO-66 (1110 m*/g) pair. A discussion of the mps VS. mFS
Zr-based materials includes comparisons to a known ZrMOP-based supramolecular

framework that maintains extrinsic porosity via noncovalent interactions. The lowest areas were measured for the PAMOP (33
m?/g) and Co Sponge (80 m’/g) pair, a ramification of a phase transition that occurs during activation. Additionally, pore size
distribution measurements suggest that the lower BET areas likely result from inaccessible internal cavities. Although the ZrMOP
has the highest area per pore, its BET area is not as high as that of UiO-66 because the pores in an MOF share building blocks,
greatly reducing the mass required to support a given number of pores, and the pores pack more tightly in space. MOFs are also
more resilient to structural collapse upon activation, though we highlight some interesting examples for a loss of crystallinity that can
increase the BET area of certain MOPs. Supramolecular chemistry can further enhance the properties of MOPs, where careful ligand
or cage design can promote noncovalent interactions to enforce additional extrinsic porosity. Although MOFs remain top candidates
for bulk storage and uptake due to their gravimetric and volumetric areas, for applications in thin films and membranes for
separations chemistry, highly dispersed pores are desirable and the higher area per pore of MOPs is advantageous.

Sorphon Propeﬂ:tcs

B INTRODUCTION stoichiometric control over the synthesis and postsynthetic
modifications to precisely tune structural and functional
properties.”” Since they are molecules, MOPs may also be
soluble in a range of different solvents,'*™"* which improves
their solution processability, a property that can be very useful
when 1ncorporat1n$ MOPs as filler materials into membranes
and thin films.”*~"> MOPs may also be characterized using
solution- phase techniques such as nuclear magnetic resonance
(NMR),"® mass spectrometry,” UV—vis spectroscopy,'” and
dynamic light scatterlng17 (DLS). In contrast, MOFs are
typically characterized by techniques such as PXRD, TGA, and
microscopy, to name a few.

Although both MOFs and MOPs were first introduced
around the same time and the two fields are heavily linked,
their development has largely been orthogonal. Some groups
that have made significant contributions to MOF chemistry

Coordination-driven self-assembly between precursors con-
taining Lewis-acidic groups (acceptors) and Lewis-basic groups
(donors) can give rise to discrete structures or extended
frameworks."”” The structural outcome of these self-assembly
reactions is governed by factors that include the number of
binding sites on the metal center (or metal cluster), their
orientation, the number of Lewis-basic sites on the ligand, and
the directionalities of the coordination vectors." Metal—organic
polyhedra (MOPs) are discrete structures that often have
capping ligands to enforce convergent geometries. In contrast,
metal—organic frameworks (MOFs) contain nodes and
bridging ligands that bind to give divergent geometries that
extend in either two or three dimensions.

Both MOPs and MOFs are attractive primarily due to their
porous nature,”* which motivates their functional apphcatlons,
for example, as materials for capacitive deionization.”~” In
certain cases, the same pore may appear in both an MOP and
an MOF, with the MOP representing a single, discrete cavity
that is repeated into an extended network within the
corresponding MOF. In addition to their related but unique
structures, there are a few other differences between these two
materials. With MOPs, it is possible to have a molecular-level
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Figure 1. Crystallozgraphm structures of ZrMOP-1 (CCDC 950330),>° Ui0-66 (CCDC 733458),>° CuMOP-1 (CCDC 1212282),*” HKUST-1
2.

(CCDC 112954),

PAMOP-1 (CCDC 1208789),” and Co Sponge (CCDC 766604.*° The fragments of the MOFs that match the MOPs are

color matched. All MOFs also contain additional pores or channels that do not match the respective MOPs, shown in green. HKUST-1 and Co
Sponge structures have a third pore that is different from their analogous MOPs, in addition to the representative ones shown in green.

have translated their expertise to discrete systems, such as
Yaghi,18 Zhou,” and Bloch'® and their characterizations and
functional applications overlap with how these groups study
related frameworks. Other MOP research was developed in
laboratories with significant organic synthetic and/or supra-
molecular expertise, for example, Stang,20 Nitschke,*’ Fujita,22
Raymond,” and Mukherjee’* where characterization and
reactivity chemistry is clearly inspired by small molecule
methods. Although studies of MOFs have greatly outpaced
their discrete analogues, a growing interest in MOPs is
evidenced by an increasing number of novel cages,’** and
strategies to improve their stability’” > as well as their
applicability in gas storage,”*” catalysis, separations, **~**
and biological™** applications.

For applications that require porosity, MOFs have
dominated contemporary research due to their high gravi-
metric surface areas,” with experimentally measured values
over 7000 m?/g being reported.”*” The surface areas of
certain MOPs can approach that of some MOFs,"”**** though
in general, the values measured for discrete cages are smaller.
In general, the extrinsic porosity of simple MOPs is often very
low for two reasons. First, solid-state packing is most efficient
when interparticle voids are minimized through close contacts
and second, extended structure is often lost upon activation/
desolvation.”” Both deleterious effects can be addressed by the
design of MOPs that can act as building blocks for larger
supramolecular frameworks, where extrinsic porosity is
introduced between the cage subunits. For example, by
installing hydrogen-bonding carboxylate groups to zeolite-like
cubic cages, hydrogen gas uptake was significantly enhanced.>!
Hydrogen bonding can be further augmented by hydrophobic
interactions, as illustrated by Ni and Co MOPs whose extrinsic
porosity contributed to cavity-confined catalysis for [3 + 2]
coupling reactions.”” In some cases, counterions are directly
incorporated into the supramolecular network, helping to
maintain extrinsic porosity.”>>> The clever design of a family of
CuMOPs with tripodal carboxylate ligands resulted in
extended supramolecular frameworks enforced by van der

38,39
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Waals where extrinsic porosity was primarily responsible for
gas sorption.50

Even for systems that lack extrinsic porosity, the differences
in surface areas are somewhat intuitive as each pore in an MOP
represents an entire molecule, whereas in an MOF, the pores
can share building blocks, reducing the overall mass for a given
number of pores. In addition, in MOFs and MOP-based
supramolecular frameworks, there is often more than one type
of pore. For example, UiO-66 contains tetrahedral pores that
can be replicated in a discrete MOP, but the packing in the
MOF also creates octahedral pores. In the solid-state packing
of amine-functionalized ZrMOPs, an extended supramolecular
framework introduces similar pores to UiO-66.>> In HKUST-1,
there are two larger cuboctahedral pore types and a smaller
pore type with a truncated tetrahedral geometry.”* In the Co
Sponge, there are three total pores.”> We became interested in
a deeper understanding of these effects. To quantify how
sorption properties vary between discrete and extended
structures, we identified a library of three MOPs along with
three MOFs selected as pairs with similar or identical pores.
Here, we have investigated ZrtMOP (M,,L;) reported by Yuan
et al.” comgared to Ui0-66,"° CuMOP (M,,L,,) reported by
Yaghi et al.”” compared to HKUST-1,** and PAMOP (M4L,)”
reported by Fujita et al. compared to their Co Sponge (Figure
1).>° The Co Sponge is known to undergo a phase transition at
the surface of single crystals when solvent molecules are
removed to form a semiamorphous material.”> We included
this material in our study, as this transformation was reported
to be confined to the surface without impacting the bulk
structure. Nitrogen sorption isotherms were collected, and the
Brunauer—Emmett—Teller (BET) theory was used to calculate
BET areas and pore size distributions to frame a discussion of
why these materials differ so significantly, despite structurally
similar building blocks and analogous pores.

B EXPERIMENTAL SECTION

Materials. Zirconocene dichloride 99% (Strem Chemicals),
zirconium(IV) chloride >99.5% (Alfa Aeser), copper(Il) acetate
monohydrate 98—102% (Beantown Chemicals), copper(Il) nitrate

https://doi.org/10.1021/acs.chemmater.3c03020
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Figure 2. PXRD patterns of MOP and MOF samples,

as-synthesized (red) and after N, sorption experiments (blue).

2.5 hydrate 98—102% (J.T. Baker), palladium(II) chloride 99%
(Strem Chemicals), cobalt thiocyanate >98% (Alfa Aeser), 1,4-
benzenedicarboxylic acid (terephthalic acid) > 99% (TCI Chemicals),
1,3-benzenedicarboxylic acid (isophthalic acid) 99% (Alfa Aeser),
1,3,5-benzenedicarboxylic acid (trimesic acid) > 99% (Alfa Aeser),
2,2'-bipyridine 99.6% (Chem Impex Intl), silver nitrate >99.7%
(Fisher Scientific), 2,4,6-tris(4-pyridyl)-1,3,5-triazine (TPT) > 97%
(TCI Chemicals). All starting materials, reagents, and solvents were
used as received without further purification.

Characterization. X-ray diffraction (PXRD) patterns were
collected from a Rigaku Ultima IV X-ray diffractometer equipped
with a Cu source and operated at 1.76 kW of power (40 kV, 44 mA).
Diffraction patterns were measured over a 26 range of 5—50° at a scan
rate of 2° min~". '"H NMR spectra were acquired by using a Bruker
AVANCE NEO 500 spectrometer. Chemical shifts are reported in
parts per million (ppm) referenced to residual solvent peaks.
Thermogravimetric analysis (TGA) experiments were carried out
using a PerkinElmer TGA 8000 instrument and platinum pans
(Instrument Specialists Incorporation), by heating the samples from
30 to 700 °C at a rate of 5 °C/min under N, flow. Fourier transform
infrared (FTIR) spectra were acquired from a PerkinElmer 1760
FTIR spectrometer with attenuated total reflectance (ATR) by using
powdered samples. ATR and baseline corrections were made for all
measurements. Nitrogen sorption isotherms for all samples were
collected at 77 K using a Micromeritics 3Flex surface area analyzer
using ultrahigh-purity (99.999%) gases for analysis (N,) and free
space measurements (He). Prior to measurements all dried samples
were transferred to preweighed sample tubes and degassed under
vacuum at the respective temperatures mentioned in the Experimental
Section of each sample until no change in mass was observed, using a
Micromeritics VacPrep sample preparation system. The weight of the
sample tube was recorded both after degassing and after the
measurement. Pore size distribution was calculated from the N,
isotherm data using the N2 Tarazona NLDFT model available on
the Micromeritics software 3Flex 5.03 version. The regularization
parameters applied for each sample were 0.1 (ZrMOP), 1.0
(CuMOP), 1.0 (PAMOP), 0.00316 (UiO-66), 0.00316 (HKUST-
1), and 1.0 (Co sponge).

ZrMOP. The synthesis was carried out by slightly modifying a
reported literature procedure.”® Zirconocene dichloride (300 mg, 1.7
mmol) and terephthalic acid (142 mg, 0.85 mmol) were added to a SO
mL round-bottom flask and dissolved in 12.5 mL of DMF. 2.5 mL of
deionized water was added into this reaction mixture, and the solution
was heated at 60 °C for 20 h in an oil bath. The white precipitate was
collected by filtration and washed with DMF (2 X 20 mL) and
chloroform (3 X 20 mL) by centrifugation. The solvent was removed
by heating at 60 °C under vacuum for 4 h (yield = 88%). '"H NMR
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(500 MHz, DMSO-d,, 25 °C): 5 (ppm) = 10.57 (s, 12H, O—H), 7.95
(s, 24H, Ph-H), 6.64 (s, 60H, Cp-H). FTIR (ATR, cm™!): 3106 (w),
1657 (w), 1557 (m), 1506 (w), 1017 (w), 811 (w), 743 (w), 548 (w),
513 (w). PXRD, NMR, TGA, and FTIR spectra are shown in Figures
2, S1, S3, and S4, respectively. Prior to N, adsorption measurements,
the material was activated at 60 °C for 24 h under vacuum on the
VacPrep system.

UiO-66. The synthesis was carried out based on a reported
literature procedure.”® Zirconium(IV) chloride (530 mg, 2.3 mmol)
and terephthalic acid (380 mg, 2.3 mmol) were added into a 250 mL
round-bottom flask and dissolved in 60 mL of DMF. The solution was
heated at 120 °C for 24 h in an oil bath. The white precipitate formed
was collected by filtration and washed thoroughly with 300 mL of
DMEF, then solvent-exchanged overnight with MeOH (3 X 30 mL).
The product was collected by centrifugation and dried at room
temperature under vacuum to obtain the white solid product. FTIR
(ATR, cm™): 3166 (w), 1657 (w), 1574 (w), 1506 (w), 1392 (m),
1155 (w), 1104 (w), 1019 (w), 880 (w), 812 (w), 745 (w), 658 (w,),
598 (w)). PXRD, TGA, and FTIR spectra are shown in Figures 2, S3
and S4, respectively. Prior to N, adsorption measurements, the
material was activated at 120 °C for 24 h under vacuum on the
VacPrep system.

CuMOP. The synthesis was carried out based on a reported
literature procedure.”” Copper(Il) nitrate 2.5 hydrate (425 mg, 1.8
mmol) and isophthalic acid (350 mg, 2.1 mmol) were added to a 100
mL round-bottom flask and dissolved in 20 mL of 3:1 (v/v) DMF/
ethanol mixture. The solution was heated in a Teflon vessel inside a
parr bomb reactor at 80 °C for 24 h and then at 60 °C for 14 h. The
blue-colored solid formed was collected by centrifugation, then
solvent-exchanged overnight with DMF (1 X 30 mL) and ethanol (3
X 30 mL) and dried at room temperature under vacuum to remove
the solvent (yield = 40%, Mw = 6668.34 g/mol). FTIR (ATR, cm™):
3278 (w), 2975 (w), 1632 (w), 1551 (w), 1483 (w), 1447 (w), 1389
(m), 1277 (w), 1162 (w), 1079 (w), 1043 (w), 743 (w), 728 (w), 625
(w). PXRD, TGA, and FTIR spectra are shown in Figures 2, S3 and
S4, respectively. Prior to N, adsorption measurements, the material
was activated at 120 °C for 24 h under vacuum on the VacPrep
system.

HKUST-1. The synthesis was carried out based on a reported
literature procedure.”” Copper(Il) acetate monohydrate (600 mg, 3.0
mmol) was dissolved in S0 mL of deionized water in a 250 mL round-
bottom flask. 1,3,5-benzenetricarboxylic acid (420 mg, 1.9 mmol) was
added to a 100 mL round-bottom flask and dissolved in 50 mL of
ethanol. This solution was carefully poured into a copper(Il) acetate
solution. A light blue product was immediately formed and crashed
out of the solution. Next, a mixture of triethylamine (0.85 mL) and
cyclohexane (10 mL) was added dropwise to the reaction mixture.

https://doi.org/10.1021/acs.chemmater.3c03020
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The solution was left to sit at room temperature for 24 h. The blue-
colored product was collected by centrifugation, then solvent-
exchanged overnight with Milli-Q water (1 X 30 mL) and ethanol
(3 X 30 mL). The solvent was removed by drying at S0 °C under
vacuum for 12 h. FTIR (ATR, cm™): 3550 (w), 3165 (w), 2976 (w),
1651 (w), 1618 (w), 1581 (w), 1506 (w), 1483 (w), 1433 (w), 1376
(m), 1092 (w), 1044 (w), 755 (w), 730 (w). PXRD, TGA, and FTIR
spectra are shown in Figures 2, S3 and S4, respectively. Prior to N,
adsorption measurements, the material was activated at 120 °C for 24
h under vacuum on the VacPrep system.

PdMOP. Synthesis was carried out based on reported literature
procedures.>>>’

PdbpyCl,. Palladium chloride (443 mg, 2.5 mmol) was mixed with
25 mL of acetonitrile in a 100 mL round-bottom flask by sonication
and heated at 70 °C for 1 h. The hot solution was filtered into a
solution of 2,2"-bipyridine (391 mg, 2.5 mmol) in acetonitrile (50
mL) in a 250 mL round-bottom flask. The reaction was stirred
overnight, and the solid product was collected by filtration and
washed with acetonitrile and acetone. '"H NMR (500 MHz, DMSO-
dg, 25 °C): 6 (ppm) = 9.13 (d, 2H, 3,3’ pyridine), 8.58 (d, 2H, 6,6'-
pyridine), 8.36 (t, 2H, 4,4'-pyridine), 7.82 (t, 2H, S,5’-pyridine).

Pdbpy(ONO,),. PdbpyCl, (500 mg, 1.5 mmol) was heated in 140
mL of 1 M HNO; to 70 °C. Next, AgNO; (256 mg, 1.5 mmol)
dissolved in a few drops of deionized water was added to the reaction
mixture. White-colored AgCl started to precipitate out immediately,
and the reaction mixture was allowed to stir overnight. The solid was
removed by filtration, and the product in the filtrate was collected by
removing the solvent under vacuum. The isolated yellow-colored solid
was washed with acetonitrile (6 X 30 mL) by centrifugation. "H NMR
(500 MHz, D,0, 25 °C): § (ppm) = 8.35 (m, 2H, 3,3’-bpy), 8.31 (m,
2H, 6,6'-bpy), 8.27 (m, 2H, 4,4-bpy), 7.74 (m, 2H, 5,5 -bpy).

PdMOP. Pdbpy(ONO,), (60 mg, 0.144 mmol) and 2,4,6-tris(4-
pyridyl)-1,3,5-triazine (31 mg, 0.096 mmol) were mixed with 10 mL
of 1:1 (v/v) methanol/water mixture in a 50 mL round-bottom flask,
and the resulting suspension was heated refluxed at 80 °C overnight.
The solid was removed by filtration. The product in the filtrate was
collected by removing the solvent under vacuum. The yellow-colored
solid was washed with chloroform (3 X 30 mL) and diethyl ether (2 X
30 mL) by centrifugation and dried at 60 °C under vacuum overnight
(yield = 65%). 'H NMR (500 MHz, DMSO-dj, 25 °C): & (ppm) =
9.63 (d, 24H, pyridine — H,), 9.07 (d, 24H, pyridine — Hp), 8.63 (d,
12H, 6,6'-bpy), 8.53 (t, 12H, 5,5"-bpy), 7.83(d, 12H, 3,3"-bpy), 7.75
(t, 12H, 4,4"-bpy). FTIR (ATR, cm™'): 3418 (w), 3086 (w), 2962
(w), 2924 (w), 2854 (w), 1668 (w), 1607 (w), 1575 (w), 1520 (m),
1471 (w), 1450 (w), 1372 (m), 1335 (m), 1312 (m), 1159 (w), 1109
(w), 1062 (w), 1042 (w), 811 (w), 770 (w). PXRD, NMR, TGA, and
FTIR spectra are shown in Figures 1, S2—S4, respectively. Prior to N,
adsorption measurements, the material was activated at 60 °C for 24 h
under vacuum on the VacPrep system.

Co-Sponge. The synthesis was carried out based on a reported
literature procedure.*® A solution of cobalt(II) thiocyanate (140 mg,
0.8 mmol) dissolved in 20 mL of MeOH was layered on a solution of
2,4,6-tris(4-pyridyl)-1,3,5-triazine (126 mg, 0.4 mmol) dissolved in
100 mL of a 1:4 (v/v) MeOH/o-dichlorobenzene mixture in a 250
mL round-bottom flask. The solution was left to sit at room
temperature for 3 weeks. The orange-colored solid formed was
collected by filtration, and the color changed rapidly from orange to
green with solvent removal. FTIR (ATR, cm™"): 3060 (w), 2053 (m),
1610 (w), 1575 (w), 1515 (m), 1455 (w), 1372 (w), 1316 (w), 1125
(w), 1061 (w), 1033 (w), 1011(w), 800 (w), 748 (w), 650 (w),
513(w). PXRD, TGA, and FTIR spectra are shown in Figures 2, S3
and S4, respectively. Prior to N, adsorption measurements, the
material was activated at 120 °C for 12 h under vacuum on the
VacPrep system.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. ZrMOP.
The ZrMOP cage structure has four [CpiZrs(p3-O)(py-
OH);]*" metal nodes formed from the hydrolysis of
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zirconocene dichloride, and six 1,4-benzenedicarboxylate
linkers that give rise to a tetrahedral geometry, as shown in
Figure 1. Cp groups effectively cap the metal clusters to
enforce a convergent polyhedral geometry. The ZrMOP
synthesis was carried out following a reported procedure,25
and "H NMR (Figure S1) was used to confirm the structure.
The synthesized MOP was also characterized by PXRD
(Figure 2), TGA (Figure S3), and FTIR spectroscopy (Figure
S4).

UiO-66. UiO-66 is a well-established MOF containing
[Zrs(u5-0),4(u;—OH),]"** nodes that can be coordinated by
up to 12 1,4-benzenedicarboxylate linkers, as shown in Figure
1.”° The structure contains both tetrahedral and octahedral
pore geometries, shown in blue and green, respectively, in
Figure 1; ZrMOP replicates only the tetrahedral pore.”” In an
ideal unit cell, there are eight tetrahedral pores (7.5 A) and
four octahedral pores (12 A).°"°* The synthesized UiO-66 was
characterized by using PXRD (Figure 2), TGA (Figure S3),
and FTIR spectroscopy (Figure S4).

CuMOP. The CuMOP comprises 12 Cu—Cu paddlewheel
nodes at the vertices bridged by 24 1,3-benzenedicarboxylate
linkers resulting in a truncated-cuboctahedral geometry
(Figure 1).”” The CuMOP was characterized by PXRD
(Figure 2), TGA (Figure S3), and FTIR spectroscopy (Figure
S4).

HKUST-1. Similar to CuMOP, the nodes of HKUST-1 also
consist of Cu—Cu paddlewheel nodes. However, in this MOF
structure, the use of a tricarboxylate linker instead of the
dicarboxylate ligands allows the formation of an extended
framework instead of the discrete MOP (Figure 1). HKUST-1
contains three types of pores, two of them similar and larger in
size than the third.®> An ideal unit cell of HKUST-1 contains 8
small pores with a ~5.4 A diameter, and 3 and 2 larger pores
with 11.1 A (type I) and 13.1 A (type 1I) diameters,
respectively.”* The type I pore with a 11.1 A diameter
resembles the truncated cuboctahedral core of the CuMOP
(see Figure 1).°*°*® The synthesized product was charac-
terized by PXRD (Figure 2), TGA (Figure S3), and FTIR
spectroscopy (Figure S4).

PdMORP. This cage structure has a truncated tetrahedral
geometry with six Pd*" nodes at the vertices linked by four
2,4,6-tris(4-pyridyl)-1,3,5-triazine (TPT) ligands on the faces
(Figure 1). The coordination sites of Pd metal centers in this
MOP are capped by 2,2'-bipyridine groups to give a discrete
structure instead of an extended framework. 'H NMR
spectroscopy was used to confirm the purity of the synthesized
product (Figure S2). In addition, PXRD (Figure 2), TGA
(Figure S3), and FTIR (Figure S4) characterizations were
performed.

Co Sponge. This coordination polymer consists of
truncated tetrahedral subunits with six Co®* metal nodes
bridged by four TPT ligands.*® Each metal vertex is shared by
adjacent truncated tetrahedra, giving rise to an extended
structure. Each Co metal center is also coordinated by two
thiocyanate groups at the axial positions. An analysis of the
crystal structure reveals that in addition to the PAMOP-like
truncated tetrahedral pores, there are two additional pores that
give rise to channels through the framework (see Figure 1)
The orange-colored product started turning light green during
filtration and a darker green during activation as a result of
solvent removal that prompts a phase transition reported to
occur on the surface of the crystals.”>*® The PXRD data
supports this phase transition, with significant differences
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Figure 3. Nitrogen adsorption isotherms of MOF and MOP samples collected at 77 K and their respective BET areas.

between the pre- and postactivation diffractograms. Since the
phase transition was reported to be limited to the surface, we
carried out PXRD (Figure 2), TGA (Figure S3), and FTIR
spectroscopy (Figure S4), along with sorption measurements,
anticipating that the core Co Sponge may remain accessible to
probing gas molecules.

Surface Area Comparison. N, gas sorption studies at 77
K were performed on the six selected MOP and MOF samples.
Prior to gas sorption experiments, all powder samples were
activated at the respective temperatures and time periods
mentioned in the Experimental Section until no further
changes in mass were observed. In this study, we selected
the BET model for calculating surface areas. When carrying out
the calculations, a linear region on the BET plot (1/[Q(P,/P —
1)] vs P/P,) was identified by applying the consistency criteria
by Rougquerol et al. as listed below.’”*®

1. Relative-pressure region where Q(1 — P/P;) is
continuously increasing with P/P, on the Rouquerol
BET plot ((Q(1 — P/P,) vs P/P,).

2. A positive BET constant (C) value.

3. The calculated monolayer loading (Q,,) corresponds to
a relative pressure that lies within the selected relative
pressure range.

. The relative pressure that corresponds to the monolayer
loading (Q,,) should be within a 20% tolerance of that

calculated by the BET equation (1(~/C + 1)).

P/P, is the relative pressure, P is the saturation pressure of
nitrogen, and C and Q,, are constants corresponding to the
energy of adsorption of the first adsorbed layer and the
monolayer loading, respectively.

ZrMOP and UiO-66. The ZrMOP showed a Type I
isotherm, with a sharp knee in the low-pressure region that
is characteristic of microporous materials and is consistent with
what is reported in the literature (Figure 3).* The calculated
BET area was 379 m*/g (Figures S5, S6). Table S1 indicates
data from criteria and conditions used to calculate the BET

4189

areas for all samples. The calculated area is lower than what
was reported by the initial study on ZrMOP (685 m?/g).”’
The PXRD pattern of the sample collected after carrying out
N, sorption measurements indicates a loss of bulk crystallinity
(Figure 2). This is commonly observed in MOPs with the
removal of solvent molecules during activation that disrupts
the long-range order,” unless supramolecular interactions are
incorporated into the design.”” A similar loss of sample
crystallinity was observed by Yuan and coworkers, and we note
that in their sample, the loss of crystallinity was greater than
what we observed.”> The differences in the BET areas for a
given cage can be attributed to the degree of bulk
crystallinity.”””" What is particularly interesting is that typically
structural collapse will decrease BET areas for both MOPs and
MOFs.”” For the latter, preserving extended structure is a
primary motivation for the design of supramolecular frame-
works, where noncovalent interactions preserve extrinsic
porosity between cages.”” However, for some cages where
efficient crystal packing blocks the outer faces, a loss of bulk
crystallinity may expose the external edges and vertices,
increasing the surface available for adsorption and thus
increasing its BET area. Work by Snurr and coworkers
showing how the accessible surface area measured by rolling a
probe molecule on a surface can increase with exposed edges
supports this effect.”* Despite the fact that ZrMOP maintains a
significant amount of bulk porosity even upon loss of
crystallinity, the sorption properties of this class of cage can
be enhanced by the formation of supramolecular frameworks.
Choe and coworkers note that when the bridging terephthalic
acid is functionalized with an amine group, the crystal packing
is significantly different, resulting in extrinsic pores that
increased the measured BET area to 782 m?/ g.53

N, adsorption by UiO-66 also resulted in a Type I isotherm
(Figure 3). The BET area calculated for the synthesized UiO-
66 was 1110 m?/g, and this matches closely with literature
reported values.”®®" The PXRD pattern collected after N,

https://doi.org/10.1021/acs.chemmater.3c03020
Chem. Mater. 2024, 36, 4185—4195


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03020/suppl_file/cm3c03020_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03020/suppl_file/cm3c03020_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03020/suppl_file/cm3c03020_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c03020/suppl_file/cm3c03020_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c03020?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c03020?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c03020?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c03020?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c03020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

sorption experiments indicates that the bulk crystallinity is
preserved even after the removal of solvent molecules during
activation. The BET area calculated for the UiO-66 sample was
almost three times greater than that determined for our
ZrMOP with an analogous tetrahedral pore structure.

BET areas are gravimetric surface areas. The calculated
contribution to the BET area by a single pore was determined
to be 205.8 A?/pore for the ZrtMOP (data on calculations are
provided in Table S2). A calculation for the analogous
tetrahedral pores in UiO-66 was carried out, indicating a
per-pore surface area of 49.2 A>/pore. Specific parameters in
the following discussion are summarized in Table 1. When

Table 1. Selected Metrics Derived from Sorption
Measurements

ZrMOP Ui0-66 CuMOP  HKUST-1

measured BET area 379 1110 51 822
(m*/g)

BET area per pore 205.8 49.2 56.46 194.40
(A*/pore)

mass required 54.3 13.5 110.7 58.4
per(analogous) pore
(g/pore) x 1072

mass required per (anz) 9.01 13.5
pore(g/pore) X 10~

volume required per 4932.03  1116.21 12178.1 6093.3
(analogous) pore
(A3/pore)

volume required per 744.14 1406.15

(any) pore(A3/pore)

calculating this value, the presence of both octahedral and
tetrahedral pores in UiO-66 was considered, and our value is
specific to the latter. Thus, the MOP shows 4.2 times the
surface area per pore versus the analogous tetrahedral pores in
the MOF and 2.0 times the surface area when compared to the
collective tetrahedral and octahedral pores in UiO-66. In the
case of an MOP, each building block belongs to a single pore.
In an MOF, the building blocks used to frame one pore also
contribute structurally to adjacent pores. Since a BET area is
determined by sorption of gas molecules, it is not a direct
measure of the geometric surface area of a pore. For MOPs,
the gas molecules can adsorb not only to the internal surfaces
of the building blocks but also externally. For MOFs, the
external surface of a building block becomes the internal cavity
of the neighboring pore, and so, on a per-pore basis, the
number of gas molecules that can be accommodated is lower.
However, the shared nature of the building blocks in an MOF
that theoretically reduces the area per pore significantly
improves the sorption properties on a gravimetric basis. The
mass of the building blocks needed to frame a single pore of
ZrMOP is 4.02 times the mass attributed to a tetrahedral pore
of UiO-66. Furthermore, when the unit cell volumes and
number of pores per unit cell are compared, the ZrMOPs have
a significantly lower density of pores per volume. UiO-66 has
12 total pores per unit cell of ~8929.65 A%, whereas the
ZrMOP has four in its unit cell of 19728.1 A*. Thus, although
the ZrMOP area per pore is twice as high (205.8 A/pore
versus 100.0 A>/pore), the density of pores in the MOF is ~6.6
times higher. Therefore, it would take ~3 times the volume of
crystalline ZrMOP to realize the same surface area of UiO-66.

CuMOP and HKUST-1. The N, adsorption isotherm
measured for the CuMOP looks similar to those shown by
analogous CuMOPs.'*” 1t is difficult to strictly classify the
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shape of this isotherm as belonging to one of the six well-
known types of isotherms, and is typically shown when the
pores of a given sample are not accessible by the probe
molecules.”””” The increased adsorption observed at high P/
P, is indicative of minor interparticle porosity.”* The calculated
BET area for CuMOP was 51 m’/g. To the best of our
knowledge, a BET area for the CuMOP has not been
calculated using N, adsorption data. However, an estimated
Langmuir surface area of 514 m”/g has been reported using N,
adsorption data,” and a BET area of 13 m?/g has been reported
from H, adsorption data.”” Analogous CuMOPs with similar
cuboctahedral geometries, but containing substituted groups at
the fifth position on the phenyl ring, have reported BET areas
of 17.5 m?*/g(—NH,) and 7 m?/g (—=SO;Na)."*”* The low
surface areas measured can be a result of the close packing of
the cage molecules or structural collapse upon activation or
both, making the pore spaces inaccessible to N, molecules, as
further supported by the pore size distribution data discussed
below. The dependence of surface areas of MOPs on their
solid-state packing has been shown previously.””®' The N,
adsorption isotherm measured for HKUST-1 results in a BET
area of 822 m*/g. The very first record of HKUST-1 reports a
surface area of 6922 m?/g’® The majority of BET areas
reported in the literature for HKUST-1 fall in the range of
400—1800 m?/ g.82 As often seen for MOFs, the differences in
surface areas reported can arise from activation conditions,
defects in the structure, network collapse, as well as methods of
calculation used by different researchers.*

The surface area per pore of the CuMOP was calculated to
be 56.5 A%/pore, and that for an analogous pore in HKUST-1
was calculated to be 194.4 A?/pore. In this case, the surface
area of an MOP pore is only 0.29 times that of a similar pore in
the MOF and so it is not general that an MOP will always have
a higher area per pore. Since the BET area of the CuMOP
should be similarly advantaged by external sorption, this lower
value further indicates that packing of MOPs may limit the
accessibility of the carrier gas. Acknowledging that BET areas
are not geometric surface areas, it is interesting to note that if
the radius of the tetrahedral pore of ZrMOP is taken to be 3.75
A, the area of such a sphere would be 177 A% which is close to
the measured BET area per pore.”> This does not mean the
ZrMOP has nearly ideal sorption but rather that adsorption to
external surfaces can contribute to the total. In contrast, the 7.5
A radius of the CuMOP pore results in a geometric area of 706
A? yet the area per pore is only 56.5 A>/pore as a result of pore
inaccessability.”” The significantly different BET areas are
interesting given that the ZrMOP has a markedly smaller
radius yet has a larger area per pore. The ZrMOP also lost a
greater degree of crystallinity upon activation, which is
consistent with the hypothesis discussed earlier that when
MOP packing is disrupted in a way that does not block pore
openings the molecular pores remain intact but surface sites
become accessible for sorption. Since the CuMOP remains
more crystalline, intermolecular packing can block the
accessibility of the carrier gas, reducing BET areas despite
the larger internal cavity of the cage.

The lower surface area per pore for the CuMOP as opposed
to the analogous pore in HKUST-1 further reinforces that the
close intermolecular packing of cage units in crystals of the
CuMOP makes the pores inaccessible to gas molecules.
Additionally, the mass of building blocks needed to frame a
single pore for the MOP is 1.9 and 8.2 times higher than that
for a similar and any type of pore in HKUST-1, respectively,
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directly manifesting in a lower gravimetric surface area of the
cage.

PdAMOP and Co Sponge. Similar to the CuMOP, the
PAMOP also shows very low N, adsorption as seen from the
isotherm until it reaches a higher relative pressure, when the
uptake drastically increases, indicating minor interparticle
porosity. The BET area calculated for the PAMOP is 33 m?/
g. The PXRD pattern after the adsorption measurements
remained similar to that for the as-synthesized material (Figure
2). The phase-transitioned Co Sponge framework also showed
an isotherm similar to that of its analogous MOP. The BET
area measured for this material was 80 m*/g. The low surface
area was attributed to a structural collapse reported to occur at
the surface of the material that 5prevents the N, molecules from
entering the bulk material.>>’* Densified surface layers
preventing accessible pores is a phenomenon that has also
been reported for a Zn analogue of HKUST-1.”” Because the
measured areas are not related to the bulk porosity, a
comparison of the area per pore is not meaningful.

As described above, MOF pores share vertices and edges
with the neighbors. As a simple model to illustrate why shared
building blocks enhance the gravimetric area of MOFs but not
MOPs, we have used simple cubic pores with 12 edges. When
considering a series of cubes (Figure 4A) versus a collection of
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Figure 4. Schematic representation of an ideal (A) MOF and (B)
MOP packing. Each cube is considered as a repeat unit. (C) Graphical
representation to show how the specific surface areas of MOFs and
MOPs change based on their structure and packing into idealized
cubes. Red and blue numbers represent the length of the ideal cubes
in repeat units for the MOF and MOP, respectively.

the same number of individual cubic pores (Figure 4B), it is
straightforward to calculate the gravimetric area after assigning
the mass of each edge to 1 g and the surface area of a single
cube to 1 m* For example, the specific surface area of a single
cube unit is 1 m*/12 g, or 0.0833 m”/g. When eight pores are
arranged as a 2 X 2 X 2 cube, the specific area increases to
0.1482 m*/g while eight discrete pores remain at 0.0833 m?*/g.
As the cubes get larger, there are diminishing returns as the
number of internal pores that share all edges become
dominant. Since each edge contributes to four different
pores, the effective number of edges needed to support a
single internal pore is quartered. This can be visualized in

Figure 4C where the specific area of the cubes approaches an
asymptote at ~4x the specific area of that of the discrete cubic
pore (blue dashed line, Figure 4C). Tabulated data for this
simple model are provided in Table S4. Our selection of 1 g
per edge and area of 1 m” is not chemically relevant, but this
analysis does align with studies of how the MOF crystal size
impacts porosity. In practice, there are additional factors
beyond simple geometric analy51s that also play a role, as have
been described elsewhere.**

B PORE SIZE DISTRIBUTION

The pore size distributions (PSDs) for all MOP and MOF
samples were calculated based on N, isotherms collected at 77
K, using an NLDFT model. The PSD of ZrMOP (Figure S)
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Figure 5. Pore size distribution of the MOF and MOP samples
derived from N, isotherm data collected at 77 K using a N2 Tarazona
NLDFT model.

shows a pore width of 6 A, which matches with what has been
reported for similar cages,”*> and a similar pore is found for
UiO-66, as expected since the cage matches the tetrahedral
pores of the MOF. The experimental PSD for an amine-
functionalized ZrMOP that maintains extrinsic porosity via
hydrogen bonding to chloride counterions showed similar
peaks to the data for UiO-66; in addition to the 6 A tetrahedral
pores, the supramolecular framework shows pores at 10 and 18
A, which correspond to cubic and rhombicuboctahedral sites.”

As shown in Figure S, the data for the unfunctionalized
ZrMOP contain only a single significant peak and lack the
additional features that indicate the presence of substantial
interparticle porosity. An examination of the single-crystal
XRD data provided by Yuan and coworkers reveals that
although some hydrogen bonding to the chloride counterions
occurs, the lack of significant extrinsic pores for this material is
due to the formation of 3-fold interpenetrated network that
results in close contacts between cages.”” This is further
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support for why the loss of crystallinity does not negatively
impact the BET area for the ZrMOP, the efficient packing in
the solid state blocks interparticle voids and sorption to the
outside faces of the cage and thus disrupting this packing has a
favorable impact on the gravimetric surface area. A close look
at larger pore widths in our ZrMOP data reveals some features
that may correspond to extrinsic pores (~13 and 27 A), but
the pore volumes of these peaks are quite small. A loss of
crystallinity will disrupt the 3-fold interpenetration and may
expose some interparticle voids, but it is clear that these do not
contribute significantly to the measured BET area. The PSD of
the UiO-66 sample shows clear peaks with pore widths
centered around 5.9 and 7.7 A (Figure S), indicative of the
different pore types in UiO-66. These values agree with
previous measurements."’

For the CuMOP, we do not see a peak that can be assigned
to the intrinsic pore diameter which is expected to be ~15 A
based on the crystal structure.”” The broad peak around 31.5 A
that tails to very high pore widths and has a very low pore
volume is evidence that activation and loss of crystallinity have
an opposite effect as what we observed for ZrtMOP (Figure S).
Structural collapse may hinder the ability of the probe gas to
fully reach the inner cavities of the CuMOP, even though N,
(3.64 A) is smaller than the pore apertures of this MOP (8 and
12 A).”” As a result, the BET area of this cage is relatively low.
We note that cages formed from similar isophthalic acid
ligands that bridge 12 M, paddlewheel sites may have BET
areas that rival those of MOFs.”” For example, Bloch and
coworkers report a value of 1135 m?/g for a related Cr-based
MOP and the PSD data clearly show an intrinsic pore of ~14
A with no broad features >30 A, even after activation and a
reported loss of crystallinity.*® The contrast between the
CuMOP and CrMOP data further demonstrates that for
MOPs, a loss of crystallinity can have two very opposite effects,
even for cages that share identical topology. For CuMOP,
internal cavities become blocked, and for CrMOP, the intrinsic
porosity remains accessible. These effects are significant, given
the S1 m*/g (CuMOP) versus 1135 m?/g (CrMOP) BET
areas. The HKUST-1 sample shows two distinct peaks at 5.9
and 7.4 A in its PSD (Figure S), similar to what has been
previously reported for this MOF using an NLDFT method.*

In both the PAMOP and the phase-transitioned Co Sponge
(Figure 5), we see PSDs with broad distributions and very low
pore volumes, similar to those of the CuMOP. In addition,
they do not show any peaks in the region corresponding to
smaller pores. These PSD studies further support that the
internal cavities of the PAMOP are inaccessible to the probing
gas. Similarly, the phase transition at the surface of the Co
Sponge prevents the intrinsic pores from contributing to the
data.

B CONCLUSIONS

The objective of this study was to perform a direct comparison
of the physical properties of selected MOPs with their
analogous MOFs. Three MOPs were selected: ZrMOP,
CuMOP, and PAMOP. Their nitrogen adsorption isotherms
were measured, and BET areas were calculated based on the
Rouquerol criteria. These calculated values were then
compared to MOF structures with analogous pores: UiO-66,
HKUST-1, and Co Sponge. In addition to our experimental
measurements of these samples, a few supramolecular
frameworks and cages from the literature provided additional
context for understanding extrinsic porosity and the effect of a
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loss of crystallinity. The highest BET area among the MOPs
was measured for the ZrMOP, followed by CuMOP and then
by PAMOP. Although MOFs show higher BET areas than
MOPs in general, we now show that when the surface area is
normalized per pore, the value for the ZrMOP is four times
higher than that of UiO-66. Our quantitative analysis shows
that even when the surface area per pore is larger for MOPs,
the shared building blocks in an MOF result in significantly
enhanced gravimetric surface areas. Another important
conclusion from this work is that a loss of crystallinity does
not always correlate with a decrease in the BET area for MOPs.
Unlike for MOFs, where framework collapse inherently
eliminates pores, for MOPs, the intrinsic porosity persists
when the extended packing is disrupted. If the extended cage
framework is packed efficiently or interpenetrated, disrupting
the crystallinity can enhance BET areas by making the internal
cavities accessible and enabling adsorption to the outside faces,
which we observed for ZrMOP and has been noted for a
CrMOP. On the other hand, structural collapse may block the
probe gas from reaching the intrinsic pores, reducing BET area,
as we observed for the CuMOP, PAMOP, and Co sponge. The
unpredictable nature of a loss of crystallinity can be mitigated
by designing noncovalent interactions between cages to form
persistent supramolecular frameworks that preserve extrinsic
porosity across a wide range of conditions. For applications
where a dispersion of single pores is valuable, for example, in
thin films or membranes where larger crystallites or aggregates
can result in defects, the high surface area per pore of MOPs is
attractive. For applications where a high uptake capacity per
mass or volume is needed, as for storage, MOFs or
supramolecular frameworks are ideal.
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