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Abstract: We report here a strategy for making anionic pacs type
porous materials by combining pore space partition with charge
reallocation. The method uses the first negatively charged pore
partition ligand (2,5,8-tri-(4-pyridyl)-1,3,4,6,7,9-
hexaazaphenalene, H-tph) that simultaneously enables pore
partition and charge reallocation. Over two dozen anionic pacs
materials have been made to demonstrate their excellent
chemical stability and a high degree of tunability. Notably, Nis-bdt-
tph (bdt = 1,4-benzeneditetrazolate) exhibits month-long water
stability, while CoV-bdt-tph sets a new benchmark for C;H,
storage capacity under ambient conditions for ionic MOFs. In
addition to tunable in-framework modules, we show feasibility to
tune the type and concentration of extra-framework counter
cations and their influence on both stability and capability to
separate industrial C3Hg/C3Hg and CsHe/CeH12 mixtures.

Anionic metal-organic frameworks (MOFs), similar to zeolites with
negative frameworks, represent only a minute fraction of MOFs
that are typically neutral.l! The availability of stable and tunable
anionic MOFs can enable new applications in sorption, ion
exchange,® etc.¥. Currently, few systematical strategies are
available to construct and tune anionic MOFs.®! Even in systems
that can accommodate host-guest modification, the degree of
tunability is limited, and the reduction in porosity and stability is
often taken as a necessary tradeoff.®® Hence the
development of methods to systematically construct stable
anionic MOFs with a wide degree of tunability poses a significant

challenge.
The 9-connected pacs system has been shown to be an ultra-
tunable platform.[ Its framework formula is [(M1)s

«(M2),(O/OH/)(L1)3(L2)], where metal trimers are linked by
framework-forming L1 and pore-partitioning L2 ligands of various
size and functionality. The different combinations of these
modules allows pacs materials to be incredibly versatile, and
hence, capable of setting performance records in applications. !

It has been shown that anionic pacs materials can be made
from all-M?* ions to give negative trimer [(M?*)3(us-OH)(COO")q],
whereas the inclusion of M3* could turn the framework neutral or
cationic.[2 8% 9_Gijven the possibility for 3d-metals to adopt both
M2?* and M3*, only some metal types (e.g., Mg?*, Zn?*) could
guarantee anionic trimer, which poses two major problems:
stability and versatility. First, ligand-field stabilization energy plays
no roles in stabilizng M—O or M—N bonds (M=Mg/Zn).

Consequently, these trimers are more prone to ligand exchange
(water degradation in particular). Additionally, the synthesis using
all-M?* trimers eliminates many benefits from other metal types or
heterometal chemistry (e.g., Co-V). Thus, the metal-node-based
strategy to develop anionic pacs dramatically limits the true
potential of the pacs platform.

In this work, by taking advantage of highly modular features of
the pacs platform where the charge property of each module can
be independently engineered and allocated, we envision a
method for creating anionic MOFs by shifting negative charges
from hydrolysis-prone metal nodes to chemically resistant core of
pore partition ligands (Scheme 1). This method permits much
more freedom in metal choices and also makes it possible to
increase the metal-ligand bond strength by harnessing desirable
properties of diverse metal types beyond d° and d'® M?* ions.

Here, we introduce the first negatively charged organic pore
partition ligand, a tripyridyl linker with an acidic central N-rich
hexaazaphenalene ring (hap) (Figure 1). With the tritopic linker
bearing the negative charge, we no longer need to rely on
inorganic nodes for generating negative charge. We show that
module 1 could accommodate anionic Mgs, Zns trimers, as well
as anionic or neutral Cos Niz, MgxVy, CoVy, CosFey, and NixFey
trimers. Additionally, this tripyridyl linker is compatible with
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Scheme 1. Design of robust anionic pacs through simultaneous pore
space partition and charge shifting from 9-connected inorganic node
to PPA. PPA = Pore Partition Agent.
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Figure 1. Design of tph-based anionic pacs frameworks with different modules. Module 1: Metal composition in neutral and anionic trimers.

Module 2: 4-(1H-tetrazol-5-yl)benzoic acid (H,tba), 1,4-benzeneditetrazole (H,bdt),
Module 3: 2,5,8-tri-(4-pyridyl)-1,3,4,6,7,9-hexaazaphenalene (H-tph).

biphenyldicarboxylic acid (H,bpdc).

2,6-naphthalenedicarboxylic acid (2,6-H.ndc), 4,4'-
Module 4: tetraethylammonium

chloride (Et4NCl), tetrapropylammonium chloride (Pr,NCI), tetrabutylammonium chloride (BusNCI), tetrapentylammonium chloride (Pen;NCI),
tetrahexylammonium chloride (Hex4NCl), (2-hydroxyethyl)trimethylammonium chloride (htmNCI), bis(2-hydroxyethyl)dimethylammonium

chloride (dhdmNCIl), tetraphenylphosphonium bromide (Ph,PBr).

module 2 (L1 ligands) of a wide range of dimensions and
functional groups. Four representative L1 ligands are
demonstrated here that contain two carboxylate groups (2,6-
Hzndc, Hybpdc), two azolate groups (H:bdt), as well as mixed
carboxylate-azolate groups (Hztba), respectively.

Central to our strategy is the presence of six nitrogens at the
core of the pore-partitioning ligand (the hap ring) to resonance-
stabilize the anionic site. We took advantage of this property to
control the next variable of the pacs system: the counter ions
(module 4, guest ions G1). A simple synthetic procedure has
been developed to simultaneously construct anionic pacs and
substitute hap’s charge-balancing ion with quaternary ammonium
or phosphonium ions that contain hydroxy, aliphatic and aromatic
groups.

A series of isoreticular structures have been synthesized from
the permutation of three modules (trimer-L1-G1), each with a
large library of selection. As such, the frameworks contain
aperture of varied size, shape and functionality. These examples
show great potential to develop robust and versatile anionic MOFs
with optimized host-guest recognition for selective gas and vapor
sorption.

Crystal structures of tph-based pacs were first determined by
single-crystal X-ray diffraction (SXRD).*®  Powder X-ray
diffraction (PXRD) then confirmed phase purity of L1-tph based
pacs of different metal and counterion sources. The powder
patterns of as-synthesized samples match well with those
simulated from single crystal data (Figure S1-S6).

The M?* to M3* ratios of heterometal phases are supported by
energy dispersive spectroscopy (EDS) analysis and summarized
in Figure S21. For all heterometal phases, the ratio of M?* to M3*

is greater than 1. 'HNMR was then employed to calculate the ratio
of the added organic cation to the formula unit, as summarized in
Table S2 which also shows this ratio could be tuned. For instance,
the addition of 0.2 mmol BusNClI resulted in tph:Bu, ratio of 2:1 in
CozV-26ndc-tph, whereas a 15.0 mmol addition of BusNCI
resulted in tph:Bug ratio of 1:1.

Hydrolytic stability is an important requisite for applications.*!
Yet the number of water-stable anionic MOFs is limited (Table S7).
This work also shows that the anionic metal-node resulted in
hydrolytically less stable porous materials. For example, Mgs-
26ndc-tph from this work could not maintain water stability for 5
minutes. In comparison, Co2V-26ndc-tph is highly stable in
water for at least 3 days (Figure 2a). Co,V-26ndc-tph also
maintains chemical stability within pH range 3-11 for at least 24
hours (Figure S8). This illustrates the potential of the charge-
reallocation strategy for developing a large family of anionic pacs
materials.

The hydrolytic stability of Co,V-26ndc-tph could further be
enhanced through choice of counter cation. As shown in Figure
S7, Co2V-26ndc-tph synthesized with hydroxy-functionalized,
aliphatic, or aromatic-based counter cations all maintain water
stability for at least 24 hours. The pacs material prepared from
the addition of 10 mmol Ph4PBr extends stability to at least 21
days, and pH range 3-11 for 14 days (Figure S8). This is likely
due to the presence of bulky hydrophobic PhsP* counterions that
impede H,O attack on metal sites and thus allow the material to
maintain chemical stability over a much longer period.

In addition to high chemical stability observed in carboxylate-
based pacs, we also witnessed remarkable properties with
azolate-based pacs materials. In particular, Niz-bdt-tph reported
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Figure 2. PXRD patterns and C,H, gas sorptions, C3Hs/C3Hg sepration potentials and CsHe/CeH1, selectivities of anionic pacs. (a) Comparison
of stability (in water and after gas sorption) of pacs made from anionic trimer (Mgs) versus neutral trimer (Co,V). (b) Hydrolytic stability Nis-bdt-
tph in different pH and temperature conditions. (c) Comparison of C,H, uptakes at 273 K and 298 K between pacs constructed from anionic

versus neutral trimer.

(d) C,H, uptakes at 273K of CoV-tph-based pacs with varying L1 linkers. (e) Potentially recoverable CsHs from a

C3Hg/C3Hg 50:50 separation at 298 K for Co,V-bpdc-tph based pacs. (f) CsHes/CsH12 Selectivity of Co,V-26ndc-tph based pacs.

here maintains water stability for at least 2 months and stability in
pH 2-12 for at least 7 days. The material also shows modest
stability of 24 hours in refluxing H,O (Figure 2b). Such high
chemical stability achieved with tph ligands is comparable to
benchmark anionic materials (Table S7).

Acetylene, ethylene, and propylene are all important raw
organic building blocks whose storage and separation poses
great challenges to many industrial sectors. For instance, the
safe storage and transportation of explosive acetylene (C.H>)
requires large cylinders pressurized below 2 bar or filled with
stabilizers, which compromises purity and accrues high cost.
Several benchmark materials with desirable features such as
micro-pore, open-metal sites, and functional linkers have shown
promising C,H, storage capacity at ambient temperature and
pressure.’?  The anionic pacs reported here presents an
additional level of tunability (through counter cation) to further
enhance interactions with these small gas molecules.

The formation the anionic Mnz-26ndc-tpp (SNNU-28(Mn), tpp =
2,4,6-tri(4-pyridinyl)-1- pyridine), however, shows negligible C,H,
uptake, due to framework instability.’a Similarly, the anionic Mgs-
26ndc-tph reported here exhibits small uptakes of 2.52 and 1.84
mmol/g at 1 bar, 273 K and 298 K, respectively (Figure 2c). PXRD
of the material after one gas sorption cycle shows unidentifiable
phase change. (Figure 2a). In SNNU-28(Mn) where PPA is
neutral, the substitution of Mn?* with Mg?* or Zn?* would unlikely
improve stability whereas other metals or metal combinations
could likely form neutral or cationic frameworks. Here, shifting of
the negative charge from metal cluster to tph linker allows us to
incorporate a much wider range of metal sources into anionic
pacs. As a result, the construction of Co2V-26ndc-tph, results in
C,H, uptakes of 9.4 mmol/g and 6.2 mmol/g at 1 bar, 273 K and

298 K, respectively. This is a dramatic boost, from the 1t
generation of unstable anionic pacs materials. After repeated gas
sorption-desorption cycles, PXRD shows Co,V-26ndc-tph still
retains high crystallinity (Figure 2a).

With the success of CozV-26ndc-tph, we then systematically
study the general porosity, C2, C3 uptake trends, to tailor specific
anionic tph-pacs to the needs of different applications. As shown
in Figures S24-25, all anionic pacs reported here show type-I N,
adsorption isotherm. The N, uptake increases with elongation of
L1 linkers and decreases with addition of enlarged counter ions.
The surface areas and pore volumes of these materials are within
expected range, based on other reported pacs, suggesting that
they are well activated. After confirming porosity of anionic pacs,
we then studied the adsorptions of C;H,, C,H4, CoHs, CsHe, CsHs
at 273 and 298 K for tph-based pacs with different L1 lengths.
Table S3 summarizes the uptakes at 1 bar, 273 and 298 K, and
isosteric heat of adsorption.

Interestingly, the C,H, uptake trend at 273 K follows bpdc?* <
tba* < 26ndc* < bdt*(Figure 2d). Generally, with enlarged
framework having extra-large volume, host-guest interaction is
dramatically diminished, thus resulting in poor uptake. Since
CozV-bpdc-tph framework is too large, and thus exhibits poor
uptake, CoV-bdt-tph, with the next largest surface area and pore
volume, exhibits the highest C,H, uptakes of 11.6 and 8.23
mmol/g at 273 K and 298 K, respectively. In fact, these values are
also higher than the best performing ionic MOF materials NBU-8
(10.5, 8.15)113, FJU-90a (9.64, 8.04)84 SNNU-60 (6.94, 5.53)124],
C,H, and C;Hg uptakes for CoV-bdt-tph are also the highest
among all tph-pacs materials. Thus, the bdt-tph pacs combination
offers the most ideal pore aperture and functionalities for optimal
uptakes of small C2 molecules.
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With larger C3 molecules, the elongated L1 linkers provides
larger pore volume for higher uptake. Co:V-bpdc-tph exhibits
CsHes and C3Hs uptakes of 12.9 and 11.8 mmol/g at 273 K, and
11.5 and 10.7 mmol/g at 298 K. While the C3 uptake capacities
are among the top-three MOF materials,'! the uptake difference
between these two molecules is modest. We sought to introduce
additional hydroxyl groups in organic cations to boost O---H
interactions. Compared to Co,V-bpdc-tph that could potentially
recover 0.357 mmol/g CsHg from C3Hg/C3Hg 1:1 mixture at 1 bar,
298 K, the incorporation of 0.5 dhdmN+ per formula unit resulted
in 0.925 mmol/g of potentially recoverable CsHg (Figure 2e). This
is higher than ZIF-8 (0.119)1¢, MOFOUR-1-Ni (0.269)7, UiO-67
(.433)18], put slightly lower than BUT-10 (1.04)181 and CPM-734c
(1.61)ee,

Cyclohexane (CgHi,) is a crucial intermediate in the
petrochemical industry. However, the CsH1, production results in
benzene/cyclohexane mixtures that must undergo energy-
intensive purifications. Porous materials provide a promising
platform for CsHs/CsHi2 separation. (Table S12). Herein, we
present the first case study on utilizing aliphatic organic cation to
enhance CsHgs/CeH12 selectivity.

With Co2V-26ndc-tph as the parent framework, we chose to
incorporate EtsN*, BusN* and dhdmN*. Co,V-26ndc-tph adsorbs
3.6 and 0.9 C¢Hs and CsH12 molecules per formula unit (mpf),
respectively. With the substitution of 0.5 BusN* mpf, the uptake
of CgHs increases to 4.8, while CsHj, stayed the same. Further
increase of BusN* to 1 mpf resulted in 5% decrease of CsHs but
20% decrease for C¢Hi2. We speculate that while alkyl chain
enhances m-H with CgHs, slight H-H repulsion with CsHiz is
observed when pore volume has higher concentration of BusN*.
Interestingly, the shortening of the alkyl length to EtsN did not
increase CsHq, uptake. The addition of 0.4 Et;N mpf resulted in
an increase of CgHg to 5.8 while keeping CsHi, at 0.9 mpf. The
addition of two OH groups into dhdmN*, slightly increased the
concentration of CgHi, to 1 mpf, likely through electronegative-H
interaction. This shows that length, functionality, and
concentration of cations all contribute to enhancing CsHes/CeH12
selectivity (Figure 2f).

In conclusion, we demonstrated the effectiveness of
employing a novel pore-partitioning linker to construct a series of
anionic MOFs with highly tunable pore metrics and functionalities.
We believe that this material design and synthesis strategy will
lead to useful anionic MOFs for a large range of applications.
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Charge Shifting via Pore Partition: a nine-nitrogen ligand simultaneously enables pore-space partition (via three N's) and charge
reallocation (via six N's), thereby paving the way for multi-modular assembly of a huge family of tunable anionic porous materials with
much enhanced chemical stability and selective gas and vapor sorption.
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