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ABSTRACT: Metal-organic frameworks and porous coordi-
nation cages have shown incredible promise as a result of
their high tunability. However, syntheses pursuing precisely
targeted mixed functionalities, such as multiple ligand types
or mixed-metal compositions are often serendipitous, re-
quire post-synthetic modification strategies, or are based on
complex ligand design. Herein, we present a new method for
the controlled synthesis of mixed functionality metal-organic
materials via the preparation of porous salts. More specifical-
ly, the combination of potentially-porous ionic molecules of
opposite charge affords framework-like materials where the
ratio between cationic cage and anionic cage is potentially
tunable. The resulting doubly-porous salt displays the spec-
troscopic signatures of the parent cages with increased gas
uptake capacities as compared to starting materials. This
approach will be widely applicable to all families of porous
ions and represents a new and powerful method for the syn-
thesis of porous solids with tailored functionalities.

Over the past several decades, metal-organic frameworks
(MOFs) have shown structural diversity that is unrivaled
across competing classes of porous materials,"*? including zeo-
lites,** activated carbons,® and all-organic adsorbents,”®® such
as porous aromatic frameworks (PAFs) and covalent organic
frameworks (COFs). This is largely a result of the rich coordi-
nation chemistry that can be used to precisely tune structural
properties of MOFs. An endless number of organic bridging
ligands can be combined with nearly every transition metal
cation to afford solid adsorbents of limitless structure types.'"!
This tunability has been leveraged to utilize MOFs for applica-
tions ranging from gas storage and separation to catalysis and
sensing.'>'*'* Further tunability in these materials has been
recently achieved by targeting mixed ligand and/or mixed met-
al frameworks.'>' For both of these strategies, direct synthesis
and post-synthetic modification have been employed.'”'® For
example, mixed-metal MOFs can be isolated by using mixed-
functionality ligands where the different groups selectively co-
ordinate specific metal cations.'” Chelating groups can also be
added and subsequently metallated post-synthetically.2%*!

To date, however, many examples of mixed-functionality

frameworks have been fortuitous, where mixed-composition
starting materials or reaction solutions may or may not afford
mixed-composition products.*? Porous cages may offer a bene-
fit in this regard as their molecular nature allows for compatibil-
ity with mix and match strategies of higher fidelity.>****5*¢ Po-
rous organic cages (POCs) have been previously used in this
capacity in the isolation of so-called porous organic alloys.
Here, POC:s of different chirality are combined to make cocrys-
tals with specificity at crystallographic sites based on the nature
of the starting cage.”” However, there are few examples of com-
bining porous molecular species to reproducibly afford solid
material of a controlled composition as solid solutions are often
attained.”® The work presented here describes a novel route to
obtain mixed-functionality porous solids based on molecular
starting materials. The functional groups, pore geometry, and
metal cations in the product are tunable based on their pres-
ence in the starting charged cages. Further, the ratio of each
component is potentially tunable based on the overall charge of
the starting cages. A straightforward salt metathesis approach
can be used to precipitate porous solids.

In choosing the starting cages for this approach, it was advan-
tageous to target cages that fulfill both requirements of having
the requisite charge and demonstrating the potential for per-
manent porosity. There are numerous examples of supramo-
lecular complexes of varying charge that have been under inves-
tigation for decades.”*® A subset of these have recently been
used in the development of porous ionic liquids.* Demonstra-
tion of permanent porosity in coordination cages is considera-
bly less common.***' This is particularly the case for charged
coordination cages where porosity has been reported most
consistently for the CIAC (Changchun Institute of Applied
Chemistry),** MOSC (Metal-Organic Super Container),**5
and HMONC (Heterometallic Organic Nanocage)* families
of cages in addition to the tetrahedral zirconium-based cages
that have been recently under investigation by a number of
groups.* #4350 Further, in order to be compatible with this salt
metathesis approach, wherein solutions of oppositely charged
cages are mixed to precipitate a porous salt, the starting cages
must display high stability as well as solubility in various organ-
ic solvents. As the anionic component of the material, we chose
the cuboctahedral, sulfonate-functionalized copper paddle-
wheel cage [ Cuz4(SOs-bdc)4]** as analogous cages that adopt
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this structure type have shown some of the highest surface are-
as reported for coordination cages.’"*** The highly-stable zir-
conium-based cage, [Zri2(ps-O)4(p2-OH)12(Cp)12(bdc)s]CL,
was targeted as a result of its cationic charge, well established
permanent porosity, and previously demonstrated amenability
to post-synthetic modification strategies.>*

Figure 1. Charged cages used for the preparation of a doubly-
porous salt where the charge-balancing cations for the cubocta-
hedral cage [Cu(SOs-bdc)]* (upper) and anions for the
tetrahedral cage [Zri2(ps-O)a(pa-OH)12(Cp)12(Mey-bdc)s]*
(lower) are omitted for clarity. Green, light yellow, gray, red,
and dark yellow atoms represent copper, zirconium, carbon,
oxygen, and sulfur, respectively. Hydrogen atoms have been
omitted. The colored polyhedra in the center of the cages repre-
sent potential pore volume on the interior surface of the cages.

Our efforts to scale the synthesis of [ Cuxs(SO3-bdc)]**,
which is most commonly isolated as a sodium salt, often re-
sulted in the isolation of mixed phase or poorly-soluble
products. We adopted a modified procedure for the synthesis
of this cage where the mechanochemical reaction of cop-
per(II) acetate monohydrate with the monolithium salt of -
sulfoisophthalic acid afforded the target cage in nearly quan-

titative yield. Solvent exchange, activation, and recrystalliza-
tion gave diffraction quality single crystals which confirmed
the target cage was obtained (Figure 1). Similarly, although
the reaction of ZrCl,Cp, and terephthalic acid in DMF af-
forded the tetrahedral structure, [Zria(p3-O)a(po-
OH) 12(Cp)12(bdc)s]Cl in high yield, the moderate solubili-
ty of this cage necessitated anion exchange via reaction with
silver triflate. Here, the reaction of [Zri2(ps-O)4(pe-
OH)12(Cp)12(bdc)s]Cly with AgOTf in methanol affords
soluble  [Zri2(p3-O)4(p-OH) 12(Cp)12(bdc)s]OTE,  with
concomitant precipitation of AgCl. However, NMR and
mass spectrometry analysis of the product cage revealed a
mixture of products with significant impurities of an un-
known phase and lower than expected surface areas. We
screened a variety of functionalized terephthalic acid ligands
and ultimately discovered that utilization of the dimethyl-
functionalized ligand, 2,5-dimethyl-bdc gives phase-pure
cage [Zri2(ps-0)s(p2-OH)12(Cp) 12(Mer-bdc)s]CLy  (Figure
1). The presence of functional groups in the syntheses of the
related UiO-66 framework has been shown to have a pro-
nounced effect on the stability of the MOF.> The triflate salt
of this cage, [Zr12(ps-O)4(p2-OH) 12(Cp) 12(Mer-bdc)s]OTH,
is similarly isolable via reaction with AgOTf.

With large quantities of oppositely-charge, potentially po-
rous cages in hand, we pursued the synthesis of the doubly-
porous salt. Both the starting cationic and anionic cages dis-
play appreciable solubility in a variety of solvents, including
MeOH, formamide, and N,N-dimethylformamide. Combi-
nation of a dark blue solution of copper cage with a colorless
solution of zirconium cage over the course of 30 minutes
resulted in nearly instantaneous precipitation of a light-blue
insoluble solid. Consistent with the rapid nature of precipita-
tion, powder X-ray diffraction experiments indicated the
product was amorphous. Scanning electron microscopy
(Figure 2) corroborates this observation as the product has
significantly smaller and less defined particles than the parent
cages. Both X-ray photoelectron spectroscopy (XPS) and
energy-dispersive X-ray (EDX) spectroscopy experiments
confirm the presence of both zirconium and copper in the
product phase (Figure 2). The precipitation of the product
is expected to proceed with concomitant formation of lithi-
um triflate, which is highly soluble in methanol. Accordingly,
fluorine and lithium XPS and EDX confirm completion of
the metathesis reaction as their absence verifies no triflate
anion or lithium cation are present in the product salt. This
suggests the resulting product material is nominally de-
scribed is charged balanced based only on the presence of
cage with a proposed formula of [Zria(ps-O)a(pe-
OH)12(Cp) 12(Mez-bdc)s]s[ Cuas(SO3-bdc) 4]

Further spectroscopic characterization of these materials
supports the proposed formulation (Figures $1-S9). Diges-
tion and NMR analysis of the insoluble powder confirms the
24:36 Mey-bdc:SOs-bdc ratio that is expected for a 6:1 zirco-
nium:copper cage mixture. The infrared spectrum of the
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product phase features prominent features of both pure start-
ing cages. Here, strong IR bands at 1556, 1416, and 815 cm
for the zirconium cage and 1196, 1118, and 1044 cm™ for the
copper cage are evident in the product phase. Similarly, dif-
fuse reflectance UV-vis spectra of the light-blue product
phase displays absorbance maxima at 475 and 525 nanome-
ters, which are present in the pure zirconium and copper
cages, respectively. The salt phase is MOF-like in nature as it
is completely insoluble in all organic solvents. Analogous to
most MOFs, however, the salt decomposes in large quanti-
ties of water.

d)

Kubelka-Munk Units

300 400 500 600 700 800
Wavelength (nm)

Zr3d Cu2p 500]
Zr3dy), 512 Cu2 o
p 478 ev(| CPS
18498V (\18248eV| | LF 478e
1000]
CPS

R TP\ 0

A N AN A A AN NN AN et e

190 185 180 175

960 950 940 930

Binding Energy (eV) Binding Energy (eV)
s2p 500] F1s 500]
CPS
168,186V CPS 688.58 eV

e N

172 168 164 160
Binding Energy (eV)

AWM AN -

696 692 688 684 680
Binding Energy (eV)

Figure 2. SEM images Of Liz4[CUz4(SO3-de)z4] (a), [Zru([ly
O)4(l.lz-OH) 12(CP) 12(Mez-bdc)5] OTf4 (b) and [Zrlz(p3-
0)4( l.lz-OH) 12(CP) 12(Mez-bdc)5]5 [Cul4(SO3-de)z4] produced
from a 30 minute reaction (c). UV-vis spectra for starting cages
and product (d). XPS spectra of the starting materials and
product for the indicated element. For all spectra black = copper
cage, blue = zirconium cage, and red = salt.

Isolation of a sample prepared in methanol, followed by
further methanol washes to remove unreacted cage and lithi-

um triflate, followed by evacuation at 75 °C gives a material
with an N, accessible BET (Langmuir) surface area of 496
(1057) m?/g (Figures S6-S8). Similarly, [Zri2(ps-O)4(p2-
OH)12(Cp)12(Mey-bdc)s]s[ Cuza(SOs-bdc)2s] has a CO,
accessible BET (Langmuir) surface area of 252 (593) m?/g.
The small particle sizes of the salt results in adsorption iso-
therms that reflect considerable external particle surface are-
as. Consistent with the removal of nonporous components
from the starting materials, namely lithium cations and tri-
flate anions, the product phase displays higher surface area
than either of the starting cages. [Zri(ps-O)a(po-
OH)12(Cp)12(Mex-bdc)s]OTE; has a BET (Langmuir) sur-
face area of 416 (606) m?/g while Liss[ Cuz4(SO3-bdc)as] is
nonporous to Na. For comparison, copper-based cuboctahe-
dral cages have displayed BET surface areas ranging from
nonporous to 739 m?*/g while zirconium-based tetrahedral
cages have shown BET surface areas from 104 m?/g to 782
m?/g 24854365758 We expect that judicious selection of charged
starting cages will afford porous salts with even higher surface
areas and tunable adsorption properties.

Figure 3. A portion of the crystal structure of the doubly porous
salt  Xig[Zri2(p3-0)a(p2-OH) 12(Cp)12(Mez-bdc)s ]2 [ Cuaa (SOs-
bdc),4] where X is either H* or TEA*. Blue and purple polygons
represent the copper cuboctahedral and zirconium tetrahedral
cages, respectively. Hydrogen bonding between the sulfonate
groups of the copper cage and bridging hydroxide groups of the
zirconium cage result in crystallographic order.
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In order to obtain single crystal diffraction quality crystals
for structural analysis, a number of slow addition protocols
were employed. Further, we surveyed tuning the starting
cage counter ions and used the lithium, sodium, and tetrae-
thyloammonium salts of [Cuxs(SOs-bdc)»4)** in conjunc-
tion with the triflate, nitrate, and chloride salts of [Zri,(ps-
0)4(p2-OH)12(Cp) 2(Mez-bdc)s]*. Ultimately, layering of a
methanol solution of TEA[Cu4(SOs-bdc)z4] on a DMF
solution of [Zri(p3-O)4(p2-OH)12(Cp)12(Mer-bdc)s]OTH,
in an NMR tube for two weeks afforded diffraction quality
single crystals of Xig[Zri(ps-O)4(p-OH)12(Cp) 12(Meo-
bdc)s]>[ Cuas(SOs-bdc),4] where X is either protons or tetra-
ethylammonium cations. This structure, the first of its kind,
is a salt where both the cations and anions are porous cages.
Each cuboctahedral copper cage is surrounded by six tetra-
hedral zirconium cages. The tetrahedral cages are shared by
neighboring copper cages via hydrogen bonding between the
bridging hydroxide groups on the tetrahedra and the sul-
fonate groups, giving a total Zr:Cu cage ratio of 2:1. It is no-
table that the Zr:Cu cage ratio for a product formed over the
course of two weeks is significantly smaller than that ob-
tained via mixing for 30 minutes. In preparing amorphous
powders, samples with lower than the 6:1 ratio were isolated
when Li* salts of the starting copper cage were allowed to
react for longer than 30 minutes. As determined by NMR
digestion and EDX spectroscopy, reaction mixtures stirred
for 150 and 300 minutes gave powders with Cu:Zr cage rati-
os of 5:1 and 4.7:1, respectively. Interestingly, and consistent
with the single-crystal diffraction experiments, utilization of a
twofold excess of Zr cages also gave product with similar
Zr:Cu cage ratio (4.9:1) as confirmed by EDX and NMR
analysis. As expected, utilization of a twofold excess of cop-
per cage afforded a sample with a further reduced Zr cage
content (3:1 ratio).

In conclusion, we have shown that the combination of po-
tentially porous ionic cages can be used to prepare porous
salts where both the cation and anion are based on porous
cages. For the particular adsorbents reported here, the ratio
of cationic cage to anionic cage is tunable based on the
length of mixing time of products with the longest reaction
affording insoluble Xis[Zri2(ps-O)4(p2-OH)12(Cp) 12(Mes-
bdc)s]2[ Cuzs(SOs-bdc)24] and the fastest addition giving the
pure-cage salt [Zr12(p3-0)4(p2-OH) 12(Cp) 12(Mes-
bdc)s])s[ Cuas(SOs-bdc)a4]). The porous salts display moder-
ate surface area which is higher than those of its constituent
cages. It is our expectation that the design and synthesis
strategies outlined here will be useful for the isolation of an
even further expanded class of porous cage materials utilizing
the large library of porous, or potentially-porous, charged
coordination cages.
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