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ABSTRACT: Cationic frameworks are an emerging class of
exceptional solid adsorbents capable of encapsulating highly
toxic and persistent anionic pollutants. The controlled
generation of cationic frameworks, however, lags behind the
abundant design strategies devised to control the structures
and topologies of neutral frameworks. In this regard, we report
a rational approach that allows the conversion of the synthetic
approach toward constructing a neutral framework into one
allowing for the synthesis of a cationic one without incurring
any changes to the overall topology or the selected metal ion.
We demonstrate that the replacement of a functional group on
an organic linker that promotes a similar coordination mode,
but bearing one less negative charge, can yield the systematic
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generation of cationic frameworks. Moreover, we confirm the cationic nature of the metal—organic frameworks through
preliminary anion-exchange experiments and propose a method to retain permanent porosity in cationic frameworks through
the use of strongly binding anions. Altogether, these results show great promise for the construction of tunable nanoporous

frameworks capable of carrying out anion-exchange processes.
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B INTRODUCTION

Research focused on metal—organic frameworks (MOFs) has
been ongoing for a few decades; however, the intricacies
related to this class of crystalline porous materials continue to
be revealed to this day.'® The development of MOFs is
largely driven by the fact that they can encapsulate an
impressive variety of guest molecules, ranging from greenhouse
gasesg_1l to antitumoral and antiviral drugs.lz_14 Thus,
multiple synthetic and design strategies have been devised
over the years to promote specific structural topologies that
can ultimately offer highly selective inclusion behaviors and
predictable chemical transformations.'”~>* Among the many
desired properties of MOFs, the capture of charged species has
grown into an intense area of research because of the harmful
impact of a number of ionic pollutants on human health and
the environment.”’~* The use of MOFs for ion-exchange
applications is encouraged because of the fact that they can be
obtained in both cationic and anionic forms, in contrast to
other materials that are generally only obtainable in one form
or the other (i.e., zeolites and layered double hydroxides)."' ~>°

Recently, cationic frameworks have joined the forefront of
ion-exchange technologies because of their potential ability to
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remove toxic anions such as ClO,”, AsO,*, and Cr,0,%7,>' ™

all of which are strictly regulated by the US Environmental
Protection Agency during the purification of drinking water.>®
The initial strategy for obtaining a positively charged
framework consisted of employing neutral polytopic organic
ligands such as polypyridine- or imidazole-based linkers;””~®"
however, these structures generally elicited poor stability and
limited tunability. Subsequent attempts to control ionicity were
elegantly demonstrated by Bu and co-workers” in secondary
building units consisting of planar trimers, where control over
the oxidation state of the metal ions (M" versus M™) as well as
the preemptive coordination of neutral ligands to the open
metal sites of the trimer can indeed yield cationic frameworks.
Similarly, the direct stripping of terminally coordinated F~
anions from the metal clusters of MOFs has also been shown
to generate a cationic scaffolding.> With our goal of providing
alternative routes to framework cationization, we report here
an accessible and practical strategy for the systematic
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Figure 1. Depiction of the general ALE method for framework cationization, achieved by replacing a linear dicarboxylic acid linker with an
asymmetric ligand containing a similar coordination mode but with one less negative charge (i.e., a triazole moiety).
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Figure 2. Structures of UOTT-1, 2, and 3, displaying the elongation of the charged framework with varying lengths of the asymmetric linker.
Host—guest interactions can thus be tuned, along with their porosities and densities.

generation of cationic frameworks. This process involves
replacing linear dicarboxylates, one of the most commonly
used organic building blocks in MOF synthesis, with an
asymmetric linker featuring a nearly identical coordination
mode but with one less negative charge. More specifically, we
have designed an asymmetric ligand-exchange (ALE) method,
in which a carboxylic acid functionality is replaced by a 1,2,4-
triazole moiety, effectively maintaining a similar binding mode
that would permit an original and existing framework topology
to be retained while also reducing the amount of negative
charge on the organic building block (Figure 1). The strength
of the present approach lies in its ability to control the charge
of the framework while also retaining all of the benefits
associated with the desired structural topology and reactivity of
an existing neutral or anionic MOF. This can ultimately lead to
the directed synthesis of high-performance ion-capturing
materials.

Building on our previous work, where we employed the
asymmetrically binding 4-(4'-carboxyphenyl)-1,2,4-triazole
(Hept) ligand for constructing a variant of the iconic MIL-
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88 framework (acs type),®* we have partitioned the pore spaces
using the symmetry-matching tritopic 2,4,6-tri(4-pyridiyl)-
1,3,5-triazine (tpt) ligand for implementing the ALE strategy.
The linear dicarboxylates of the 9-connected trimers have been
successfully replaced with three different asymmetric linkers of
varying lengths (Figure 2), leading to an isoreticular series of
MOFs with different pore sizes and densities (UOTT-1,
UOTT-2, and UOTT-3, where UOTT stands for the
University of Ottawa). We further demonstrate that control
over the anions initially present in the pores can be achieved by
employing different starting metal salts. Interestingly, direct
visualization of the anions within the pore space, using single-
crystal X-ray diffraction, reveals that these occupy symmetry-
matching 6positions, thereby maintaining the necessary C;
symmetry.”” To the best of our knowledge, this is the first
time guest molecules (solvents or counterions) have been
located crystallographically in the pacs-MOF platform (pacs
stands for partitioned acs net).'”?"% This offers invaluable
insights into the host—guest interactions, a key criterion in the
rational optimization of porous materials. In addition to this,
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Table 1. Single-Crystal X-ray Data for UOTT-1, 2, and 3

compound formula® ab (A) c (A) space group anion localized
NO;@UOTT-1 {[Co4(5-0) (cpt)s(tpt) ' NOs}, 16.7567(5) 19.0343(7) P6,/me yes
Br@UOTT-1 {[Cos(u3-O)(cpt);(tpt)]-Br}, 16.6968(9) 18.9684(10) P6;/mc yes
NCS@UOTT-1 {[Co;3(u3-O)(cpt);(tpt)]-NCS}, 16.8384(10) 19.0516(13) P6;/mc yes
NO,@UOTT-2 {[Coy(1t5-0) (tnc);(tpt) - NOs}, 16.6264(7) 24.2500(13) P31c no
ClO,@UOTT-2 {[Cos(u3-0) (tnc);(tpt)]-ClO,}, 16.6138(8) 24.2258(12) P31c yes
NO;@UOTT-3 {[Co;3(u3-O)(bpct);(tpt)]-NOs}, 16.6267(3) 28.9795(7) P65/mc yes
BF,@UOTT-3 {[Cos(u5-O) (bpct),(tpt)]-BF,}, 16.7599(5) 29.0651(9) P6;/mc yes

“cpt = 4-(4'-carboxyphenyl)-1,2,4-triazole; tnc = 6-(4H-1,2,4-triazol-4-yl)-2-naphthoic acid; bpct = 4'-(4H-1,2,4-triazol-4-yl)biphenyl-4-carboxylic

acid; and tpt = 2,4,6-tri(4-pyridyl)-1,3,5-triazine.

we have characterized the MOFs in terms of the affinity of
small monoanions to the framework, the ease at which they
can be replaced, and the effect of the binding strength of the
anions on their permanent porosity. These materials, although
unfortunately not stable in aqueous media, still display a near-
complete exchange of BF,” for NCS™ anions, when run on a
simple gravity filtration column of a packed bed of the MOF.
As such, we successfully confirm the cationization process
through proof-of-principle anion-exchange experiments.
Although other highly stable and selective MOFs do exist for
anion-exchange process.es,w_71 in this work, we focus on
addressing the lack of synthetic strategies for obtaining
topologically desired cationic frameworks.

B EXPERIMENTAL SECTION

Synthesis. The Hcpt ligand was synthesized according to
previously published procedures.”* The Htnc and Hbpct ligands
were obtained under similar microwave conditions as those for Hept.
All described MOFs were synthesized under solvothermal conditions;
full synthetic and experimental details can be found in the Supporting
Information (SI).

Anion Exchange Procedure. In a typical experiment, the
selected MOF (0.05 mmol) was immersed in 10 mL of CHCl,, in
which a tetrabutylammonium (TBA*) salt (0.5 mmol) containing
different anions such as NO;~, Br, NCS~, ClO,”, and BF,” was
dissolved. The MOF powders were characterized by Fourier
transform infrared (FT-IR) spectroscopy at room temperature and
without stirring, over a period of up to 24 h.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. Single-
crystal X-ray diffraction studies reveal that all compounds
investigated belong to either the trigonal or the hexagonal
crystal system (Tables 1 and S1—S3). The first series of
cationic MOFs (UOTT-1) presented in this work are
assembled by combining the asymmetric 4-(4’-carboxyphen-
yl)-1,2,4-triazole (Hcpt) ligand and tritopic 2,4,6-tris(4-
pyridyl)-1,3,5-triazine (tpt) ligands and differ in terms of
their counteranions. To provide additional control on the
cationic frameworks, we have synthesized and designed two
new asymmetric ligands by expanding the Hcpt ligand central
ring to naphthalene (Htnc; UOTT-2) and biphenyl moieties
(Hbpct; UOTT-3). It is worth mentioning that, to the best of
our knowledge, no structure has been reported with the two
latter linkers (Htnc and Hbpct). This effectively yields an
isoreticular family of charged frameworks, where anions of
varying sizes and compositions can be contained within the
porous network. Expansion of the MOF is clearly evidenced by
the elongation of the c-axis length from ~19 to 30 A and the
relatively constant a- and b-axis. In all cases, the Coj trimer is
charge-balanced by a single monoanion residing in the pore
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space. Whereas this type of metal cluster topology is
commonly attributed to a mixed di- and trivalent configuration
for Fe, Co, and Ni,”>”* the present compounds reveal that all
three Co ions are in a +2 oxidation state. This is corroborated
by bond valence sum calculations (i.e, Col = 1.90 for NO;@
UOTT-1) and charge considerations. Additionally, magnetic
susceptibility measurements performed on NCS@UOTT-1 are
well within the expected range for three isolated high-spin Co"
ions (5.62 cm® K mol™') exhibiting significant magnetic
anisotropy, with a room temperature yT value of 7.13 cm® K
mol™' (Figure S1). Two similar MOFs containing oxo-
centered trinuclear {Co;} cores and coordinated to the Hcpt
ligand also report all three cobalt ions being in a +2 oxidation
state.”>%*

With a carefully engineered series of cationic MOFs in hand,
we turned our attention to their anion-exchange capabilities.
Not only can the UOTT-1-3 series be prepared with different
anions based simply on the choice of starting cobalt salts, but
also, the anions can be replaced postsynthetically through
exchange experiments. The first indication of being able to
encapsulate anions of varying sizes and nature was through
direct crystallographic visualization. In fact, the Br~, NSC~,
ClO,~, and BF,™ anions were successfully refined owing in part
to their large electron densities and highly ordered states. The
NO;™ anions were also localized in NO;@UOTT-1 and
NO;@UOTT-3 because of their very high crystal quality,
despite being disordered. The lower electron density of NO;™,
in combination with somewhat poorer-diffracting crystals,
made it more difficult to observe the anionic guest in NO;@
UOTT-2. The crystallographic studies reveal that the anions
take up significantly different positions within the framework
to both maintain the necessary symmetry and optimize the
host—guest interactions. For example, the bromide anions in
Br@UOTT-1 are stabilized by multiple dipole—dipole
interactions with H15 and H18, through distances of 2.95
and 2.74 A, respectively, originating from the hydrogen atoms
of either the benzene or the triazole ring of the Hcpt ligand
(Figure S2). Comparatively, the NCS~ anions in NCS@
UOTT-1 sit above the trinuclear cluster and are linked to the
triazole moieties through S---7 interactions (Figure S3). Such
host—guest interactions are strong and occur between the
sulfur atom of NCS™ molecules and the centroid of adjacent
triazole rings through a distance of 3.54 A. In the case of
ClIO,@UOTT-2, the CIO,” anions participate in anion---7
interactions with the naphthalene rings of the tnc™ ligand
(Figure S4). The perchlorates adopt three distinct crystallo-
graphic orientations in the lattice, with occupancy factors of
0.33. All three overlapping orientations experience anion—host
interactions between an oxygen atom (052, 053, or O5S) and
a centroid of a naphthalene ring. These weak interactions are
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characterized by an average oxygen-:-centroid distance of 3.59
A. Additional host—anion interactions involving NO;~ and
BF,” anions are described in the SI (Figures S5—S7).
Kinetic Infrared Spectroscopy Study. Beyond the
crystallographic evidence, the individual anions can also be
confirmed by FT-IR spectroscopy, as shown in Figure 3.

NO,@UOTT-1

Br@UoTT-1
NCS@UOTT-1

]
el

NO.@UOTT-2
NO,@UOTT-3 '
BF,@UOTT-3

r T T T T T T T T T T T T — 1
2250 2000 1750 1500 1250 1000 750 500
Wavelength (cm'1)

Figure 3. IR spectra of the as-synthesized MOFs, highlighting selected
bands of the corresponding anions.

Characteristic bands belonging to NO;~, NSC~, CIO,”, and
BF,” anions are readily distinguished at ~1390, 2068, 1090,
and 754 cm™, respectively. To investigate anion affinity, we
have selected the Hcpt-based frameworks and performed
kinetic FT-IR studies, allowing us to directly probe the binding
strength of the anions. In a typical experiment, samples of
UOTT-1 were immersed in a chloroform solution containing a
different anion. By following the aforementioned bands
through FT-IR spectroscopy, it is possible to observe the
anion-exchange process, thus providing a means of determin-
ing the order of affinity of the guests (Figures S8—S16). To
summarize these results, we have determined the following
order of affinity of the guest anions: NCS™ > BF,” > Br™ >
ClO,” > NOj7, as outlined in Table S4. Furthermore, these
results are corroborated by the density functional theory
(DFT)-calculated binding energies of the anions to the
framework (vide infra). Interestingly, the incorporation of
strongly binding NCS™ anions is accompanied by a drastic
change in the color of the materials from orange to green.

Thus, the presented compounds have the ability to act as visual
colorimetric anion sensors for NCS™. Due to the fact that a
single monoanion is required to balance the charges, the
optimal capacity of the UOTT-1 materials ranges from 51.5 to
93.1 mg g~' for the five anions studied.

Nuclear Magnetic Resonance Spectroscopy. To
complement the FT-IR studies and to determine the exchange
capacity of the MOF, we have performed a series of solid-state
NMR (ssNMR) and solution NMR spectroscopy experiments.
Accurate determination of the extent of ion exchange is critical
in assessing the efficacy of a material for any industrial
application. Here, we show that nearly 100% of the BF,”
anions in BE,@UOTT-3 can be exchanged by NSC~, and this
can be achieved by simple gravity filtration of a tightly packed
bed of the MOF (Figure S17). We have elected to perform
these studies using BF,™ anions because of the ease with which
they can be monitored using NMR spectroscopy compared
with other small monoanions (i.e., 100% natural abundance of
F). The ’F magic-angle spinning (MAS) ssNMR spectrum
of BE,@UOTT-3 was collected at room temperature before
and after running the column. The initial material clearly
reveals the presence of BF,” anions, with a peak centered at
—161.6 ppm. Following anion exchange, by running a solution
of tetrabutylammonium thiocyanate in chloroform through a
packed bed of BE,@UOTT-3, the resulting '’F MAS ssNMR
spectrum lacks all evidence of a peak for BF,” anions,
suggesting that they have been fully exchanged. The anion-
exchange process not only is essentially quantitative but also
occurs on a short time scale. By exchanging only one of the
two carboxylic acids within the organic linker for a triazole
group, we ensure that a single monoanion is required to
balance the charges. Therefore, we avoid filling the entirety of
the pore space with anions, thus maintaining significant
porosity, which in turn likely contributes to the fast exchange
kinetics that is observed in both NMR and FT-IR. The broad
band centered at approximately —136.0 ppm, present in both
spectra, was confirmed as being probe background by running
a blank under identical conditions, whereas NaF was used as an
internal standard, should there have been a need for a
quantitative estimate of the amount of remaining BF,™ anions.
To unequivocally confirm the anion-exchange process, '°F
NMR was also performed on the resulting solution that passed
through the MOF column, clearly revealing the exchanged
BF,” anions as two resonance peaks separated by 0.05 ppm.
The low-frequency 1:1:1:1 quartet corresponds to ''BF,”,
whereas the high-frequency resonance is an unresolved
1:1:1:1:1:1:1 septet, identified as 19BF,”. Moreover, the

Table 2. Summary of the N, Gas Sorption Data for the UOTT-1, UOTT-2, and UOTT-3 Families Using Optimal Activation

Conditions”

calculated BET surface area

experimental BET surface area

anion-binding energy total pore volume

compound code (m* g! (m* g™) (kJ mol™) (cm® gt)
NO;@UOTT-1 2202.5 474.1 61.8 0.305
Br@UOTT-1 2163.5 691.8 78.6 0.419
NCS@UOTT-1 2196.8 824.7 94.4 0.324
NO;@UOTT-2 2638.6 249 34.8 0.029
ClO,@UOTT-2 2541.7 836.0 66.9 0.339
NO;@UOTT-3 3107.0 18.8 24.7 0.026
BF,@UOTT-3 3034.7 508.2 41.5 0.259

“The experimental BET surface area values display a clear dependence on the strength of the anion-binding energies, as determined through DFT

calculations.
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intensity ratio of 20:80 matches very well with the natural
abundances of '°B and ''B, respectively.

Effect of the Anion-Binding Strength on N, Gas
Adsorption Behaviors. As mentioned, cationic MOFs are
generally less stable than their neutral counterparts. It is also
tempting to gauge the robustness of a MOF based solely on
the metal cation and organic linkers. Given the highly porous
and tunable features of the present isoreticular MOFs, we
sought to examine their ability to generate permanently porous
structures and how different anions, with varying binding
strengths, may impact this behavior. To gain further insight, we
tested all MOFs under various activation conditions for N, gas
sorption experiments. The optimal conditions consisted of
exchanging the dimethylformamide solvent molecules with
CHCl; and subsequent activation at 100 °C overnight. It
should be noted that the activation of the as-synthesized
samples at 150 °C, as reported for a closely related material,”*
resulted in the sublimation of a white product that was
identified as the starting ligand. This is presumably due to the
partial collapse of the cationic frameworks upon activation
(vide infra). The Brunauer—Emmett—Teller (BET) surface
areas obtained through the milder activation conditions and
CHCI; solvent-exchange procedure are reported in Table 2.
The lower-than-expected values further suggest partially
collapsed structures upon activation. Nevertheless, the N,
sorption isotherms indicate that all samples, with the exception
of NO;@UOTT-2 and NO;@UOTT-3, display permanent
porosity (Figure 4) and a dependence of the porosity on the
anion present. This is further substantiated by powder X-ray
diffraction data (Figures S18—S24), where we observe a
significant loss in the crystallinity and long-range order of the
two aforementioned samples upon activation. Interestingly, the
use of different anions in the frameworks of UOTT-2 and
UOTT-3 (instead of NO;~) allows the retention of porosity as
in the case of CIO,@UOTT-2 and BF,@UOTT-3. In fact,
these findings, in conjunction with other recently reported
cationic frameworks,”> suggest that more strongly binding
anions limit the contraction of the framework upon activation
and allow the frameworks to better retain porosity. Indeed, the
binding energies of the anions and their respective frameworks
were calculated by DFT (Table 2), which revealed that the
NO;™ anions continually give the lowest binding energies.
Within the UOTT-1 family, the significant difference in the
experimental BET surface area among the three different
anions (NO;~, Br~, and NCS™) cannot be explained simply by
their varying sizes and geometries. It is noteworthy that there is
a clear trend between the DFT-calculated binding energies and
the experimental BET surface areas, where the more strongly
binding anions result in markedly higher surface areas. Further
evidence of the importance of the binding strength of the
anions for maintaining porosity can be observed in the shape of
the N, isotherms. The more weakly bound anions display
hysteresis, whereas this behavior is absent in the more strongly
bound anions. Such a feature presumably originates from the
reorientation of the anions to better accommodate the gaseous
molecules and is reinforced by the fact that the opening of the
hysteresis is greatest in the weakest bound anion (NO;™). We
cannot, however, entirely rule out the possibility of a phase
change upon gas loading.

It was also found that the larger MOF variants led to lower
binding energies, as expected. The binding energies for NO;~
decrease from 61.8 to 34.8 and 24.7 kJ mol™' when going from
UOTT-1 to UOTT-2 and UOTT-3, respectively. This may
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Figure 4. N, adsorption isotherms for the UOTT-1 (a), UOTT-2
(b), and UOTT-3 (c) series, obtained at 77 K. The isotherms suggest
a strong dependence of the porosity upon the binding strength of the
anion. The presence of hysteresis in the more weakly bound anions
may be attributed to the mobility and reorientation of the anions
upon gas loading.

explain why NO;@UOTT-1 retains porosity, whereas NO;@
UOTT-2 and NO;@UOTT-3 exhibit significant structural
collapse upon activation. In fact, within this family of MOFs, it
appears that an anion would require a binding energy of >40 kJ
mol™" to keep the pores open upon activation. Furthermore,
the calculated binding energies confirm the previously
established trend of anion affinity (vide supra), with NCS~
being the most strongly bound anion (94.4 k] mol™"). Overall,
this represents a rare example where permanent porosity can
be tuned via the anion-exchange process and provides an
avenue toward tuning the structural stability of cationic
frameworks. As such, we demonstrate that the exchange of
weakly bound anions, such as NO;™ ions in this case, with
more strongly binding anions provides a facile avenue to retain
porosity. Therefore, we can foresee overcoming some of the
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porosity limitations that have frequently been plaguing cationic
MOFs.

B CONCLUSIONS

In this work, we have demonstrated a strategy that allows for
the generation of a charged framework without any alterations
to the desired topology or metal ions. Furthermore, we have
shown the importance of the anion-binding strength in tuning
the porosity of such materials, which is vital in retaining the
desirable features of MOFs. An increase in the binding strength
of the anion allows the cationic frameworks to display
improved surface areas. In this family of MOFs, a binding
strength of >40 kJ mol™' appears to be required to maintain
porosity. In addition to this, we can envision further tuning of
the pacs platform using a combination of techniques, such as
the pore-space partition and the ALE strategy, allowing for an
optimization of the hydrophobicity and basicity of the organic
linkers, which may lead to desired hydrolytic stability. Here,
the ALE method joins a limited group of strategies for
framework ionization that targets exciting applications
encompassing anionic drug delivery and chemical sensing.
This proof-of-principle study, where a series of cationic
frameworks have been rationally constructed, can serve as a
blueprint toward the design of high-performance anion-
exchange materials.
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