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The templated synthesis of a new 3-dimensional Zr-formate MOF with the formula {[Zre(nz-0)4(n3-OH),
(HCOO)1,l3(Me;NH,)6(4-MepyH)s(Cl)g(CoCly),), — ZrFA-4 displaying a sodalite topology is reported. The
assembly of the hexanuclear Zr secondary building unit of ZrFA-4 to form the sodalite cage led to a giant
[Zrelos capsule templated by organic and inorganic ions, including [CoCl,l?~, CI™, MeoNH,*, and 4-MepyH*.
These [Zrglo4 capsules are connected through anti-anti bridging formate groups, giving rise to a 3-
dimensional network. ZrFA-4 represents the third example of a sod Zr-MOF and of zeolite-like Zr-MOF, in
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general, and the first example of a 3-dimensional Zr MOF made only with formate organic ligands. Its
isolation highlights the structure-directing capability of the template molecules, which enabled the formation
DOI: 10.1039/d6ma00342g of a MOF based on the simplest carboxylate ligand (formate) with a topology that could only be achieved

previously by designed synthesis using organic ligands with appropriate geometrical characteristics. ZrFA-4 is

Open Access Article. Published on 23 June 2026. Downloaded on 6/28/2026 2:35:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/materials-advances

Introduction

Metal-organic frameworks (MOFs) have attracted a tremendous
amount of research interest. This stems from their chemical,
structural and topological variability that leads to an unlimited
number of structures with varying network topologies, metal
ions or secondary building units (SBUs), organic ligands, func-
tional groups, etc'™ and their interesting properties that lead to
applications®® in areas such as gas storage/separation,” *?
13715 sensing’®?! and removal of pollutants from the
22727 As a result, MOFs exhibiting the desirable
structural characteristics for targeted applications can be
designed. A key property required for the use of MOFs in real —
world applications is their stability in air and aqueous media
under a variety of conditions, including extreme ones such as
very high or low pH values.”® One well-known highly stable
MOF is UiO-66 exhibiting a 12-coordinated hexanuclear [Zrg(jt5-
0?7)4(u3-OH ),(CO0)1,]-SBU ([Zr]-SBU).* Since the discovery
of UiO-66-67-68, many more Zr-MOFs based on the hexanuclear
Zr** cluster have been synthesized and used in several applica-
tions due to their increased chemical stability, although the
latter occurs mainly under acidic conditions.”®***' The sim-
plest ones among the Zr-based MOFs synthesized were those
containing only formate organic ligands. In fact, there are three
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stable in common organic solvents and displays a BET surface area of 262 m? g%,

Zr-formate complexes reported in the literature based on the
[Zr6]-SBU, ZrFA,**?* ZF-2** and ZF-3,>**> two of which can be
categorized as MOFs since compound ZF-2 is rather a high
nuclearity oligomeric [Zre], metal cluster (0-D compound).**
These compounds were synthesized by employing one or more
additives in the reaction mixture, highlighting their important
role in the stabilization of new MOF structures. In general, the
synthesis of functional MOFs depends on many parameters
such as starting Zr' source, ligand’s characteristics such as
donor groups, size, geometry and flexibility, synthesis solvents,
the modulator used, reaction temperature and time as well as
the presence in the reaction mixture of various additives.**™®
The effect of the additives in the formation of new MOF
structures has been systematically studied by several groups,
including ours.>*™** For example, in previous studies, we had
investigated the role of aminoalcohols in reactions of Zn salts
with a very common tricarboxylic ligand, trimesic acid®® and
extended this work to other polycarboxylic ligands such as
pyridine-3,5-dicarboxylic acid and various amino- or pyridine-
based alcohols as templates in the presence of different bipo-
sitive d-metal ions.”® This approach led to the isolation of
several new coordination polymers and MOFs with diverse
dimensionalities (0D to 3D) and, in certain cases, previously
unreported topologies.** The additive molecules were found to
influence the structure and dimensionality of the resulting
frameworks by acting as hydrogen-bond donors, space-filling
agents, or chelating ligands, highlighting their critical role in
directing framework assembly. The use of such structure-
directing reaction parameters leads to a variety of MOFs with
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different network topologies and functionalities, and usually
increases the elements of serendipity in reactions targeting
functional MOFs.*>*® On the other hand, there are strategies
that are based mainly on the designed synthesis of MOFs with
specific structural features that can lead to targeted properties.
One well - known method employed for the rational synthesis
of selected MOFs is the molecular building block (MBB)
approach, which involves the connection of given SBUs using
appropriate linkers, leading to new compounds possessing the
targeted structural features.*”

In particular, in the family of Zr - MOFs, the connectivity and
structural characteristics of the [Zr]-SBU are mainly controlled by
the donor groups and geometry of the linker or the type of the
modulator used in the reaction mixture.***® For example, the use
of N/O donor ligands allowed the designed synthesis of hetero-
metallic Zr/M’-MOFs (M': transition metal ions or lanthanide
ions).*>" Consequently, numerous strategies for synthesizing
heterometallic MOFs were developed*®”® leading to a series of
functional materials®*>® with multiple potential applications in
CO, reduction,®*** H,O oxidation,> magnetism,**>” temperature
sensing,”® H,S removal®® and solar cell platforms.®® Another elegant
example of designed synthesis targeting the formation of zeolitic-
zirconium based MOFs, was provided by Eddaoudi and co-workers,
who employed a cantellation strategy to induce the formation of 12-
¢ Zr-sod-ZMOFs-1 and -2. This strategy involved the meticulous
design of sterically hindered dicarboxylic ligands to avoid the
formation of dia networks.®' Even though Zr-MOFs have attracted
a tremendous research interest and MOFs with the sod (and zeolitic
in general) topology represent a class of materials with fascinating
structural characteristics and properties,® " these compounds are
still the only examples of Zr-MOFs with zeolitic topology.

Herein, we report the templated synthesis of a new 3-di-
mensional Zr-MOF with the formula {[Zre(pt3-0)4(p3-OH)4(HCOO),,)s
(Me,NH,)s(4-MepyH),(Cl)s(CoCly),},, — ZrFA-4, which represents the
third example of a Zr-MOF with the sod topology. This compound
was formed serendipitously in an attempt to synthesize a hetero-
metallic Zr/Co MOF based on a pyridine-carboxylate ligand and
contains a series of guest organic and inorganic, anionic and
cationic, species such as [CoCL,J~, CI~, Me,NH," and 4-MepyH",
which act as templates that direct the formation of a sodalite
network. Thus, in this case, the template synthesis enabled the
stabilization of a sod MOF containing the simplest carboxylate
ligands, formate ions, something that has been achieved previously
only in one other study by a targeted, cantellation, procedure,
employing polytopic ligands with certain geometrical characteris-
tics, designed specifically for this purpose.®! This compound is also
the first example of a 3-dimensional Zr - MOF containing only
formate ligands. Gas sorption studies revealed that ZrFA-4 displays a
moderate BET area of 262 m” g™ .

Experimental
Materials

Reagent grade chemicals were obtained from commercial
sources (Aldrich, Merck, Alfa Aesar, TCI, etc.) and used without
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further purification. All synthetic procedures were carried out
in air. 4-((Pyridin-4-ylmethyl)amino)benzoic acid (HINAB) was
synthesised following a procedure reported in the literature.®”%®
Other chemical reagents and solvents were of analytical grade
and used without further purification.

Synthesis of {[Zrs(j13-0)4(1s-OH),(HCOO);,]5(Me,NH,)s
(4-MepyH)s(Cl)g(CoCly),},, - ZrFA-4

Solid ZrCl, (0.023 g, 0.1 mmol) was added in one portion to a
clear solution of HINAB (0.012 g, 0.05 mmol), CoCl,-6H,0
(0.012 g, 0.05 mmol) and HCOOH (800 uL, 21.20 mmol) in
DMF (3 mL) in a 20 mL glass vial and sonicated until complete
dissolution of the reactants. The vial was sealed, placed in an
oven at 120 °C and left undisturbed for 6 days. Then it was
cooled to room temperature and X-ray quality light blue cubic
crystals of ZrFA-4 were isolated by filtration, washed with DMF
(3 x 5 mL) and dried in air. The reaction yields were in the
range of 15-20% based on ZrCl,. Anal. Calcd.: ZrFA-4-5DMF
(Zr,5C0,Cl10101N1,CooH,70), calc.: C 21.42; H 3.25; N 4.29;
found: C 21.73; H 3.43; N 4.54.

Physical measurements

Elemental analyses (C, H, N) were performed by the in-house
facilities of the University of Cyprus, Chemistry Department. IR
spectra were recorded on ATR in the 4000 — 700 cm™ "' range
using a Shimadzu Prestige — 21 spectrometer. pXRD patterns
were recorded on a Shimazdu 6000 Series X-ray diffractometer
(Cu Ko radiation, / = 1.5418 A). Thermal stability studies were
performed using a Shimadzu TGA-50 thermogravimetric analy-
zer in air (flow rate of 10 mL min~") at a heating rate of
10 °C min~'. Scanning Electron Microscopy (SEM) combined
with Energy-Dispersive Spectroscopy (EDS) was carried out
using a Thermo Scientific Apreo ChemiSEM System equipped
with an integrated EDS detector. "H NMR spectra were recorded
on a Bruker Avance III 300 MHz spectrometer at 25 °C.
Chemical shift values in "H NMR spectra were reported in parts
per million (ppm). Digestion of the samples (~10 mg) was
achieved with 0.5 M KOH in D,0.

Gas adsorption

Low pressure gas sorption measurements were carried out at
different temperatures using an Autosorb-iQ3 by Quantachrome
system equipped with a cryocooler capable of temperature
control from 20 to 320 K. Prior to analysis, the as-synthesized
samples were washed with N, N-dimethylformamide four times
per day for 1 day and then soaked in EtOH 3 times per day for
10 days. Finally, the wet samples were transferred to 6 mm sample
cells and activated under dynamic vacuum at room temperature for
18 hours until the outgas rate was less than 2 mTorr min~". After
evacuation, the samples were weighed to obtain the precise mass of
the evacuated sample, and the cells were transferred to the analysis
port of the gas sorption instrument.

Single crystal X-ray crystallography

Single Crystal X-ray diffraction data were collected on a Rigaku
Synergy S X-ray diffractometer, equipped with a HyPix-6000HE

© 2026 The Author(s). Published by the Royal Society of Chemistry
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area detector utilizing Cu-Ka (4 = 1.5418 A) radiation. A suitable
crystal was mounted on a Hampton cryoloop with Paratone-N
oil and transferred to a goniostat, where it was cooled for data
collection. The structures were solved by direct methods using
SHELXT and OLEX2% and refined on F” using full-matrix least
squares using SHELXL14.1.”° Software packages used: CrysAlis
CCD for data collection, CrysAlis RED for cell refinement and
data reduction,”* and DIAMOND for molecular graphics.”” The
non-H atoms were treated anisotropically, whereas the aro-
matic hydrogen atoms were placed in calculated, ideal posi-
tions and refined as riding on their respective carbon atoms.
Hydrogen atoms of the protonated species (uz-OH ™, Me,NH,"
and 4-MepyH") were not located in the refined crystal structure.
Several restraints (DFIX, DANG, and ISOR) were applied during
the refinement to fix the geometry of 4-MepyH, Me,NH,", CI~
and [CoCl,]*” ions. Electron density contributions from dis-
ordered guest molecules were handled using the SQUEEZE
procedure from the PLATON software suit’”> due to their
disordered nature. Selected crystal data for ZrFA-4 are summar-
ized in Table S1 in the SI. CCDC 2536783 contains the supple-
mentary crystallographic data for this paper. Full details can be
found in the CIF files provided as SI.

Results and discussion
Synthesis

ZrFA-4 was synthesized serendipitously from a reaction of ZrCl,
and CoCl,-6H,O with a pyridine carboxylic ligand targeting the
isolation of Zr/Co heterometallic MOFs. However, as revealed
from the X-ray structure of ZrFA-4, the ligand was decomposed
under the reaction conditions and its 4-MepyH' fragment,
together with [CoCl,]>~, CI~ and Me,NH," acted as templates
that enabled the formation of ZrFA-4. In particular, the reaction
of ZrCl,:CoCl,-6H,0:HINAB:HCOOH (HINAB = 4-((pyridin-4-
ylmethyl)amino)benzoic acid) (Scheme S1, SI) with a molar
ratio of 1:0.5:0.5: ~200 in DMF (3 mL) at 120 °C for 6 days
led to the formation of compound ZrFA-4. The MOF was
isolated as light blue cubic crystals in ~20% reaction yield.
The experimental pXRD pattern of compound ZrFA-4, along
with the simulated one and the IR spectrum are shown in
Fig. S1 and S2 in the SI. Similar reactions to the above one were
performed in the absence of CoCl,-6H,0O or/and HINAB ligand
from the reaction mixture to provide information about the role of
the template ions in the formation of ZrFA-4. These reactions did
not afford ZrFA-4, proving that the template ions are essential for
its formation. In addition, reactions were performed involving the
replacement of CoCl,-6H,0 by other metal salts such as MnCl,-
4H,0, which successfully afforded ZrFA-4 MOF containing
[MnCL,J* in the place of [CoCl,]>” ones, as confirmed by a
comparison of the pXRD patterns of the reaction product with
those of the simulated and experimental ZrFA-4 (Fig. S3). A
comparison of the synthetic procedures that led to the reported
Zr-formate complexes revealed that in all cases a large excess of
formic acid (for ZrFA) or mineral acid (for ZF-2 and ZF-3) is needed
to produce the respective compounds. Moreover, the formation of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ZF-3 requires the addition of KNO; in the reaction mixture,
whereas the synthesis of ZrFA, requires, apart from formic acid
and a pyridine dicarboxylic acid.*? These three cases highlight the
importance of additives for the synthesis of zirconium-formate
phases.’>**3> Notably, the formation of ZrFA-4 requires the use of
both a pyridine carboxylic acid ligand (HINAB) and a metal ion salt
(CoCl,-6H,0) apart from the modulator. This is because the
presence of [CoCl,J>~, CI” and 4-MepyH" ions (vide infra) coming
from a metal ion salt or an organic ligand added in the reaction
mixture and Me,NH," from the hydrolysis of the solvent (DMF) is
necessary for the formation and stabilization of ZrFA-4.

The stability of compound ZrFA-4 treated in various organic
solvents was studied with pXRD, which indicated that the
compound retains its crystallinity and structural integrity in
most organic solvents (Fig. S4). In addition, the thermal stabi-
lity of ZrFA-4 was studied with thermogravimetric analysis
(Fig. S5). The thermal decomposition of compound ZrFA-4 pro-
ceeds via a multi-step process. The first mass losses (until ~330 °C)
are attributed to the removal of the lattice DMF molecules and
guest template molecules Cl~/HCl, Me,NH,', 4-MepyH'. The sec-
ond mass loss, which is completed at 550 °C is attributed to the
decomposition of the formate ligand. The residual mass at 900 °C is
assigned to zirconium oxide and cobalt oxide.

The morphological features of compound ZrFA-4 were inves-
tigated by field-emission scanning electron microscopy (FESEM).
These studies revealed a homogeneous sample containing sev-
eral well-formed cubic crystals (Fig. $6). Energy-dispersive X-ray
spectroscopy (EDS) analysis performed on the blue crystals
showed a Zr/Co atomic ratio of ~7, reasonably close to the value
expected from single-crystal X-ray crystallography (Zr/Co = 9),
considering the semi-quantitative and surface-sensitive nature of
the EDS technique.

Description of the structure

Structure elucidation of compound ZrFA-4 revealed that it crystal-
lizes in the cubic 743m space group. The asymmetric unit of ZrFA-
4 consists of half (Zr1) and one (Zr2) zirconium(wv) cations, one
oxo anion, a hydroxide anion, three formate ions (two with full
occupancy and two halves), 2/3 chloride anions (one with 50%
occupancy and one with 1/6 occupancy), 1/2 Me,NH,", 1/2 4-
MepyH" cations and 1/6 [CoCl,]*~ ions. The structural description
of ZrFA-4 will first focus on the connectivity of the [Zrs]-SBUs that
lead to the formation of the sodalite framework (Fig. 1) and then
be expanded to the stabilizing organic and inorganic ions that
acted as templates enabling the assembly of this structure. All Zr**
ions exhibit the usual tetragonal antiprismatic coordination geo-
metry and occupy the vertices of the octahedral [Zr,]-SBU (Fig. 1a).
The coordination sphere of Zr1 ions is completed by two pi;-0°",
two p;-OH ™ and four carboxylate O atoms of four HCOO ™ anions
bridging in the common syn-syn (two of them) and anti-anti (the
remaining two) coordination modes. The coordination sphere of
Zr2 ions is completed by two pz;-O*", two pz-OH  and four
carboxylate O atoms of four HCOO™ anions bridging in the syn-
syn (three of them) and anti-anti (one of them) modes (Fig. 1a).
Overall, the coordination sphere of the [Zrg(uz3-O)4(1s-OH)4]">"
structural core of ZrFA-4 is completed by twelve HCOO ™ anions,
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Fig. 1 Representations of the: (a) [Zrg(uz-02)4(uz-OH )4lsyn—syn-p-HCOO")glanti—anti-p-HCOO " )gl*~ four-coordinated node, with the bold navy-
blue lines connecting the centroids of the central [Zrg] cluster with the centroids of the four neighbouring [Zrg] clusters; (b) 3-dimensional framework,
highlighting the underlying sod topology; (c) single truncated octahedral cavity; (d) sod network; (e) square and (f) hexagonal apertures; (g) the truncated
octahedral cavity emphasizing on the square and (h) the hexagonal apertures of ZrFA-4. Colour code: Zr navy blue; O red; C grey; H white.

eight of which (two crystallographically independent with 100%
occupancy) bridge two metal ions in the common syn-syn mode
and four (two crystallographically independent with 50% occu-
pancy) in the anti-anti one. The [Zrg(13-0°)(us-OH ) 4(syn—syn-p-
HCOO ™ )g(anti-anti-u-HCOO ™ ),] SBU is connected to four neigh-
bouring ones by four pairs of anti-anti bridging HCOO ™~ anions
(Fig. 1a and b). Each [Zre]-SBU is a four-coordinated node giving
rise to the formation of a uninodal network with the sod topology
(Fig. 1c and d). Interestingly, in the structures of sodalite,”* ZIF-8%*
and Zr-sod-ZMOF-1(and -2)°* the coordination sphere of the metal
ions or the extension points of the [Zrs]-SBU is tetrahedral and is
completed by four bridging ligands (u-O>", Imidazole and its
derivatives) or four triads of dicarboxylate linkers, respectively. In
the case of ZrFA-4 the extension points of the SBU do not form a
regular tetrahedron. Instead, the extension points of each four-
coordinated [Zrs]-SBU of ZrFA-4 display two 90° and four 120°

angles (Fig. 1a and Fig. S7). This structural feature of ZrFA-4
highlights the flexibility of this SBU to adopt a variety of con-
formations depending not only on the linker utilized but also on
the template molecules present in the reaction system.’” To the
best of our knowledge, there are three more Zr formate com-
pounds reported in the literature which contain distinctly differ-
ent structural characteristics than ZrFA-4.

A comparison of the crystal structure of ZrFA-4 with the
reported Zr-formate structures ZrFA,**> ZF-2,>* ZF-3**?° revealed
some similarities and also important differences between them,
which are summarized in Table 1. Firstly, ZrFA, which displays a
2-dimensional structure, exhibits the same square apertures
where four [Zrg] clusters are connected through four pairs of
anti-anti bridging HCOO™ anions, as is the case for ZrFA-4 (Fig. 1e
and Fig. S8). Moreover, ZF-2, ZF-3, and ZrFA-4 display the same
hexagonal apertures formed by six [Zre(13-O% )s(us-OH )"

Table 1 Structural comparison of reported Zr-formate compounds (ZrFA, ZF-2, ZF-3) with ZrFA-4

Connection of six [Zre]
Connection of four [Zre] clusters to clusters to form hexagonal

Compound Dimensionality Polymerization/connectivity form square apertures apertures Ref.
ZrFA 2D 2D Layers that are not connected through Yes (through 4 pairs of anti-anti  No 32
covalent bonds bridging formates between 4 [Zr] and
clusters) 33
ZF-2 0D Discrete [Zrz¢] wheel; no covalent connection No Yes (through 22 p-0>", 6 p- 34
between [Zrq]s hexagons OH™, 4 anti-anti HCOO")
ZF-3 3D [Zre]s hexagons linked through K' ions No Yes (through 24 u-0*"/OH ™, 34
6 anti-anti formates) and
35
ZrFA-4 3D 3D Network (connection of [Zrs]s hexagons  Yes (through 4 pairs of anti-anti  Yes (through 12 anti-anti  This
and [Zrg), squares through anti-anti bridging bridging formates between 4 [Zrs] bridging formates) work
formates) clusters)
Mater. Adv. © 2026 The Author(s). Published by the Royal Society of Chemistry
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clusters but differ in the way that the hexanuclear clusters are
connected to form the hexagons. In particular, each [Zrg(u;-0% ),
(ng-OH ),]*** cluster of the [Zrg]s hexagon of ZrFA-4 is linked to
the neighbouring one through a pair of anti-anti bridging HCOO™
anions; therefore, the connection of the [Zry] units in the [Zre]s
hexagon is achieved by 12 anti-anti bridging HCOO™ anions in
total (Fig. 1f). On the other hand, the [Zrq]s hexagons of ZF-2 and
ZF-3 are formed from the connection of [Zrg(13-0% " )4(uz-OH ),]**"
clusters through twenty-two p-O>", six p-OH ™ and four anti-anti
bridging HCOO™ anions or twenty-four p-O*"/OH ™~ and six anti-
anti bridging HCOO ™ anions, respectively (Fig. S9). Of course, in
ZF-2, the [Zr¢]s hexagons are not connected through covalent
bonds with their neighbouring ones and for this reason, this
compound is best described as a [Zrzs] wheel (0-D material),
whereas in ZF-3, the [Zrs]s hexagons are weakly linked through
K" cations to form a polymeric species. From this comparison, it is
obvious that ZrFA-4 is the first 3-dimensional Zr-formate MOF
where its assembly takes place from the covalent connection of
Zr(v) ions through bridging formate ligands (Fig. S10 and
Table 1). ZrFA-4 is a 3-dimensional framework which features
large truncated octahedral cavities with an inner diameter of 20 A
(Fig. 1d, g and h). The solvent accessible volume of ZrFA-4,
without taking into account the templating ions, was found to
be 63% of the unit cell volume.”

The assembly of this highly symmetric structure, displaying
a very uncommon topology in Zr-MOF chemistry, based on the
simplest carboxylate ligands, was very surprising. Several guest
organic and inorganic ions which counter-balance each other,
since the compound is neutral, were located and refined in the
crystal structure of ZrFA-4, providing valuable insights on the
assembly and stabilization of this MOF structure. For this reason,
their presence in the MOF structure and their interactions with
the framework of ZrFA-4 will be discussed in detail. Notably, most
of these guest molecules interact with the framework through
hydrogen bonds. In particular, 4-methylpyridinium ions (4-
MepyH') formed from the decomposition of HINAB molecules
under the reaction conditions” sit on the top of a pair of anti-anti
bridging formate ions and interact with them through hydrogen
bonds involving the protonated nitrogen atom and the oxygen
atoms of the formate ligands (O- - ‘N distance: 2.996 A). Addition-
ally, neighbouring [Zr]-SBUs are also “bridged”” by C1™ ions which
interact through strong hydrogen bonds with two pi;-OH™ on each
[Zrg]-SBU (O---Cl distance: 3.050 A). The Cl~ ions are further
immobilized by Me,NH," ions through weak hydrogen bonds
(Cl-- ‘N distance: 3.383 A) (Fig. 2a). A careful examination of the
structure reveals that the guest organic and inorganic ions are
distributed in both the square and hexagonal apertures. In
particular, the former ones feature CI~ (and Me,NH," ions) and
4-MepyH" ions, which are found close to the edges of the [Zrg],
square and above and below the plane defined by the centroid of
the four [Zrs]-SBUs (Fig. 2b and c). On the other hand, three Cl™
ions and three 4-MepyH" ions are facing towards the centre of the
hexagonal apertures and the remaining 4-MepyH' ions are located
on the periphery of the [Zr,]s hexagon, whereas Me,NH," ions are
located within the hexagon. The centre of the hexagonal apertures
is occupied by a [CoCl,]>~ ion, which is in close proximity to the
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Fig. 2 Representations of the: (a) neighbouring [Zrg]-SBUs interacting
with Cl™, Me,NH,™ and 4-MepyH™ ions through H-bonds (orange dashed
bonds); (b) front and (c) side view of the square apertures; (d) front and
(e) side view of the hexagonal apertures; (f) the sodalite cage including the
guest ions of ZrFA-4. Colour code: Zr navy blue; Co purple; Cl green; O
red; N blue; C grey; (4-MepyH™) black; H white.

4-MepyH" ions (Fig. 2d and e). Overall, the sodalite cage is
stabilized by thirty-two Cl~ ions, twenty-four Me,NH," ions,
twenty-four 4-MepyH" and eight [CoCl,]*~ ions (Fig. 2f).

Gas sorption properties

Since ZrFA-4 is stable in low boiling point solvents (Fig. S4) and
displays a large solvent accessible volume (excluding guest
molecules), we conducted gas adsorption studies. Multiple
attempts to activate the material were performed through the
exchange of the lattice and coordinated solvent molecules with
various low boiling point solvents. One of the goals was the
removal of the guest organic and inorganic molecules/ions
without decomposition of the structure. These attempts possi-
bly enabled the successful removal of some of the guest
molecules, as evidenced by the change in crystal colour from
light blue to colourless during the exchange process (Fig. S11).
This colour change may be attributed to the removal of [CoCl,]*~,
although modifications in the coordination sphere/number of the
Co®" ions upon treatment with EtOH could also account for the
observed colour change. In addition, 'H-NMR studies revealed
that the guest molecules were not removed completely from the
pores of ZrFA-4 (Fig. S12). Attempts to remove all the guest
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molecules from the structure by exchange with additional solvents
or/and under intense conditions (exchange at high temperatures
or by employing the Soxhlet extraction process) led to partial and
in some cases complete collapse of the structure. The optimum
activation of ZrFA-4 was achieved after treatment with EtOH
(Fig. S4). N, sorption measurements at 77 K of ZrFA-4, activated
with EtOH, revealed a type-I isotherm typical for microporous
solids (Fig. 3), from which the apparent BET area was determined
to 262 m*> g~ ' (Langmuir, 305 m” g~ ") (Fig. $13 and $14). The total
pore volume value of 0.12 cm® g™ at relative pressure, p/p, = 0.99,
is lower compared to the value of 0.62 cm® g~ * calculated for the
completely evacuated structure of ZrFA-4.

The lower surface area and pore volume values obtained for
ZrFA-4 are attributed to the trapped organic/inorganic mole-
cules in the pores of the compound and/or partial collapse of
the framework (Fig. S12). The pore size distribution was calcu-
lated using non-local density functional theory (NLDFT) after a
successful fitting of the N, adsorption isotherm data using a
suitable NLDFT kernel (Fig. S15). The pore size distribution of
ZrFA-4 shows a major peak centred at ~9.7 A, which can be
rationalized based on the crystal structure when the templating
ions are included. Minor peaks are also observed at 22.7 A,
which can be rationalized by considering the activated struc-
ture after removal of the templating ions. An additional peak at
30.9 A cannot be rationalized based on the crystallographic data
and is therefore attributed to partial collapse of the framework
(Fig. S16). The CO, uptake was investigated up to 1 bar at 273 K,
283 K and 298 K (Fig. S17). ZrFA-4 was found to adsorb 1.9
(8.4 wt%), 1.4 (6.1 wt%) and 0.9 (3.8 wt%) mmol CO, g~ ' and the
isosteric heat of adsorption, Qs’, was calculated to 32 kJ mol™*
(Fig. S18 and S19). These results are in line with the findings
for the other Zr-formate compounds, which are either non-
porous (ZF-2 and ZF-3)**% or exhibit moderate porosity and
CO, uptake, as in the case of ZtFA (BET surface area of ~136 m*> g~ "
and CO, adsorption capacity of 1.44 mmol g~ ' at 293 K and
1100 mbar).***?
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Conclusions

In summary, a new Zr-formate phase was serendipitously discov-
ered by investigating reactions targeting the synthesis of hetero-
metallic Zr/Co-MOFs. ZrFA-4 represents the third example of a
Zr-MOF with the sod topology and a zeolite-like topology in general,
the first 3-dimensional Zr-formate MOF and a rare example of a Zr-
MOF with only formate ligands reported. Interestingly, the only
other examples of Zr sod-MOFs reported previously were synthe-
sized using pre-designed polytopic ligands with certain geometrical
characteristics, selected specifically for this purpose. Thus, the
stabilization of a structure exhibiting a very unusual topology in
Zr-MOF chemistry, based on the simplest carboxylic ligands, was
quite surprising and achieved because of the template process that
took place under the reaction conditions. The templating ions were
located and refined in the structure of ZrFA-4, revealing a series of
interactions with the framework that are responsible for the
formation and stabilization of this structure. The N, adsorption
isotherm of ZrFA-4 revealed a moderate specific BET surface area of
262 m”> g, whereas the CO, sorption studies an uptake of 1.9
(8.4 wt%) mmol CO, g~ ' at 273 K and a Q’, of 32 kJ mol .
Overall, this work emphasizes the capability of template synthesis
to stabilize unique MOF structures and provides insights into the
role of small organic and inorganic molecules in the formation and
stabilization of extended framework structures.
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