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Building blocks with low connectivity and no embedded directionality are
prone to polymorphism, as demonstrated by the diversity of 4-connected
zeolitic nets (>250). As aresult, their deployment for designin reticular

and isoreticular chemistries remains a challenge. However, the ability

to control geometrical peculiarities offers potential to deviate from the
assembly of default structures. Here we report the face-directed assembly
of >20 isoreticular zeolite-like metal-organic frameworks (ZMOFs) by using
polytopic expanding and tightening centring structure-directing agents
(cSDAs). The cSDAs are selected with the appropriate geometrical coding
information to alter and control the orientation of adjacent supermolecular
building blocks. The ZMOFs have an underlying sodalite (sod) topology
thatis remarkably suited for the rational assembly of multinary materials.
In addition to avariety of metal cations (In, Fe, Co and Ni), adiverse range of
cSDAs (di-, tri-, tetra-, hexa-, pyridyl orimidazole) are used and combined.
Ourapproachenablesisoreticular possibilities at both extremities of the
porous materials spectrum: In-sod-ZMOF-102 exhibits small pore aperture
suitable for efficient separation, while Fe-sod-ZMOF-320 with 48-A-wide
mesopores exhibits high hydrogen uptake, methane storage working
capacity and a high gravimetric working capacity for oxygen.

In chorus with the rapid development of reticular chemistry' and the  Along with the molecular building block (MBB) and supermolecular
field of metal-organic frameworks (MOFs), resultingin morethana  building block (SBB) approaches’ giving access to topologies never
hundred thousand crystal structures?, researchers dedicated apar-  observed before, researchers successfully targeted the assembly
ticular attention to developing rational synthesis strategies allow-  of MOFs with well-known underlying topologies, zeolitic nets®’.
ing the assembly of MOFs with specific topologies of interest>*.  These zeolite-like MOFs (ZMOFs) have proven their potential for
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myriad applications, for example in biochemistry®’, catalysis'*"

storage'?and separation of hydrocarbons™ ™
of interest'.

Whileitis recognized that highly connected nets areideal targets
for the successful practice of reticular chemistry?®, such observation
consequently highlights remaining design challenges for nets with
low connectivity. Indeed, the Reticular Chemistry Structure Resource
(RCSR) database'® contains 666 entries for assembling 4-connected
(4-c) nodes together?, more than 250 of which being zeolitic nets" or
netsbased on the assembly of tetrahedral nodes (diamond dia, quartz
gtz and so on); moreover, researchers have enumerated over 2.6 mil-
lion of plausible theoretical zeolitic nets?**. Being at the forefront of
ZMOFs design for more than15 years, our group discovered an unprec-
edented zeolitic topology* and introduced various efficient strategies
to achieve ZMOFs: highly coordinated metal ions**, metal-organic
cubes®* and, recently, a cantellation strategy yielding the mesoporous
zirconium-based sodalite (sod) ZMOFs*.

From a topological point of view, some approaches such as sin-
gle metal ions bridged by imidazolate linkers offer a wide structural
diversity””*, The downside of such structural richness is the propor-
tional difficulty to control the topology due to a lack of directional
constraint in the system, compromising the possibility to practice
isoreticular chemistry, decorate and fine tune the pore system on-
demand. Other approaches relying on additionally embedded coded
information in the building blocks can promote a single topology
over others, this time restricting structural diversity. For example, in
MIL-100 (ref.29) and MIL-101 (ref. 30), two ZMOFs with underlying mtn
topology, the nature of their supertetrahedra (STs) forces their confor-
mationineclipsed fashion due to a trigonal prismatic corner sharing,
with a TOT angle (terminology from zeolites, the angle between two
tetrahedral Si through O bridges) close to 180° between adjacent tet-
rahedra, and dominant pentagonal windows®.. This strategy has also
been proven suitable for isoreticular chemistry, permitting access to
mesoporous mtn materials with high pore volumes®>*, atypical for
ZMOFs with other topologies than mtn**.

Inthis Article, we propose a versatile face-directed assembly strat-
egy (Fig. 1) inspired by architecture techniques, combining the SBB
approach with the use of various centring structure-directing agents
(cSDAs). For the construction of arches, bridges, oculus windows and
soon, architects have developed elaborated systems to overcome the
laws of gravity, using wooden formworks (also named centring) that
would both help supportand shape the edifice. Thisapproach permits
to alter and control the TOT angle between adjacent STs and conse-
quently deviate from the mtn topology of MIL-100 type of MOFs?**>%,
ararely observed feature®* %,

Analysis of the targeted sodalite topology, asemi-regular net with
transitivity (1121), recognized as the ideal target blueprint through a
systematic analysis of the zeolitic nets contained in the RCSR (>3,000
nets)”', International Zeolite Association (IZA) (>250 nets)" and Hypo-
thetical Zeolites Structures®* databases, allowed us to identify two
types of cSDAs, namely expanding-cSDA (Fig. 1c) and tightening-cSDA
(Fig.1b) that can direct the desired MOF assembly by capping the two
different types of window of the sod net (Fig. 2). Taking advantage of
the dependency equations relating the sizes of the ligand and cSDA,
we were able to assemble 21 isoreticular ZMOFs with underlying sod
topology, among them Fe-sod-ZMOF-320 with 48-A-wide mesopores,
and apore volume of 3.21cm® g ' (N,, 77 K), reaching 160% of the pore
volume of the most porous sodalite material so far®®. Fe-sod-ZMOF-320
exhibits high 0,, CH, and H, uptakes and working capacities, placing
itamong the top-performing materials for gas storage applications.

, gas
amongother gas mixtures

Results and discussion

Topology databases survey

While mtn is recognized to be the default topology for assembling
eclipsed tetrahedra/STs with a TOT angle close to 180° (ref. 31)

(Supplementary Figs. 123 and 124), a survey of the zeolitic nets in the
1ZA”, RCSR* and Deem?’ databases allowed us to identify,among more
than300,000 topologies, a curated set of nets combining the following
(Supplementary Table 20):

(1) Eclipsed tetrahedra exclusively

(2) No more than three vertices (distinct nodes)

(3) Reasonably high TOT angles

Asthe only edge-transitive netin thelist, the semi-regular sodalite

topology (SOD, sod) appears as the most promising candidate com-
pared with AST,RHO, LTA, NPT, SAS or RWY. Moreover, after the default
MTN net, sodis the topology requiring the highest minimal TOT angle
(161°), therefore limiting the stress on adjacent tetrahedra.

Introducing ageometry mismatch

The mtn net with transitivity (3432) has three faces (windows), two
pentagonals and one hexagonal, forming two tiles (cages). Pentago-
nal faces are present on the two types of tile (and the dodecahedral
tile is made of pentagonal faces, exclusively), thus making them the
‘dominant’ ones, governing the topology. Therefore, introducing a
geometry mismatch® that would prevent the formation of such pen-
tagonal windows during the MOF assembly appears to be a suitable
way to deviate from the default mtn topology. This mismatch for mtn
should be alongside with a (re)match to promote the targeted sod
topology (which does not contain pentagonal windows). The sod net
with transitivity (1121) (one node, one edge, two faces and one tile)
offers two main routes (Fig. 2):

(1) Promoting the formation of square windows, imposing the con-
traction of the ring from 5-member ring (MR) to 4MR (Fig. 2b). In
this case, tetratopic square ligands can be used as cSDAs.

(2) Promoting the formation of hexagonal windows, imposing the
expansion of the ring from SMR to 6MR (Fig. 2c). This can be
achieved by introduction of di, tri, tetra or hexatopic cSDAs with
aninner angle of 120° to 6MR in the structure.

The edge net (sod-e) reflects well the structure of sodalite zeolite
and is obtained from the sod net by placing vertices in the middle of
the edges, discarding the original vertices and edges, and joining the
new vertices to enclose the coordination figure of the original vertices
(Supplementary Fig.75). The corresponding 4MR and 6MR faces of the
sod net are now represented by sequences of 4 and 6 corner shared
tetrahedra.

Identifying suitable building units
Overall, bringing closer (tightening) two opposite corners of adjacent
tetrahedra permits to reduce from 5to 4 the number of tetrahedra form-
ing the window and form a 4MR window instead of a SMR; this can be
achieved by applying anadditional force to reduce the TOT angle from
theideal 180°to approximately 160°,and the TTT angle from108°ina
pentagonto 90°inasquare (Fig. 2b). To this end, a square tightening-
cSDA can be used. In contrast, to obtain a 6MR window, one needs to
increase from5to 6 the number of tetrahedra forming the window, by
pushing further two opposite corners of adjacent tetrahedra (Fig. 2a).
To this end, while a hexagonal expanding-cSDA would be ideal, trigo-
nal, tetragonal or angular ditopic (120°) cSDAs should act similarly,
meanwhile allowing more options with regard to organic MBB diversity
(Fig. 1c). This corresponds to increasing the TOT angle from 180° to
199°,and the TTT angle from 108° in a pentagon to 120° in a hexagon.
The ability of pyridil or imidazole terminated ligands to connect
trimeric MBBs through their open metal sites is known and makes these
ligandsideal cSDAs for synthetic approach. The typical connectivity of 6
[M;(p5-0)(0,C-R)]in such MBBs can be extended up to 9 [M,(1;-0)(0,C-
R)¢)(N-R);] (ref.40), allowing for the required range of connectivity.

Vertex dependency equations
To find the suitable cSDA linkers fitting square or hexagonal windows of
thetargeted ZMOFs, the analysis of general ST structure and resulting
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Fig.1|Design strategy to obtain ST-based ZMOFs with sodalite underlying
topology by using cSDAs. a, Four types of STs constructed from inorganic
oxotrimers {M;0} as tetrahedra vertices and tritopic carboxylate anions (A) as
tetrahedra faces. b, Tightening-cSDA (T) to promote the square window (4MR).
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¢, Expanding-cSDA (E) to promote the hexagonal window (6MR). Examples of
three different sod-ZMOFs 3-cages and 13 sod-ZMOF structural types obtained
in thiswork.

sodalite windows was carried out. The arm length of tightening- and
expanding-cSDAs (L; and L, respectively) can be expressed as a func-
tionof the tritopic carboxylateligand (L ,,) forming the STs, by applying
trigonometry rules (Fig. 3a)*. Accordingly, the following relations are
obtained (Supplementary Fig. 9):

Lt =/1.5L,-0.9A

Lg =/3L,+0.3A

Suchwise, simple geometrical relations allow to express a rational
dependence between the size of any equilateral tricarboxylate linker
and corresponding N-ligands to fit either in square or hexagonal win-
dows to promote the sod topology versus mtn in the formation of
ST-based ZMOFs (Fig. 3b).

Design and synthesis of sod-ZMOFs with TATB or BTB ligands

By checking the size of accessible tricarboxylate ligands and possible
tritopic cSDAs, a pair of ligands was predicted to precisely match the
equation for sod net with expanding-cSDA (Fig. 3b) and consequently
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allowed us to deliberately target and synthesize the corresponding
sod-ZMOF (Fig. 4a).

Thus, In-sod-ZMOF-307 was synthesized solvothermally by
heating indium salt with 2,4,6-tris(4-carboxyphenyl)-1,3,5-triazine
(H,TATB, A;), tris(4’-(pyridin-4-yl)-[1,1’-biphenyl]-4-yl)amine (PYB, E,)
inappropriate conditions to ensure the in situ formation of the desired
In trimers (Methods), yielding yellow rhombic dodecahedral single
crystals of In-sod-ZMOF-307 (Supplementary Fig. 11j). Using Co or Ni
salt gives brown and yellow rhombic dodecahedral single crystals of
Co-sod-ZMOF-307 (Supplementary Fig. 11h) and Ni-sod-ZMOF-307
(Supplementary Fig. 11i), respectively.

Single-crystal X-ray diffraction (SCXRD) study revealed that all
M-sod-ZMOF-307 crystallize in the /-43m space group with the unit
cell parameters of 56.942(1), 56.6012(6) and 56.4345(8) A, respectively,
for In-sod-ZMOF-307, Co-sod-ZMOF-307, (Et,NH,),[Co,(}1;-0)(H,0), g3
(PYB),30(TATB),]-x(guest) and Ni-sod-ZMOF-307, (Et,NH,),[Ni;(j1,-O)
(H,0),.4¢(PYB),.s(TATB),]-x(guest), where Et is CH;CH, group. In-sod-
ZMOF-307 was formulated as [In;(pt;-0)(H,0),4Br 4(PYB),,5(TATB),]
Br, ,-x(guest), which was confirmed by elemental analysis, proton
nuclear magnetic resonance (*H NMR) (Supplementary Fig. 36) and
thermogravimetric analysis (TGA) (Supplementary Fig. 52). Phase
purity of In-sod-ZMOF-307 was confirmed by powder X-ray diffraction
(PXRD, Supplementary Fig. 25).

Structural analysis confirmed that the assembly of oxotrim-
ers with TATB results in similar STs as in PCN-333 (ref. 32), but with
an underlying sod topology. All adjacent STs are eclipsed from one
another, connected through ashared oxotrimer. Hexagonal windows
composed of six STs are capped by two PYB ligands, which act as the
expanding-cSDAs, promoting the anticipated assembly into the sod
topology (Fig. 2b). The experimental TOT angle was found to be 162°,
inexcellentagreement withthe theoretical value (161°), whilethe TTT
angle has been successfully increased to 120°, compatible with the
hexagonal window.

From a topological point of view, the backbone of the structure,
considering the supertetrahedral SBBs as nodes, exhibits the sod
topology. The use of tritopic carboxylates to form the tetrahedra is
well reflected by the recently predicted sed net resulting from face
decoration of the edge net sod-e (ref. 42). However, in addition to 6
carboxylates, the connectivity of the oxotrimer is completed by two

PYB ligands, making this trimer an 8-c MBB. The underlying topology,
considering the contribution of the expanding-cSDAs is an unprec-
edented sts 3,3,8-c topology (sts stands for sod-super tetrahedra
staggered capping) (Supplementary Fig. 76). The use of TATB as 3-c
ligand yields big sizes of the STs and B-cages reaching 17 A and 42 A,
respectively (the distance between two oxotrimers for ST and the
shortest distance between opposite tetrahedra edges considering VdW
radii for B-cage) (Supplementary Fig. 71). The B-cages are accessible
through wide square windows of 16 A and triangle ones of 10 A between
two cSDAs in 6MR (Supplementary Fig. 74).

Considering the successful assembly of sod-ZMOF, using expand-
ing-cSDA to prevent the formation of pentagonal windows at the bene-
fit of hexagonal ones, the strategy was further applied to the promotion
of square windows (Fig. 2a). To that end, two additional ligand/cSDA
couples were selected, fitting the second size dependency equation
(Fig. 3b). Since 1,3,5-tris(4-carboxyphenyl)benzene (H,BTB, A,) and
H,TATB are of comparablessize, the 5,10,15,20-tetra(4-pyridyl)-21H,23H-
porphine (TPPH, T,) was found to match both of them (Fig. 3b) and was
used to demonstrates its possible use as tightening-cSDA to assemble
sod-ZMOFs.

Solvothermal reaction of In or Fe salt in presence of H,TATB and
TPPH in conditions suitable to ensure the in situ formation of the
desired In or Fe trimers yielded pink cubic single crystals of In-sod-
ZMOF-320 (Supplementary Fig. 11k) and dark-greenish brown poly-
crystalline powder of Fe-sod-ZMOF-320. The use of H,BTB instead
of H;TATB yielded dark-greenish brown polycrystalline powder of
Fe-sod-ZMOF-420. SCXRD studies revealed that In-sod-ZMOF-320
crystallized in the cubic space group /m-3m with the unit cell param-
eter a =57.312(3) A. The compound was formulated as [In,(;-O)
(H,0),(TATB),(TPPH-Iny sBr, 5),41Br-x(guest), which was also con-
firmed by elemental analysis,"H NMR (Supplementary Fig. 37) and TGA
(Supplementary Fig. 54). The phase purity of the In-sod-ZMOF-320,
Fe-sod-ZMOF-320, [Fe;(p;-0)(H,0),(TATB),(TPPH-Fe), ,]:x(guest), and
Fe-sod-ZMOF-420, [Fe;(p;-0)(H,0),(BTB),(TPPH-Fe),,]-x(guest), was
confirmed by PXRD (Supplementary Figs. 26, 27 and 29).

From a topology point of view, the backbone of STs made with
TATB and In oxotrimers, In-sod-ZMOF-320, follows once again the
imposed sod topology. However, reflecting the expectation concern-
ingthe variation of the type of cSDA, the tightening-cSDA is located on
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the square window, whereit playsits expected role and contributes to
the formation of 4-c window, with TTT angle reduced from108° (pen-
tagon) to of 90° (square) (Fig. 2a). The connectivity and location of this
c¢SDA hasadirectimpact on the formal topology of In-sod-ZMOF-320,
leading to an unprecedented stf (3,4,7)-c net topology (stf stands for
sod-super tetrahedra-four MR windows capped) (Supplementary
Fig. 76). The size of the ST remains unaltered, 17 A, but with -cages
of larger diameter of ca. 48 A (Supplementary Fig. 71). The B-cages of
obtained frameworks are accessible through wide hexagonal window
of 26 Adiameter (Supplementary Fig. 74). These metrics directly place
In-sod-ZMOF-320, Fe-sod-ZMOF-320 and Fe-sod-ZMOF-420 as the
biggest sodalite related materials made so far, with 3-cages diameter
surpassing by ca.12% the onesintherecently reported Zr-sod-ZMOF-1
(ca.43 A) (ref. 26).

Encouraged by the successful design and synthesis of In-sod-
ZMOF-307 and In-sod-ZMOF-320, we found compelling to direct the
rational synthesis of an additional sod-ZMOF, this time designed to
have both hexagonal and square windows capped by the two types
of cSDA, as the metrics of the three ligands are compatible with the
equations. This is also possible structurally, due to the distinct and
therefore compatible, binding location of the two types of cSDA on a
single oxotrimer. Use of In salt with both PYB and TPPH as expanding-
and tightening-cSDAs, respectively, yielded red cubic single crystals
ofIn-sod-ZMOF-327 (Supplementary Fig. 111) and red-brown rhombic
dodecahedral single crystals of In-sod-ZMOF-427 (Supplementary
Fig. 11m) using TATB and BTB ligands, respectively. SCXRD studies
revealed that both compounds In-sod-ZMOF-327 and In-sod-ZMOF-427
crystallized in the cubic space group /-43m with the unit cell param-
eter a of 57.364(1) and 57.8453(8) A, respectively. Compounds were
formulated as [In;(p;-O)(PYB),;(TATB),(TPPH-In, ,Br, ), ]Br-x(guest)
and [In;(p5-0)(BTB),(PYB),/3(TPPH-In ,,Bry 5),,1Br-x(guest), which was
also confirmed by elemental analysis, 'HNMR (Supplementary Figs. 38
and 39) and TGA (Supplementary Figs. 55 and 57). The phase purity of
the In-sod-ZMOF-327 and In-sod-ZMOF-427 was confirmed by PXRD
(Supplementary Figs. 28 and 30).

Besidesthesodtopology of the STs and considering theincreased
connectivity ofthe MBBs, the unprecedented sfs 3,3,4,9-c topology (sfs
stands for sod-four & staggered capping) was observed (Supplemen-
tary Fig. 76). The B-cages of obtained framework (42 A, Supplementary
Fig. 71) are accessible through triangular windows of 6MR (10 A) and
rhombic windows of 4MR (9 A) (Supplementary Fig. 74).

The presence of cSDA was computationally demonstrated to be
critical for the stabilization of the sod net (Supplementary Fig. 126).
The estimated difference between the energies of mtn and sod nets
with the same composition (In and TATB-based ST) is 18.25 kcal mol™
per ST unit, in favour of the mtn net. The calculated energies for In-sod-
ZMOF-307 (8 PYB per unit cell), In-sod-ZMOF-320 (6 TPPH per unit cell)
andIn-sod-ZMOF-327 (8 PYB and 6 TPPH per unit cell) are -920,-1,560
and -477 kcal mol™ per ST unit, respectively. This energy difference
for In-sod-ZMOF-327 is most probably associated with the inherent
flexibility of the PYB versus TPPH cSDAs, the geometry-optimized
confined structure of this latter molecule being 0.2 A shorter compared
withits bulk geometry.

Design and synthesis of sod-ZMOFs with BTTC ligand

To validate the strength of our design approach, we embarked in syn-
thesizingisoreticular sod-ZMOFs with other ligand/cSDA pairs (Fig. 3b).
The next couples matching the equation for sod net with expanding-
cSDA are benzo[1,2-b:3,4-b”:5,6-b”]trithiophene-2,5,8-tricarboxylic
acid (H,BTTC, A,) and tris(4-(pyridin-4-yl)phenyl)amine (PYM, E,).

The combination of H;BTTC and PYM with Co or Fe salts in
solvothermal conditions suitable to ensure the in situ formation
of the desired Co or Fe trimers yielded red rhombic dodecahedral
single crystals of Co-sod-ZMOF-204 (Supplementary Fig. 11c) and
brown cubic crystals of Fe-sod-ZMOF-204 (Supplementary Fig. 11d),
respectively. SCXRD studies revealed that both Co-sod-ZMOF-204
and Fe-sod-ZMOF-204 crystallized in the cubic space group /-43m
with the unit cell parameter a of 44.876(1) and 44.6247(5) A, respec-
tively. Co-sod-ZMOF-204 and Fe-sod-ZMOF-204 were formulated as
(Et;NH,),[Co;(p;-0)(H,0),(BTTC),(PYM),s]-x(guest) and [Fe;(p;-O)
(H,0),(BTTC),(PYM),5]-x(guest), respectively, as confirmed by elemen-
tal analysis, X-ray photoelectron spectroscopy (XPS) (Supplementary
Figs. 60 and 61) and TGA (Supplementary Figs. 45 and 46). The phase
purity of both Co- and Fe-sod-ZMOF-204 was confirmed by PXRD
(Supplementary Figs.17 and 18).

The structural analysis confirmed the overallisoreticular nature
of M-sod-ZMOF-204 with M-sod-ZMOF-307, where the BTTC connects
the oxotrimers into STs. The tetrahedra are of 12.5 A in size, while
B-cages are 33 A wide (Supplementary Fig. 69), accessible through
the 10 A square windows or through 12 A windows defined by the
hexagonal tetrahedra edge and two neighbouring pyridines (Sup-
plementary Fig. 73).
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TATB-based supertetrahedra

TIGHTENING

b BTTC-based supertetrahedra

Fig. 4 |Implementation of ‘EXPANDING’ and ‘TIGHTENING’ strategies for
sod-ZMOF design. a, TATB-based STs can be organized into 4MR using TPPH
tightening-cSDA; into 6MR using 2 PYB expanding-cSDAs; into both 4MR and
6MR using both tightening- and expanding-cSDAs together. b, BTTC-based STs

canbe organized into 4MR using TPE tightening-cSDA; into 6MR using PYM
expanding-cSDA; into both 4MR and 6 MR using both tightening- and expanding-
cSDAs together. Points at which pyridil coordinates to metal ion are specified in
each case.

Same as with TATB- and BTB-based framework, not only expand-
ing-cSDA can be used to obtain BTTC-based sod-ZMOFs, but also tight-
ening-cSDA, or their combination. Accordingto calculated dependency
(Fig. 3b), there is one suitable tightening-cSDA, 1,1,2,2-tetra(pyridin-
4-yl)ethene (TPE, T;). The combination of H;BTTC with Co salt and
TPE in solvothermal conditions yielded yellow cubic crystals of Co-
sod-ZMOF-210 (Supplementary Fig. 11f). SCXRD studies revealed that
Co-sod-ZMOF-210 crystallized in the cubic space group /432 with the
unit cell parameter a =44.7093(5) A. Compound was formulated as
(Et,NH,),[Co;(p5-0)(H,0),(BTTC),(TPE), ,]-x(guest) as confirmed by
elemental analysis, XPS (Supplementary Fig. 63) and TGA (Supplemen-
tary Fig. 50). The phase purity of Co-sod-ZMOF-210 was confirmed by

PXRD (Supplementary Fig. 23). B-Cages are 37 Awide (Supplementary
Fig. 69), accessible through the 20-A-wide hexagonal windows (Sup-
plementary Fig.73).

The use of both types of cSDA, PYM and TPE, in one synthesis
with BTTC yielded brown rhombic dodecahedral crystals in case of
Co (Supplementary Fig.11g) giving Co-sod-ZMOF-214. SCXRD studies
revealed that Co-sod-ZMOF-214 crystallized in the cubic space group
1-43m with the unit cell parameter a = 44.7671(6) A. Compound was
formulated as (Et,NH,),[Co;(p;-0)(H,0)(BTTC),(PYM),5(TPE),, ]-x
(guest) as confirmed by elemental analysis, XPS (Supplementary
Fig. 64) and TGA (Supplementary Fig. 51). The phase purity of
Co-sod-ZMOF-214 was confirmed by PXRD (Supplementary Fig. 24).
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B-Cagesare 33 Awide (Supplementary Fig. 69), accessible through12 A
windows between the hexagonal tetrahedra edge and two neighbour-
ing pyridines, and small trigonal 4 A windows between two neighbour-
ing pyridinesin4MR (Supplementary Fig. 73).

While the examples presented above successfully validated of
the strength of the design and synthesis approach, we aimed to dem-
onstrate that, with the richness of organic chemistry, additional pairs
of ligands can match the equations and yield additional sod-ZMOFs.

The combination of BTTC ligand, 1,1’-(5’-(4-(1H-imidazol-1-yl)
phenyl)-[1,1:3",1”-terphenyl]-4,4”-diyl)bis(1H-imidazole) (IMl, E;)
(Fig. 3b) with Co, Fe or In salts in solvothermal conditions yielded
pink cubic single crystals of Co-sod-ZMOF-205 (Supplementary
Fig. 11e), brown microcrystalline powder of Fe-sod-ZMOF-205 and
colourless microcrystalline powder of In-sod-ZMOF-205, respectively.
SCXRD studies revealed that Co-sod-ZMOF-205 crystallized in the
cubic space group /-43m with the unit cell parameter a = 45.130(3) A.
The compounds were formulated as (Et,NH,),[Co;(j;-0)(H,0)s/
(BTTC),(IMI),5]-x(guest), [Fe;(p;-0)(H,0)s5,5(BTTC),(IMI),5]-x
(guest) and [In;(p;-0)Br(BTTC),(IMI),5]-x(guest) confirmed by elemen-
tal analysis, XPS (Supplementary Fig. 62), 'H NMR (Supplementary
Fig. 34) and TGA (Supplementary Figs. 47-49). The phase purity of
Co-, Fe-and In-sod-ZMOF-205 was confirmed by PXRD (Supplemen-
tary Figs.19-21).

The overall structure of Co-sod-ZMOF-205 is similar to Co-sod-
ZMOF-204, with underlying sod topology. However, a noticeable
difference with Co-sod-ZMOF-204 was observed: due to steric hin-
drance, the IMI tightening-cSDA is not planar, and only two of its
three arms are coordinated (Supplementary Fig. 73). Thus, there are
two 2-c IMI molecules per hexagonal window in Co-sod-ZMOF-205
with their third arm pointing towards the inside of the B-cage (Sup-
plementary Fig. 69). Thus, B-cage size ranges from 12 A to 37 A (Sup-
plementary Fig. 70). In this case, IMl acts as ditopic bend ligand with
angle of 120° that is enough to direct formation of sod-ZMOF instead
of mtn-ZMOF.

As it is possible to have two staggered tritopic cSDAs occupying
one 6MR window, it is expected that a single hexatopic ligand could
direct the structure in a similar way. The combination of H,BTTC and
1,2,3,4,5,6-hexakis(4-(1H-imidazol-1-yl)phenyl)benzene (IM6, E¢) with
In salt in solvothermal conditions yielded colourless microcrystal-
line powder of In-sod-ZMOF-206. The compound was formulated
as [In;(p;-0)Br(BTTC),(IM6),5]-1/3(IM6)-x(guest), as confirmed by
elemental analysis, 'H NMR (Supplementary Fig. 35), PXRD (Supple-
mentary Fig. 22) and TGA (Supplementary Fig. 49).

Design and synthesis of sod-ZMOFs with BTC

To expand our approach over boundaries we selected more vari-
ous examples of ligand/cSDA pairs. We reasoned that a bent ligand,
1,3-di(pyridin-4-yl)benzene (IDPB, E,) ligand, offering two pyridine
rings with 120° angle between them should be sufficient to expand
two opposite apexes of adjacent STs to promote 6MR instead of
SMR (Fig. 2b and Supplementary Fig. 72). The combination of ben-
zene-1,3,5-tricarboxylic acid (H;BTC, A,) and IDPB with In salt in sol-
vothermal conditions yielded colourless microcrystalline powder of
In-sod-ZMOF-101. The compound was formulated as [In,(p;-0)(H,0)
(BTC),Cl,5(IDPB),;]Cl,;"x(guest), as confirmed by elemental analysis,
'HNMR (Supplementary Fig. 31), PXRD (Supplementary Fig. 12) and
TGA (Supplementary Fig. 40).

The next couple matching the equation for sod net with expand-
ing-cSDA is H;BTC and 2,4,6-tri(4-pyridyl)-1,3,5-triazine (TPT, E,)
(Fig.3b).In-sod-ZMOF-102 and Fe-sod-ZMOF-102 were synthesized by
heating solvothermally the corresponding metal salt with H,BTC, TPT
inappropriate conditions for thein situ formation of the desired Inor
Fe trimers (see Methods), yielding colourless octahedron crystals of
In-sod-ZMOF-102 (Supplementary Fig.11a) and light-brown microcrys-
talline powder of Fe-sod-ZMOF-102, respectively.

SCXRD studies revealed that In-sod-ZMOF-102 crystallizes in
the Im-3m space group with the unit cell parameter a =33.7480(5) A.
The compound was formulated as [In;(p;-O)(H,0)(BTC),(TPT),5]
CI-0.5(H,0)-x(guest), as confirmed by elemental analysis, '"H NMR
(Supplementary Fig.32) and TGA (Supplementary Fig. 41). Phase purity
of both In- and Fe-sod-ZMOF-102, [Fe;(j1;-0)(H,0),(BTC)(TPT),5]-
x(guest), was confirmed by PXRD (Supplementary Figs.13 and 14).

The resulting In-sod-ZMOF-102 has two types of cavities; small
tetrahedra of ca. 9.5 A are formed by four oxotrimers as vertices and
four BTClinkers as faces. The second cavity corresponds to the 3-cage
ofthe sodalite net with diameter of 24 A (Supplementary Fig. 68). The
[B-cage has six square windows, and eight hexagonal windows capped
with TPT. The hexagonal windows appear to be fully blocked with TPT
and coordinated anion, while the square windows have a small 3 A
aperture that could beincreased to 6 A upon dehydration/desolvation
(Supplementary Fig. 72). The symmetry unambiguously allows dis-
tinguishing one ordered TPT cSDA per hexagonal window while other
three open metal sites in the same window are occupied by halogen
anions. In contrast, Fe-sod-ZMOF-102 does not contain any halogen
anions due to mixed Fe*"/Fe* compositionin oxotrimer, as confirmed
by XPS (Supplementary Fig. 58) and elemental analysis. In these cases,
the formal topology differs from the one of In-sod-ZMOF-307 due to
lower connectivity of In trimers.

Since a single cSDA is sufficient to expand two opposite apexes
of adjacent STs and deviate from 5MR to 6MR, we designed and syn-
thesized related ZMOFs using this time less intuitive, rectangular
cSDA of appropriate size, expected to bind four of the six oxotrim-
ers located at the vertices of the hexagonal windows. Adding
1,2,4,5-tetra(pyridin-4-yl)benzene (TPB, E;) ligand to the correspond-
ing mixtures of In or Fe salts and H;BTC in appropriate conditions
yielded colourless rhombic dodecahedral crystals of In-sod-ZMOF-103
(Supplementary Fig. 11b) and light-brown microcrystalline powder
of Fe-sod-ZMOF-103. SCXRD studies revealed that In-sod-ZMOF-103
crystallizes in the cubic space group /m-3m with the unit cell param-
eter a=33.880(1) A. The compound was formulated as [In,(j5-O)
(H0)093Br74(BTC),(TPB),5]Br 55°0.5(H,0)-x(guest) further confirmed
by elemental analysis,'"H NMR (Supplementary Fig. 33) and TGA (Sup-
plementary Fig. 43). Phase purity of both In- and Fe-sod-ZMOF-103,
[Fe;(p5-0)(H,0)s/3(BTC),(TPB),;;]-x(guest), was confirmed by PXRD
(Supplementary Figs.15and 16).

The TPB cSDA of In-sod-ZMOF-103 acts similarly as the TPT ligand
cappingthe 6MR and disordered over three equal positions. The hex-
agonal windows are fully blocked by TPB ligand and coordinated bro-
mide anions (Supplementary Figs. 68 and 72). In this case, the formal
topology differs from the one of In-sod-ZMOF-102.

Overall, such on-demand tuning possibilities of the pore dimen-
sions, access windows and metal cation show potential for this versatile
sod-ZMOF platform to produce separating agents with small pore
aperture, while also allowing, by the formation of colossal mesopores
in the bigger analogues, highly porous materials to be developed to
address gas storage needs (Fig. 5a).

Low-pressure gas sorption studies

The permanent porosity of obtained materials was established by meas-
uring Ar sorption at 87 K and N, at 77 K (Fig. 5c and Supplementary
Figs.77-109).In-sod-ZMOF-307, In-sod-ZMOF-320, In-sod-ZMOF-327,
Fe-sod-ZMOF-320 and Fe-sod-ZMOF-420 showed reversible isotherms
characteristic for mesoporous materials with one type of cavity (Sup-
plementary Figs.103-107). TPPH-based In-sod-ZMOF-320, Fe-sod-
ZMOF-320 and Fe-sod-ZMOF-420 also have a slightly visible hysteresis
between adsorption and desorption traces. Obtained characteristic
sorption values are in a good agreement with calculated ones (Sup-
plementary Table 16). Experimental total pore volume of 3.15cm?® g™
for Fe-sod-ZMOF-420isinagood agreement with calculated values of
3.40 cm® g™, and the highest reported value among any sodalite related
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Fig. 5| Comparison of cage sizes and adsorption properties of different
structure types of obtained MOF. a, Range of sod-ZMOF 3-cages. For BTC-ST
ZMOF cage is shown with expanding-cSDA (TPB); for BTTC-ST ZMOFs two types
of cages with expanding (PYM) and tightening (TPE) cSDAs are presented; for
TATB-ST ZMOFs two types of cages with expanding (PYB) and tightening (TPPH)
cSDAs are presented. Estimated from SCXRD data, sizes of B-cages in angstroms
are marked above. b, Comparison between sod-ZMOFs reported in the paper

and other sod-ZMOFs (shown in pale). Experimental total pore volumes
calculated from Ar 87 K sorption isotherms are shown with pink rectangles;
poresize distribution (PSD) average size for each ZMOF calculated from Ar 87 K
sorption isotherms shown with blue rectangles; asterisk indicates pore volume
is calculated from N, 77 K sorption isotherm. ¢, Ar 87 K sorption isotherms

for different sod-ZMOFs demonstrating increasing of sorption capacity with
mesoporous sorption region shift (STP, standard temperature and pressure).

material (Fig. 5b)**?**, Experimental total pore volumes of In-sod-
ZMOFs materialsare 2.89,2.26 and 2.07 cm® g * for In-sod-ZMOF-320,
In-sod-ZMOF-307 and In-sod-ZMOF-327, respectively, and predictably
decreasing with inclusion of additional organic moieties. The corre-
sponding series of BTTC-based frameworks Co-sod-ZMOF-210, Co-sod-
ZMOF-204 and Co-sod-ZMOF-214 has close total pore volume values
giving1.06,1.27 and 1.18 cm® g, respectively. The pore size distribution
(PSD) for In-sod-ZMOF-3TE and Co-sod-ZMOF-2TE series (Supplemen-
tary Figs.110-118) was assessed using the Ar adsorption data (Supple-
mentary Figs. 98,101-104 and 106) and revealed two types of pore for
In-sod-ZMOF-3T7 and Co-sod-ZMOF-204 series with mesopore sizes
of43 Aand 33 A, respectively, which are in good qualitative agreement
with the above derived values of 42 Aand 33 A from the corresponding
calculated structure.

Co-sod-ZMOF-205has alower expected total pore volume than the
isoreticular In-sod-ZMOF due toits anionic framework, which requires
the presence of counterions inside the cavities, and ligand arms point-
ing inside the cavities (Supplementary Figs. 99 and 100). The total
pore volume of Co-sod-ZMOF-205 is 0.65 cm> g™ In-sod-ZMOF-205
demonstrates high Ar uptake with total pore volume of 0.94 cm> g™
(calculated 1.09 cm?® g™). The PSD for In-sod-ZMOF-205 was assessed
using the Ar adsorption data (Supplementary Fig. 100) and revealed

two types of pore, with mesopore size of 33 A, in perfect qualitative
agreement with the above-derived values from the corresponding
calculated structure.

Fe-sod-ZMOF-102 has a total pore volume of 0.80 cm®g™ (Sup-
plementary Fig. 96). This experimental valueis close to the calculated
one (0.87 cm>g™). The PSD for Fe-sod-ZMOF-102 was assessed using
the Aradsorption dataand revealed one type of pore with diameter of
24 A, which is in good qualitative agreement with the above-derived
value fromthe corresponding calculated structure. Fe-sod-ZMOF-103
has expectedly lower total pore volume of 0.69 cm?® g™ than Fe-sod-
ZMOF-102 due to the additional pyridine ring in the ligand structure
(Supplementary Fig. 97). Among series of In-sod-ZMOF-10E only In-
sod-ZMOF-101showed adsorption capacity of 0.62 cm® g™ comparable
with the calculated value of 0.58 cm?® g™ (Supplementary Fig. 77) due to
fully blocked entrances to inner cavities with coordinated anions and
water molecules in other analogues.

High-pressure gas sorption and storage studies

Reduction of greenhouse gas emissions as well as the search for alter-
native fuel vectors/sources are priority areas of modern energy. The
use of methane as a fuel makes it possible to reduce the amount of
harmful emissions of carbon monoxide and dioxide, primarily due to
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Fig. 6 | Adsorption properties of selected materials. a-c, Oxygen at 298 K (a),
methane at 273 K (b) and hydrogen at 77 K (¢) sorption isotherms on Fe-sod-
ZMOF-320.d,e, Working capacities of 5-50 bar O, for Fe-sod-ZMOF-320 in
comparison with the best MOF materials for O, storage at 298 K (d), and 5-65 bar
CH, working capacities for Fe-sod-ZMOF-320 in comparison with the best MOF

Volumetric working capacity
(5-65 bar, cm® cm™)

Volumetric uptake (80 bar, cm® cm™)

materials for CH, storage at 273 K (e). f, H, gravimetric and volumetric uptakes
for Fe-sod-ZMOF-320 in comparison with the best MOF materials for H, storage
at 77 K, up to 80 bar. Asterisk indicates the UiO-66 value was obtained from O,
isotherm collected up to 30 bar, extrapolated to 50 bar.

the highest ratio of Hto C compared with any other hydrocarbons***,
An alternative to methane is traditionally hydrogen, which, in turn, is
completely freed from carbon monoxide and carbon dioxide emissions
during combustion and meets the requirements of green energy inits
native measure*’. Thus, it is vital to develop sorbents that allow such
gasestobe stored and used as efficiently as possible within an accept-
able range of temperatures and pressures.

While this area of application has already received wide attention
fromresearchers, the storage of other gases at high pressure is still
much less studied and developed. In particular, there are categori-
cally few examples of MOFs for oxygen storage*, critical in many key
applications pertaining to medical and aerospace industries. The
recent coronavirus pandemic has highlighted the importance of
improving oxygen storage conditions, for safety reasons, with the
aimtoincrease the amount of stored oxygen while keeping the pres-
sure moderate.

The proposed strategy of expanding and tightening cSDAs made
it possible to obtain a wide range of isoreticular compounds in which
the pore volume can be varied both by changing the length of the
tricarboxylate ligand and by varying the appropriate cSDA. In addi-
tion, usingboth T and Ealone, orin combination, allowsusto vary the
surfaceareainthesame parent sed substructure. Compounds with the
highest pore volume values are best suited for studying their gas stor-
age ability at high pressure. Due to their high accessible and total pore
volumes and the presence of open metal sites, BTB- and TATB-based
sod-ZMOFs should be regarded as most promising candidates. Accord-
ingly, 0,,H,and CH, sorption experiments were conducted at variable
temperatures, up to 80 bar on Fe-sod-ZMOF-320, the most promising
example due to its high experimental N, pore volume (3.21 cm® g %) to
carry out all high-pressure measurements (Fig. 6).

The guest free Fe-sod-ZMOF-320 sample was subjected to high-
pressure gas sorption measurements to assess the associated storage
capacity at different temperatures. Figure 6a,d shows oxygen gravi-
metric adsorption isotherm at 298 K and comparison of gravimetric
working capacities of reported MOFs at 298 K 5-50 bar. Obtained
value of 0.39 g g' for Fe-sod-ZMOF-320 sets abenchmark for any MOF
material so far outperforming such compounds as Al-soc-MOF series*®,
UMCM-152 (ref. 49) and NU-125 (ref. 50). Such a high capacity makes
Fe-sod-ZMOF-320 an ideal potential adsorbent for oxygen storage.
Asubstantial increase in capacity allows for a cylinder at high pressure
to store more oxygen, therefore requiring less frequent recharging,
ultimately reducing the cost of oxygen storage, or even allowing for
smaller cylinders for easier transport.

Efficient sorbents for methane storage should offer adequate
balance between gravimetric and volumetric capacities, and the
corresponding US Department of Energy targets (350 cm®cm™ and
0.5g g™, respectively) remain an ongoing challenge. It has been pro-
posed that a slight reduction of the storage temperature to nearly
273 K could improve both the volumetric and gravimetric uptake®..
Methane sorptionisotherm measured at 273 K (Fig. 6b) revealed very
high gravimetric uptake, placing it among the best MOF materials,
such as NU-1501 (ref. 52), Al-soc-MOF-1 (ref. 48) and NU-111 (ref. 53).
Gravimetric uptake for Fe-sod-ZMOF-320 at 273 K and 65 bar reaches
0.44 g g™, avalue that is anticipated to exceed the US Department of
Energy target at relatively higher but still acceptable pressures. The
volumetric capacity for Fe-sod-ZMOF-320 at 273 K and 65 bar reaches
156 cm® cm™, relatively lower than the best values achieved for Al-soc-
MOF-1 (ref. 48), MOF-177 (ref. 54) or NU-111 (ref. 53). A comprehensive
comparison of absolute methane uptakes and working capacities for
our Fe-sod-ZMOF-320 with the best reported MOF materials so far
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under different temperature and pressure conditions is presented in
Fig. 6e and Supplementary Table17. Fe-sod-ZMOF-320 displayed very
high gravimetric and considerable volumetric working capacities at
different working temperatures and pressures. This notable feature
isaresult of the reduced unused CH, uptake below 5 bar and the linear
trend of the CH, isotherms at relatively high pressures. Considering
this promising sorption assessment, we believe that the demonstrated
high modularity of this sod-ZMOF platform will permit, by appropriate
combination of metalion, tricarboxylate ligand and one or two cSDAs,
aprecise control over the structures and further improvement of the
volumetric/gravimetric working capacity balance.

Due to its extremely high total pore volume, Fe-sod-ZMOF-320
shows very high H, uptake reaching 13 wt% (Fig. 6¢) at 76 bar and 77K,
which is comparable with benchmark reported MOFs NU-1501-Al
(ref.52),NU-100 (ref. 55) and NPF-200 (ref. 56) under similar conditions.
A comprehensive comparison of gravimetric and volumetric capacities
for our Fe-sod-ZMOF-320 with the best reported MOF materials so far
is presented in Fig. 6e and Supplementary Table 18.

Conclusions and outlook

Throughout this work, we have designed, synthesized and character-
ized a family of more than twenty isoreticular materials within the
sod-ZMOFs platform. The use of centring SDAs ensured the promotion
ofthesodbackbone over any other tetrahedral nets (diamond, quartz,
other zeolitic nets and so on), yet allowing for awide porosity diversity,
bothonthe pore accessibility (pore aperture) and volume (cavity size).
This diversity is reflected by the possibility to target made-to-order
MOFs with contracted pore aperture suitable for various key separa-
tions, butalso with high pore volumes, reflected by experimental oxy-
gen, methane and hydrogen sorption capacities of Fe-sod-ZMOF-320,
with gravimetric uptakes surpassing those of most of the best sorbent
materials so far.

Moreover, the multinary nature of these ZMOFs, with multiple
components ordered in crystallographically distinct positions, cap-
pingeither the square, the hexagonal or both window types suggests
possibilities for the observation of multiple interaction mechanisms
located on distinct sites, with tunable distances and sequences.

Finally, we envision this tightening/expanding cSDA strategy will
enable possibilities for the design and synthesis of meaningful materi-
als, taking advantage of the large variety of readily available inorganic
MBBs and ‘polymorph-compatible’ topologies.

Methods

Allreagents were obtained from commercial sources and used without
further purification (unless otherwise noted in ‘Organic synthesis’
sectioninSupplementary Information). No metal salt nor ligand stock
solutions were prepared.

Synthesis of In-sod-ZMOF-101

InCl; (22.1 mg, 0.100 mmol), H;BTC (13.9 mg, 0.067 mmol), IDPB
(5.1mg, 0.022 mmol), HBF, (0.4 ml), methanol (2.0 ml) and N,N-dieth-
ylformamide (DEF) (4.0 ml) were combined in a 20 ml scintillation
vial, which was then sonicated for 30 min, placed in pre-heated oven
at 115 °C for 24 h, and cooled to room temperature. The colourless
microcrystalline powder was collected by centrifugation and washed
with N,N-dimethylformamide (DMF). Crystals were soaked in DMF
overnight, and then exchanged in methanol for 3 days and dried in
oven at 85 °C. Note that the methanol solution was refreshed at least
twice aday. Elemental analysis found (calculated) for C,g ¢;CIH,0In;N; 5
3056: C% 33.78 (33.79), H% 1.98 (1.98), N% 2.03 (1.83). The yield is 50%,
based on metal.

Synthesis of In-sod-ZMOF-102
InCl; (22.1 mg, 0.100 mmol), H;BTC (13.9 mg, 0.067 mmol), TPT
(3.4 mg, 0.011 mmol), HBF, (0.3 ml) and DEF (5.0 ml) were combined

in a 34 ml Pyrex vial, which was then sonicated for 30 min, placed in
pre-heated oven at 150 °C for 24 h, and cooled to room temperature.
The colourless octahedron crystals were collected by centrifugation
and washed with DMF. Crystals were soaked in DMF overnight, and
thenexchanged in methanol for 3 daysand driedin ovenat 85 °C. Note
that the methanol solution was refreshed at least twice a day. Elemen-
tal analysis found (calculated) for C,,CIH,,In;N,0O,5: C% 31.47 (30.33),
H%1.43 (1.48),N%2.39 (2.95). Theyield is 71%, based on metal.

Synthesis of Fe-sod-ZMOF-102

FeCl;-6H,0 (60.8 mg, 0.225 mmol), H;BTC (31.5 mg, 0.150 mmol),
TPT (15.6 mg, 0.050 mmol), HBF, (0.2 ml), DEF (5.0 ml) and methanol
(1.0 ml) were combined in a 20 ml scintillation vial, which was then
sonicated for 30 min, placed in pre-heated oven at 105 °C for 24 h,
and cooled to room temperature. The light-brown microcrystalline
powder was collected by centrifugation and washed with DMF. Crystals
were soaked in DMF overnight, and then exchanged in methanol for
3 daysanddriedin oven at 85 °C. Note that the methanol solution was
refreshed at least twice a day. Elemental analysis found (calculated)
for C,,Fe;H;gN,0,,: C% 37.70 (37.25), H% 2.55 (2.34), N% 3.42 (3.62).
Theyield is 77%, based on metal.

Synthesis of In-sod-ZMOF-103

InBr; (35.5 mg, 0.100 mmol), H;BTC (13.9 mg, 0.067 mmol), TPB
(4.2 mg, 0.011 mmol), HBF, (0.3 ml) and DEF (5.0 ml) were combined
ina34 mlPyrex vial, whichwas thensonicated for 30 min, placed in pre-
heated oven at 150 °C for 24 h, and cooled to room temperature. The
colourless rhombic dodecahedral crystals were collected by centrifu-
gation and washed with DMF. Crystals were soaked in DMF overnight,
and then exchanged in methanol for 3 days and dried in oven at 85 °C.
Note that the methanol solution was refreshed at least twice a day.
Elemental analysis found (calculated) for BrC, ;H;4In;N; 3,0,5: C%30.95
(31.42),H%1.57 (1.58), N% 1.88 (1.83). The yield is 47%, based on metal.

Synthesis of Fe-sod-ZMOF-103

FeCl,-6H,0 (60.8 mg, 0.225 mmol), H,BTC (31.5 mg, 0.150 mmol), TPB
(8.8 mg, 0.025 mmol), HBF, (0.2 ml), DEF (5.0 ml) and methanol (1.0 ml)
were combined in a20 ml scintillation vial, which was then sonicated
for30 min, placed in pre-heated oven at 105 °Cfor 24 h, and cooled to
room temperature. The light-brown microcrystalline powder was col-
lected by centrifugation and washed with DMF. Crystals were soaked in
DMF overnight, and then exchanged in methanol for 3 days and dried
inovenat 85 °C. Note that the methanol solution was refreshed at least
twice aday. Elemental analysis found (calculated) for C, ¢;Fe;H,,N; 55044:
C%39.63(39.22),H%2.68 (2.72),N%2.28 (2.29). The yield is 58%, based
onmetal.

Synthesis of Co-sod-ZMOF-204

CoCl,6H,0 (23.8 mg, 0.100 mmol), H,BTTC (25.2 mg, 0.067 mmol),
PYM (5.2 mg, 0.011 mmol), trifluoroacetic acid (TFA) (0.3 ml) and DEF
(5.0 ml) were combined in a34 mlPyrex vial, which was then sonicated
for 30 min, placed in pre-heated ovenat 150 °C for 24 h, and cooled to
room temperature. The red rhombic dodecahedral crystals were col-
lected by centrifugation and washed with DMF. Crystals were soaked
in DMF overnight, and then exchanged in ethanol and then hexane for
3 daysanddriedin oven at 85 °C. Note that the methanol solution was
refreshed at least twice a day. Elemental analysis found (calculated)
for C4oC03H,gN; 330,6S6: C%42.95 (43.89),H% 3.34 (3.61), N% 3.38 (3.48),
S%14.58 (14.35). The yield is 63%, based on metal.

Synthesis of Fe-sod-ZMOF-204

FeCl,-4H,0 (22.0 mg, 0.100 mmol), H,BTTC (25.2 mg, 0.066 mmol),
PYM (5.2 mg, 0.011 mmol), TFA (0.3 ml) and DEF (5.0 ml) were combined
in a 34 ml Pyrex vial, which was then sonicated for 30 min, placed in
pre-heated oven at 150 °C for 24 h, and cooled to room temperature.
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Thebrown cubic crystals were collected by centrifugationand washed
with DMF. Crystals were soaked in DMF overnight, and then exchanged
in ethanol and then hexane for 3 days and dried in oven at 85 °C. Note
that the methanol solution wasrefreshed at least twice aday. Elemental
analysis found (calculated) for C,Fe;H,gN,; 330,0S¢: C% 39.66 (40.39),
H% 2.33 (2.31), N% 1.56 (1.53), S% 15.36 (15.78). The yield is 53%, based
on metal.

Synthesis of Co-sod-ZMOF-205

CoCl,-6H,0 (11.9 mg, 0.050 mmol), H;BTTC (12.6 mg, 0.033 mmol), IMI
(5.6 mg, 0.011 mmol), TFA (0.3 ml) and DEF (5.0 ml) were combined in
a34 ml Pyrexvial, whichwas then sonicated for 30 min, placed in pre-
heated oven at 150 °C for 24 h, and cooled to room temperature. The
pink cubic crystals were collected by centrifugation and washed with
DMF. Crystals were soaked in DMF overnight, and then exchanged in
methanol for3 days and dried in oven at 85 °C. Note that the methanol
solution was refreshed at least twice a day. Elemental analysis found
(calculated) for C,,C03H5,N.O1S,: C%49.26 (48.62), H%3.58 (3.54), N%
5.39(5.67),5%12.34 (12.98). The yield is15%, based on metal.

Synthesis of Fe-sod-ZMOF-205

FeCl, (60.8 mg, 0.225 mmol), H,BTTC (28.5 mg, 0.075 mmol), IMI
(19.0 mg, 0.038 mmol), HBF, (1.0 ml) and DEF (25.0 ml) were combined
in a 70 ml Pyrex vial, which was then sonicated for 30 min, placed in
pre-heated oven at 150 °C for 24 h, and cooled to room temperature.
The brown microcrystalline powder was collected by centrifugation
and washed with DMF. The yield is 22%, based on H,BTTC.

Synthesis of In-sod-ZMOF-205

InBr; (79.8 mg, 0.225 mmol), H;BTTC (28.5 mg, 0.075 mmol), IMI
(19.0 mg, 0.038 mmol), HBF, (1.0 ml) and DEF (25.0 ml) were combined
in a 70 ml Pyrex vial, which was then sonicated for 30 min, placed in
pre-heated oven at 150 °C for 24 h, and cooled to room temperature.
The colourless microcrystalline powder was collected by centrifuga-
tion and washed with DMF. Crystals were soaked in DMF overnight,
and then exchanged in methanol for 3 days and dried in oven at 85 °C.
Note that the methanol solution was refreshed at least twice a day.
Elemental analysis found (calculated) for BrCs,H,,In;N,0,,S4: C% 35.81
(36.96),H%1.95(2.39), N% 3.28 (3.32),5%11.42 (11.39). The yield is 28%,
based on H;BTTC.

Synthesis of In-sod-ZMOF-206

InBr; (79.8 mg, 0.225 mmol), H,BTTC (28.5 mg, 0.075 mmol), IM6
(19.0 mg, 0.019 mmol), HBF, (1.0 ml) and DEF (25.0 ml) were combined
in a 70 ml Pyrex vial, which was then sonicated for 30 min, placed in
pre-heated oven at 150 °C for 24 h, and cooled to room temperature.
The colourless microcrystalline powder was collected by centrifuga-
tionand washed with DMF. Crystals were soaked in DMF overnight, and
then exchanged in methanol for 3 days and dried in oven at 85 °C. Note
that the methanol solution was refreshed at least twice a day. Elemental
analysis for BrC,oH,oIn;Ng05S,: C%44.92 (45.06), H%2.62 (2.16), N% 5.56
(6.01),5%10.50 (10.31). The yield is 10%, based on H,BTTC.

Synthesis of Co-sod-ZMOF-210

CoCl,6H,0 (23.8 mg, 0.100 mmol), H;BTTC (25.2 mg, 0.0676 mmol),
TPE (3.7 mg, 0.011 mmol), TFA (0.3 ml) and DEF (5.0 ml) were combined
ina34 mlPyrexvial, which was then sonicated for 30 min, placedin pre-
heated oven at 150 °C for 24 h, and cooled to room temperature. The
yellow rhombic dodecahedral crystals were collected by centrifugation
and washed with DMF. Crystals were soaked in DMF overnight, and then
exchanged in ethanol and then hexane for 3 days and dried in oven at
85 °C. Note that the methanol solution was refreshed at least twice a
day. Elemental analysis found (calculated) for C,; sCo;H,oN;0,,S¢: C%
41.11(42.48),H%2.42 (3.28),N% 3.69 (3.42),S% 15.47 (15.64). The yield
is 45%, based on metal.

Synthesis of Co-sod-ZMOF-214

CoCl,6H,0 (23.8 mg, 0.100 mmol), H,BTTC (25.2 mg, 0.067 mmol),
PYM (5.2 mg, 0.011 mmol), TPE (3.7 mg, 0.011 mmol), TFA (0.3 ml)
and DEF (5.0 ml) were combined in a 34 ml Pyrex vial, which was then
sonicated for 30 min, placed in pre-heated oven at150 °C for 24 h, and
cooledtoroomtemperature. The brown rhombic dodecahedral crys-
tals were collected by centrifugation and washed with DMF. Crystals
were soaked in DMF overnight, and then exchangedin ethanol and then
hexane for 3 days and dried in oven at 85 °C. Note that the methanol
solution was refreshed at least twice a day. Elemental analysis found
(calculated) for Cs, sCo3H, 5N, 3306Se: C% 46.54 (47.13), H% 2.96 (3.48),
N%4.90 (4.37),5%14.02 (13.85). The yield is 45%, based on metal.

Synthesis of Co-sod-ZMOF-307

CoCl,-6H,0(23.8 mg, 0.100 mmol), H;TATB (14.6 mg, 0.033 mmol), PYB
(7.8 mg, 0.011 mmol), TFA (0.3 ml) and DEF (5.0 ml) were combined in
a70 mlPyrexvial, whichwas then sonicated for 30 min, placedin pre-
heated oven at 150 °C for 24 h, and cooled to room temperature. The
brownrhombic dodecahedral crystals were collected by centrifugation
and washed with DMF.

Synthesis of Ni-sod-ZMOF-307

NiCl,-6H,0 (23.8 mg, 0.100 mmol), H,TATB (14.6 mg, 0.033 mmol), PYB
(7.8 mg, 0.011 mmol), TFA (0.3 ml) and DEF (5.0 ml) were combined
in a 70 ml Pyrex vial, which was then sonicated for 30 min, placed in
pre-heated oven at 150 °C for 24 h. The yellow rhombic dodecahedral
crystals were collected by centrifugation and washed with DMF.

Synthesis of In-sod-ZMOF-307

InBr; (35.5 mg, 0.100 mmol), H;TATB (14.6 mg, 0.033 mmol), PYB
(7.8 mg, 0.011 mmol), HBF, (0.3 ml), DEF (5.0 ml) and methanol (1.0 ml)
were combined in a 70 ml Pyrex vial, which was then sonicated for
30 min, placedin pre-heated oven at 85 °C for 24 h, and cooled toroom
temperature. The yellow rhombic dodecahedral crystals were col-
lected by centrifugation and washed with DMF. Crystals were soaked in
DMF/dichloromethane (DCM) overnight, and then exchanged in etha-
nol for 3 days and then in hexane for 1 day and dried in oven at 85 °C.
Note that the ethanol and hexane solution was refreshed at least twice
a day. Elemental analysis found (calculated) for BrCg,H¢oIn;Ng ¢;016:
C%51.23 (51.97),H% 3.11 (3.19), N% 6.54 (6.41). The yield is 56%, based
on H,TATB.

Synthesis of In-sod-ZMOF-320

InBr; (35.5 mg, 0.100 mmol), H;TATB (14.6 mg, 0.033 mmol), TPPH
(3.4 mg, 0.006 mmol), HBF, (0.3 ml), DEF (5.0 ml) and methanol
(1.0 mL) were combinedin a70 ml Pyrex vial, whichwas then sonicated
for 30 min, placed in pre-heated oven at 85 °C for 24 h, and cooled to
room temperature. The pink cubic crystals were collected by cen-
trifugation and washed with DMF. Crystals were soaked in DMF/DCM
overnight, and then exchanged in ethanol for 3 days and thenin hexane
for1day and dried in oven at 85 °C. Note that the ethanol and hexane
solution was refreshed at least twice a day. Elemental analysis found
(calculated) for Br, ,sCssH;sIn; ,sNg O, C% 44.23 (43.76), H% 2.91 (2.41),
N% 6.95(7.04). The yield is 40%, based on H;TATB.

Synthesis of Fe-sod-ZMOF-320

FeCl;-6H,0 (27.0 mg, 0.100 mmol), H;TATB (14.6 mg, 0.033 mmol),
TPPH (6.8 mg, 0.011 mmol), TFA (0.3 ml), DCM (5.0 ml), methanol
(5.0 ml) and DEF (2.0 ml) were combinedin a 70 ml Pyrex vial, whichwas
thensonicated for30 min, placedin pre-heated oven at 85 °Cfor24 h,
and cooled toroom temperature. The greenish brown microcrystalline
powder was collected by centrifugation and washed with DMF. Crystals
were soaked in DMF/DCM overnight, and then exchanged in ethanol
for 3 days and thenin hexane for1dayand dried in oven at 85 °C. Note
that the ethanol and hexane solution was refreshed at least twice aday.
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Elemental analysis found (calculated) for CsgFe; ,sH,,NgO;o: C% 52.46
(52.12),H%2.62(3.17),N% 7.68 (8.38). The yield is 65%, based on H, TATB.

Synthesis of In-sod-ZMOF-327

InBr; (35.5 mg, 0.100 mmol), H;TATB (14.6 mg, 0.033 mmol), PYB
(7.8 mg, 0.011 mmol), TPPH (3.4 mg, 0.006 mmol), HBF, (0.3 ml), DEF
(5.0 ml) and methanol (1.0 ml) were combined in a 70 ml Pyrex vial,
whichwasthensonicated for 30 min, placed inpre-heated oven at 85 °C
for24 h,and cooled toroom temperature. The red cubic crystals were
collected by centrifugation and washed with DMF. Crystals were soaked
in DMF/DCM overnight, and then exchanged in ethanol for 3 days and
thenin hexane for1day and dried in oven at 85 °C. Note that the etha-
nol and hexane solution was refreshed at least twice a day. Elemental
analysis for Br; ,sCo,HgsIN; 55N 0.6,015: C% 53.43 (53.10), H% 3.21 (3.15), N%
7.14(7.18). Theyield is 62%, based on H;TATB.

Synthesis of Fe-sod-ZMOF-420

FeCl;-6H,0 (27.0 mg, 0.100 mmol), H,BTB (14.5 mg, 0.033 mmol),
TPPH (6.8 mg, 0.011 mmol), TFA (0.3 ml), DCM (5.0 ml), methanol
(5.0 ml) and DEF (2.0 ml) were combined in a 70 ml Pyrex vial, which
was then sonicated for 30 min, placed in pre-heated oven at 85 °C for
24 h,and cooled to room temperature. The greenish brown microcrys-
talline powder was collected by centrifugation and washed with DMF.
Crystals were soaked in DMF/DCM overnight, and then exchanged in
ethanol for 3 days and then in hexane for 1day and dried in oven at
85 °C. Note that the ethanol and hexane solution was refreshed at least
twice aday. Elemental analysis found (calculated) for C¢,Fe; ,sH,N,O gt
C%58.06 (58.56),H% 3.64 (3.53),N%2.66 (2.13). Theyield is 71%, based
on H;BTB.

Synthesis of In-sod-ZMOF-427

InBr;(35.5 mg, 0.100 mmol), H,BTB (14.6 mg, 0.033 mmol), PYB (7.8 mg,
0.011 mmol), TPPH (3.4 mg, 0.006 mmol), HBF, (0.3 ml), DEF (5.0 ml)
and methanol (1.0 ml) were combined in a 70 ml Pyrex vial, whichwas
thensonicated for30 min, placed in pre-heated oven at 85 °Cfor24 h,
and cooled to room temperature. The red-brown rhombic dodecahe-
dral crystals were collected by centrifugation and washed with DMF.
Crystals were soaked in DMF/DCM overnight, and then exchanged in
ethanolfor3 daysandtheninhexaneforldayanddriedinovenat85 °C.
Note that the ethanol and hexane solution was refreshed at least twice
aday. Elemental analysis found (calculated) for Br; ,sCosH;0IN; 55N, (014t
C%56.21(56.75),H% 3.37 (3.40), N%3.80 (3.15). The yield is 63%, based
onH,;BTB.

Note that similar reactions as the ones described above, with delib-
erate omission of cSDAs in the synthetic mixture do not yield, in any
case, to sod-ZMOF formation. In most cases an mtn-ZMOF is formed.

Structures and compositions of the obtained compounds were
confirmed by elemental analysis,"H NMR (Supplementary Fig. 31-39),
TGA (Supplementary Figs. 40-57) and XPS (Supplementary
Figs. 58-66). Phase purity was confirmed by PXRD (Supplementary
Figs.12-30).

Data availability

The X-ray crystallographic coordinates for structures reported in this
study have been deposited at the Cambridge Crystallographic Data
Centre (CCDC), under deposition numbers CCDC 2261737 (In-sod-
ZMOF-102),2261738 (In-sod-ZMOF-103), 2261739 (Co-sod-ZMOF-210),
2261740 (Co-sod-ZMOF-204), 2261741 (Fe-sod-ZMOF-204), 2261742
(Co-sod-ZMOF-205), 2261743 (Co-sod-ZMOF-214), 2261744 (In-sod-
ZMOF-320),2261745 (Co-sod-ZMOF-307), 2261746 (In-sod-ZMOF-307),
2261747 (Ni-sod-ZMOF-307),2261748 (In-sod-ZMOF-327) and 2261749
(In-sod-ZMOF-427). These datacan be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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