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The concept of framework isomers by network topology analysis is
illustrated by a new rod-MOF isomer of In** and the tritopic linker
4,4’ 4" -(benzene-1,3,5-triyl-tris(oxy))tribenzoic acid (Hsbttb), CTH-41,
with a unique 3- and 4-connected net different from 437-MOF. CTH-
41 shows affinity for SF with a Langmuir area of 1587 m? g ! while the
new Zr** dot-MOF with the same linker [Zrg(bttb);(0)4(OH),4] CTH-42,
forms the 3-, 12-connected llj-net based on a different conformation
of the flexible bttb linker.

The discovery and determination of molecular isomers were
essential for the development of organic chemistry 200 years
ago, and coordination chemistry some 80 years later. Poly-
morphism can be viewed as the solid state analogue, and was
also discovered in the 1820’s." Polymorphs appear when mate-
rials with identical composition pack differently in their crys-
tals, yielding different space groups and unit cells.

This also occurs for metal-organic frameworks (MOFs), when
identical organic and inorganic secondary building units, SBUs,
form topologically distinct networks.>” The analysis of frame-
work isomerism is as essential for reticular chemistry as it once
was for molecular chemistry, and still poorly understood.

We use [In;(bttb),(OH);] CTH-41, and 437-MOF to illustrate
the importance of MOF framework isomerism, the geometry of
SBUs and topology, see Fig. 1. [Zr¢(bttb),(0O)4(OH),] CTH-42 is
not a framework isomer to the previous but will be discussed
from another angle.

Zhou and co-authors® define framework isomers as MOFs
with different network structures. Framework isomers can also
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be structures with similar but distinguishable conformational
frameworks arising from different anions and solvents.” The
factors that create framework isomerism are typically tempera-
ture, solvent or templating molecules, concentrations and pH.’
To optimize the synthesis of phase pure materials is a non-
trivial task requiring extensive condition screening.®®

Three groups of framework isomers have been identified.” The
first and second are interpenetration isomers and conformational
framework isomers. The last one, orientation framework isomers,
is rare. These isomers consist of SBUs which, taken as indepen-
dent entities, are indistinguishable based on atomic makeup,
connectivity, symmetry or other factors. They are generated by
different orientations of the SBUs within the frameworks,? and can
normally be distinguished by their all-nodes network topologies.’

Good examples are the PCN-16 and PCN-16’ MOFs discussed
in ref. 2 where the ‘“single node” deconstruction reported
results in the same nbo-net for both MOFs.” However, following
the “all nodes” approach® we find that these two MOFs indeed
can be described in more detail as the 3- and 4-connected fog
and fof nets respectively, see SI.

= In (CTH-41)

Fo <

M = Zr (CTH-42)

<

Fig.1 The linker Hsbttb forming two MOF derivatives, [Ins(bttb),(OH)s]
CTH-41, and [Zrg(bttb)4(0)4(OH)4] CTH-42. The colored points and lines
illustrate two limiting symmetric configurations of this flexible linker, the
planar triangle as in CTH-41, (all in one plane) and the triangular pyramid
(blue point above the plane) as in CTH-42.
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In this work, we employ the tritopic linker Hzbttb, which often
adopts a triangular geometry in the solid state (Fig. 1), as we
considered this an excellent candidate for the preparation of
MOFs with framework isomers. The bttb linker has flexibility
around its ether groups and can adopt several conformations, the
two most symmetric being a planar triangle and a triangular
pyramid, (Fig. 1), thus in theory producing various topologies.

The other reason for choosing Hjbttb is that, based on
analysis of the Cambridge Structural Database (CSD),"° most
MOFs synthesized with H;bttb linker form 1D channels in their
frameworks."'"* We find 1D channels preferable as the unidir-
ectional nature of transport reduces cross-diffusion, which can
improve separation performance, though it may make membrane
fabrication more challenging.'*"®

Since bttb®~ is a O-terminated hard base ligand according to
Hard and Soft Acid and Base (HSAB) theory, we chose to explore
MOFs based on its strong interaction with hard Lewis acids,
such as high valent Zr** and In*" metal ions, for the purpose of
building stable frameworks built from strong bonds.

Solvothermal synthesis in dimethylacetamide (dma) at 120 °C
with In(NO;); gave the rod-MOF [Inj(bttb),(OH);], CTH-41 but
with ZrCl, in dimethylformamide (dmf) and acetic acid at 120 °C
[Zre(bttb)4(0),(OH),] CTH-42 was formed. Both preparations gave
crystals suitable for single crystal X-ray diffraction.:

CTH-41 crystallises in a space group P62¢ and has not only
an identical formula to 437-MOF'® synthesised in dmf at
120 °C, but also the SBUs are identical, see Fig. 2.

Packing diagrams (Fig. S3), however, reveal these as two
different structures, also reflected in their sorption properties
where the derived pore size of 437-MOF is close to 30 A whereas
in CTH-41 it is nearer to 12 A. We speculate that differences in
hydrogen bonding, and in In*" solvation, in dmf and dma
might be one factor, see SI, Section S12.

Network analysis was used to distinguish between these frame-
work isomers. We note that the network topology of 437-MOF has
previously been described in different ways.'®'” We apply here the
most reductive method, the straight rod approach (STR) by adding
mid-points between the metal ions and connecting the carbon atom
of the COO bridge to the midpoint of the rod, (see SI, Section $3)."%'

PODGEW
(437-MOF)
Binodal (3-c),(4-c);
net tfz

organic-SBUs rod-metal-SBUs

Fig. 2 Left: Crystal structure of [Inz(bttb),(OH)s] CTH-41, and superposi-
tion of the organic SBUs and metal-SBUs of [Ins(bttb),(OH)s] CTH-41, and
[Inz(bttb),(OH)s] 437-MOF. Right: The nets in [Ins(bttb),(OH)s] CTH-41,
and [Inz(bttb),(OH)s] 437-MOF using the STR approach. The largest rings in
the CTH-41 net is 8 whereas in tfz it is 10 nodes.
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This approach now clearly distinguishes the two isomers:
437-MOF forms the binodal (3-c),(4-c); tfz-net (3- and 4-connected)
based on triangles and squares whereas CTH-41 forms a new
trinodal (3-c)(3-c)(4-c); net with vertex symbol (6°)(8%)(6%.8");, based
on triangles and a see-saw, see Fig. 2. It is obvious that the tfz-net
allows for larger channels, also indicated by the vertex symbols (SI,
Section S3), with the largest rings in the CTH-41 net being
8-membered, but 10-membered in tfz.

The two MOFs CTH-41 and 437-MOF are orientational
framework isomers,'® as the structures of the SBUs are near
identical (Fig. 2) but they differ in their relative orientations.
Specifically, for one linker in CTH-41 the relative SBU orienta-
tion is changed by 180° (Fig. S5) compared to 437-MOF.

Turning to [Zre(bttb),(0),(OH),] CTH-42, a classical dot-MOF,*
the question is now what frameworks can be formed from the
flexible tritopic bttb linker and the ubiquitous 12-connected
{Zr6(CO,)15(0)4(OH),} metal-SBU.>* The Zr, SBU normally forms of
a cuboctahedron, a polyhedron with eight triangular and six square
faces, that we now shall combine with the triangular SBU of the bttb.

In their survey of reticular chemistry motifs based on the
geometry of the SBUs, Kalmutzki et al. show the rarity of combing
12-c nodes with triangular SBUs, citing the only examples as the sky-
net for the cuboctahedron, none for the icosahedron, the aea-net for
the hexagonal antiprism, and ttt for the truncated tetrahedron.”

A survey of the networks of more than 900 known MOFs
based on the Zrs coordination entity reveals a striking lack of
tritopic linkers, around 3% (see SI, Section S4). In a discussion
of 4,12-¢c Zr-MOFs with 1,3,5,7-tetra(carboxyphenyl) benzene,
Nateghi et al. noted that they could not obtain a MOF with a
corresponding tritopic linker.** The well-known MOF-808 on
the other hand adopts a 3,6-c spn topology by incorporating six
formate terminating ligands into the {Zrs(CO,)12(0)4(OH)4} core.

CTH-42 crystallises in a tetragonal space group I4/m and the
Zre cluster indeed forms a cuboctahedron SBU just as in UiO-66.

The structure is shown in Fig. 3 together with the unusual
Ilj-net that describes the structure. CTH-42 is a dot-MOF but
still has pronounced 1D channels along the z-axis due to the
conformation of the bttb linker, distinctively different from
what is found in CTH-41 as illustrated in Fig. S6.

In contrast to the few 3,12-¢c Zr-MOFs in the CSD, the 4,12-c Zr-
MOFs (>20%) are more common which we attribute to the match

Fig. 3  [Zrg(btth)4(O)4(OH)4] CTH-42 with one bttb linker in pink, and the
3,12-c llj net describing the structure. The narrowest diameter of the
channels in z-direction is given.

This journal is © The Royal Society of Chemistry 2025
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between the perfect cuboctahedron of the {Zrs(CO,);5(0),(OH),}
SBU and a square planar SBU in the ftw-net. In contrast there
seems to be no known network that combines a perfect cuboctahe-
dron with a perfect triangle.

The eight 3,12-c Zr-MOFs we have identified in the CSD have
either the same Iljnet as CTH-42, for example I-Rh,>* and
ZrBTE,” or the sky-net as in MOF-1004.>°

There is a good agreement of CTH-41 and CTH-42 calculated
powder X-ray diffraction (PXRD) patterns with their respective as-
synthesised bulk materials, illustrated in Fig. S9 and S10. PXRD
reveals that CTH-41 is stable in CH,Cl,, methanol, dmf, and dma,
but shows peak broadening in water. CTH-42 loses crystallinity in
water, methanol, and CH,Cl,, only retaining framework integrity
in dmf, Fig. S10. While CTH-41 is stable for two years in room
temperature CTH-42 transforms to other phases, thus suggesting
an inherent instability of the framework in CTH-42.

Elemental analysis and thermogravimetry are consistent
with solvent filled channels (SI, Sections S5 and S6) but also
some linker deficiency in CTH-42, as sometimes observed with
the Zrg SBU, see SI.>’ CTH-41 and CTH-42 show disintegration
at temperatures above 400 °C and 500 °C respectively.

After synthesis, the MOFs were washed with dmf before
solvent exchange at room temperature, first with anhydrous
dmf 3 times and then anhydrous methanol 3 times and kept in
methanol prior to supercritical CO, activation, see SI, Section S1.

The specific Brunauer-Emmett-Teller (BET) and Langmuir
areas of CTH-41 estimated using the N, adsorption isotherm were
found to be 1378 and 1587 m> g~ ', respectively (Fig. S13(a) and
Table S6), in good agreement with the value obtained from the
single crystal data using the Mercury®® pore analyser, 1701 m* g~ *.
However, for CTH-42 the BET and Langmuir areas were estimated
using CO,, as N, adsorption kinetics on this framework was very
slow, especially at low relative pressure. This gave areas of
305 m> g " and 383 m” g~ respectively (Fig. S14(a) and Table S7),
considerably lower than predicted by the pore analysis with
Mercury, 2652 m” g~ . Stability issues, as noted above, may be
behind this discrepancy, as also the regeneration plot indicates
gradual breakdown of CTH-42 between cycles (Fig. S17).

The pore size distributions were estimated using N, (CTH-41) and
CO, (CTH-42) isotherms by the slit pore model and density func-
tional theory, as seen in Fig. S13(b) and Fig. S14(b). CTH-41 showed
one type of pore with estimated diameter of approximately 11.8 A in
good agreement with crystallographic data using Mercury, indicating
10.1-10.5 A. Two distinct types of pores were detected for CTH-42
with estimated diameters of ~3.6 and ~5.3 A, in reasonable
agreement with the crystal structure showing larger channels of dia-
meter 7.2 A and a narrower more winding connection of cavities with
diameters 4-5 A. This agreement between experimentally derived
pore size and the crystal structure further supports that partial
structure collapse is behind the small surface area for CTH-42.

The N,, CH,, SF¢ and CO, adsorption isotherms of CTH-41
and CTH-42 at 20 °C are shown in Fig. 4, and we want to
highlight the greenhouse gas SFs. The SF¢ adsorption isotherm
of CTH-41 shows a gradual increase at low pressures, indicating that
the pore with approximate diameter of 11.8 A, which is noticeably
larger than the kinetic diameter of SFg (5.5 A), is most likely too large

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 N,, CH,4 SFs and CO, adsorption isotherms of CTH-41 (blue,
closed symbols) and CTH-42 (brown, open symbols) recorded at 20 °C.

for the enhanced SF, interaction of other MOFs discussed in our
previous studies.’>*° The total uptake, however, is reasonably good
with more than 3.3 mmol g * at 1 bar and the isosteric heat of
sorption is 27.3 to 21.4 k] mol " (0.05-2.70 mmol g SF, Fig. S15).
It is worth noting that the SF, isotherm of CTH-41 shows an S shape,
and that the heat of SF¢ adsorption increases with the SFs uptake.
This may suggest that with the internal surface of CTH-41 coated
with initially adsorbed SFg, the subsequent adsorbent-adsorbate
interaction can be enhanced due to partial positive and negative
charge separation at the newly formed internal surface from the
large electronegativity difference between S and F.

For CTH-42, CO, uptake was the highest of the tested gases,
indicating that CTH-42 has some selectivity towards CO, over
the other gases. The uptake at 1 bar (20 °C) reached a moderate
2.0 mmol g_1 with an isosteric heat of CO, sorption of around
21.6-24.2 k] mol™" at up to 1.65 mmol g~ " loading (Fig. S16).

We also performed cyclic adsorption/desorption experi-
ments on CTH-41 and CTH-42 using SFe and CO,, respectively.
CTH-41 shows complete regenerability over five SFq sorption
cycles, but the less stable CTH-42 experienced a decrease of CO,
uptake of 3-4% per cycle (Fig. S17).

Due to the inherent fluorescence (Fig. S19), CTH-41 and
CTH-42 were investigated as potential fluorescent sensors for
organophosphorus pesticides. While established analysis protocols
exist for these compounds, there is a need for off-grid solutions for
rapid field tests for first responders, especially as these compounds
also mimic, and are related to, chemical weapons such as sarin.*"*?

Here, paraoxon methyl (analogue to parathion-methyl) and a
non-phosphate pesticide permethrin (Fig. 5) were investigated as
they are difficult to monitor by visual inspection, indicated by the
UV-Vis spectra of their dmf solutions (Fig. S21). The fluorescence
of both MOFs can be quenched by the analyte species, which may
have been facilitated by the 1D channels of the MOFs in terms of
analyte diffusion and subsequent MOF-analyte interaction. As
energy transfer reactions are excluded as the mechanism of
quenching (little to zero spectral overlap) the most likely quench-
ing mechanism is photoinduced electron transfer (PET). As CTH-
41 is more stable in solvents than CTH-42, only this MOF was
further investigated for fluorescence detection properties with the
analytes paraoxon methyl and permethrin.

Quantitative data were obtained by dispersing CTH-41 in
dmf and titrating with paraoxon methyl or permethrin, record-
ing the fluorescence intensities (Fig. 5). Stern-Volmer analysis
allowed us to determine the limit of detection (LOD) and limit
of quantification (LOQ), which are 6.37 uM and 8.44 uM for
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Fig. 5 (a) and (c) Fluorescence emission spectra of CTH-41 dispersed in
dmf titrated with paraoxon methyl or permethrin; (b) and (d) Stern—Volmer
fitting of the fluorescence intensities. Excitation for emission readout at
280 nm. For data on CTH-42 see SI.

paraoxon methyl, and 8.16 uM respectively 17.46 uM for per-
methrin (SI, Section S11).

This is similar to what was reported for a Cd-bttb MOF with
parathion-methyl: LOD of 12 uM and LOQ of 39 uM,"> demon-
strating the capability of CTH-41 to detect organophosphates
and insecticides at a trace level.

In conclusion we have shown the importance of orientation
framework isomers by example of [Ins(bttb),(OH);] CTH-41, and
437-MOF and how they can be differentiated by network topology
analysis. We also noted the high SF¢ capacity of CTH-41 and the
unusual network topology of CTH-42, [Zr,(bttb),(0)4(OH),], and
showed the possible quantification of the pesticides paraoxon
methyl, and permethrin. Finally, we have explained the puzzling
absence of 3,12-¢c Zr-MOFs by the network topology mismatch
between a perfect cuboctahedron and a perfect triangle SBU. We
also note further studies are warranted for CTH-42. These results
show the continued relevance of network topology analysis in
reticular chemistry and the possibilities framework isomerism
offers for new MOF materials.
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