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In the field of metal-organic frameworks, the use of yttrium(i)
cations and the formation of 3D inorganic building units are rather
rare. Here we report an yttrium(n) metal-organic framework
based on the V-shaped ditopic linker 4,4'-oxydibenzoate, oba®™:
[Y16(p-OH,)(p3-OH)g(oba),o(dmf)4]-7H,0-7dmf, 1, which was solvo-
thermally prepared, with single crystal X-ray diffraction revealing
an unusual 3D metal secondary building unit. When activated at
200 °C, 1 desolvated to form compound 2, [Y;6(pu-OH)(psz-
OH)g(oba),]-6H,0, retaining the same structure with a 3% shrink-
age in unit cell volume.

While research into metal-organic frameworks, popularly
known as MOFs," is increasingly engineering related,> with
devices already on the market® the scientific rationale for
synthesising new MOF materials is shifting. The quest for
record-breaking surface area, porosity and selectivity is sup-
plemented by a what-if approach using unusual linkers, and in
the process, we will acquire new knowledge enabling record-
breaking surface areas, porosities and selectivities.

One such what-if scenario involves changing the divergent
ditopic linkers, which fit well into the blueprint of existing
network topologies due to the perfect mapping of their propa-
gation vectors of 180° onto high symmetry nets, for V-shaped
linkers.”*® One such linker is 4,4™-oxydibenzoic acid (H,oba)
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(Fig. 1) showing an average angle of 125° between the carboxy-
late carbons and the bridging oxygen (measured on 520 struc-
tures in the Cambridge Structural Database®").

The other fundamental component of a MOF is the metal
secondary building unit, metal-SBU. This part is harder to
control and may depend on exact synthesis conditions as well
as the linker used.*” It can be as small as a single metal ion,
be composed of multinuclear entities of varying geometries, or
form infinite 1D units or 2D units. For simplicity, we can refer
to the resulting MOFs as dot-, rod-, and sheet-MOFs.>®

This is not simply semantics, as the dimensionality of the
metal-SBUs has been implicated in the stability of a MOF,**">¢
with sheet-MOFs suggested to be more stable than rod-MOFs.

While rod-MOFs are relatively common,*” sheet-MOFs are
less so, and their 3D analogues, frame-MOFs (also called
MOFs with three-dimensional inorganic connectivity®®), are
rare. Two examples are ZJNU-120, Me,NH,[Smj;(5,5"-(5-carboxy-
1,3-phenylene)dinicotinate);(OH)]-6dma®*® (dma = N,N-di-
methylacetamide), featuring a metal-SBU that can be described
as a three-periodic (three-dimensional) srs-net, and [Pb(2,5-
dichloroterephthalate)] with a metal SBU described by the pcu-
h net.>® We here explore the unusual structure and synthesis
of the yttrium(m) MOF [Y;4(p-OH,)(p3-OH)g(oba)ye(dmf),]-
7H,0-7dmf, 1 (Fig. 1), and its desolvated variety 2.
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Fig. 1 The linker 4,4'-oxydibenzoate, oba®~, and its connection to a
MOF in [Y16(u-OH,)(u3z-OH)globa),o(dmf)4]-7H,O-7dmf, 1. These simple
building blocks result in a structure with eight crystallographic indepen-
dent yttrium(in) ions (four are schematically shown in different colours)
forming two interpenetrated metal-SBUs with ten independent oba®~
linkers and a unit cell volume of 31 634(2) A*.
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Solvothermal synthesis in a mixture of dimethylformamide,
dmf, and water (4:1) at 170 °C for 16 h gave [Y;(n-OH,)(}s-
OH)g(oba),o(dmf),]-7H,0-7dmf, 1, and subsequent heating at
200 °C overnight resulted in the activated form [Y;(n-OH,)(}s-
OH); (oba),e]-6H,0, 2.

Single crystal X-ray diffraction of 1 revealed a large unit cell
(space group 141, a = b = 28.1762(6) A; ¢ = 39.8472(8) A; V =
31634(2) A’) with eight crystallographically independent
yttrium(m) ions and ten independent oba®~ linkers; see Fig. 2.

We also note the unusual space group, I4;, one of the
Sohncke space groups that preserve chirality, despite there
being no intrinsically chiral component in the building
blocks. Such MOFs may find use in enantioselective catalysis
and separation, or non-linear optics.

While the unit cell of 1 at 31634(2) A® is not exceptionally
large, as MOFs with cell volumes over 400000 A® have been
reported,® it falls into a very small category where relatively
short, single linkers create exceptional complexity. A classic
example is MIL-101,>" where two simple SBUs, the trigonal
prism [Cr;O(RCO,)¢(X)s] (X = OH™ or H,0) with a diameter of
9 A and the terephthalate ditopic linker with length around
7.0 A, give a MOF structure with a unit cell volume of 175 000 A”.

The key to the large unit cell in MIL-101 is the network
topology. MIL-101 has four kinds of six-connected nodes (ver-
tices) and seven kinds of links (edges) and can be described by
the topology mtn-e.** This net, in turn, is probably the conse-
quence of the metal-SBU, a flattened trigonal prism.

Also, in 1 the metal-SBU is the key. The central feature is a
tetrahedral [Y,(n;-OH),] coordination entity. This entity is
also found as a defining part of the dot-MOF [Y,(dcpb),(ps-
OH)4(HCOO) (dmf)s(H,0)]-dmf-H,O (Hzdcpb = 3,5-di(4"-car-
boxylphenyl)benzoic acid), Y-MOF1, as a part of a hepta-
nuclear metal-SBU;>® in the rod-MOFs [Yo(OH)s(2,5-
pyridinedicarboxylate)s(H,0),];** and [Lns(p,-O)(ns-OH)s(tca),
(NO3) (CH3COO)(H,0),]-'NH(CHj;),-dma-(H,0);, (Hstca =
4,4' A"-tricarboxy-triphenylamine);** and finally in the sheet-
MOF [Y5(OH)s(HCO,)3(CO3),(C404)]-2.5H,0.%¢

In 1, however, each [Y4(p;-OH),]** entity connects in all four
directions of the tetrahedron to a short [Y,(RCOO),] chain con-

Fig. 2 X-ray structure of

single
OH)g(oba),o(dmf)4]-7H,0-7dmf, 1. Left: unit cell (144, a = b = 28.1762(6)
A; c = 39.8472(8) A) view in the z-axis direction with hydrogens omitted
for clarity. Right: part of one of the two independent dia-nets that form
the 3D-metal SBUs with the same colour coding as in Fig. 1.

crystal [Y16(u-OH) (p3-
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necting to the next [Y,(u;-OH),]*" entity forming a dia-net.
This accounts for four of the eight crystallographic yttrium
ions. The other four assemble into an identical dia-net, related
to the first by translation (type I interpenetration®’, see Fig. 3,
left), giving an overall topology of the metal-SBU as dia-c.

These 3D metal-SBUs, with cations joined by carboxylate
groups and the p;-OH of the tetrahedra, are then further
bridged by the oba®~ -C¢H,~O-C¢H,~ organic SBU forming a
fully connected non-interpenetrated MOF. As can be deduced
from Fig. 1 there are nine of these in three triplets protruding
from a [Y,(RCOO),] entity between two [Y,(p3-OH),] tetrahedra,
and one symmetrically independent oba®~ linker from each
tetrahedron, making a total of ten crystallographically indepen-
dent oba®~ bridges. This has been illustrated in Fig. 3, right.

In this way, the framework of 1 can be topologically
described using the straight rod (STR) approach by adding
mid-points between the metals and connecting the carbon
atom of the COO bridge to the midpoint of the rod.*®*° The
network analysis of the network in 1 is complex, as it involves
two 6-connected vertices (the tetrahedral nodes of the two
different metal-SBUs are 4-connected in the SBU and then
bridges with two oba®~ linkers) and six 5-connected vertices (2
connections within the metal-SBUs and 3 via the oba’~
linkers), see Fig. 4.

Hardly surprising, this does not reduce to any of the high
symmetry common nets, but to a chiral 5%6>c net, thus an
8-nodal net (see the ESI} for further information).

There are no apparent channels when looking at the struc-
ture of 1, and pore analysis using mercury reveals only 4%
solvent-accessible volume, but 19% based on the contact
surface (probe radius: 1.2 A), yet these seem to be isolated
pockets rather than channels (see the ESI}).

Indeed, using a solvent mask routine during structure
refinement (see the ESI}) we detected three distinct pockets

oba linker

Metal-SBU
dia-net 2
Showing interpenetrated
Showing interpenetrated Metal-SBUs cross-linked by
Metal-SBUs only the oba organic SBUs
Fig. 3 Leftt when we remove the connections through the

—CeH4OCeH,4— organic part, retaining only the carboxylates, we see that
the metal-SBUs in [Y;6(pu-OH,)(u3-OH)globa)og(dmf)s]-7H,O-7dmf, 1,
form two interpenetrated dia-nets each held together by bridging Y-O-
C=0-Y. Right: the bridging of the two metal-SBUs by the oba —CgH4—
O-CgH4— organic SBU in red. For clarity some of the oba links have
been omitted.

This journal is © The Royal Society of Chemistry 2025
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6 connecting
4 by Y-0=C-O-Y
2 by oba linker

5 connecting
2 by Y-O=C-O-Y
3 by oba linker

Fig. 4 The network description of [Y16(u-OH)(psz-
OH)globa),o(dmf)4]-7H,O-7dmf, 1, involves two 6-connected vertices
(the tetrahedral nodes of the two different metal-SBUs are 4-connected
in the SBU and then bridge with two oba?" linkers) and six 5-connected
vertices (two connections within the metal-SBUs and 3 via the oba?~
linkers).

with volumes and electron densities consistent with a total of
6.5 dmf molecules and 5.5 water molecules per formula unit.
Elemental analysis of 1 indicates seven dmf and seven H,O
molecules per formula unit, while thermogravimetric analysis

(TGA) results indicate the composition [Y;6(r-OH,)(is-
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Fig. 5 [Y16(u-OHy)(p3-OH)globa)soldmf),]-7H,O-7dmf, 1, can be desol-

vated at 200 °C to yield 2, [Y;4(u-OHy)(p3-OH)g(oba),ol-6H,0. The top
figure shows Pawley fit on the powder data of 2 (R, 2.96%) and the
bottom figure the fit for 1 (R,y, 2.19%). Both PXRD diffractograms were
collected at room temperature.

This journal is © The Royal Society of Chemistry 2025
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OH)g(oba),(dmf),]-5H,0-6dmf, data that are consistent given
the handling of the sample in air and variations in relative
humidity. For the formula of 1, we use the elemental analysis
results.§

TGA indicates the possibility of thermal stability up to
400 °C (Fig. S5) consistent with the idea that higher dimen-
sionality of metal SBUs should be more stable.

Despite the apparent lack of channels, 1 can be desolvated
by heating to 200 °C overnight leading to compound 2 that we
formulate, based on elemental analysis, as [Y;(1-OHy)(Hs-
OH)g(oba),]-6H,0. The X-ray powder pattern of 2 was success-
fully fitted by a Pawley procedure (R, 2.96%) starting from the
initial cell parameters and space group of 1. This resulted in a
3% smaller cell volume. As a control, we also conducted a
Pawley fit on the powder data of 1, yielding similar fitting para-
meters (R, 2.19%); see the ESI] and Fig. 5.

At 298 K 2 shows a modest uptake of CO, of 0.85 mmol g~*
at 100 kPa, in reasonable agreement with the void space in the
structure if we use van Heerden and Barbour’s 50% rule of
thumb,** which gives an estimate of 0.61 mmol g~ uptake of
CO, (see the ESIf). The PXRD pattern in Fig. S1{ shows that 2
remains unchanged after the sorption experiment.

In conclusion, the use of V-shaped rather than divergent
high-symmetry linkers can yield complex MOF structures,
and potentially facilitate the formation of materials with 3D
metal-SBUs, herein described as frame-MOFs. These highly
interconnected motifs may yield materials with superior
stability and lead to the discovery of previously unobserved
network structures. Moreover, this study highlights the rarely
found class of frame-MOFs, having metal SBUs periodic in
three dimensions, 3D-SBUs. This has implications on our
thinking of the whole class of metal-organic frameworks and
coordination polymers—how they are constructed and
synthesised.

Data availability

The data supporting this article have been included as part of
the ESL.}

Crystallographic data for 1 have been deposited at the
CCDC under 2240527%. All other data presented in this study
are available in the article.
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