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A hexacarboxylic acid with a trisiloxane backbone (L-Hg) has been
prepared and applied in MOF construction. L-Hg itself crystallizes
as an unusual 2D hydrogen-bonded network. Reaction of L-Hg
with Mn(i) gave IMP-20 and with Zn(i) gave IMP-21: both are 3D
MOFs incorporating Si-O-Si-O-Si linkages.

The notable potential of metal-organic frameworks (MOFs) to
act as functional materials for a wide range of applications,’
coupled with their controllable and modular synthesis® has
led to a proliferation of studies on these materials.> The
application of highly connected linkers for MOF construction
is an area of particular interest since these linkers have been
shown to enable the preparation of MOFs with new
topologies™® often with enhanced framework stability.®
Research in our group has focussed upon the use of highly
branched organosilicon linkers, which are notable for their
convenient synthesis, and their use in the construction of 3D
MOFs.”® More recently we have shown how linkers with
disiloxane backbones, such as hexakis(4-
carboxyphenyl)disiloxane (R;Si-O-SiR;, R = p-C¢H,COOH), can
be used to prepare novel porous 3D coordination polymers
that may loosely be described as hybrid MOF-zeolite systems
(the siloxane Si-O-Si linkage being ubiquitous in zeolites)."
Installing siloxane linkages in MOFs may impart several ad-
vantageous properties including low chemical reactivity, high
thermal stability, hydrophobicity, and enhanced water
stability."°**> In an extension to this earlier work, we now re-
port upon the preparation and application of a hexacarboxylic
acid with a trisiloxane backbone, R;Si-O-SiMe,-O-SiR; (R =
p-CeH,COOH), L-He. Extension of the siloxane moiety to in-
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corporate a central tetrahedral dimethylsilyl functionality
leads to a U-shaped Si-O-Si-O-Si backbone in L-H¢ which
contrasts with the approximately linear Si-O-Si backbone in
the previously reported disiloxane.'® The resultant change in
the disposition of the six benzoic acid groups on the linker
backbone is reflected in the unique structural forms observed
in the hydrogen-bonded assembly of L-H¢ and its coordina-
tion complexes.

The synthesis of the novel connector L-Hg is outlined in
Scheme 1. Firstly, tris(4-bromophenyl)silanol”® was treated
with pyridine and then allowed to react with dimethyl-
dichlorosilane to produce the corresponding trisiloxane.
Treatment with six molar equivalents of n-BulLi, followed by
reaction of the polylithiated intermediate with CO, and acidic
workup affords L-He.

A number of highly branched polycarboxylic acids have
been reported to assemble into extended supramolecular
structures through dimeric hydrogen bonding of their acid
groups, leading to materials with interesting properties such
as permanent porosity and selective gas adsorption.'*'*>!
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Scheme 1 Synthesis of L-Heg.
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Given the unusual arrangement of the six carboxylic acid
groups in L-He, we were interested in determining its
H-bonded superstructure. Single crystals of L-Hs can be
obtained by slow evaporation from a mixture of AcOH and
MeOH. X-ray analysis reveals that L-H, crystallizes as the L-
HgAcOH+H,O solvate in the monoclinic space group P2/n
(no. 13) and the asymmetric unit contains two crystallograph-
ically distinct molecules of L-H,, two molecules of acetic acid
and a molecule of water. The tetrahedral geometry of the cen-
tral Si unit in L results in a U-shaped trisiloxane backbone.
The angles formed between the three silicon atoms in the
backbone are 101.92(5)° and 100.16(5)° (for the two crystallo-
graphically independent L molecules) and the Si-O-Si bond
angles lie in the range 139.8(2)-156.1(2)° (mean 150.2°).

All carboxylic acid groups of L-Hg participate in hydrogen-
bonding interactions either with neighbouring L-Hs mole-
cules or acetic acid to afford a remarkably complicated poly-
meric structure (vide infra). The dimeric H-bonding O---O dis-
tances are all in the range 2.579(7)-2.750(5) A, typical of
strong hydrogen bonds,”*>* and the unusual parallel ar-
rangement of two of the acid groups on each L-Hg molecule
results in a set of rare ‘quadruple H-bonds’ between some of
the molecules as shown in Fig. 1a.

The L-H molecules can be considered to form a polymeric
structure via hydrogen bonding to give 1-dimensional coiled
strands along the crystallographic a direction. These strands
are triply intertwined resulting in a triply-braided molecular
bundle (Fig. 1b). Such multistranded helical assembles built
from achiral small molecules are particularly rare.”> The
triply-braided bundles are further interlinked via their pe-
ripheral COOH groups to neighbouring bundles to give 2D
corrugated layers (Fig. 1c). These layers are prevented from
aggregating to a 3D network by the presence of AcOH groups
which ‘cap’ the remaining pendant carboxylates.

We then turned our attention to the complexation of L-Hg
with transition metal cations for the generation of new
metal-organic framework materials. The reaction of L-Hg
with Mn(OAc),-4H,0 in a 10:1 mixture of DMF/AcOH at 120
°C for 2 days afforded colourless needles. These crystals were
characterised by single crystal X-ray analysis to be
[Mn;(L)(DMF),]-6DMF (IMP-20, where IMP is short for Impe-
rial College London) and the bulk purity of the sample was
confirmed by powder X-ray diffraction (Fig. S4t).>® The crys-
tals were found to comprise a 3D MOF built from discrete
trimetallic nodes linked together by the fully deprotonated
hexa-anionic L linker (Fig. 2). The angle formed between the
three silicon atoms in the ligand backbone is 100.24(6)° and
the Si-O-Si bond angles are both bent at 140.22(18)°. Al-
though the linker has 6 coordinating groups, a single mole-
cule of L only binds to 4 metal nodes. This is because there
are two parallel pairs of carboxyphenyl rings within each L,
each of which coordinates to a single metal node or SBU (sec-
ondary building unit), see Fig. 2a. This type of coordination
behaviour has been previously reported in MOFs built from
flexible linkers.>” The inorganic nodes comprise a known ar-
rangement>*>° of three Mn atoms held together by six bridg-
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Fig. 1 (a) Quadruple H-bonding between two neighbouring molecules
of L-He, (b) space-filling model of three coils of molecules mutually
intertwined to afford a tightly-knit molecular bundle, (c) four separate
molecular bundles linked via H-bonding of their pendant COOH
groups to form a corrugated layer (view along a axis). Colour scheme
for molecular structures: O shown in red; C, grey; Si, green. Hydrogen
atoms are not shown for clarity.

ing dimonodentate carboxylates (from 4 different ligands)
with the coordination sphere of the outer Mn(n) ions com-
pleted by coordinating solvent molecules. This therefore
leads to a (4,4)-connected net of PtS topology, assuming each
L unit is considered as 4-connected. An alternative topology
for IMP-20 can be described when considering the terminal
silicon atoms as two linked 4-connected vertices. This results
in an unreported (4,6)-connected 3-dimensional net whose
point symbol is {3*4%.5.6},{3%-4%.5>.87-9-10} - see Fig. S7.f The
IMP-20 framework has solvent-filled channels with the largest
window size being approximately 10 x 7 A> (atom to atom dis-
tance) along the [101] direction. After theoretical removal of
the non-coordinated solvent, the PLATON® predicted
solvent-accessible void volume for IMP-20 was found to be
4226.9 A® or 45% of the unit cell volume.

Reaction of L-Hg with anhydrous Zn(OAc), in a 10:1 mix-
ture of DMF/AcOH at 120 °C in a sealed vessel for 2 days
afforded colourless needle-like crystals of IMP-21 (Fig. 3).
These crystals were characterised by single crystal X-ray

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Ligand environment of L in IMP-20. (b) Structure of
trinuclear manganese SBUs in IMP-20. (c) Portion of the extended
structure of IMP-20 showing channels along the crystallographic a
direction. Disorder, solvent molecules, and hydrogen atoms omitted
for clarity. Colour scheme: Mn, purple; O, red; C, grey; Si, green; N,
dark blue. (d) Schematic representation of the PtS network showing
the 4-connected Mn SBU nodes (purple) and the 4-connected silicon-
based nodes (green).
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Fig. 3 (a) Coordination environment of L in IMP-21. (b) Portion of Zn-
based rod SBU in IMP-21 showing acetate group bridging trimetallic
clusters. (c) Section of IMP-21 viewed along the crystallographic b axis
- disorder, solvent molecules and hydrogen atoms omitted for clarity.
Colour scheme: Zn, blue; O, red; C, grey; Si, green.

analysis to be [Zn;(L)(OAc)][Me,NH,]-3.75DMF and the bulk
purity of the sample was confirmed by powder X-ray diffrac-
tion (Fig. S871). The crystals were found to comprise a porous
3D-connected MOF built from zinc-based rod®' secondary
building wunits (SBUs) linked together by the fully
deprotonated ligand L.

IMP-21 is an anionic framework with the asymmetric
unit containing one molecule of L and one acetate to just
three Zn(u) cations. The overall negative charge is most likely
balanced by the presence of disordered dimethylammonium
cations in the pores of the MOF. Evidence for this was
obtained using "H NMR studies of the digested MOF in aque-
ous NaOD which showed a signal at 1.75 ppm attributable to
dimethylamine (see ESIf for further information). These
balancing dimethylammonium cations can be formed by de-
composition of DMF solvent molecules under solvothermal
conditions, and have been previously reported for a number
of other MOFs.”?> The angle formed between the three sili-
con atoms in the backbone of L is 119.67(4)°, significantly
more obtuse than in the structures of L-Hs and IMP-20 (see
Fig. S12% for comparison). This gives rise to a widened
U-shaped conformation of the ligand. The trisiloxane group
in IMP-21 has one siloxane linkage which is significantly

CrysttngComm, 2018, 20, 4541-4545 | 4543
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more bent than the other [<Si-O-Si 143.08(13)° and
159.65(14)°], highlighting the flexibility of the trisiloxane unit.
Overall, L can be viewed as a 3-connected node in this MOF
since there are three pairs of parallel acid groups which each
bind to a separate zinc-based rod SBU.*' The metal secondary
building units are constructed of trimetallic zinc clusters
linked together by bridging dimonodentate acetate units to
afford 1D polymeric SBUs which run in the [101] direction.
An alternative approach in which the bridging acetate group
is considered as a linear 2-c node, leads to an interpretation
where the trimetallic metal clusters can be viewed as 8-c verti-
ces connected by the ligand L (viewed as two conjoined 4-c
vertices) thus giving rise to a new (4,8)-connected topology
whose point symbol is {4">-6">-8*H4°}, - see Fig. S117 for fur-
ther analysis. The IMP-21 structure contains solvent-filled
channels in all three dimensions with the largest channels ly-
ing along the [101] direction with measurements of approxi-
mately 8 x 7 A2, followed by those in the direction of the crys-
tallographic b axis whose dimensions are approximately 9 x 6
A%, After theoretical removal of the non-coordinated solvent
and charge-balancing cations, PLATON®" predicts a solvent-
accessible void volume for IMP-21 of 5611.6 A® or 41% of the
unit cell volume.

Despite the potential void space reported for IMP-20 and
21, both materials underwent decomposition during activa-
tion and therefore were unsuitable for further porosity
studies.

In summary, the novel hexacarboxylic acid linker with trisil-
oxane backbone L-Hg has been prepared and shown to self-
assemble into a unique hydrogen-bonded network based on
triply-braided strands. Treatment of L-He with Mn(u) and Zn(m)
salts gave IMP-20 and IMP-21, respectively, which to the best of
our knowledge are the first 3D-connected MOF structures incor-
porating a trisiloxane linker. The trisiloxane unit displays some
flexibility allowing L to adjust its backbone geometry, thus
extending or contracting its reach in order to optimise binding
to metal nodes in MOFs. This flexibility may lend itself to the
design of other dynamic MOFs which show breathing behav-
iour.**** We are also interested in preparing other trisiloxane-
based systems noting that the central silicon atom is an obvious
choice for further functionalization (e.g with OH groups) that
could lead to porous MOFs with unique properties.
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