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Two zirconium-organic frameworks were synthesized by
exchanging the acetate ligands in [Zr;205(OH)s(CH3COO0).4]
with polydentate linkers. Partial substitution of acetate groups
by a phosphine based linker yielded a new porous framework
with this unique dimeric Zr;, cluster unit as molecular building
block. More exhaustive substitution of acetate resulted in
cleavage of the Zr;, unit and formation of UiO-67.
Metal-organic frameworks based on Zr inorganic clusters (Zr-
MOFs) are characterised by variety of structures, ease of
tailoring of the functionality, and outstanding thermal and
chemical stability.! Most Zr-based MOFs contain metal oxide
clusters as inorganic secondary building units (SBUs), in
particular [ZreO4(OH)4]*2* clusters found in the structure of UiO-
66 and related materials. In UiO-66, the clusters are connected
into the framework by 12 carboxylate groups of the organic
linker molecules which are positioned along the edges of the
octahedral Zrg unit.2 Other MOFs contain the same cluster
based on the octahedral Zrg unit, but have only six,3 eight* and
ten® carboxylate groups coordinated to the inorganic cluster. In
addition, there are a few Zr-MOFs based on different inorganic
SBUs such as a [ZrgOg]2°%* cluster,® discrete Zr(IV) atoms’ and
infinite chains.®

In comparison to the few zirconium oxo cluster units that
have been found in MOFs to date, many more structurally
diverse Zr oxo-clusters have been isolated in the form of
e.g. based on distorted
butterfly Zrs, square pyramidal Zrs and Zrio units®. Recently, an

discrete molecular compounds,

isoreticular series was reported in which two Zre oxo-clusters
are connected through common hydroxyl groups (Fig. 1a),0 as
can form in a condensation reaction involving two Zrg based
clusters with terminating water or hydroxyl ligands instead of
carboxylate ligands. For clusters carrying terminal carboxylate
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units, these carboxylates have to be substituted first by water
or hydroxide. Alternatively, a non-coordinating oxygen of a
carboxylate group from one cluster can replace a terminal
ligand on another cluster unit, thus becoming a bridging ligand.
Such dimeric (Zrg), units have been obtained with a number of
monocarboxylate organic ligands (e.g. acetate, acrylate,
propionate, methacrylate etc.) (Fig. 1b).1% 12 These clusters
were used for incorporation into inorganic—organic hybrid
copolymers?® and as catalysts,’* but to the best of our
knowledge there is as yet no report of MOF structures based on
such carboxylate-bridged dimers.

Herein, we report the use of the [Zr1205(OH)s(CH3C0O0)24], in
which two Zrg based units are bridged by carboxylate groups, as
a precursor for the synthesis of porous MOFs. By choosing the
appropriate organic linker and tailoring the reaction conditions
it was possible to obtain various degrees of substitution of the
acetate groups of [Zri1205(OH)s(CH3COO)24], which led to
different inorganic building units in the resulting MOF, including
the intact dimeric {[Zrs04(OH)4]2(CH3CO0)4}2%* unit.

a) b)

hydroxyl groups
carboxylate groups

Fig. 1 Molecular structure of hydroxyl (a) and carboxylate
(b) bridged dimeric (Zrg)2 units.
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Schubert et al. prepared
[thOs(OH)s(CH3COO)24]'6CH3COOH'3.5CH2C|2 which contains
isolated molecules composed of dimeric [ZreO4(OH)4]*2* clusters
which are bridged and terminated exclusively by acetate groups
as ligands.’2 We developed an alternative synthetic route by
reacting ZrOCl,-8H,0 with acetic acid under solvothermal
conditions and obtained
[Zr1,08(OH)g(CH3C0O0),4]-4CH3COOH-2HCOOH-0.5H,0 1. The
advantage of this synthesis procedure is that it does not require
inert atmosphere for the reaction and uses readily available,
inexpensive and non-toxic ZrOCl,-8H,0,% replacing zirconium
butoxide from the original procedure, as the zirconium source.

The [Zr1205(OH)g(CH3COO0),4] clusters are packed differently
in 1 than in the structure described by Schubert et al., possibly
because of the difference in crystal solvent (Fig. S1). They are
composed of two octahedral [Zr¢O4(OH)4]2* units which are
connected into their dimeric form by four acetate groups (Fig.
2a). Of the remaining acetate ligands, seven are shared
between two Zr atoms in bridging coordination mode along the
edge of each Zrg octahedron and three acetate ligands are
coordinated to a single vertex of each Zrs octahedron with both
of their O atoms in chelating mode.

Substitution of terminal monocarboxylate ligands in the
isolated inorganic precursor by polycarboxylate linkers has been
used successfully to synthesize MOFs that contain unchanged
inorganic cluster units.1® For instance UiO-66 and isostructural
compounds were synthesized by using isolated methacrylate or
benzoate Zre oxo clusters as starting material.l” In a first
attempt to substitute terminal monocarboxylate ligands by
bridging polycarboxylate ligands to synthesize a MOF containing
the Zry, unit, we reacted 1 with biphenyl-4,4'-dicarboxylic acid
(Hzbpdc), a commonly used ditopic linker. Instead of
substituting only non-bridging acetate groups in 1 and leaving
the Zri; unit intact, the reaction of 1 with Hybpdc in N,N-
dimethylformamide (DMF) under solvothermal conditions
yielded UiO-67 as product (Table S1, entry 1 and Fig. S4).
Apparently, substitution of acetate by bpdc? broke up the
dimeric {[ZreO4(OH)4]2(CH3C0O0)4}20* cluster and led to the
assembly of the UiO-67 network with discrete [ZrgO4(OH),]2+
clusters.

We then used the tritopic linker tris(4-
carboxyphenyl)phosphine (Hstpp)!® that contains three
carboxylate groups in attempts to incorporate the
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{[Zre04(OH)4]2(CH3CO0)4}2%+ dimeric unit into the structure of a
MOF. The initial reaction of 1 with the Hstpp linker in DMF did

Fig. 2 (a) Molecular structure of 1. (b) (Zrs), dimeric unit in
the structure of Zr-MOF 2. Moieties belonging to tpp3-
linker are color coded in blue. Hydrogen atoms of the
methyl and phenyl groups are omitted for clarity.

not yield a crystalline product (Table S1, entry 3), but we
successfully obtained a new crystalline product 2 with formula
[Zr1,058(0OH)s(CH3COO)15(tpp)2]-4CH3COOH nsolvent  using a
solvent mixture of acetic acid and DMF (Table S1, entries 4-5). 2
is a rare example of a Zr based coordination polymer that
contains a phosphine functional group in the structure.1®

The crystal structure of 2 does indeed contain an inorganic
SBU that is derived from the dimeric (Zrg); units in 1 by
substitution of six acetate groups with carboxylate groups of the
tpp3- linker (Fig. 2b). Two of these were coordinating vertices
with single Zr atoms and four were coordinating two Zr atoms
along edges of the Zrg octahedron. The bridging acetate ligands
that hold the dimer together remained in place under these
reaction conditions, thus preserving the (Zrg)> dimeric inorganic

Fig. 3 (a) Schematic representation of the 2-dimensional network structure of 2 with the kgd topology. (b) View of the crystal
structure of 2 along [010] emphasising the layered arrangement. Hydrogens and solvent molecules are omitted for clarity.
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SBU, in a rare example of site-selective substitution of
carboxylate ligands in this type of cluster.12 20

Each inorganic SBU is coordinated to six different tpp3-ions
forming an infinite network structure (Fig. 3a). The topology of
the network can be represented as kgd, with the (Zrg), dimeric
unit as 6-connected node and the tpp3 linker as 3-connected
node. Even though the kgd topology is rather frequent and
there are Zr-MOFs with this topology of the network,2! 2 is the
first example of a MOF with the [Zr10g(OH)g(CH3CO0),4]20*
inorganic SBU. The layers of the 2D network structure are
stacked on top of each other in AA packing (Fig. 3b). In fact,
there are voids within the 2D network and between the layers
forming a three-dimensional pore system with the main
opening along [110] (Fig. S6). The pores occupy 36% of the unit
cell volume and contain acetic acid and disordered solvent
molecules.

The phosphine moiety in the organic linker is potentially
susceptible to oxidation.22 Thermal analysis in Oy/Ar
atmosphere shows that 2 decomposes at temperatures below
those usually associated with oxidation of phosphine to
phosphine oxide.23 The thermogravimetric trace shows no well-
defined plateau of stability of the structure after evaporation of
the pore content (Fig. S9), indicating that decomposition of the
framework commences immediately after removal of the
solvent or even concomitantly. To obtain more information
about the intrinsic stability of the framework structure, 2 was
investigated by performing powder X-ray diffraction while
heating the material in helium gas flow (Fig. 4). Initially, a

——370K
——345K

Intensity / a.u.

Temperature / K

20/°

Fig. 4 Contour plot of the variable temperature powder X-ray
diffraction patterns for as-synthesized 2 measured using
synchrotron radiation (A = 0.67511 A) at the Swiss-Norwegian
Beamlines at the ESRF.
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smooth shift of peaks is observed in the diffraction patterns
before a discontinuous phase transition occurs in the
temperature range from 333 to 355 K. The similarity of the
diffraction patterns of the two phases indicate they are
structurally very similar; it also allowed indexation of the high
temperature phase even though there were only a few well-
resolved reflections. The most pronounced change is a
contraction of the b axis by ~1 A (Fig. $10). The unit cell volume
of the high-temperature phase is approximately 9% lower in
comparison to unit cell volume of the as-synthesized phase,
which means the pore volume is reduced to 30%. 2 loses
crystallinity in the range from 384 to 414 K.

Because of the low decomposition temperature of the
structure, it appeared unlikely that thermal removal of the
relatively high boiling pore content would succeed without
affecting the integrity of the framework structure. Instead, the
solvent inside the pores of as-synthesized 2 was exchanged with
low-boiling CH,Cl, and the material was consequently treated in
dynamic vacuum at 298 K. Desolvated 2 is permanently porous
as confirmed by uptake of N, at 77 Kand CO; at 278 K (Fig. S11).
The nitrogen specific surface area is 505 m2g?1 and 400 m2 g1
derived using the Langmuir and BET theory respectively.
Preliminary tests indicate that 2 selectively catalyses the
coupling of CO, and styrene oxide to styrene carbonate in the
presence of [nBusN]Br as co-catalyst (see ESI).

In summary, a new compound 1 with the isolated
[Zr1,08(0OH)s(CH3COO0)24] cluster was synthesized from
ZrOCl;:8H,0 and acetic acid using an easy to perform
solvothermal synthesis in ambient atmosphere. We
demonstrated that compound 1 can be used as Zr source and
precursor in the syntheses of MOFs. In the reaction of 1 with
H,bpdc in DMF, substitution of the acetate groups in the
precursor with carboxylate groups of H,bpdc resulted in
cleavage of the dimeric (Zre)2 oxo-cluster and formation of UiO-
67. In the reaction of 1 with Hstpp in acidic conditions, six
acetate groups were substituted with carboxylate groups of
Hstpp in the (Zrg), oxo-cluster. Because the bridging acetate
groups remained unaffected, a new MOF,
[Zr1,08(0OH)s(CH3COO)15(tpp)2]-4CH3COOH: nsolvent 2, was
obtained that incorporated the dimeric (Zrg), oxo-cluster in the
structure. 2 contains solvent filled pores in the structure and
desolvated 2 adsorbs N3 and CO,. The cycloaddition reaction of
CO; to styrene oxide is catalysed by 2.

The authors acknowledge the support of the Research
Council of Norway through grants ISP-KIEMI 209339 and
SYNKNOYT 247734, and Bergenshalvgens Kommunale
Kraftselskap through the BKK-UiB 2015 agreement no. 810596.
We thank Dr. |. Dovgaliuk for assistance with measurements at
the Swiss-Norwegian Beamlines at the ESRF.

Conflicts of interest

There are no conflicts to declare.

Notes and references

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




¥ [Zr1,05(0OH)s(CH3C00),4]-4CH3COOH-2HCOOH-0.5H,0 (1), M
3116.73, Monoclinic space group P2:/c, a = 20.287(3) A, b

12.5914(18) A, c = 20.241(3) A, a = y = 90°, 8 = 100.188(2)°, V =
5088.9(13) A3, Z=2,1=0.71073 A, T=103(2) K, R:[F?>20(F?)] =
0.0369, WR(F2) = 0.0369, S = 1.048.

[Zruog(OH)g(CHgCOO)lg(tpp)z]~4CH3_COOH~nsoIvent
3444.25, Triclinic space group P1, a =
16.666(2) A, c = 19.138(2) A, a = 72.790(2)°, 8 = 80.540(2)°, y

(2, ™M
12.2903(16) A, b

74.886(2)°, V = 3598.9(8) A3, Z=1, 1 = 0.71073 A, T = 103(2) K,
Ri[F2 > 20(F?)] = 0.0470, wR(F2) = 0.1389, S = 1.059.
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