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Utilizing the aliphatic linker molecule adipic acid (1,6-hexanedioic acid, HO,C-C4Hg-CO,H) or 3-methyladipic
acid (racemic mixture, HO,C-C4H,CH3s-CO,H), the first crystalline zirconium adipates were synthesized under
aqueous conditions. Their structures were deduced from powder X-ray diffraction data and were confirmed
by Rietveld refinements. For all three compounds, the inorganic nodes are related to the well-known
Zrg04(OH)4 cluster frequently observed in aromatic zirconium MOFs. Employing ZrOCl,-8H,0 and
3-methyladipic acid, a framework with bcu topology was obtained. Starting from adipic acid and
Zr(SO4)2-4H,0, we observed the incorporation of sulfate into the crystal structure. Four sulfate anions are
coordinated to each Zr-oxo cluster in a bidentate fashion. In this complex structure, square grids formed
by Zr-oxo clusters and adipate anions and furthermore a hydrogen-bonded inorganic dia net can be
observed. The third compound presented here is structurally related to the zirconium methyladipate.
Using adipic acid and adding CrO42~ under strongly acidic conditions leads to the incorporation of Cr,O,%"
into the bcu net. The dichromate anions are coordinated twofold to two different Zr-oxo clusters in a
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Introduction

Metal-organic frameworks (MOFs) have attracted tremendous
interest during the past two decades, and several thousands
of structures have been reported." Such compounds are
based on inorganic cations or metal-oxo clusters which are
connected most often by polycarboxylic acids to yield frame-
works with sometimes enormous porosity. Among this ever-
growing number of compounds, materials based on Zr*" ions
have increasingly become the focus of research, given their
outstanding chemical and thermal stability which are hardly
paralleled by MOFs based on other cations.> These remark-
able properties are usually attributed to the high charge
and strong oxophilicity of the Zr*" ion. Such compounds are
moreover found to exhibit promising properties especially in
catalysis and adsorption applications. The coordination
sphere of the Zr*" ions can be manipulated via dehydration
of the ZrsO4(OH), cluster or by the induction of defects in
the structure to yield highly active Lewis acidic catalysts.?
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monodentate fashion and thus serve as inorganic connectors between the framework's nodes.

Moreover, Zr-MOFs can be used as photocatalysts® or,
utilising functional groups residing at the linker molecules,
as acid-base catalysts.” Introducing catalytically active sites
at porphyrinic linker molecules is also a promising approach
to incorporate biomimetic active centres.® Furthermore,
Zr-MOFs have been tested in adsorption experiments and
were found to be exceptional materials for CO, capture’ and
hydrocarbon separations.®

With the exception of the MIL-140 series,” which is
based on one-dimensional Zr-oxo chains, Zr-MOFs are based
on the very same inorganic building unit, a ZrsOg cluster
(Fig. 1, left), in which eight oxygen atoms are capping the
faces of a Zr, octahedron. In most cases, four 0>~ ions and
four OH™ ions coordinate to the Zr** centers under hydrated
conditions.” Employing aromatic polycarboxylic acids with
different geometries as linker molecules has already led
to the discovery of various porous frameworks containing
this inorganic building unit."® The best-known and most
intensively investigated framework structure is UiO-66, in
which ideally all twelve edges of the Zrs octahedron are
capped by carboxylate groups (Fig. 1, right).

This eventually leads to an eightfold square antiprismatic
coordination environment for the Zr** ions, and thus a
twelve-connected fcu framework is formed, in which the
inorganic nodes are connected via terephthalate molecules
(1,4-benzenedicarboxylate). However, while the impact of the
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Fig. 1 Left: representation of the Zrg octahedron with face-capping
oxygen atoms. Zirconium atoms are in blue and oxygen atoms are in
red. Right: complete inorganic node including carboxylate groups, as it
is observed in the UiO-66 structure. ZrO polyhedra are in blue and
carbon atoms are in black.

size and shape of the aromatic or conjugated linker mole-
cules on the resulting crystal structure has been thoroughly
investigated,"” no Zr-MOFs based on aliphatic linker
molecules have been reported until now. Nevertheless, this
remains an interesting route to explore since aliphatic
analogues of, e.g., the archetypical MIL-53 structure were
already obtained,'” which exhibit substantially different
properties compared to their aromatic counterparts.'® These
observations inspired us to attempt the synthesis of
MOFs based on Zr** and adipic acid (1,6-hexanedioic acid).
Regarding its size, this linker molecule can be considered
as a single-chain aliphatic counterpart of the most often
employed terephthalic acid.

Experimental

All chemicals used for the synthesis are commercially
available and were used without further purification. The
syntheses were carried out in crimp cap vials with a volume
of 11 mL which were placed in a preheated copper block.

Synthesis

For the synthesis of [Zrs(OH),6(0,C-C,H,CH;-CO,),]-nH,0
(1), a mixture of 480 mg (3 mmol) of 3-methyladipic acid
(racemic mixture), 966 mg (3 mmol) of ZrOCl,-8H,0, 5 mL of
water and 800 pL of concentrated aqueous HCI was heated to
90 °C under stirring for 20 h. The white solid was filtered,
washed with water and acetone and dried on the filter.

To synthesise [Zrs(OH);5(SO4)4(0,C-C4Hg-CO,),(H,0),]-nH,0
(2), a mixture of 292 mg (2 mmol) of adipic acid, 710 mg
(2 mmol) of Zr(SO,),-4H,0 and 5 mL of water was heated to
90 °C under stirring for 20 h. The white product was filtered,
washed with water and acetone and dried on the filter.

For the synthesis of [Zrs(OH),((Cr,05)3(0,C-C,Hg~CO,),]-nH,O
(3), a mixture of 292 mg (2 mmol) of adipic acid, 500 mg
(2 mmol) of ZrO(NO3;),-xH,0, 1550 mg (8 mmol) of K,CrO,,
4 mL of water and 1 mL of concentrated nitric acid was
heated to 90 °C under stirring for 20 h. The brownish red
solid was filtered, washed with water and acetone and dried
on the filter.
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Characterisation

High-resolution PXRD data were collected from glass
capillaries (diameter 0.7 mm) using a PANalytical Empyrean
diffractometer (CuKo radiation) in transmission geometry for
compounds 1 and 3. For compound 2, the data were collected
using a STOE Stadi P diffractometer with Cu-Ko; radiation in
Debye-Scherrer geometry. Thermogravimetric experiments
were carried out under a flow of oxygen using a TA Instru-
ments Q500 at a heating rate of 10 °C min". IR spectra were
measured with a Bruker IFS 66 v/s using KBr discs. EDX data
were measured using a Philips ESEM XL30 after sputtering
the sample with carbon. Force field calculations for structural
optimisation were performed using Materials Studio,"* and
all processing of PXRD data was carried out using TOPAS
Academic.”

Results and discussion
Structure determination

Structure determination from powder X-ray diffraction
(PXRD) data can be an elaborate and sometimes futile
process, especially when no further structural information
(e.g. NMR or EXAFS data) is available. To bypass this, we used
an uncommon approach. We assumed, based on the avail-
able literature, that the inorganic building units are similar
or identical to the ones observed for UiO-66, since this is
without doubt the most frequently observed inorganic node
in Zr-MOFs. In addition, we then attempted to deduce the
arrangement of these Zr-oxo clusters in space from crystal
structures that have already been reported using supergroup-
subgroup relationships. This process always started with the
indexing of the experimental pattern. Subsequently, we tried
to identify symmetry relationships between the indexed cell
and the known Zr-MOFs. In a next step, the structure known
from the literature was converted to a hypothetical crystal
structure exhibiting the symmetry obtained by indexing using
PowderCell."® It is worth noting that this procedure reduces
the symmetry, while it preserves the packing mode of the
inorganic building units. This procedure was applied for
compounds 1 and 3, starting with the crystal structure of
UiO-66. The supergroup-subgroup sequence used for 1 was
Fm3m — I4/mmm — P4/mnc. For 3, the sequence found was
Fm3m — I4/mmm — Fmmm — Fmm2. In the case of 2, the
arrangement (or packing) of the clusters is related to the
structure of the Zr-MOF PCN-225 and the sequence used is
I4,/amd — I44/a. In these first models, the original linker
molecules were deleted and/or replaced by the employed
ones in appropriate positions. The cell parameters were
then adjusted to the values obtained from indexing and
these first models were optimised by force field calculations
(Universal Force Field) using Materials Studio, yielding the
second models. The ratios of Zr/S in 2 and Zr/Cr in 3 were
measured by EDX spectroscopy. The corresponding number
of inorganic anions was then inserted into the second models
in the most plausible positions and the obtained model was
again optimised by force field methods to give starting points

This journal is © The Royal Society of Chemistry 2015
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for Rietveld refinements. For 1, the linker molecules were
treated as rigid bodies adapting an extended linear conforma-
tion, while all other atoms in 1 as well as the structures of 2
and 3 were freely refined. The partial occupancies of the
inorganic anions in 3 were limited to values matching with
the measured EDX spectra. Residual electron densities inside
the cavities of the frameworks were modelled as partially
occupied oxygen atoms. However, based on further character-
isation, it can be anticipated that other guest species like
residual linker molecules are present inside the cavities,
and thus these atoms just serve as placeholders for guest
molecules. Some relevant parameters of the refinements are
summarised in Table 1. We would like to point out that we
observed two polymorphs of 2 which differ only by two peaks
of very low, albeit varying intensities (see the ESI{). While the
compound exhibiting I4,/a symmetry was used for Rietveld
refinement, the two weak additional peaks indicate a slight
distortion towards lower symmetry (e.g. space group P4). Such
distortional phenomena have been observed previously for
the UiO-66 framework as well."”

While the R values are satisfying, the GoF for 1 and 3 are
rather high. We attribute this mostly to the fact that the
assignment of the residual electron density to oxygen atoms
is not sufficient to accurately model the pore content in these
structures. This is substantiated by the observation of proton-
ated carboxylic acid groups of linker molecules in the respec-
tive IR spectra, which might be occluded inside the cavities.
Moreover, the proximity of residual electron densities to
framework atoms in 3 and to a lesser extent in 2 leaves us

Table 1 Some relevant parameters of the Rietveld refinements for 1-3
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with the assumption that the described frameworks have a
certain degree of disorder, which cannot unambiguously be
modelled by PXRD methods. This disorder likely originates
from the conformational flexibility of the linker molecules
and the dichromate species.

The Rietveld plots are shown in Fig. 2 and further crystal-
lographic information can be found in the ESL{ From these
plots and from the cell parameters, it is already obvious that
the structures of 1 and 3 are related to each other. Actually, a
tetragonal model for 3 was set up as well since the extinction
conditions match well with the tetragonal symmetry. How-
ever, all attempts to refine such a tetragonal model were
unsuccessful, which indicated a lower symmetry, i.e. ortho-
rhombic symmetry.

Crystal structures and properties

All three crystal structures are based on the inorganic build-
ing unit which is shown in Fig. 1. However, the coordinating
moieties and the geometric arrangements of these moieties
substantially differ from one material to another.

Employing adipic acid and ZrOCl,-8H,0 or ZrO(NO;),-xH,0
in water, only products of low crystallinity could be obtained,
irrespective of the synthesis temperature and the molar ratios
of the reactants or additives like mineral acids. Replacing
the linker molecule with 3-methyladipic acid allowed for the
synthesis of highly crystalline 1, which we assume to be a well-
ordered substituted analogue of the product obtained using
adipic acid (see the ESI} for comparison of PXRD data).
This induction of higher crystallinity could be, e.g., due
to stronger interactions inside the framework or lower
conformational flexibility of the methyladipate molecules
compared to that of adipate molecules, possibly resulting in
a less disordered arrangement.

In the structure of 1, eight carboxylate groups are coordi-
nated to the ZrgOg core. The structure can be derived from the
twelve-connected structure of UiO-66, if four groups coordinat-
ing in the equatorial plane of the cluster are omitted (Fig. 3,
left). It was reported that under acidic and aqueous conditions,
the ZrsOg cluster is in fact a Zrs(OH); cluster.'® Anticipating
that the composition inside this framework is similar, we

—— measured
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measured
— calculated
—A

Compound 1 2 3
Space group P4/mnc I44/a Fmm2
alA 11.5042(4) 14.9579(5) 16.6935(13)
b/A 11.5042(4) 14.9579(5) 16.6920(11)
c/A 24.7857(12) 29.1046(12) 24.7658(27)
a=p=y/° 90 90 90
VIA® 3280.3(2) 6511.8(4) 6900.9(10)
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Fig. 2 Final plots of the Rietveld refinements of 1, 2 and 3 (from left to right). Measured data are shown as black lines and calculated fit as red
lines; the blue curves indicate the difference plots. Vertical bars mark the allowed Bragg reflection positions
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Fig. 3 The eight-connected inorganic node is shown on the left. On
the right, the framework connectivity (bcu topology) is illustrated,
showing a 2 x 1 x 1 supercell. Carbon atoms are shown in black and
ZrO polyhedra in grey.

propose the formula [Zrg(OH);6(0,C-C4H,CH;3;-CO,),]-nH,0.
Thus, we assume that all coordinating oxygen atoms in
the equatorial plane of the cluster are part of the OH™ ions.
However, based on the measured data, it cannot be excluded
that OH" ions are partially replaced by H,O molecules and/or
0" ions.

This connectivity results in a uninodal net with beu topology.
The cavities observed are occupied by guest molecules. The
linker molecule 3-methyladipate possesses a chiral centre, but
since a racemic mixture was employed for the synthesis, the
CH; substituents are statistically distributed over the four
possible positions (Fig. 3, right).

Drastically different coordination chemistry is observed in
2. In this compound, four SO,> ions are coordinated to the
inorganic cluster in a bidentate fashion. The arrangement of
these anions corresponds to the corners of a tetrahedron.
According to the observed bond lengths, these sulfate ions
are also interacting with OH groups at adjacent inorganic
clusters via hydrogen bonds (Fig. 4). Combining these bind-
ing modes, a purely inorganic hydrogen-bonded framework
of zirconium sulfate clusters with dia topology is observed in
2 as a substructure.

In addition, four carboxylate groups of the organic linker
molecules are coordinating in the equatorial plane of the
cluster, leading to a square grid layer based on inorganic nodes

Fig. 4 Left: the core architecture of the inorganic node in 2. Zirconium
atoms are shown in black, oxygen atoms in red and sulphur atoms in
yellow. Right: two inorganic nodes interacting via hydrogen bonds. ZrO
polyhedra are shown in grey, sulfate ions in yellow and hydrogen bonds
as blue lines.
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Fig. 5 Top: the square grid layer in 2 formed by the interconnection
of inorganic nodes via adipate molecules, as seen along the c-axis.
Bottom: the framework structure of 2 as seen along the a-axis. Guest
molecules filling the channels are omitted for clarity. ZrO polyhedra
are shown in grey, sulfate ions in yellow and carbon atoms in black.

and adipate anions. This eventually results in an open frame-
work structure (Fig. 5) virtually completely filled with guest
molecules. Based on the assumption that the core of the cluster
is represented by the formula Zrg(OH)g'®" (as assumed also
for 1), the composition of the framework of 2 was deduced to
be [Zre(OH);5(S0,)4(0,C-C4Hg—CO,),(H,0),]-nH,O0.

The structural differences between 1 and 2 indicate a very
strong effect of inorganic anions on the connectivity of the
Zr-oxo cluster. To the best of our knowledge, no similarity to
the direct coordination of sulfate ions in 2 has been reported
yet for the hexanuclear zirconium cluster. Similar coordina-
tion modes have only been observed in compounds based on
an octadecanuclear Zr-oxo cluster' or on heptadecanuclear*
and nonanuclear’’ Hf-oxo species. In Zr-MOF chemistry,
such a binding mode has not yet been observed since only
ZrCl,, ZrOCl,-8H,0 and ZrO(NOj;),-xH,O are generally
employed for the synthesis of Zr-MOFs. Apparently, the
nature of the inorganic counterion can play a major role in
the coordination chemistry of Zr-MOFs. This could be caused
by, for example, the higher charge of SO,>~ compared to that
of CI” or NO; . Moreover, the bidentate nature of sulfate may
lead to a chelating effect. An indication that this effect is
already present in solution was recently given in a study of
the chemistry of Zr*" in aqueous solutions as a function of
the concentration of sulfate ions."®

This coordinating effect inspired us to further investigate
the role of inorganic anions in the synthesis of zirconium
adipates. Replacing Zr(SO,),-4H,O by the oxynitrate and
adding Na,S,0; or Na,SO, in an amount corresponding to

This journal is © The Royal Society of Chemistry 2015
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the amount of SO,>” in the synthesis of 2 under otherwise
identical synthesis conditions indeed lead to the formation
of Zr adipates. The PXRD patterns are comparable to those
measured for 2, but due to the lower crystallinity no further
characterization was carried out.

Adding K,CrO, to the mixture of ZrO(NO;),-xH,O and
adipic acid in water yields a yellow crystalline powder after
heating. However, the strongest peaks seem to be present as
duplets with a small shift (see the ESI{). The ratio of intensi-
ties of these twin peaks can be changed by adjusting the pH,
and under highly acidic conditions, pure 3 was obtained.
Thus, we assume that the impure yellow solid obtained at
higher pH incorporates the yellow CrO,> ions, while the
higher acidity in the synthesis of 3 shifts the chromate-
dichromate equilibrium. In this way, only dichromate is
incorporated into the framework of 3 which is also suggested
by its brownish red colour. Based on the analytical results, the
composition of the framework of 3 is given by the formula
[Zr6(OH)o(Cr,0-)5(0,C-C4Hg-CO,),]-nH,0.

In the structure of 3, each Cr,0->  ion is coordinated
twofold in a monodentate way to two zirconium clusters; the
dichromate species thus interconnect the inorganic nodes.
The dichromate anions are partially occupying two different
positions, and therefore purely inorganic square grid layers
are observed (Fig. 6).

When no dichromate is present, the respective position is
occupied by OH groups. The remaining coordination sites
at the Zr clusters are occupied by eight carboxylate groups,
and thus a beu framework of Zr-oxo clusters and adipate
molecules is formed. Thus, the essential difference between 1
and 3 is the incorporation of interconnecting dichromate

Fig. 6 Top: dichromate ions coordinated to the Zr cluster in a
monodentate fashion. Bottom: the inorganic doubly connected square
grid formed by the interconnection of Zr-oxo clusters and dichromate
ions. Note that the positions of the dichromate ions are only partially
occupied, adding up to 75%. ZrO polyhedra are shown in grey, Cr,0,%
ions in red and carbon atoms in black.
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Fig. 7 Framework structure of 3 as seen along [110]. Guest molecules
present inside the cavities are omitted for clarity. ZrO polyhedra are
shown in grey, Cr,O,?" ions in red and carbon atoms in black.

ions in 3. The complete framework structure is shown
in Fig. 7.

While all three compounds discussed herein contain
potential voids, the thermal removal of these molecules at
100 °C invariably leads to an irreversible and strong decrease
in crystallinity. We assume that the flexible adipate molecules,
unlike terephthalate molecules, do not possess sufficient rigidity
to maintain the crystalline ordering in the described structures
once the guest molecules are removed.

It is remarkable that among the anions present in the
different synthesis mixtures, only the sulfate anions are
substantially affecting the framework topology. The effect of
strong interaction is already present in solution,' and the
nature of the species in solution was reported to depend
strongly on the concentration of sulfate. This is also confirmed
in our study by the occurrence of another yet unidentified
compound (see the ESIt for PXRD) when the synthesis of 2 is
carried out under diluted conditions, indicating an even more
diverse concentration-dependent coordination chemistry. In
contrast to this, chloride, nitrate, chromate or dichromate in
the solution all lead to the same bcu topology which therefore
may be anticipated to be the thermodynamically preferred
framework for zirconium adipates.

The IR spectra (Fig. 8) of the three compounds all show a
broad absorption around 3400 cm™* due to the incorporation
of water molecules inside the framework's cavities. For
compounds 1 and 3, there are also signals around 1700 cm™
which indicate that residual protonated linker molecules
might be present inside the pores. The signal at 1640 cm™"
in the spectrum of 2 is attributed to the 6-OH modes. The
signals between 1580 cm ™" and 1440 cm ™" are due to asym-
metric and symmetric carboxylate vibrations of the linker
molecules. Signals at 1130, 1065 and 605 cm ™" in the spectrum
of 2 further confirm the presence of sulfate inside the frame-
work. The signals at 950 and 890 cm ™" in the spectrum of 3 are
assigned to the presence of dichromate ions.

The thermogravimetric curves measured at a heating rate
of 10 °C min™" under a flow of oxygen indicate that for all
three compounds substantial amounts of water are removed

CrysttngComm, 2015, 17, 331-337 | 335
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Fig. 8 Infrared spectra of (from top to bottom) the methyladipate 1,

the adipate/sulfate 2 and the adipate/dichromate 3.

from the pores up to a temperature of ~100 °C (see the ESI}).
However, as already mentioned, the crystallinity is strongly
decreased upon solvent removal and thus the framework
structure is not maintained upon thermal treatment. The
full decomposition of the samples starts between 250 °C and
300 °C. The expected and observed steps of mass loss are
summarized in the ESL} The observed values are in reasonable
agreement with the expected ones, but especially for compound 1,
the presence of additional guest molecules leads to a larger
weight loss value than expected for a guest-free framework.

Conclusions

The synthesis of the three new compounds clearly demon-
strates that aqueous synthesis conditions can be well suitable
for the discovery of new Zr-MOFs. The diversity of aliphatic
polycarboxylic acids could allow for the synthesis of many more
compounds. Moreover, the impact of inorganic anions on the
obtained crystal structures holds great promise to induce the
formation of new Zr-MOFs which hopefully could be employed
as well for the synthesis of more rigid frameworks with perma-
nent porosity. This is especially of interest, taking into account
the requirements for a large-scale synthesis, which should
exclude the utilisation of, e.g., chlorides and nitrates due to
corrosion and safety issues.>” Thus, we are currently investigat-
ing whether rigid aromatic linker molecules can be employed
as well under similar synthesis conditions.
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