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Since the discovery of the aluminophosphate family of
molecular sieves,!"! many other elements have been incorpo-
rated into these structures to form microporous materials (for
example, zincophosphates and zirconium phosphates) and the
preparation of these types of solids continues to be the focus
of a large body of work. Zirconium phosphates are especially
interesting as they exhibit unique properties in the fields of
photochemistry,?’ molecular and chiral recognition,”! bio-
technology,”! and catalysis.®! Zirconium phosphates with
one-, two-, and three-dimensional connectivities are usually
prepared using a solvothermal approach in water or organic
solvents as the mother liquid. The nature of the interaction
between the solvent and reacting species is undoubtedly
critical, not only for control over the final crystal structure of
the products, but also their crystal size and morphology,!
both of which are important for synthetic chemists and
materials scientists. Choosing the proper solvent is vital to the
success or failure of the attempted syntheses.

Tonothermal synthesis, a new method for the preparation
of aluminophosphate molecular-sieve analogues’ ' and
other materials,”*"® was developed in 2004 and has interest-
ing features and potential advantages over the traditional
method of molecular-sieve synthesis. For example, the cation
of the ionic liquid can act both as the solvent and the
structure-directing agent, and synthesis can take place at
ambient pressure, eliminating safety concerns associated with
high solvent pressures. As there are at least a million binary
ionic liquids and potentially more than 10" ternary ionic
liquids and eutectic mixtures,””! compared to only about 600
molecular solvents used for solvent thermal synthesis, this
preparative method offers many opportunities for the syn-
thesis of new porous frameworks by selecting solvents with
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different organic groups. In contrast to the large and wide-
ranging studies that have been undertaken on the hydro-
thermal synthesis of molecular sieves, ionothermal synthesis
has only begun recently. Nevertheless, the work that has been
done shows exciting possibilities for the preparation of
hitherto unknown materials for improved preparation of
previously synthesized materials and for mechanistic studies.

To the best of our knowledge, no description of the
synthesis of zirconium phosphate compounds by the iono-
thermal method exists in the literature. In an attempt to
synthesize this kind of solid material, a series of syntheses in
deep eutectic solvents (DES) have been carried out using HF,
zirconium(IV) oxychloride, and H;PO, as initial reactants.
The addition of fluoride in the form of HF is relatively well-
known in the synthesis of open framework materials, and
helps to solubilize all the starting materials in the reaction
solvent.”"l As a result, three different frameworks have been
successfully synthesized in the present study. Two of these
compounds are new phases with chain and layer framework
structures, and their structures were solved by single-crystal
X-ray diffraction data. The third compound is identical to the
known phase of [Zr,P;O¢(OH)F] (CHN), (H,0),
(ZrPOF-pyr),”" and is identified by the powder X-ray
diffraction pattern.

Using the deep eutectic solvent consisting of urea and
tetramethylammonium chloride, with different amounts of
HF added to the initial mixture, two different zirconium
phosphate frameworks were obtained. With a F/Zr ratio of
2.8, a novel compound, (NH,),[Zr(PO,),F,], designated as
ZrPO,-DESI1, was formed with a chain framework structure.
Figure 1 shows the polyhedral structure of ZrPO,-DESI1. For
each phosphate tetrahedron, two of its coordinating oxygen
atoms bridge to zirconium atoms, with P—O bond lengths of
1.558(6) A and 1.547(7) A. The other two oxygen atoms are
found in the form of terminal P=O units. For the {ZrO,F,}
octahedra, the two bridging Zr—O bond lengths are 2.052(7)
and 2.068(7) A, and the two terminal Zr—F bonds are shorter,
with equal bond lengths of 2.009(6) A. Each {ZrO,F,}
octahedron links four different {PO,} tetrahedra with each
pair at the corners of one diagonal to form infinite macro-
anionic [ZrP,O4F,)],"~ chains running along the [001]
direction, and forming four-membered rings along [100],
with triclinic topological symmetry. The NH," cations are
located among the chains. As no extra NH,' cations were
added in these syntheses, they result from the partial
decomposition of the urea, a component of eutectic mixture,
which acts to template the structure and balance on the anion
framework. The elemental analysis results are in good
agreement with the calculated ratio H/N =4:1 for the formula
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Figure 1. Polyhedral representation of ZrPO,-DES1 (ZrO,F, octahedra,

PO, tetrahedra; F indicated in one octahedron, other apexes O;
speheres NH, ).

(NH,),[Zr(PO,),F,]. The structure of ZrPO4-DESI1 is very
similar to the one-dimensional chain zirconium phosphate,?!!
(NH,);[Zr(OH),(PO,)(HPO,)], which is also based on layers
of macroanionic chains separated by alternating layers of
NH,* cations.

At a F/Zr ratio of 0.61, a different zirconium phosphate
compound with a two-dimensional layered structure,
(NH,);[Zr(PO,),F], was readily synthesized in the manner
described above, and is designated as ZrPO,-DES2. Figure 2
shows the structure of ZrPO,-DES2.

Figure 2. Ball-stick and polyhedral representations of ZrPO,-DES2.

Angew. Chem. Int. Ed. 2009, 48, 2206 —2209

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

The structure of (NH,);[Zr(PO,),F] is based on a sheet of
zirconium-centered octahedra and phosphorus-centered tet-
rahedra. The zirconium atom is octahedrally coordinated to
five oxygen atoms from the different phosphate groups and
one fluorine atom. There are two crystallographically differ-
ent {PO,} tetrahedra. For one of the phosphorous-centered
tetrahedrons, two of its coordinating oxygen atoms bridge to
zirconium atoms with P—O bond lengths of 1.531(1) A and
1.527(9) A. The other two oxygen atoms exist in the form of a
terminal P=O double bond, with average bond length of
1.496(5) A. For the other phosphorous-centered tetrahedrons,
three of its coordinating oxygen atoms bridge to zirconium
atoms with bond lengths in the range 1.525(7)-1.552(2) A,
and its terminal P=O bond length is 1.506(7) A.

For the {ZrOsF} octahedra, the bridging Zr—O bond
lengths are not identical and are in the range 2.044(7)-
2.064(8) A. The terminal Zr—F bond length (2.016(5) A) is
comparable to that of ZrPO,-DES1. The ZrPO,-DES2 has
eight- and four-membered rings consisting of alternating
{ZrOsF} octahedra and {PO,} tetrahedra, respectively, in the
inorganic sheet. The elemental analysis shows that the
content of nitrogen and hydrogen are equal to 12.2% and
3.5% by weight, respectively. These values are in good
agreement with the calculated values: 12.0 % for N and 3.4 %
for H.

As described above, the urea-derived ammonium cations
incorporated into the zirconium phosphate frameworks
provide a better template compared to the tetramethylam-
monium chloride component of the DES. To avoid the
competition between the two ammonium cations, oxalic acid
was used instead of urea to form the deep eutectic solvent
with the quaternary ammonium salt, which is not likely to act
as a template. Herein, a DES based on oxalic acid and
tetramethylammonium chloride has been used in an iono-
thermal reaction, and as a result, another zirconium phos-
phate compound, different from the two phases mentioned
above, has been synthesized. This zirconium phosphate
compound has been designated as ZrPO,DES3, the X-ray
diffraction pattern of which is in agreement with the powder
diffraction pattern of the reported [Zr,Ps0¢(OH),F;l-
(CsHgN),(H,0), (ZrPOF-pyr)? with an open framework
(Supporting Information), however, having a different com-
position. The reported ZrPOF-pyr was hydrothermally syn-
thesized using pyridine as a template, and has a three-
dimensional framework structure with 10-ring and 8-ring
channels. The elemental analysis for ZrPO4-DES3 are in
good agreement with the calculated value (C/N =4) for the
tetramethylammonium cation, confirming that the organic
cations are incorporated into the structure. Herein, it appears
to be the tetramethylammonium cations that play the role of a
template for the construction of the zirconium phosphate
framework, and the acid-base properties of the solvent do not
need to be adjusted by addition of an organic base. In
contrast, for ionothermal synthesis of aluminophosphates
using these kinds of DESs,'?! it is necessary to add bases, such
as cyclam or pyridine, to the acidic DESs to control the acid-
base properties of the solvent; otherwise only dense phases
such as berlinite are formed. However, the by-products were
easily formed when organic bases were added to the DESs.

www.angewandte.org

Chemie

2207


http://www.angewandte.org

Communications

2208

Therefore, to synthesize the zirconium phosphate framework
using quaternary ammonium cations as template, avoiding the
strong template action of urea-derived ammonium cations is
very important. Certainly, using the carboxylic acid-quater-
nary ammonium salt DESs in the ionothermal reaction is a
good choice to accomplish this goal, probably leading to other
novel materials.

The selective oxidation of cyclohexane to yield cyclo-
hexanol and cyclohexanone has an important industrial
significance, namely the production of nylon-6 polymers. In
previous studies, transition-metal-ion-substituted alumino-
phosphates (transition metal (TM) = Co’", Fe*") have been
shown to exhibit good catalytic performance and selectivity
for cyclohexanol and cyclohexanone in this reaction,?>%!
owing to the highly dispersed redox active centers and
unique shape selectivity in the TM-ion-substituted alumino-
phosphate molecular sieves. To the best of our knowledge,
other than aluminophosphate-based materials, there has been
no report describing the use of open-framework zirconium
phosphates as catalysts in the oxidation of cyclohexane.

Of the three zirconium phosphate compounds synthesized
herein using DESs, ZrPO,-DES3, with the 3D framework has
high thermal stability up to 450°C, but transforms to another
phase at higher temperature. The two other compounds with
1D and 2D structures are very unstable, as expected, when
calcined to high temperature for the removal of the templates.
Herein, for comparison, we have investigated the catalytic
behavior in cyclohexane selective oxidation of the three
topologically distinct zirconium phosphates. Before the
catalytic test, ZrPO,-DES3 was calcined at 450°C for 4 h,
and the two other zirconium phosphates were used without
thermal treatment. Gas adsorption experiments (CO,, 273 K)
on the ZrPO,DES3 indicate a small amount of internal
accessible surface area (75 m?g "), and powder X-ray diffrac-
tion indicates crystallinity of the material following the
thermal treatment (Supporting Information).

Catalytic properties of ZrPO,-DES1, ZrPO,-DES2, and
ZrPO,-DES3 were tested, and the results are presented in
Table 1. ZrPO,-DES3 exhibits high catalytic performance,
with a cyclohexane conversion ratio of 32% and the
selectivity for cyclohexanone can reach up to 83%. In
contrast, the other two compounds having the chain and
layered structures are relatively poor catalysts with low
selectivity. The difference in catalytic properties and selec-
tivity between the three catalysts probably results from their
different framework structures. For the 3D ZrPO,-DES3
catalyst that has high thermal stability, the guest molecules,
such as water and template molecules that obstruct the pores,

Table 1: Conversion and selectivity of cyclohexane oxidation over differ-
ent catalysts.

Catalyst Total conv. [%]  Selectivity [%] -one/-ol
-one  -ol  Others

ZrPO,-DES1 9 59 23 18 2.6

ZrPO,-DES2 12 58 26 16 2.3

ZrPO,-DES3 32 83 7 10 11.9

[a] Cyclohexanone =-one, cyclohexanol=-ol. [b] Others included mainly
adipic acid and valeric acid.
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can be removed at least partially after calcination at 450°C,
giving rise to some internal surface area in the 10-ring or 8-
ring pore channel. However, for the 1D or 2D zirconium
phosphates used in this reaction, for which no thermal
treatment was applied only the external surface is effective
in the catalytic reaction. As a result, the activating treatment
affords the ZrPO,-DES3 catalyst many active sites, leading to
high catalytic performance. X-ray diffraction was completed
on the sample before and after the catalytic reaction and they
showed that there had been no change in the crystalline
framework (Supporting Information). In addition, the used
catalysts were separated from the reaction mixture; induc-
tively coupled plasma spectrometry (ICP) measurements
indicated that there is no significant leaching of zirconium or
phosphorous atoms from the materials into solution during
the course of the reaction. As can be seen, the experimental
catalytic results are very interesting. The mechanism of the
reaction is still under investigation and we cannot make any
definitive comments at the present time. However, it is most
likely that the reaction proceeds using radical mechanisms, as
has been known for other similar liquid phase oxidations.”>2*

Herein, three different zirconium compounds with one-,
two-, and three-dimensional structures were successfully
synthesized by the ionothermal approach. Comparison
between the DESs based on urea and oxalic acid indicates
that the urea-derived ammonium cations exhibit a stronger
templating role in the formation of the zirconium phosphate
framework than the quaternary ammonium cations in the
DESs. For the DESs based on oxalic acid, the quaternary
ammonium cations can exert its templating role to form
zirconium phosphate framework. Thus, there is no need to
control the acid-base properties of the solvent by adding
organic amine to starting reactions, as is required for the
synthesis of aluminophosphate frameworks. Our results show
the potential for synthesizing zirconium phosphates by the
ionothermal approach. Surprisingly, the ZrPO,-DES3 com-
pound exhibits good catalytic performance for the selective
oxidation of cyclohexane.

Experimental Section

General synthetic procedure: a teflon-lined autoclave (total volume
23 mL) was charged with appropriate quantities (see below) of deep
eutectic solvent (DES),?? zirconium(IV) oxychloride octahydrate
(98 %, Aldrich), H;PO, (85 wt % in water, Aldrich), and HF (48 wt %
in water, Aldrich). The autoclave was then heated in an oven to the
required temperature (180°C for 3 days for all phases). The reaction
conditions were optimized by changing the reaction compositions
slightly and characterizing the resulting products by measuring their
powder X-ray diffraction patterns (XRD), which were collected on a
Rigaku D/max-2500 diffractometer with Cuy,, radiation (A=
1.5406 A). Quantities used:

ZrPO,-DES1: urea (2.8 g, 46.6 mmol), tetramethylammonium
chloride (2.4 g, 21.9 mmol), ZrOCL-8H,O (250 mg, 0.76 mmol), HF
(0.094 mL, 2.15 mmol), and H;PO, (178 mg, 1.54 mmol).

ZrPO,-DES2: urea (2.8 g, 46.6 mmol), tetramethylammonium
chloride (2.4 g, 21.9 mmol), ZrOCL-8 H,O (250 mg, 0.76 mmol), HF
(0.020 mL, 0.46 mmol), and H;PO, (178 mg, 1.54 mmol).

ZrPO,-DES3: oxalic acid dihydrate (2 g, 15.78 mmol), tetrame-
thylammonium chloride (2.4 g, 21.9 mmol), ZrOCL-8H,0 (250 mg,
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0.76 mmol), HF (0.094 mL, 2.15mmol), and H;PO, (178 mg,
1.54 mmol).

Caution! HF (48 wt% in water) is very toxic by inhalation, in
contact with skin, and if swallowed. Suitable protective clothing,
gloves, and eye/face protection should be used.

The X-ray data for ZrPO,-DES1 and ZrPO,-DES2 single crystals
were collected with a Rigaku MM007/RA and Mercury CCD with
silicon monochromated graphite monochromated Moy, radiation and
a rotating anode generator at temperature of 93 K. All the datasets
were corrected for absorption using multiscan methods. The struc-
tures were solved by direct methods and refined by full-matrix least-
squares techniques, using the SHELXS, SHELXL, and WinGX
packages. The non-hydrogen atoms were refined anisotropically.
ZrPO,-DES1: (NH,),[Zr(PO,),F,], triclinic, space group P1, peyed =
2.062 gem™, a=5.294(3), b =6.710(6), c =9.849(11) A, a = 84.28(9),
B=76.26(8), y=68.07(7)°, V=31524(1) A’>, R=0.084. ZrPO,-
DES2: (NH,);[Zr(PO,),F], monoclinic, space group C2, pPeica=
2251 gem™, a=18273(8), b=6.535(2), c=10112(4) A, p=
121.120(3)°, V=1033.7(7) A%, R=0.052.

Further details of the crystal structure investigation may be
obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen, Germany (fax: (+49)7247-808-666; e-mail:
crysdata@fiz-karlsruhe.de), on quoting the depository numbers
CSD-419944 (ZrPO,-DES1) and CSD-419945 (ZrPO,-DES2).

Catalytic tests and analytical procedures: The oxidation of
cyclohexane over zirconium phosphate samples was carried out in a
teflon-lined stainless steel batch reactor (12 mL total volume), using
acetic ester as the reaction medium. Cyclohexane (0.5 g), catalyst
(0.05 g), acetic ester (2.2 g), and tert-butyl hydroperoxide (0.001 g) as
initiator were introduced into the reactor. The reactor was charged
with O, (1.5 MPa), heated to 120°C within 30 min with stirring, and
the reactor was held at this temperature for 15 h. The products were
analyzed on an FID gas chromatograph (Shimadzu GC-8A) equipped
with a 3 m x 3.2 mm packed column of Carbowax 20M on Chromo-
sorb WAW 80/100 with argon as carrier gas. Cyclooctane was used as
the internal standard. Cyclohexane, cyclohexanone, and cyclohexanol
were quantified directly, the acids formed were determined by
detecting the methyl esters after esterification with BF; and
CH,;OH.*"
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