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Two new iron(lll) oxalatophosphates, Cs,Fe(C204)o5(HPOs), (1)
and CsFe(C;04)05(H2PO4)(HPO,) (2), have been synthesized by
using a low melting point eutectic mixture of choline chloride and
malonic acid as a solvent and characterized by single-crystal X-ray
diffraction and magnetic susceptibility. Crystal data are as fol-
lows: compound 1, monoclinic, P2;/c (No. 14), a = 8.5085(4) A,
b = 12.7251(6) A, ¢ = 9.8961(4) A, p = 107.117(1)°, V =
1024.01(8) A3, Z= 4, and R; = 0.0264; compound 2, monoclinic,
P24/n (No. 14), a=8.0038(3) A, b=10.2923(3) A, ¢ = 11.4755-
@) A, B = 100.507(1)°, V = 929.47(5) A%, Z = 4, and R,
0.0311. The structure of 1 comprises FeOg octahedra connected
by HPO,?~ tetrahedra and hisbidentate oxalate anions to form a
3D framework containing intersecting 12-ring channels, with the
charge-compensating Cs* cations being located at the intersections
of these channels. The structure of 2 consists of 2D layers of
octahedral FeQg, tetrahedral H,PO,~ and HPO,>~ moieties, and
bishidentate oxalate ligands with the Cs* cations between the
layers. They are the first examples for the use of ionic liquid as a
solvent in the synthesis of metal oxalatophosphates.

Interestingly, Ma(H,PQ,)2(C,0,) was prepared under hydro-
thermal conditions using “reagent” quantities only of water.
Recent studies have shown that low melting point eutectic
mixtures of quaternary ammonium salts with amides or
carboxylic acids have unusual solvent propertiedhere
were reports on the preparation of open-framework alumi-
nophosphates and metal phosphonate by using ionic liquids
or eutectic mixtures. For example, 1-methyl-3-ethylimida-
zolium bromide (melting point 83C) and a choline chloride/
urea eutectic mixture (melting point £Z) have been used
in the preparation of aluminophosphate zeolite analo§ues.
Choline chloride/urea was used for the synthesis of a new
coordination polymer, Zn(§PCHCO,)-NH,.” The ionic
liquids not only act as solvents but also provide the template
cations around which the inorganic frameworks order.
Because of the vanishingly low vapor pressure of ionic
liquids, synthesis takes place at ambient pressure. The use
of ionic liquids as solvents in the reaction was termed
ionothermal synthesis to distinguish it from hydrothermal
synthesi$.We have been interested in applying new synthetic
methods to the exploratory synthetic and structural studies
of new materials with open-framework structures. Here we

The synthesis of open-framework metal phosphates haspresent the first use of ionic liquid of choline chloride/

been extensively studied, owing to their potential applications
in ion exchange and catalysisRecently, many research
activities have focused on the synthesis of orgaimiorganic
hybrid compounds by incorporating organic ligands in the
structures of metal phosphates. Compared with inorganic

phosphates, the organic ligands have larger sizes and a wide

variety of means of connection. This idea is currently used
by a number of groups and leads to a large number of
oxalatophosphates of transition metals and group 13 ele-
ments? Most of them were synthesized in aqueous solutions
under mild hydrothermal conditions with an organic template
that guides the synthesis pathway toward particular structures
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malonic acid in the synthesis of two organioorganic
hybrid compounds, GBe(GO,)os(HPO,), (1) and CsFe-
(C204)0.5(H2PO)(HPQy) (2).
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lonic liquids were prepared by heating a mixture of choline
chloride (Acros 99%) and malonic acid (Sigma 99%) in a
1:1 mole ratio at 80C and stirring until a homogeneous
colorless liquid was formed. lonothermal reaction of
FECb‘GHzo, HsPOy, H,Co04:2H,O, CsOH, and 1,4-biS(3-
aminopropyl)piperazine (APPIP) in the molar ratio of 0.8:
2:1:2:1 n 3 g of theionic liquid in a 23-mL Teflon-lined
autoclave at 130C for 1 day produced pale-green taperlike
crystals ofl in 78% yield based on iron. The reaction mixture
contained some water becausg”’By(aq) (85%) and CsOH-
(aq) (50%) are agqueous solutions. A crystal was selected for
structure determination by single-crystal X-ray diffractfon.
The bulk product was monophasic as judged by the total
consistency of its X-ray powder pattern with that simulated
from the atomic coordinates derived from single-crystal
X-ray study. We subsequently found that APPIP was not
incorporated into the resulting iron oxalatophosphate frame-
work and that a pure product could not be obtained in the _ )
absence of the organic amine additive. Elemental analysisz'ngd“;i:énF;)%?;hhid(;g ‘?'ef’;r%;t:r?tSégggﬁe%fgogr?;hﬁgﬁ;giéfgﬁ\gdra’
confirmed the carbon content. Anal. Found: C, 2.19%. respectively. Blue circles: Cs atoms. Black circles: C atoms. Red circles:
Calcd: 2.15%. Thermogravimetric analysis (TGA) was © atoms.
performed by heating the sample in flowing oxygen from analysis using atomic absorption spectroscopy and TGA of
50 to 900°C at 10°C/min. The TGA curve forl shows a  the ion-exchange product showed that about 10% of Cs
one-step weight loss between 375 and 4%0 which cations were replaced by Naand the composition of the
corresponds to the loss of,8, ¥,CO, and¥,CO, (obsd, product was CgNay JFe(GO4)os(HPOy)2-xH-0. The mag-
9.79%; calcd, 9.68%). Colorless plate crystals2oivere netic susceptibilities for botll and 2 follow the Curie-
synthesized by heating a mixture of Fe®H,O, HPO,, Weiss law at high temperature (Figures S3 and S4 in the
H2C204-2H;0, and CsOH in the molar ratio of 0.8:2:1:1 in  Supporting Information). TheyT values for both com-
3 g of the ionic liquid under the same reaction conditions. pounds decrease with decreasing temperature, indicating that
The yield was 67% based on iron. A crystal was selected the strongest magnetic interaction between Fe atoms is
for structure determinatiohThe purity of the bulk product  antiferromagnetic. The effective magnetic moments at 300
was confirmed by powder X-ray diffraction. Anal. Found: K are 5.71 and 5.3@g/Fe for 1 and2, respectively, which
C, 2.93%. Calcd: 2.82%. The TGA curve f@rshows a  are smaller than the spin-only value for thé Fien because
broad weight loss between 200 and 5D, which corre-  of anitferromagnetic interaction. A fit of the data from 70
sponds to the loss of/;H,0, Y/,CO, and*/,CO; (obsd,  to 300 K to the equatiopy = C/(T — 6) results inC =
14.59%; calcd, 14.79%). The final decomposition product 4.78 and 4.81 cfK/mol and9 = —49 and—96 K for 1
was CsFefD,,'? as indicated by powder X-ray diffraction. and2, respectively. Compountl shows complicated phase
Attempts to prepare the two compounds in agueous solutionstransitions below about 20 K, wheredsis antiferromag-

were unsuccessful. netically ordered at about 50 K and shows phase transitions
An ion-exchange experiment was performed by stirding  below about 30 K.
with concentrated NaCl(aq) at 50C for 1 day. The The structure ol consists of FEOg octahedra connected

framework structure was retained after ion exchange, asby coordinating @02~ and HPQ?~ anions to form inter-
indicated by powder X-ray diffraction. Sodium content secting tunnels parallel to the [100] and [001] directions,
(©) Crystal data fol, CoFe(GOadHP O, pal —— al with the Cs cations being located at the intersections of
rystal data ol Csre X , pale-green taperiike crystal .
of dimensions 0.3% 0.19x 40.013 mm,T2= 293 K, monoclinicP2;/c these tunnels. The tunn_el parallel to [100] has a window
(No. 14),a = 8.5085(4) A b =&12.7251(6) Ac=09.8961(4) éi\,/a = formed by the edges of six FgOctahedra and six phosphate
107.117(19, V = 1024.01(8) &, Z = 4, peaca= 3.617 g cm3, 1 = ;
0.71073 A — 88.3 oL, 2540 unique reflections with > 2o(1) tetrahedra (F|gure 1). The other type of tunnel also has a
(20max = 56.58, Ry = 0.0387), R1= 0.0264, wR2= 0.0629. The 12-membered window formed by six octahedra, four tetra-

H atoms were not located. The final cycles of least-squares refinement hedra, and two oxalate units. The@32~ anions act as a
included atomic coordinates and anisotropic thermal parameters for , . . . . .
all atoms. bis-bidentate ligand to Fe atoms to form dimers, which are

Cfrséstal data fO%: fsf%eg)%o4)(3)'5égzpa¥Hp%)é &olorless rIJ_Ia_te Pczry/stal connected by HP(1)& tetrahedra to form infinite chains
ol aimensions 0. .09 x 0. mm,| = , monocliinic n H H H

(No. 14).a = 8.0038(3) Ab = 10.2023(3) A — 11.4755(4) Al,ﬂ along tf;fz [100] direction (F|gure_ 2a). Bec_ause the two
=100.507(19, V = 929.47(5) B, Z = 4, Dcarca= 3.042 g cm3, 1 = HP(1)Q# tetrahedra and oxlate unit have a cis arrangement,

0.710 73 A,u = 58.6 cnT?, 2318 unique reflections with > 20(1) in i i iti
(P = 5652, Ry ~ 0.0688), R 0.0311 WR2 0.0760. The the chain is zigzag. .T_he HP(2)O tetrahedra, .posmoned.
H atoms were located from difference Fourier maps. The final cycles Petween the chains, join the Fe atoms from adjacent chains,

of least-squares refinement included atomic coordinates and anisotropic generating the 3D-framework structure. The Fe€ahedron
thermal parameters for all non-H atoms. The atomic coordinates and is highly distorted because gf coordination by the oxalate

isotropic thermal parameters for H atoms were fixed. :
(10) Dvoncova, E.; Lii, K.-H.J. Solid State Cheni993 105, 279. ligands [Fe(1}-0, 1.9172.146 A, 0O(9)—Fe(1»-0(10),
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hydroxyl groups project into the interlayer space or to the
eight-membered window within a layer. All hydroxyl groups
are involved in hydrogen bonding.

Both iron(Il) and iron(lll) oxalatophosphates are common,
whereas only one mixed-valence iron compound has been
reportec® Almost all oxalatophosphates in the literature
contain organic ammonium ions as templates or charge-
compensating cations. We have previously reported a potas-
sium compound, KGay(C,04)(POy)4]-2H,0,* which was
prepared under hydrothermal conditions. The structure con-
sists of Ga@ octahedra and GaQetrahedra connected by
coordinating oxalate and phosphate anions to generate inter-
secting channels in the 3D framework. To our knowledge,
the title compounds are the second examples of oxalatophos-

Figure 2. (a) Section of an infinite chain id viewed along thea axis. phates containing alkali metals as countercations. Both struc-

(b) Section of a layer ir2 viewed in a direction approximately parallel to  tures consist of infinite chains of oxalate-bridging dimers of

[104] direction. an FeQ octahedron, which is a common structural building
unit in metal oxalatophosphates. Within a chain, every octa-
hedron has two terminal O atoms that act as common
vertexes to two bridging HPQetrahedra. If the two bridging
phosphates of every octahedron are in positions cis to the
oxalate unit, the result is a 3D-framework structure as
observed irl. In contrast, a 2D-layer structure as observed
in 2 is formed when the two bridging phosphate tetrahedra
are trans to the oxalate unit. The reaction mixture Zas
expected to be more acidic as compared vithecause 2
mmol of CsOH and 1 mmol of the organic amine APPIP
were added in the reaction mixture fdr Therefore,
compound? contains a PO, group, whilel contains HPQ

Figure 3. Polyhedral plot of the structure @falong theb axis. The yellow Only'
and green polyhedra represent Eef@tahedra and phosphate tetrahedra, The title compounds are the first examples of the use of

respectively. Large blue circles: Cs atoms. Black circles: C atoms. Small ionic liquid as a solvent in the synthesis of metal oxalato-

blue circles: H atoms.
_ phosphates. The same compounds could not be achieved
71.9]. Both HP(1)Q and HP(2)Qgroups coordinate to two from hydrothermal synthesis under similar reaction condi-

::h?a atzr:dsa:lro; ghOtVéo gngogof Oth7e hyrgrggl.gtrgutaeand tions, indicating that ionic liquid plays a vital role in the
P (£HO(3) (2rO(7) proj ! crystallization of one desired compound. The ionothermal

tunngls. AII_hydroxyI groups are |nvo.Ived in hydrogen approach reported here is a new route for new compounds
bonding, as inferred from the short<D distances between .
in metal oxalate-phosphate (or phosphonate) systems. For

adjacent tetrahedra. ' .
. example, we have also synthesized an iron(ll) oxalatophos-
The structure of consists of FOs octahedra connected . . . .
phonate, which consists of corner-sharing octahedral trim-

L , - .
by coordl_nat_lng @04 N HPQ,, and HPQZ anions to form ers!? Further work on the ionothermal synthesis of new
macroanionic layers in the (1pflane, with the C5cations . ; o

L : ._._materials with open-framework structures is in progress.
residing between the layers (Figure 3). Each layer consists
of eight-membered windows formed by the edges of four Acknowledgment. The authors thank C.-Y. Chen and

FeQ octahedra, three phosphate tetrahedra, and one oxalat@ofessor S.-L. Wang at NTHU for X-ray data collection
unit (Figure 2b). Adjacent layers are aligned such that straight 54 the NSC of Taiwan for financial support.

channels along the [100] direction are formed. Th®£"
anions also act as a bis-bidentate ligand to Fe atoms to form
dimers, which are connected by HP(2JOtetrahedra to form
infinite chains along the [010] direction. Because the two
HP(2)Q2" tetrahedra and oxlate unit have a mutual trans
arrangement, the chain is nearly linear. ThePH)Q, 1C0518475
tetrahedra, positioned between the chains, join the Fe atoms

i i ; _ (11) Hung, L.-C.; Kao, H.-M.; Lii, K.-H.Chem. Mater200Q 12, 2411.
from adjacent chains, generating the 2D-layer structure. The(lz) Teao C.P.. Sheti, GVt Lii K-H.. unpublished research. Crystal-

Supporting Information Available: Crystallographic data for
1 and 2 in CIF format, X-ray powder patterns, and magnetic
measurement results. This material is available free of charge via
the Internet at http://pubs.acs.org.

FeQ; octahedron is also distorted becausgofoordination lographic data for N#&Fex(C>0s)s(CHsPOsH): monoclinic, space
by the oxalate ligands [Fe(3)0, 1.928-2.125 A, 0O(9)— grouiafégghr(\% ? zel.gg,gaznec?lj: \5/.8022%%&%2 12.38g7|(33) A,

c = . = . y = . s = y calc
Fe(1)-0(10), 78.2]. Both H,P(1)G and HP(2)Q groups — 2478 g cm?®, (Mo Ko) = 27.5 cml, R1= 0.0310 for 5193
coordinate to two Fe atoms through two O donors; the reflections withl > 20(1) and 155 parameters.
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