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Two isostructural transition-metal oxalatophosphonates, Na;M3(C,04)3(CH3PO3H), (M = Fe' and Mn"), 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 5’Fe Mdsshauer spectroscopy. The 3D framework structure
consists of a corner-sharing octahedral trimer that is linked with other trimers through two distinct oxalate ligands
with unusual linkage types, phosphonate tetrahedra, and H bonds to form infinite channels along the [101] direction
where the Na* cations are located. They are the first examples for the use of an ionic liquid as a solvent in the
synthesis of metal oxalatophosphonates. Crystal data for the Fe compound follow: monoclinic, P2;/n (No. 14), a
= 5.8063(1) A, b = 10.3867(3) A, ¢ = 14.8094(4) A, B = 96.926(1)°, and Z = 2. Crystal data for the Mn
compound are the same as those for the Fe compound except a = 5.8734(9) A, b = 10.557(2) A, ¢ = 14.863(2)
A, and B = 96.691(2)°.

Introduction metal oxalatophosphonaté$.The former has a 2D layer
structure, and the latter adopts a 3D framework structure that
consists of two different bifunctional linkers, phosphono-
propionate and oxalate anions. Several lanthanide oxalate
aminophosphonate hybrids with 3D framework structures

Many research activities have focused on the synthesis of
organic-inorganic hybrid compounds by incorporating or-
ganic ligands in the structures of metal phosphates. A large
number of metal oxalatophosphates of transition metals andWere also synthesizédRecently, we reported the first

main-group elements have been repoftétbwever, very o oanically templated metal oxalatophosphonatgH{(@ls)os
few reports in the literature illustrate the use of oxalate anions [Gag(C-04)(CH:POy)]-0.5H,0, with a layer structur& Al

forming part of the structur'e along with the phosphonate ¢ hege oxalatophosphonates were synthesized in aqueous
groups, although the chemistry of metal phosphonates hasy, tions under mild hydrothermal conditions.

been extensively studied for many years;(&gPCH)(C0) Recently, there were reports on the preparation of coor-
and Sn(OsPCHCHCO,)2(C-04) are the first members of  yination polymers and aluminophosphates by using ionic

liquid dialkylimidazolium salts or a low-melting-point eu-

*To whom correspondence should be addressed. E-mail: ; ; ; ; 0 ioni
likh@ce.ncu.edu.tw, tectic mixture of choline chloride and ur&a® The ionic

T National Central University. liquids can not only act as solvents but also provide the
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template ions around which the inorganic frameworks order. Table 1. Crystallographic Data fot and2

The use of an ionic liquid as a solvent in the reaction was
termed ionothermal synthesis to distinguish it from hydro-
thermal synthesiéWe have been interested in applying new
synthetic methods to the exploratory synthetic and structural
studies of new materials with open-framework structures.
Recently, we reported the first use of an ionic liquid of
chlorine chloride/malonic acid in the synthesis of two new
iron(Ill) oxalatophosphates, &%(GO4)os(HPQy), and CsFe-
(C04)05(HPOY)(HPOy). 1t We have extended the exploratory
synthetic and structural studies to the class of metal oxalato-

phosphonates. This work describes the ionothermal synthesis

and structural characterization by single-crystal X-ray dif-
fraction of a new iron(ll) oxalatophosphonate, ;Nes-
(C204)3(CH3zPOsH), (denoted adl), and the Mn analogue,
NaMn3(C;04)3(CHsPOsH), (denoted ag), which have a 3D
framework structure built of corner-sharing octahedral tri-
mers, in addition to methylphosphonate groups and two
distinct oxalate unit’Fe M&ssbauer spectroscopy confirms
the divalent state of the Fe ions in

Experimental Section

Synthesis and Initial Characterization. An ionic liquid was
prepared by heating a mixture of choline chloride and malonic acid
in a 1:1 mole ratio at 8GC and stirring until a homogeneous
colorless liquid was formed. The melting point of the ionic liquid
is 10 °C.22 Jonothermal reaction of 1 mmol of Fe0,-2H,0, 2
mmol of CHPO(OH}), 1 mmol of HC,0,-2H,0, and 2 mmol of
NaOH in 3 g of theionic liquid (123 mmol of choline chloride
and malonic acid) in a 23-mL Teflon-lined autoclave at 260for
3 days produced orange rod crystald afs the major product along
with a small amount of a colorless impurity phase. The reaction
mixture contained about 23 mmol of,8 because NaOH(aq) (5
M) is an aqueous solution and Fg0;-2H,0 and HC,0,4-2H,0
contain lattice HO molecules. The product was filtered by suction,
washed with HO, and dried in a desiccator at room temperature.
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1 2
chemical formula GHgFesNaO18P2 CgHgMn3NaxO18P2
a A 5.8063(1) 5.8734(9)

b, A 10.3867(3) 10.557(2)
c A 14.8094(4) 14.863(2)
Vv, A3 886.60(4) 915.4(4)
z 2 2

formula weight 667.61 664.88
space group P2;/n (No. 14) P2:/n (No. 14)
T, °C 20 20

(Mo Ka), A 0.71073 0.710 73
Decale g-Ccm—3 2.501 2.412
u(Mo Ka), cmt 27.5 23.6

R12 0.0310 0.0322
WR20 0.0841 0.0848

3R1= 3 ||Fo| — |Fell/3|Fol. P WR2 = [FwW(Fo? — FAHyw(Fe?)F Y2 w
= 1/[0¥(F?) + (aP)? + bP], P = [max(Fo,0) + 2(Fo)?/3, wherea = 0.0406
andb = 0 for 1 anda = 0.0410 ancb = 0.00 for2.

in 3 g of theionic liquid under the same reaction conditions. A
crystal was selected for structure determination. The product always
contained a small amount of an unidentified impurity phase, as
indicated by powder X-ray diffraction. Manual separation of the
impurity phase from the major product has not been achieved
because both phases are colorless.

Single-Crystal X-ray Diffraction. An orange rod crystal of
dimensions 0.0% 0.1 x 0.3 mn# for 1 and a colorless rod crystal
of dimensions 0.01x 0.06 x 0.15 mn? for 2 were selected for
indexing and intensity data collection on Bruker CCD diffracto-
meters. The data were collected at room temperature in 1270 frames
with @ scans (width of 0.30per frame). Empirical absorption
corrections based on symmetry equivalence were appligfl ax
= 0.790 and 0.959 fot; Tminmax= 0.851 and 0.954 fo2). On the
basis of systematic absences and successful solution and refinement
of the structures, the space groups were determined t@2be
(No. 14) for bothl and 2. The structures were solved by direct
methods and difference Fourier synthesis. The H atom in the
hydroxyl group was located in difference Fourier maps and refined
with a fixed isotropic thermal parameter. The H atoms in the methyl

We did not study the dependence of the products on the amount ofdroup were not located. The final cycles of least-squares refinement

H,O by evaporation of KD in the reaction mixture before the
reaction or addition of KD to the reaction mixture. An orange
crystal was selected for structure determination by single-crystal
X-ray diffraction. The crystals were easily separated by hand
sorting, and the purity of the sample for property measurements
was confirmed by powder X-ray diffraction (Figure S1 in the
Supporting Information). Elemental analysis of the sample con-
firmed the stoichiometry of.. (Found: C, 14.39; H, 1.41. Calcd
for CgHgO1sP.FesNa: C, 14.392; H, 1.208.) The yield was 69%
based on Fe. The colorless impurity phase is Fej&Bj)(H.0)],
as indicated from powder X-ray diffractidf.

Colorless rod crystals df were synthesized as a major product
by heating a mixture of 1.3 mmol of MnO,-2H,0, 2 mmol of
CH3PO(OH), 1.6 mmol of HC,04:2H,0, and 2 mmol of NaOH
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390.
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380.
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including atomic coordinates for all atoms and anisotropic thermal
parameters for non-H atoms converged at=R0.0310 and wR2
= 0.0841 forl and R1= 0.0322 and wR2= 0.0848 for2. All cal-
culations were performed using tB&IELXTL, version 5.1, software
packagé# Crystallographic data are summarized in Table 1.
Mossbauer MeasurementsA Mdassbauer spectrum was re-
corded onl at room temperature with &Co/Rh source and a
conventional constant-acceleration”8dbauer spectrometer. The
spectrum was least-squares-fitted using the computer program
MOSFIT 1 The isomer shift values are relative to Fe metal at 293
K

Results and Discussion

As shown in Figure 1, the structure &fis constructed
from F€'Og octahedra, methylphosphonate pseudotetrahedra,
and oxalate units. Fe2 sits on an inversion center, and all
other atoms are at general positions. Fel is coordinated by
one bidentate oxalate chelate, three monodentate oxalate
units, and one phosphonate tetrahedron. FeEE2Q, and
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K. J. Am. Chem. So2004 126, 9142.
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Figure 1. Building units of1 showing the atom-labeling scheme. Thermal
ellipsoids are shown at 50% probability.

Figure 3. Sections of the structure dfshowing the connectivity between
the corner-sharing octahedral trimers. Dashed lines represent H bonds.
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Figure 4. Powder5’Fe Massbauer spectrum df recorded at 293 K.

bond length'® The calculation results indicate that the
distortion in Fe2@ (A = 29.9 x 104 is much more
i - 4

Figure 2. Polyhedral plot of the structure dfalong the [101] direction. prO”OU”{?eQ th_an thatin FedQ\ = 7.2 x 10°). Each CH.'
The yellow and green polyhedra represent FeQahedra and phosphonate  POsH unit is linked through two O atoms to two Fe ions
tetrahgdra, respectively. Large blue circles: Ng ions. Black circles: C atoms. belonging to two octahedral trimers. The hydroxyl group is
Red circles: oxalate O atoms. Small open circles: H atoms. H-bonded with an adjacent phosphonate O atom. The P
bond length agrees well with those found in other metal

C4,0, units share a common corner, O9. Fe2 is coordinated o
404 units 'S ! phosphonates. The thermal ellipsoids of the hydroxyl O atom

by two bidentate oxalate chelates and two phosphonateand the methyl C atom are elongated in a direction
tetrahedra. Each Fe20ctahedron shares trans corners with perpendicular to the-POH and P-CHs bonds, respectively.

two FelQ octahedra to form trimeric units, which are The larger temperature parameters of the two atoms can be
connected by oxalate units, phosphonate tetrahedra, and H g b P

bonds to form infinite channels along the [101] direction attributed to thermal vibration of the two-connected meth-

o O
where the N4 cations are located (Figure 2). There are two yIphosphonate group. The six coord_mgte N 1S tlg_htly

L ) . i bonded in the structural channel and is immobile, as indicated
distinct oxalate ligands in the structure: C2G3@ a

. . . hort and regular NaO bond lengths and nearly isotropi
monobidentate chelate to one Fel ion and a blsmonodentat(%Jhy esrmc;;[ \?ib?atie(?:sa(:om 2&;; isggstsrfctﬂratlasvi{msﬁ_tth ’
ligand to another two Fel ions, whereas G4 is a X b .

2 . ) . it-cell vol for2 is significantly | than that fat
bisbidentate chelate that bridges two Fe2 ions and a b's'ggtacuiev?\ﬂt%i?eis OlgréSerSI?Q;Ir::alrzl%y irr?;Lerarllnotifcieable
monodentate ligand to two Fe1 ions, with O9 therefore being difference between the two compounds is that the octahedral
three-coordinate (Figure 3). Bismonodentate and bisbidentate istortions in2 (A = 5.5 x 10~ for Mn10s and 18.4x
coordination by the same oxalate ligand has been observe 04 ' . :

) or Mn2G;) are smaller than those ihbecause the d
in Fel4(PO)2(C20,)(H20). and (QleNz)[Fg"4(C204)3- orbitals of Mr* are symmetrically occupied.
(HPQy)2).12To our knowledge, the unusual bismonodentate The Mossbauer spectrum (Figure 4) was least-squares-

and monobidentate coordination by the same oxalate iSgiteq with two doublets as expected from crystallographic
observed for the first time. Both FeOctahedra are distorted ¢ \4ies The obtained parameters@isomer shift)= 1.13-

because ofi, coordination by the oxalate ligands (Fe®, (1) mm s, AEg(quadrupole splitting)= 1.05(1) mm s,
2.059-2.245 A,104-Fe1-07=76.25; Fe2-0,2.023- 4, 41(full width at half-height)= 0.26(1) mm s* for site 1

2.312 A, J08-Fe2-09 = 73.1). The longest FeO  ,nqs'— 1.12(1) mm s, AEq = 2.11(1) mm s’, andT" —

bonds involve the:s-O atom, O9, which is bonded t0 tWo g 58(1) mm st for site 2. The isomer shift values are relative

Fe ions and one C atom. The octahedral distortion can be, Fo metal at 293 K. The observed relative areas lead to a
estimated by using the equation= (1/6)5 [(R — Ra)/Ra]?,

whereR is the individual bond length arid,, is the average  (16) Shannon, R. DActa Crystallogr.1976 A32, 751.
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ratio of site 1:site 2= 64:36, in agreement with the existence structures. The title compounds are the first examples of the
of two Fe crystallographic sites in a proportion of 2:1. The use of an ionic liquid as a solvent in the synthesis of metal
isomer shifts for both sites are characteristic df. Ade usual oxalatophosphonates. In addition, they are the first oxalate
ranges of isomer shifts in oxides are 0-2850 and 1.03 methylphosphonates with a 3D framework structure. Altering
1.28 mm s? for Fe'" and Fé in six coordination, respec- the solvent from HO to an ionic liquid can change the
tively.r” The site with largerAEq (2.11 mm s?) can be chemistry of the system. This work shows that ionothermal
assigned to Fe2 because it has a larger octahedral distortionsynthesis is a new route for preparing new orgaimorganic

In summary, an iron(ll) oxalatophosphonate and the Mn hybrid compounds.
analogue have been synthesized by an ionothermal method.
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