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The first organically templated gallium oxalatophosphonate has been synthesized under hydrothermal conditions
and characterized by single-crystal X-ray diffraction, infrared spectroscopy, and thermogravimetric analysis. The
structure consists of GaOg octahedra and GaO, tetrahedra connected by methylphosphonate and bis-bidentate
oxalate anions to form anionic sheets in the ab plane with the charge-compensating propylenediammonium cations
and water molecules between the sheets. The methyl groups of the phosphonate ligands extend from both sides
of the layers into the interlamellar region. Crystal data: monoclinic, space group P2,/n (No. 14), a = 8.8514(4) A,
b = 16.3030(7) A, ¢ = 15.0816(7) A, B = 97.539(1)°, and Z = 4.

Introduction in the presence of an organic amine as the structure-directing

. agent. They commonly adopt 3-D framework structures,
The synthesis of open-framework metal phosphates and h v a few h 2D | 1-D chain struct

metal phosphonates has been extensively studied, owing ta"€'€as oy af ew have 2- hay?r or 1- '(I:I ams ru;: ures.
potential applications in ion exchange and catalysis. This HOWEVer, very few reports in the literature illustrate the use

research has led to a vast number of new compounds, disOf oxalate anions forming part .of the structure with the
playing wide structural variatioris* Recently, many re- phosphonate groups, although this area of metal phosphonate
search activities have focused on the synthesis of organic chemistry has been the focus of intense research for many
inorganic hybrid compounds by incorporating organic ligands Years. We report herein an organically templated oxalato-
in the structures of metal phosphates. As compared with phosphonate, (§112N2)odGas(C204)(CH3PO3)4]-0.5H0, with
inorganic phosphates, the organic molecules have larger size# layer structure. This compound is original in that meth-
and a wide variety of means of connection. This idea is ylphosphonate and oxalate anions, associated with a group
currently used by a number of groups and leads to a largel3 element, are incorporated into the skeleton of a layer
number of oxalatophosphates of transition metals and main-structure templated with an amine. Two compounds were
group element® Most of these compounds are synthesized published which had the characteristics of the title compound
concerning the two anions with metals, namely, the tin
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Experimental Section Table 1. Crystallographic Data for

. - N CsH12N2)o dGag(C204)(CH3P03)4]-0.5H0
Synthesis and Preliminary Characterization.The hydrothermal (CaHaNado dGa(C204)(CH:P O -0.5H

reactions were carried out in Teflon-lined stainless steel Parr acid empirical formula G5GagH19NO16 574
digestion bombs with an internal volume of 23 mL. All chemicals g;ﬁ ?6823%‘?7)
were purchased from Aldrich. Colorless long thin plate crystals of dA 15:0816(7)
(C3H12N2)0.dGag(C204)(CH3PGs)4]-0.5H,0 (1) were obtained by pldeg 97.539(1)
heating a mixture of gallium nitrate hydrate (1 mmol), methylphos- VIA3 2157.5(3)
phonic acid (3 mmol), oxalic acid (2 mmol), 1,3-diaminopropane z 4

. . fw 720.28
(2.8 mmol), sodium chloride (? mmol), and water (10 mL) at 165 space group P2,/n (No. 14)
°C for 3 d and very slow cooling to 78C at 1°C/h followed by T/°C 23
fast cooling to room temperature by turning off the power of the (Mo Ka)/A 0.71073
oven. The pH after the reaction was 2.9, and the yield was 19% Dealcdg-cm ) 2.217
based on gallium. We have also carried out retrosyntheses without /é(i\fo Kog/em 8'10'202
NaCl, with 1 and 3 mmol of NaCl, and with 2 mmol of KCI; the WR2® 0.1041

resulting prqduct from the reac_tion with 1 mmol of NaCl contains ARL= 3Eo| — IFdl/SIFol. PWR2 = [SWES — FAUSWERY,
colorless thin platg crystalg dfin 24% yield, whereas the other  _ V() +?aP)2+CbP], P [Max(Fo, 0) + S(FC)Z]/C& as 0_8422, and
products are a mixture df in smaller crystal sizes and a small =555

amount of unidentified side products. It appears that the addition

of 1 or 2 mmol of NaCl helps grow larger crystalsbWwith better Table 2. Bond Lengths (A) for

quality. A reaction with 2 mmol of NaF did not produde as (CsH12N2)o.5[Gas(C204)(CH3P O3)4] -0.5H0

indicated from powder X-ray diffraction. Energy-dispersive X-ray  Ga(1)}-0(2) 1.930(3) Ga(HO(6) 1.883(3)
fluorescence spectroscopy of several plate crystals did not reveal Ga(1)}-O(7) 1.950(3) Ga(10(12) 1.948(3)
any Na and confirms the presence of Ga and P. Powder X-ray data gzg))zgﬁ?) f?gﬁ% (G;ggzl:))gg?) fgg(l)g’))
were collected on a Shimadzu XRD-6000 automated powder Ga(2)-0(9) 1:835(3) Ga(2y0(11) 1'.806(3)
diffractometer with Cu K radiation equipped with a scintillation Ga(3)-0(3) 1.919(3) Ga(3}0(5) 1.904(3)
detector. Data were collected in the range<620 < 50° at a very Ga(3)-0(8) 1.905(3) Ga(3)0(10) 1.957(3)
slow scan speed of 0.1 deg/min if Bsing thed—26 mode in a Ga(3)-0(13) 2.024(3) Ga(3)0(16) 2.042(3)
flat plate geometry. The powder X-ray diffraction pattern of the :28)):883 i'igig; ﬁggg% ﬁgzg
bulk product is in good agreement with the calculated pattern on  p(2)-o(4) 1535(3) P(2)0(5) 1513(3)
the basis of the results from single-crystal X-ray diffraction (see  P(2-0(6) 1.508(3) P(2yC(2) 1.782(5)
Figure S1 in the Supporting Information). However, the intensities ~ P(3)-0(7) 1.523(3) P(30(8) 1.505(3)
of the 00 reflections are considerably greater than the values in Eg)):gg%) igﬁ(é’)) E((zg((?l’)l) 12%8
the simulated pattern because of the preferred orientation of the P(4)-0(12) 1:528(3) P(4)C(4) 1:780(6)
crystallites within the powder specimen. Most peaks in the c(5-0(13) 1.252(5) C(5y0(14) 1.281(5)
diffraction pattern are broadened. Thd ¢flections appear to have C(6)—0(15) 1.259(5) C(6Y0(16) 1.254(5)

narrower profiles. The broadened reflection profiles could be due
to disordering of the layers in the stacking direction in some very difference Fourier maps. The propylenediammonium cation is
thin plate crystals in the sample. Elementary analysis results of the statistically distributed over four positions. The molecule is located
bulk product are consistent with the stoichiometry (Found: C, on sites close to an inversion center. Each atom in the molecule is
12.77; H, 2.44; N, 1.72. Calcd for@GaH1gNO16 8P4 C, 12.51; disordered over two positions, so that four alternative orientations
H, 2.66; N, 1.94). are generated by an inversion center. A lattice water oxygen atom
The infrared spectrum was recorded on a Perkin-Elmer Paragonsite with 50% occupancy was also located. The H atoms were not
1000 FT-IR spectrometer using the KBr pellet method. Thermo- located. The final cycles of least-squares refinement including the
gravimetric analysis (TGA) was performed on a Perkin-Elmer atomic coordinates and anisotropic thermal parameters of all atoms
TGA7 thermal analyzer. The sample was heated from 40 to 900 in the skeleton of the layer structure and isotropic thermal
°C at 5°C min~t in flowing N, or O,. parameters for all atoms in the amine molecule converged at R1
Single-Crystal X-ray Diffraction. A colorless crystal of dimen- 0.0402, wR2= 0.1041, andS = 1.146.Apmaxmin = 0.69,—0.40
sions 0.21x 0.09 x 0.06 mn$ was selected for indexing and  e-A~3. Neutral atom scattering factors were used for all the atoms.
intensity data collection on a Siemens Smart CCD diffractometer Anomalous dispersion and secondary extinction corrections were
equipped with a normal-focus, 3 kW sealed tube X-ray source. Most applied. All calculations were carried out with the PC version of
crystals in the reaction product were twinned because of the plateythe SHELXTL program packageThe crystallographic data are
morphology. A number of crystals were selected and checked for given in Table 1 and selected bond lengths in Table 2.
reflection profiles before a satisfactory one was obtained. Intensity

data were collected in 1271 frames with increasimd@width of Results and Discussion

0.3 per frame). The number of observed unique reflectidis>( o . .
40(Fo)) is 4450 (Dynax = 56.63, Ry = 0.035). Empirical absorption Characterization. The FTIR spectrum (Figure 1) displays
corrections based on symmetry equivalents were performed by usingdands characteristic of a H-bondegdimolecule $(O—H)
the SADABS program for the Siemens area detect@f fax = ~ 3400 cn1l], an RNH;* group f/(N—H) ~ 3100 cn1?],

0.735, 0.960). On the basis of systematic absences, the statistics ofin oxalate ligandf(C—0) = 1690, 1367, 1307 cni], a
intensity distribution, and successful solution and refinement of the CH, group P.{C—H) = 1495 cnm], and a CH group
structure, the space group was determined t@®gn (No. 14).

The structure was solved by direct methods: The metal and P atoms (g sheldrick, G. M.SHELXTL ProgramsVersion 5.1; Bruker AXS
were first located, and the C, N, and O atoms were found from GmbH: Karlsruhe, Germany, 1998.
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Figure 1. FTIR spectrum ofl.

100 —
] Figure 3. Structure ofl viewed along thea axis. The yellow, red, and
4 green polyhedra are Gg@ctahedra, Gagtetrahedra, and CP@etrahedra,
o5 1 respectively. Black circles are C atoms, orange circles are N atoms, blue
4 circles are C atoms of CRQetrahedra, and white circles with principal
7 ellipses are water oxygen atoms. H atoms are not shown.
sample was heated in flowing,Or'he TGA curve is similar
to that measured in Nbut does not show any weight gain
. at about 750C. The decomposition was incomplete by 900
°C in both experiments.
The XRD patterns of a sample that has been heated at 95
and 200°C show that the framework is maintained after loss
of water of crystallization (see Figure S2 in the Supporting
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R AR AR R R SRS RRARRRRRRRRRR Information). The decomposition step between 420 and 450
100 200 300 400 500 600 700 800 900 °C is supported by the TGA data forbKsa,(C,04)(POy)4]-
Temperature (°C) 2H,0.° which shows the weight loss due to the decomposi-
Figure 2. Thermogravimetric analysis df in flowing nitrogen at 5°C tion of oxalate at about 508C. The IR spectrum ot that
min~*, was heated at 450C does not display the peaks at 1690

and 1367 cm! due tov(C—O0) of the oxalate and the sharp
[0(C—H) = 1420 cm*, 6.{C—H) atabout 1310 crmi], thus ooy ot 1495 crrt due tod.{C—H) of the Ch group (see
confirming the presence of organic components and & Watergjg, re 53 in the Supporting Information). Therefore, the loss
molecule. A group of peaks around 1100 ¢nsorrespond of the amine and oxalate above 4%50 is confirmed. The

to the stretching of-PO; groups. _ peaks due tad(C—H) and 6.{C—H) of the phosphonate

~ The TGA curve shows a number of weight 10SSes, methyl group remain in the spectrum. To identify the final
indicating a complex process of decomposition (Figure 2). gecomposition products, a separate sample was heated in
The weight loss commences at room temperature. This isﬂowing N at 900°C for 3 h. The products contained GaPO
due to the loss of a lattice water molecule. We can attribute (JCPDS 31-546) and black glassy carbon, as indicated from
this facile loss of lattice water to the low degree of hydrogen powder X-ray diffraction and the color. CHN analysis of
bonding holding the water in the crystal lattice. There are o decomposition product of a sample that had been heated
several overlapping weight losses between 100 and@20 flowing N, at 700°C for 1 h gave C, 4.63: H, 0.28: N,
They can be attributed to the deprotonation and volatilization § o4 The results indicate complete loss of the organic amine
of the organic amine. The observed weight loss between 40,gecules and oxalate units and partial decomposition of
and 420°C is 6.0%, which is close to that calculated for the methylphosphonate ligands.

loss of 0.5 mol of GHiN» and 0.5 mol of HO (6.39%). Structure. A polyhedral plot of the complete crystal
The rapid weight loss of 10.5% between 420 and 450s structure is shown in Figure 3. It consists of anionic sheets
attributed to the loss of 1Q@, 1COy), and 0.5HO, of the formula [Ga(C;04)(CHsPOs)s]~ with charge-com-
calculated as 11.25%. The weight loss above 45@an be pensating propylenediammonium cations and water mol-

assigned to the decomposition of methylphosphonate groupsgcyjes between the layers. There are two sheets per unit cell
The slight weight gain at about 75T is unclear to us.

Another TGA experiment was performed in which the (9) Hung, L.-C.; Kao, H.-M.; Lii, K.-H.Chem. Mater200Q 12, 2411.

Inorganic Chemistry, Vol. 43, No. 20, 2004 6405



Lin and Lii

octahedra and GaQetrahedra. The ranges of 6® bond
lengths in the Ga@ tetrahedra in both structures are
comparable. In the structure @feach oxalate unit is a bis-
bidentate ligand to one Ga(1) and one Ga(3) atom. This is a
common type of oxalate coordination in the structures of
oxalatophosphates. The coordination environments of four
distinct methylphosphonate units are chemically similar. Each
methylphosphonate coordinates to one tetrahedral Ga and
two octahedral Ga atoms, with the methyl group being
01 directed toward the interlamellar region. The® and P-C
bond lengths agree well with those found in other metal
phosphonates. Four-, six-, and eight-membered rings are
Figure 4. Coordination environments of the Ga atoms in the structure of formed within the layer structure, with the latter consisting
1 showing the atom labeling scheme. Thermal ellipsoids are shown at 50% Of three Ga@octahedra, one Ga@etrahedron, one oxalate,
probability. H atoms are not shown. and three CHPG; units. The propylenediammonium cations
and lattice water molecules reside in the interlamellar region
and are disordered. Each organic cation forms hydrogen-
bonding interaction with a framework oxygen atom, as
inferred from the short N(1A)-O(12) distance of 2.74 A.
The cation is disordered because it is not stabilized via
extensive hydrogen bonds to the framework atoms. The water
molecule is disordered over two positions with 50% oc-
cupancy and is also H-bonded to a framework oxygen atom
(Ow(1)+-O(5) = 2.83 A).
A large number of organically templated oxalatophos-
phates have been reported. Most of them adopt 3-D
framework structures, whereas only a few have 2-D sheet
or 1-D chain structures. In most cases, the 3-D frameworks
are formed of metal phosphate layers connected by bis-
bidentate oxalate bridges. The oxalate units are out-of-plane
with respect to the inorganic layers. In contrast, the incor-
poration of oxalate units within the layers (in-plane) has been
observed in only three layer structures, namely, {NNO-
(HPO)]2(C204)+H20,M [(R)-CsH14N2] )[Gau(Co04) (HoP Oy
(PQy)4]+2H:0,2° and (HsTREN)[Mx(HPO)(C204)2.5-3H.0
(M = Mn and Fe)*? Sn(OsPCH)(C,0,) is the first example
Figure 5. Section of a gallium oxalatophosphonate layet iriewed along reported in the literature which uses an oxalate ligand to form
the ¢ axis. part of the framework along with the phosphonate grbup.
The compound consists of infinite chains of vertex-linked

length along thec axis. Adjacent sheets are related by an . . o
inversion center. The asymmetric unit is constructed from SnQ and QPC units which are connected via in-plane

the following structural elements: three Ga atoms, one oxalate groups, forming the 2-D corrugated layer structure.

oxalate, and four methylphosphonate ligands, all of which ;Lhe tg)xalatel atnlon IS dln_cortr;]orat?d tt_)y the dtec_orlnp:%lrlon ﬁf
are at general positions in the unit cell (Figures 4 and 5). € lin oxajate used in ne starting material. oug

Both Ga(1) and Ga(3) are octahedrally coordinated by one n-butylam.ine was added i.n the starting mixture, the organic
bidentate oxalate and four methylphosphonate units. In template is not included in the structure. In the course of
contrast, Ga(2) is tetrahedrally coordinated by four meth- our synthesis of metal oxalafe)rga_nophospho_nates, we
ylphosphonate units. The G&® bond lengths vary from noted that most compounds form thin, flat, easily separated
1.883(3) t0 2.070(3) A for Ga(1), from 1.794(3) to 1.835(3) sheets, indicating that they have 2-D layer structures.
A for Ga(2), and from 1 904(3)’ to 2.042(3) A for Ga(3) Presumably, they consist of layers of metal centers linked
The coordination by the oxalate leads to a distorted octahe—through CPQ tetrahedra and oxalate units. The organic
dron for Ga(1) and Ga(3), as indicated by the wide range of components of organophosphonate groups extend from both
Ga—O bond lengths and 7the€Ga—O bond angles [80% sides of the layers and hinder metal ligation by out-of-plane
for Ga(1) and 81.2 for Ga(3)] subtended by the oxa.late oxalate linkages. To promote the formation of 3-D covalent
group. The distortion is slightly more pronounced than that connectivities, organodiphosphonate ligands can be used. The

in [(R)-CsH1aN2]o[Gau(Co04)(HaPQn)o(PQx)a]-2H,0 1 which organic tethers of the diphosphonate groups might project

is a layered gallium oxalatophosphate containing both a0 (11) Do, J.. Bontchev, R. P.; Jacobson, Alnbrg. Chem2000 39, 3230.
(12) Jiang, Y.-C.; Wang, S.-L.; Lee, S.-F.; Lii, K.-thorg. Chem 2003
(10) Lii, K.-H.; Chen, C.-Y.Inorg. Chem.200Q 39, 3374. 42, 6154.
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However, all three materials contain a corrugated layer motif

composed of octahedral Gg@H) units that are linked

together by the diphosphonate groups. It would be interesting Supporting Information Available:  Crystallographic data in
to learn about the role of the diphosphonate group in the CIF format, and X-ray powder patterns and IR spectrum (PDF).
structure along with the other structural moieties, viz., oxalate This material is available free of charge via the Internet at
anions. Further work on this theme is in progress. http://pubs.acs.org.
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