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A new gallium phosphatooxalate hybrid material, (C;0H25N4)[Gas(OH)2(PO4)2(HPO4)s-
(C204)3]+3.5H,0 (1), has been synthesized under mild hydrothermal conditions (150 °C) in
the presence of the amine 1,4-bis(3-aminopropyl)piperazine (APPIP) as a structure-directing
agent. The compound was structurally characterized by single-crystal X-ray diffraction,
thermogravimetric analysis, and 'H, ?H, 13C, 3'P, and "'Ga solid-state NMR spectroscopy.
The structure of (1) consists of gallium phosphate double layers formed of GaOg octahedra,
GaO, tetrahedra, and HPO, and PO, groups sharing corners. The double layers are cross-
linked by oxalate ligands to form a three-dimensional framework with intersecting channels
where the amine and water molecules are located. The oxalate units play a dual role as
nonbridging mono-bidentate ligands with two terminal C—O groups pendant inside the
channels and bis-bidentate ligands bridging the double layers. Crystal data are as follows:
triclinic P1 (No. 2), a = 9.0220(7) A, b = 9.1864(9) A, ¢ = 13.4912(9) A, o = 73.988(9)°, 8 =
79.199(7)°, y = 78.775(7)°, V = 1043.6(2) A3, and Z = 1. ?Ga MAS NMR confirms the presence
of four- and six-coordinated Ga atoms. Three 3'P resonances at —0.2, —4.15, and —7.7 ppm
in a 1:1:1 ratio are observed, consistent with the structural model determined from the XRD
structural analysis. Thermogravimetric analysis and X-ray diffraction show that the
framework is stable up to about 300 °C after complete dehydration. The compound partially
reabsorbs water, giving a cell volume intermediate between the completely hydrated and

dehydrated phase.

Introduction

The discovery of aluminophosphates (AIPOs) with
zeolite-like structures and their potential applications
in catalysis, ion exchange, and gas separation led to
extensive research activity in the field of open-frame-
work metal phosphates.!™ Investigation of gallium
phosphates led to the discovery of many new structural
types not found in AIPOs.5716 These materials are
generally prepared in the presence of an organic am-
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monium cation, which is occluded within the anionic
inorganic framework and plays the role of a structure-
directing agent (SDA).117.18

In recent years, parallel to the expansion in the
research of oxide-based open-framework materials,
significant progress has been made in the area of porous
coordination solids whose structures are formed from
molecular building blocks held together through suitable
multidentate organic ligands.’®=25 The recent approach
of combining the robustness of inorganic frameworks
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with the versatility and chemical flexibility of organic
ligands has led to a number of novel hybrid inorganic—
organic open-framework materials, such as phospho-
nates, phosphono-aminocarboxylates, and phosphato-
dicarboxilates.26-28 |n the latter category, the use of
oxalate, C,0,, as a bridging bidentate ligand has been
investigated by a number of research groups and led to
the preparation of hybrid phosphatooxalates of V,29-32
Mn,30.33.34 Fg 35-42 Cq 43 71 44 M0, 45 Al 4647 Gg,48-50 | 51
and Sn.5253 In most cases, the frameworks of these
materials are built of metal phosphate layers bridged
by oxalate ligands. The incorporation of oxalate units
within the inorganic layer has been observed in a few
cases 0n|y_42,43,48—51,54

In the gallium system, Lii and co-workers reported
three gallium phosphatooxalates with interesting struc-
tural properties: [Gas(OH)2(C10HoN2)(C204)(PO4)4)-
2H,0,%8 which consists of GaO, tetrahedra and GaOg
octahedra linked by phosphate and oxalate groups to
form hybrid inorganic—organic layers that are bridged
by GaO4N trigonal bipyramids to produce a three-
dimensional (3D) framework; (R-CsH14N2)2[Gas(C204)-
(H2PO4)2(PO4)4]:2H20,4 the first phosphatooxalate tem-
plated with a chiral amine, which consists of GaOsg
octahedra and GaO, tetrahedra linked by C,04 and PO4
groups to form hybrid inorganic—organic layers that
interact through the protonated amine; and K;[Gas-
(C204)(PO4)4]-2H20,%° which is built of GaOg octahedra
and GaO, tetrahedra connected by coordinating C,04
and PO, units to generate a three-dimensional frame-
work with intersecting channels where water molecules
and potassium cations are located. We have prepared
a new open-framework gallium phosphatooxalate,
(CloH28N4)[Gae(OH)2(PO4)2(HPO4)4(C204)3]'3.5H20 (1),
that has a 3D structure built of gallium phosphate
double layers connected by oxalate units. Two types of
oxalate units are present; one type acts as bridging
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ligands and chelates two gallium centers while the other
C204 unit chelates only one gallium atom and has two
terminal C—O groups pendant inside 12-ring channels.
In this paper, its synthesis, crystal structure, solid-state
NMR, and TG analysis are presented.

Experimental Section

General Procedures. All reactions were performed under
hydrothermal conditions, with the following: Ga,O3 (99.99%,
Alfa), 1,4-bis(3-aminopropyl)piperazine (CioN4H24) (APPIP)
(97%, Aldrich), (H2C,04.2H,0) (99%, Aldrich), H3PO, (85%,
Fisher), and reagent-grade HCI and H,SO, (Fisher).

Synthesis and Preliminary Characterization. 1 was
prepared starting from a mixture containing GayOs,
H2C,04.2H,0, H3PO,4, APPIP, HCI (3 M), and H,0 at a molar
ratio of 1:1:4:2:6:400. In a typical synthesis, 0.158 g of Ga,O3
was dispersed in 4.3 mL of water and 1.7 mL of HCI (3 M)
under stirring; 0.23 mL of H3PO,4 (aqueous 85 wt %), 0.106 g
of H,C,04.2H,0, and 0.36 mL of APPIP were added with
continuous stirring and the mixture was homogenized for ~30
min. The starting mixture (=7 mL) was transferred to a
23-mL capacity PTFE-lined stainless steel autoclave (Parr,
Moline, IL) sealed and heated at 150 °C for 68 h under
autogenous pressure followed by slow cooling to room temper-
ature at 10 °C/h. The pH of the mixture remained practically
unchanged (~1.3). The resulting product consisted of colorless
plate-shaped crystals of (1) obtained in 88.2% yield based on
Ga was filtered and washed with deionized water and acetone
and dried in air. Deuteurated samples for solid-state NMR
were prepared using concentrated H,SO; and D,O. The
calculated percentage of deuteuration was ~94.6%. Elemental
analysis confirmed the number of tetraprotonated APPIP,
oxalates, and water molecules per formula unit. Found: C,
12.46; N, 3.53; H, 2.61. Calcd: C, 12.34; N, 3.60; H, 2.65.

Crystal Structure Analysis. The crystal structure of (1)
was determined by single-crystal X-ray diffraction methods.
Preliminary studies and data collection were performed at
228(2) K on a platelike single crystal of (1) using a Bruker P4
diffractometer. Crystallographic details are listed in Table 1.
Initial positional parameters for gallium, phosphorus, and
oxygen atoms were determined using direct methods, and the
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Table 1. Crystal and Structure Refinement Data for
[N4C10H2s8] [Gas(OH)2(PO4)2(HPO4)4(C204)3]-3.5H,0

fw (g/mol) 778.83 V (A3) 1043.5(2)
crystal system  triclinic z 1

space group P1 (No. 2) pealed (@ €M™3)  2.479

a (A) 9.0220(7) u (mm~1) 4.19

b (A) 9.1864(9) A (A) 0.71073
¢ (A) 13.4912(9) T (K) 228(2)

o (deg) 73.988(9) R12 0.045

B (deg) 79.199(7) WR2b¢ 0.066

y (deg) 78.775(7) GOF 1.026

aR1 =5 |F,| — |Fd|[/=|F,| (for all data). ® wR; = [S[w(Fe2 — F2)?/
S[(WFo2)2]]¥2 for all data. ¢ w—! = 02(F,2) + (0.0287P)2 + 1.3168P
where P = (Max(F2, 0) + 2F2)/3.

structure was refined using full-matrix least-squares tech-
niques (Bruker AXS SHELXTL).>> A model containing all
nonhydrogen atoms with anisotropic thermal parameters was
refined to R1 = 0.048 and wR2 = 0.079 for all 6075 reflections.
The three independent water oxygen atoms were included in
the refinement with occupancy factors of 1.00, 0.50, and 0.25
for O(1w), O(2w), and O(3w), respectively. The hydrogen atoms
(except those on the methyl groups) were located by a Fourier
synthesis and refined isotropically. The resulting structural
parameters were refined to R1 = 0.045 and wR2 = 0.066. Table
2 lists the most important bond distances and angles. Refine-
ment in the space group P1 did not lead to new features.
Positional parameters and equivalent isotropic thermal pa-
rameters and additional crystallographic results are given in
the Supporting Information.

Thermal Analysis. Thermogravimetric analysis was car-
ried out between 25 and 1000 °C under a flow of air or pure
nitrogen with a heating rate of 10 °C min~* using a Perkin-
Elmer Pyris thermal analyzer.

Solid-State NMR Measurements. NMR spectra were
acquired on a Bruker DSX 500 spectrometer with a 11.7-T field
for 1H, 2H, 13C, and 3'P nuclei. *Ga NMR was acquired on a
833-MHz field at NHMFL with a specific Bruker attached
console. MAS probes used were Bruker 4 mm, 2.5 mm, and a
Tallinn Probe of 2 mm for 7*Ga. The internal references used
were as follows: for P, H3PO4/H,O 85%; for H and C, TMS;
for Ga, Ga(NOs); in water. The secondary external references
used were as follows: for P, (NH4)H.PO,4 for H and C,
adamantane; for Ga, Ga,Os. Specific conditions of acquisition
and pulse sequences used are given in Supporting Information.

Results and Discussion

Structure Description. The structure of (1) (Fig-
ure 1) consists of gallium phosphate double layers
parallel to the (ab) plane, cross-linked by oxalate ligands
to form an anionic three-dimensional framework with
intersecting tunnels parallel to the [100] and [010]
directions where the cations (H4APPIP)*" and water
molecules are located (Figures 2 and 3). The gallium
phosphate double layers are formed of two identical
sublayers related to each other by inversion center. The
sublayers contain two crystallographically independent
GaOg octahedra, one GaO, tetrahedron, two HPO4
tetrahedra, and one PO, tetrahedron. The two octahe-
drally coordinated gallium atoms Ga(l) and Ga(3)
are linked via a u-hydroxo ligand O(7)H, P(1)O., and
HP(2)O,4 to form Ga,Og(OH)(PO4)(HPO,) units. These
dimeric units link to each other through HP(3)O4
tetrahedra to form linear chains running along the [100]
direction (Figure 4). The chains are, in turn, connected
in the [010] direction via Ga(2)O, tetrahedra to generate
the layers. The Ga(2)O, tetrahedron shares its two
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remaining oxygens to connect two symmetry-related
sublayers and generate the double layers shown in
Figure 4. The double layers are connected by oxalate
anions that act as bis-bidentate ligands to two Ga(3)
from two adjacent double layers.

The environment of the two octahedral gallium atoms
Ga(l) and Ga(3) are chemically similar, each being
coordinated by two oxygens from a bidentate oxalate
ligand, one oxygen from the u-hydroxo ligand O(7), and
three oxygen atoms from three coordinating phosphate
tetrahedra (two HPO,4 and one PO,). There are two types
of oxalate anions: one oxalate coordinates Ga(1) and
acts as a mono-bidentate ligand through O(1) and
0(2) with Ga(1)—0(1) = 1.974(2) A and Ga(1)—0(2) =
1.992(2) A and (C—0)ae. = 1.283(3) A. The two ter-
minal oxygens O(3) and O(4) have significantly shorter
carbon—oxygen bond lengths with (C—0)ave. = 1.235(3)
A. The oxygen O(4) is involved in hydrogen bonding with
the u-hydroxo ligand (O(4)- - -O(7) = 2.726(3) A and
O(4)- - -H(7) = 1.99 A (Table 3). The other oxalate unit
acts a bridge between adjacent double layers by chelat-
ing two Ga(3) from two different layers. The bis-
bidentate coordination by the oxalate ligand results in
a distorted octahedron for Ga(3), as indicated by a wide
range of Ga(3)—0 bond lengths 1.920(2)—2.049(2) A and
a small bond angle O(5)—Ga(3)—0(6) = 81.43(8)°. Three
different coordinating phosphate groups are present:
P(1)O4 shares all its oxygens with gallium atoms: two
with the tetrahedral Ga(2) atom and one with each
octahedral gallium (Ga(l) and Ga(3)) in the same
dimer; HP(2)O,4 shares one oxygen with each octahe-
drally coordinated gallium atom (O(21) with Ga(1) and
0(22) with Ga(3)) and one oxygen with Ga(2). The
fourth oxygen O(23) corresponds to an OH group with
long P(2)—0(23) = 1.580(2) A; the phosphate group
HP(3)O4 links two dimers within the same chain by
sharing its oxygens O(32), O(33), and O(34) with
Ga(1), Ga(3), and Ga(2), respectively.

The structure-directing cations (H;APPIP)** and
water molecules O(1w) and O(3w) are located at the
intersections of 12-membered ring ([100]) and 10-
membered ring (/[[010]) channels running between the
double layers. The channels in the [100] direction have
windows formed by four GaOg octahedra, two GaO,
tetrahedra, four HPO, tetrahedra, and two bridging
oxalates, while the windows of the channels in the
[010] direction are formed by six GaOg octahedra, two
HPO, tetrahedra, and two bridging oxalates. A third
type of channel formed by two GaOg, two GaO,, two POy,
and two HPO,4 polyhedra is located within the double
layers parallel to the [010] direction and contains the
water molecule O(2w). The amine and water molecules
form an extensive hydrogen-bonding network (Table 3).
APPIP is hydrogen-bonded with all three phosphate
groups and the nonbridging oxalate ligand, while O(1w)
forms hydrogen bonding to O(3w), and to O(23). The
water molecule O(2w) is involved in hydrogen bonding
with one phosphate group only through O(13).

Thermogravimetric Analysis. Compound (1) showed
similar weight loss under O, and under N, in the
temperature range 20—1000 °C. Two distinct mass
losses have been observed. The first mass loss (3.97%)
occurs between 100 and 275 °C and corresponds to the
loss of 3.5 H,O (calcd 4.05%). X-ray diffraction studies
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Figure 1. Fragment of the structure of 1 showing the atom labeling scheme and connectivities.

Table 2. Selected Interatomic Distances (A) and Angles (deg) for [N4CioH2g] [Gag(OH)2(PO4)2(HPO4)4(C204)3]-3.5H,0

Ga(1)Og Octahedron Ga(2)O4 Tetrahedron Ga(3)Og Octahedron
Ga(1)—0(1) 1.974(2) Ga(2)—0(11) 1.814(2) Ga(3)—0(5) 2.033(2)
Ga(1)—0(2) 1.992(2) Ga(2)—0(12) 1.810(3) Ga(3)—0(6) 2.049(2)
Ga(1)—0(7) 1.957(2) Ga(2)—0(24) 1.816(2) Ga(3)—0(7) 1.939(2)
Ga(1)—0(13) 1.948(2) Ga(2)—0(34) 1.807(2) Ga(3)—0(14) 1.920(2)
Ga(1)—0(21) 1.969(2) Ga(3)—0(22) 1.952(2)
Ga(1)—0(32) 1.961(2) Ga(3)—0(33) 1.951(2)

P(1)O4 Tetrahedron HP(2)O4 Tetrahedron HP(3)O4 Tetrahedron
P(1)—0(11) 1.547(2) P(2)—0(21) 1.516(2) P(3)—0(31) 1.563(2)
P(1)—0(12) 1.550(2) P(2)—0(22) 1.518(2) P(3)—0(32) 1.508(2)
P(1)—0(13) 1.518(2) P(2)—0(23) 1.580(2) P(3)—0(33) 1.520(2)
P(1)—0(14) 1.514(2) P(2)—0(24) 1.523(2) P(3)—0(34) 1.554(2)

Ga—0—P Interpolyhedra Bond Angles (deg)
Ga(1)—0(13)—P(1) 133.02(12) Ga(2)—0(24)—P(2) 141.31(14)
Ga(1)—0(21)—P(2) 123.41(11) Ga(2)—0(34)—P(3) 131.62(15)
Ga(1)—0(32)—P(3) 133.26(12) Ga(3)—0(14)—P(1) 133.12(12)
Ga(2)—0(11)—P(1) 128.55(12) Ga(3)—0(22)—P(2) 123.98(11)
Ga(2)—0(12)—P(1) 134.68(13) Ga(3)—0(33)—P(3) 130.08(11)
Monobidentate Oxalate Bisbidentate Oxalate
C(1)-0(1) 1.288(3) C(1)-0(3) 1.231(3) C(3)—0(5) 2x 1.261(3)
C(2)—-0(2) 1.279(3) C(2)—0(4) 1.239(3) C(3)—0(6) 2x 1.251(3)

of a single crystal selected from the sample after heating
at 250 °C confirmed the loss of all water molecules and
the stability of the framework. The loss of water re-
sults in a small change in the unit cell parameters with
a decrease of 16.3 A3 in volume: a = 9.002(2) A, b =
9.173(2) A, ¢ = 13.291(4) A, « = 75.39(2)°, B =
77.75(2)°, y = 78.59(2)°, and V = 1025.6(4) A3 (at 228
K). This dehydration is reversible as the dehydrated
phase partially reabsorbs water. TGA analysis of a
sample of the completely dehydrated phase after expo-
sure to a 100% relative humidity atmosphere shows that
the compound has regained 1.25 H,0O. This dehydra-
tion—hydration process can be repeated many times.
X-ray analysis of a single crystal after rehydration led
to aunitcell: a=9.04(1) A, b=9.15(2) A, ¢ = 13.37(3)
A, o = 74.80(6)°, B = 78.61(5)°, y = 78.3(1)°, V =
1032(3) A® (at 228 K). The second mass loss (24.8%)
occurs between 275 and 800 °C and corresponds to the

loss of hydroxyls, oxalates, and the amine, leading to
the formation of GaPO, (calcd 32.5%). TGA data are
submitted as Supporting Information.

NMR Spectrosocpy. "?Ga NMR. At high field the
gallium spectrum shows three components, at —21.7,
—19.8, and 111.3 ppm at an approximate ratio of 1:1:1
(Figure 5). This is in agreement with the two octahe-
drally coordinated Ga(l) and Ga(3), for the sites at
—21.7 and —19.8 ppm. The peak at 111 ppm is assigned
to the tetrahedrally coordinated Ga(2).

31P NMR. The phosphorus spectrum exhibits three
components with respective chemical shifts at —0.2,
—4.15, and —7.7 ppm in a 1:1:1 ratio (Figure 6),
consistent with the structural model determined from
the XRD structural analysis. The empirical relation
between chemical shifts and mean (POMangle leads
to a tentative assignment at —0.2 ppm for P(2) with
(POMO= 124.9°, —4.15 ppm for P(3) with (POM[=
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Figure 2. A polyhedral perspective view of the 3D framework of 1 along the [100] direction showing the double layers bridged
by oxalate ligands. GaOs, purple; GaO,, purple dashed; HPO,, green; carbon, black; oxygen, red; nitrogen, blue.

Figure 3. A polyhedral perspective view of the 3D framework of 1 along the [010] direction showing the mono-bidentate oxalate
and the stacking of the amine cation and water molecules in the channels. GaOs, purple; GaO., purple dashed; HPO,, green;

carbon, black; oxygen, red; nitrogen, blue.

128.7°, and —7.7 ppm for P(1) with [POM[= 132.3°. The
central component assigned to P(3) is broader and can
be decomposed into two lines of half the multiplicity at
—3.7 and —4.6 ppm. The lowering of symmetry on P(3)
may be local or nonlocal.

13C NMR. The CPMAS NMR experiment leads to
well-resolved carbon spectra for the oxalate sites (Figure
7) with three nonequivalent carbon sites at 168.3, 167.4,

and 165.6 ppm. They are in a 1:1:1 ratio, confirming
the multiplicity observed by diffraction analysis. The
two peaks at 168.3 and 167.4 ppm are close to each other
and can be assigned to C(1) and C(2), and the peaks at
165.6 ppm can be assigned to C(3). The latter peak can
be decomposed into two lines of 0.5:0.5 ratio as for P(3)
in phosphorus NMR. This should be considered as a
local or global lowering of symmetry that will be
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Figure 4. A projection on the (ab) plane of a fragment of one double layer showing the chains (running along the a-axis) connected
to each other through GaO, tetrahedra (purple dashed). The two single layers are distinguished in color.
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Figure 5. "*Ga MAS spectrum: (a) Experimental MAS. (b)
Simulated assuming three components as (c), (d), and (e) with
a 0.25:0.385:0.365 ratio. (c) dis, = 111 ppm, Cq = 8.98 MHz,
1o = 0. (d) diso = —19.8 ppm, Cq = 4.52 MHz, g = 0.7. (€) Jiso
= —21.7 ppm, Cq = 7.94 MHz, 5q = 0.7.

discussed later. The remaining carbon lines corre-
spond to the equivalent signals in solution with a

Table 3. Hydrogen-Bonding Interactions in [N4CioH2s]
[Gas(OH)2(PO4)2(HPO4)4(C204)3]-3.5H,0

donor acceptor D—H---A
atom (D) atom (A) D---A(A) H--A(A) angle (deg)
N(1)—H(1N1) O(24)  2.956(4) 2.50 111
N(1)—H(1N1) 0(12)  3.356(4) 256 146
N(1)—H(2N1) o(1) 2.871(3)  1.99 157
N(1)-H(3N1) 0(22)  3.043(4) 212 161
N(1)—H(3N1) O(34)  2.995(4) 2.42 118
N(2)—H(1N2) 0(4) 3.019(3) 2.23 152
N(2)—H(1N2) 0@ 3.121(3) 246 134
O(7)—H(7) 0(4) 2.726(3) 1.99 168
0(23)—H(23) o(7) 2.971(3) 2.43 126
0(23)—H(23) 0@3) 3.181(33) 245 152
O(31)—H(31) olw) 2.807(5)  2.06 176
O(lw)—H(wl) O@Bw)  2.58(1) 1.89 131
O(Iw)—H(lwl)  O(23)  3.100(1) 2.59 117
O(lw)-H(Iw2) O(23) 3.100(5)  2.62 118
o(2w)—H(2w) O(13)  2.867(6) 2.17 128
O(3w)—H(3w) O(lw)  2.304(5) 1.65 134

splitting of multiplicity for the carbon of the ring (C(14)
and C(15)).

1H/2H NMR. The hydrogen spectrum (*H) (Figure 8)
exhibits three components that are assigned to CHy,
NHs, NH, and H,O. The spectra cannot resolve the
different types of CH,. The NHj3 signals resonate at 7.9
ppm, as usually observed in protonated amines in
solution as well as in ammonium templates in mi-
croporous solids. H,O signals resonate around 4.5 ppm.
Spectra obtained for deuteurated samples show only two
signals at 7.9 and 4.6 ppm. Assignment of NH signals
to 7.9 would lead to a very large excess of water at 4.6
ppm. Assigning NH at about 5 ppm leads to a consistent
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Figure 6. 3P spectrum: (a) Experimental MAS. (b) Simulated
assuming four components as (d), (e), (f), and (g) with a
1:0.5:0.5:1 ratio. (c) Difference between (a) and (b). (d) disoc =

—0.2 ppm. (&) diso = = —3.7 ppm; () diso = = —4.5 ppm. (g) Jiso
= —7.7 ppm.
—
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Figure 7. 13C CPMAS spectrum: (a) Full spectral width. (b)
Expansion around the oxalates sites, carbon numbering is the
crystal scheme numbering used in structure description. (c)
Expansion in the region of the 1,4-bis(3-aminopropyl)pipera-
zine. The carbon numbering in (c) is the numbering scheme
of the molecule drawn on top of the figure.

ratio between NH3 and NH of 6:2. 2H NMR spectra in
static conditions (Figure 9) confirm these results. Two
intense signals are obtained, with quadrupolar interac-
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Figure 8. H spectrum: The 1,4-bis(3-aminopropyl)piperazine
1H labeling has been plotted on top of the figure. Hany and
Hn:2 as well as H,0 are exchangeable during deuteuration. The
spectrum is decomposed with three components at 7.9 ppm,
4.6 ppm, and about 1.6 ppm. NH; resonates at 7.9 while NH
and water hydrogen atoms resonate at 4.6 ppm and the other
CH; are not resolved at 1.6 ppm.
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Figure 9. 2H spectrum: (a) is the static deuterium spectrum.
(b) Its simulation assuming three components, two major (d)
and (e) and some residual adsorbed water in (c). Both ppm
and Hz scale are plotted for convenience. CH;'s are not
exchanged; only NHs, NH, and H;O could exhibit deuteron
signals.

tions of about 51 and 153 Hz, most probably due to NH3
and H,0. NH is certainly too weak to be detected, for it
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is of the lowest quantity with the largest expected
quadrupolar interaction (more than 200 kHz).

Overall, the agreement between the structural model
obtained from XRD analysis and the nonequivalent sites
observed by NMR is good. However, for two clear cases,
P(3) in phosphorus NMR and C(3) in carbon NMR, a
lower symmetry is observed. Detailed inspection of the
environment of these two sites shows that P(3) has a
water molecule O(2w) nearby which partially occupies
two alternative sites and C(3) has a water molecule
O(3w) nearby which occupies two closely spaced sites
with C(3)—0O(3w) = 3.5 and 4.2. As shown in a forth-
coming study,%® such a situation leads to a local “small
water pool” that influences the chemical shift of the
surrounding atoms. The possible situation is midway
between a discrete localized situation with well-defined
nonequivalent sites and a continuous distribution of
sites. Here, we are most probably in the case where the
water pool made of two water molecules (definitely a
very small pool!) leads to a local splitting of P(3) and
C(3) into two sites. However, the influence of these small
modulations of the structure does not affect the overall
periodicity of the crystal that remains well-described by
the centrosymmetric P1 space group.

Conclusion and Comparison with Known
Structures

Compound 1 is characterized by the presence of two
types of oxalates, one acts as a mono-bidentate and the
second acts as a bis-bidentate ligand. To the best of our
knowledge, this is the first example where such a
combination is observed. However, its structure has
features common to other metal phosphatooxalates built
of metal phosphate layers pillared by oxalate anions to
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form a 3D framework with channels where a struc-
ture-directing amine is located. Examples include
[CaH12N2][1N2(HPO4)3(C204)]-H20,51  [N2C4H12]o.5[Fes-
(HPO4)(C204)1,5],39 [NH3(CH2)2NH3]1,5[F83(PO4)(HPO4)3-
(C204)1,5]'XH20,40 and [C5H14N2][FEQ(HPO4)3(C204)].36

The mono-bidentate coordination mode has been
observed in the 1D [NH3(CH2).NHs3]o5[AlsH(HPO,)s-
(H2P04)2(C204)4]46 and [C4H12N2][VO(HPO4)(C204)].29
The bis-bidentate coordination mode in which the ox-
alate ligand bridges two metal centers either within the
metal phosphate layers as is the case in the two original
gallium phosphatooxalates previously reported by Lii
et al.*849 or between layers is predominately observed
in these hybrid materials. The presence of the mono-
bidentate oxalate ligand with two C—-O functional
groups that are pendant within compound (1) is an
additional step toward the goal of the preparation of
open-framework materials with accessible functional
groups®” and has prompted our current work on study-
ing the effects of bidentate ligands with other function-
alities on the structural and chemical properties of this
class of materials.
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