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The synthesis and crystal structure of Mg4(PO4)4‚2C2H10N2 (UiO-20), which is the first
example of an organically templated open framework magnesium phosphate, is described.
UiO-20 is characterized by means of single-crystal and powder X-ray diffraction, solid-state
31P MAS NMR spectroscopy, and thermogravimetric analysis. Crystal data for UiO-20: space
group C2/c (no. 15); a ) 20.9098(8) Å, b ) 17.8855(7) Å, c ) 14.7913(6) Å; γ ) 134.842(2)°;
V ) 3922.3(3) Å3; and Z ) 8. The framework topology is of zeolite type DFT, and UiO-20 is
isostructural with compounds such as the cobalt phosphate DAF-2, zinc phosphate DAF-3,
zinc arsenate UCSB-3ZnAs, and gallium germanate UCSB-3GaGe. The structure has a 3D
8-ring channel system with protonated ethylenediammonium cations in the channel junctions.
The material turns amorphous upon removal of the organic template on heating.

Introduction

The open framework structures of zeolitic alumino-
silicates such as those for zeolite A, X, and Y, early on
became important for industrial applications. During
the last 50 years, extensive efforts have continuously
been made to synthesize new types of zeolite materials,
partly with hitherto unknown topologies, that possibly
may lead to new applications. In the early 1980s the
chemical compositional domain of zeolite-type materials
was broadened to include aluminophosphates.1 More
recently, the chemical domain was further expanded to
a variety of elements that are capable of forming
tetrahedrally linked open framework compounds. The
incorporation of divalent elements such as Be2+, Zn2+,
Mg2+, Ni2+, Mn2+, and Co2+ into aluminophosphates
gave rise to the so-called metalloaluminophosphates
(MAPOs), which represent important compounds, owing
to their potential catalytic and adsorptive properties.
Until recently the highest degree of substitution for Al3+

by a divalent element was 38% in CoAlPO4-50;2 how-
ever, Stucky and co-workers have now been able to
increase the solid solution substitution limit to about
90%.3,4 On the other hand there exist zeolitic phosphates
with just divalent Be2+,5-11 Zn2+ ,7,12-15 or Co2+.16,17

Another divalent element which plays a major role
in MAPO synthesis is magnesium. Several unique
structures such as DAF-1,18 STA-1,19 and STA-220 have
only been synthesized as MgAlPOs. UiO-1621 was the
first example of an organically templated layered mag-
nesium phosphate, and the present paper reports on the
synthesis and crystal structure of the first example of
an organically templated open framework magnesium
phosphate, here denoted UiO-20. The compound has a
zeolite-type magnesium phosphate framework with
alternating linkage of corner-shared MgO4 and PO4

tetrahedra. The compound has the DFT topology and
is isostructural with compounds such as the cobalt
phosphate DAF-216 and the zinc phosphate DAF-3.13
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Experimental Section

UiO-20 was prepared hydrothermally by first mixing Mg3-
(PO4)2‚8H2O (5.45 g, Fluka), 85 wt % H3PO4 (3.10 g, Merck),
and deionized water (9.03 g) followed by stirring at room
temperature for 15 min. Thereafter ethylenediamine (2.42 g,
Fluka) was added, and the mixture was stirred for another
10 min. The molar composition of the mother solution was 3
MgO:2P2O5:3ethylenediamine:50H2O. This solution was trans-
ferred to a Teflon-lined steel autoclave, which was filled to 80%
of maximum volume, and heated at 150 °C for 24 h. The initial
and final pH was 8.8 and 8.1, respectively. The product was
recovered by filtration and washed by deionized water. The
yield based on magnesium was 40%.

Characterization of the product was initially performed by
powder X-ray diffraction (PXD) using a Siemens D5000 dif-
fractometer in Bragg-Brentano geometry. The diffractometer
was equipped with an incident beam monochromator giving
Cu KR1 (λ ) 1.540598 Å) radiation and a Braun positional
sensitive detector. The obtained diffraction pattern did not
correspond to any known magnesium phosphate compound.
High-resolution PXD data were subsequently collected in
transmission geometry with the sample in a rotating 0.5-mm
borosilicate capillary. Data were collected for the 2θ range 10-
90° (counting time 12 s).

Thermogravimetric analysis (TGA) was performed on a
Scientific Rheometric STA 1500 instrument. The sample was
heated from room temperature to 700 °C at a rate of 5 K min-1

in a flow of oxygen. This heat treatment gave a black, X-ray
amorphous residue, probably carbon, that was taken as
indicative of incorporation of organic species in the obtained,
new compound. Powder X-ray diffraction showed the residue
to be amorphous.

Solid state 31P MAS NMR data were recorded with a Bruker
DMX-200 spectrometer. The spinning rate was 8.0 kHz, and
the spectrum was collected during 16 scans using 100 s
repetition time.

A suitable single crystal was selected and mounted on a
Siemens SMART-CCD diffractometer. Intensity data covering
a hemisphere of reciprocal space were collected at 150 K by
means of 1525 frames (∆θ ) 0.3°; 30 s per frame). Integration
and data reduction were done using the SAINT software.22 An

absorption correction based on symmetry equivalent reflections
was applied using SADABS.23 Further crystal and experimen-
tal data are given in Table 1.

The crystal structure was determined and refined using the
SHELXTL program package.24 A structure solution was first
achieved in the small tetragonal unit cell, a ) 10.4702 Å and
c ) 8.941 in space group P42/n. However, the 31P MAS NMR
data indicated the existence of a supercell. The 31P NMR
spectrum shows three peaks in the intensity ratio 1:2:1, see
Figure 1. This indicates that there are four crystallographically
distinct P positions. The subcell described above has only one
nonequivalent P position. Therefore, a 4-fold centered mono-
clinic supercell was adopted: a ) 20.9098 Å, b ) 17.8855 Å, c

(22) SAINT Integration Software, Version 4.05; BrukerAnalytical
X-ray Instruments Inc.: Madison, WI, 1995.

(23) Sheldrick, G. M. SADABS, Empirical Absorption Corrections
Program; University of Göttingen: Göttingen, 1997.

(24) Sheldrick, G. M. SHELXTL Version 5.0; BrukerAnalytical
X-ray Instruments Inc.: Madison, WI, 1994.

Table 1. Crystal Data and Structure Refinement for
UiO-20

empirical formula Mg4P4O16N4C4H20
formula weight 601.36
temperature 150(2) K
wavelength 0.71073 Å
crystal system monoclinic
space group C2/c
unit cell dimensions a ) 20.9098(8) Å

b ) 17.8855(7) Å
c ) 14.7913(6) Å
â ) 134.842(2)°

volume 3922.3(3) Å3

Z 8
density (calculated) 2.037 g cm-3

absorption coefficient 0.603 mm-1

F(000) 2464
crystal size 0.12 × 0.11 × 0.08 mm
θ range for data collection 1.78-23.43°
index ranges -23 e h e 23; -19 e k e 19;

-16 e l e 16
reflections collected 13912
independent reflections 2826 [R(int) ) 0.1153]
reflections observed (>2s) 1922
refinement method full-matrix least-squares on F2

data/restraints/parameters 2826/0/298
goodness-of-fit on F2 1.401
final R indices [I > 2σ(I)] R1 ) 0.0621; wR2 ) 0.0919
R indices (all data) R1 ) 0.1007; wR2 ) 0.0994
largest diff. peak and hole 0.400 and -0.562 e Å-3

Figure 1. 31P MAS NMR spectrum of UiO-20.

Table 2. Atomic Coordinates and Equivalent Isotropic
Displacement Parameters (Å2 × 103) for UiO-20a

atom x y z U(eq)

Mg(1) 0.6337(2) 0.5791(1) 0.8697(2) 9(1)
Mg(2) 0.1339(1) 0.5828(1) 0.8798(2) 9(1)
Mg(3) 0.5134(1) 0.6686(1) 0.3938(2) 8(1)
Mg(4) 0.0011(1) 0.6701(1) 0.3846(2) 10(1)
P(1) 0.4880(1) 0.6450(1) 0.5859(2) 9(1)
P(2) 0.8503(1) 0.6002(1) 0.1141(2) 8(1)
P(3) 0.6496(1) 0.3955(1) 0.8964(2) 9(1)
P(4) -0.0044(1) 0.6504(1) 0.5961(2) 8(1)
O(1) 0.5787(3) 0.5965(3) 0.9299(5) 20(1)
O(2) 0.0369(3) 0.7735(3) 0.4253(4) 15(1)
O(3) 0.5851(3) 0.6279(2) 0.7143(4) 17(1)
O(4) 0.4803(3) 0.6232(2) 0.4771(4) 11(1)
O(5) 0.9112(3) 0.6126(3) 0.0934(4) 19(1)
O(6) 0.8792(3) 0.6510(2) 0.2222(4) 14(1)
O(7) 0.8516(3) 0.5192(2) 0.1478(4) 11(1)
O(8) 0.7528(3) 0.6233(2) -0.0102(4) 14(1)
O(9) 0.6387(3) 0.4745(3) 0.8498(4) 15(1)
O(10) 0.5918(3) 0.3403(2) 0.7850(4) 13(1)
O(11) 0.7491(3) 0.3707(2) 0.9848(4) 11(1)
O(12) 0.6227(3) 0.3894(3) 0.9709(4) 15(1)
O(13) 0.0852(3) 0.6474(2) 0.7371(4) 16(1)
O(14) -0.0463(3) 0.7283(2) 0.5554(4) 11(1)
O(15) 0.9297(3) 0.5921(2) 0.5710(5) 16(1)
O(16) 0.0140(3) 0.6254(2) 0.5161(4) 10(1)
N(1) 0.1204(4) 0.5010(3) 0.6262(5) 13(1)
N(2) 0.6261(4) 0.5053(3) 0.6242(5) 14(1)
N(3) 0.7586(4) 0.2534(3) 0.1335(5) 13(1)
N(4) 0.7341(4) 0.7513(3) 0.1062(5) 15(1)
C(1) 0.7169(4) 0.4716(4) 0.7168(6) 14(2)
C(2) 0.2119(4) 0.5328(4) 0.7085(6) 14(2)
C(3) 0.7604(4) 0.2203(4) 0.2269(6) 11(2)
C(4) 0.7403(4) 0.7825(4) 0.2040(6) 13(2)
a U(eq) is defined as one-third of the trace of the orthogonalized

Uij tensor. Calculated standard deviations in parentheses.
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) 14.7913 Å, and γ ) 134.842° in space group C2/c. The direct
method solution gave the Mg and P positions, whereas O, C,
and N atoms were located by difference Fourier analyses. No
hydrogen position could be located from the maps; however,
hydrogen atoms were placed geometrically and refined in the
riding mode. The last cycles of the refinements included atomic
coordinates for all atoms, anisotropic displacement parameters
for all non-hydrogen atoms and isotropic displacement param-
eters for all hydrogen atoms. The final atomic coordinates are
given in Table 2, whereas selected bond distances and angles
are listed in Table 3. Figure 2 shows the close correspondence
between the experimentally obtained powder X-ray diffraction
pattern of the bulk sample isolated from the autoclave and

that simulated on the basis of the single-crystal structure
solution.

Results and Discussion

The asymmetric unit of UiO-20 contains [NH3(CH2)2-
NH3]2

4+[Mg4(PO4)4].4- The framework consists strictly
of alternating MgO4 and PO4 tetrahedra. The structure
is characterized by a 3D eight-membered ring channel
system with channels parallel to the crystallographic
axes. The channel along [010] has dimensions 6.4 × 6.5
Å, Figure 3a. The channels along [100] and [001] have
similar characteristics and dimensions 7.4 × 4.5 Å,
Figure 3b. The diprotonated ethylenediammonium cat-

Table 3. Selected Interatomic Distances [Å] and Bond
Angles [deg] for UiO-20a

Mg(1)-O(9) 1.907(5) O(9)-Mg(1)-O(1) 110.4(2)
Mg(1)-O(1) 1.914(5) O(9)-Mg(1)-O(8) 111.6(2)
Mg(1)-O(8) 1.935(5) O(1)-Mg(1)-O(8) 108.2(2)
Mg(1)-O(3) 1.946(5) O(9)-Mg(1)-O(3) 107.4(2)

O(1)-Mg(1)-O(3) 119.5(2)
O(8)-Mg(1)-O(3) 99.4(2)

Mg(2)-O(15) 1.921(5) O(15)-Mg(2)-O(7) 114.5(2)
Mg(2)-O(7) 1.940(5) O(15)-Mg(2)-O(11) 106.1(2)
Mg(2)-O(11) 1.944(5) O(7)-Mg(2)-O(11) 110.5(2)
Mg(2)-O(13) 1.949(5) O(15)-Mg(2)-O(13) 112.7(2)

O(7)-Mg(2)-O(13) 111.7(2)
O(11)-Mg(2)-O(13) 100.3(2)

Mg(3)-O(10) 1.911(4) O(10)-Mg(3)-O(14) 111.4(2)
Mg(3)-O(14) 1.927(5) O(10)-Mg(3)-O(4) 105.3(2)
Mg(3)-O(4) 1.962(4) O(14)-Mg(3)-O(4) 109.8(2)
Mg(3)-O(12) 1.981(5) O(10)-Mg(3)-O(12) 119.2(2)

O(14)-Mg(3)-O(12) 109.1(2)
O(4)-Mg(3)-O(12) 101.3(2)

Mg(4)-O(5) 1.922(5) O(5)-Mg(4)-O(2) 110.2(2)
Mg(4)-O(2) 1.925(5) O(5)-Mg(4)-O(6) 112.3(2)
Mg(4)-O(6) 1.936(5) O(2)-Mg(4)-O(6) 116.1(2)
Mg(4)-O(16) 1.937(4) O(5)-Mg(4)-O(16) 99.7(2)

O(2)-Mg(4)-O(16) 109.6(2)
O(6)-Mg(4)-O(16) 107.6(2)

P(1)-O(1) 1.513(5) O(1)-P(1)-O(2) 108.9(3)
P(1)-O(2) 1.518(5) O(1)-P(1)-O(3) 110.2(3)
P(1)-O(3) 1.544(5) O(2)-P(1)-O(3) 112.1(3)
P(1)-O(4) 1.549(4) O(1)-P(1)-O(4) 106.7(3)

O(2)-P(1)-O(4) 110.6(3)
O(3)-P(1)-O(4) 108.2(3)

P(2)-O(5) 1.521(4) O(5)-P(2)-O(7) 112.4(3)
P(2)-O(7) 1.525(5) O(5)-P(2)-O(6) 110.5(3)
P(2)-O(6) 1.545(4) O(7)-P(2)-O(6) 108.4(3)
P(2)-O(8) 1.556(5) O(5)-P(2)-O(8) 108.0(3)

O(7)-P(2)-O(8) 110.2(2)
O(6)-P(2)-O(8) 107.2(3)

P(3)-O(9) 1.518(5) O(9)-P(3)-O(10) 111.1(3)
P(3)-O(10) 1.531(4) O(9)-P(3)-O(11) 109.4(3)
P(3)-O(11) 1.548(5) O(10)-P(3)-O(11) 107.2(2)
P(3)-O(12) 1.555(5) O(9)-P(3)-O(12) 112.0(3)

O(10)-P(3)-O(12) 108.1(2)
O(11)-P(3)-O(12) 108.9(2)

P(4)-O(14) 1.524(5) O(14)-P(4)-O(13) 112.3(3)
P(4)-O(13) 1.534(5) O(14)-P(4)-O(16) 110.2(2)
P(4)-O(16) 1.546(4) O(13)-P(4)-O(16) 107.8(3)
P(4)-O(15) 1.550(5) O(14)-P(4)-O(15) 110.7(3)

O(13)-P(4)-O(15) 109.2(3)
O(16)-P(4)-O(15) 106.3(2)

N(1)-C(2) 1.476(8) N(2)-C(1)-C(2) 109.9(5)
N(2)-C(1) 1.474(8) N(1)-C(2)-C(1) 110.9(5)
N(3)-C(3) 1.480(8) N(3)-C(3)-C(4) 109.3(5)
N(4)-C(4) 1.469(8) N(4)-C(4)-C(3) 110.4(5)
C(1)-C(2) 1.522(9)
C(2)-C(1) 1.522(9)
C(3)-C(4) 1.519(8)
C(4)-C(3) 1.519(8)

a Calculated standard deviations in parentheses.

Figure 2. Simulated (top) and experimental (bottom) powder
X-ray diffractogram for UiO-20 (Cu KR1 radiation, λ ) 1.540598
Å).

Figure 3. Crystal structure of UiO-20 seen along (a) [010]
and (b) [001] showing eight-membered rings. For clarity,
template molecules occluded in the framework and framework
oxygens are omitted. The unit cell is indicated by thin lines.
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ions are accommodated in the channel junctions and are
hydrogen bonded to oxygen atoms of the framework, see
Table 4 and Figure 4.

A bond valence analysis25 for UiO-20 shows that the
calculated valences are close to the expected values of
2 and 5 for magnesium and phosphorus, respectively
(Table 5). Some of the valences calculated for the oxygen
atoms are rather low; however, their valences are partly
fulfilled by means of hydrogen-bonding interactions with
ethylenediammonium cations.

One interesting aspect of UiO-20 is the presence of
tetrahedrally coordinated magnesium. Magnesium has
a strong preference for octahedral coordination, and
other examples of structures with tetrahedrally coor-
dinated magnesium are rather scarce. In phosphate-
based compounds, MgAPOs, Mg is known to substitute
partly for tetrahedral Al in the framework.26,27 Other
examples includes the diphosphate Mg2P2O7‚H2O28 and
the R, â, and γ forms of KMgPO4.29 Also in spinels such
as MgAl2O4

30 and MgTi2O4
31 there are tetrahedrally

coordinated magnesium. In UiO-20 there is no terminal
or bridging water molecules or hydroxyl groups leading
to higher than tetrahedral coordination for magnesium.

The four-connected 3D net in UiO-20 can be decom-
posed and described by means of two subunits, either
in terms of a 2D net or as a 1D chain. The 2D 4.82 net,32

see Figure 3a, forms when stacked along [010] the four-
connected 3D net of UiO-20. The 4.82 net is a common
structural motif seen in many zeolite topologies includ-
ing ABW, GIS, MER, PHI, and ACO. The 1D chain in
the alternative description is a bifurcated hexagonal-
square chain (bhs), see Figure 5 running along [010].
When cross-linked they convert into the four-connected
3D net of UiO-20.

(25) Brown, I. D.; Altermatt, D. Acta Crystallogr. 1985, B41, 244.

(26) Han, S. X.; Smith, J. V.; Pluth, J. J.; Richardson, J. W. Eur. J.
Mineral. 1990, 2, 787.

(27) Smith, J. V.; Pluth, J. J.; Andries, K. J. Zeolites 1993, 13, 166.
(28) Kongshaug, K. O.; Fjellvåg, H.; Lillerud, K. P. Solid State Sci.,

in press.
(29) Wallez, G.; Colbeau-Justin, C.; Le Mercier, T.; Quarton, M.;

Robert, F. J. Solid State Chem. 1998, 136, 175.
(30) Bacon, G. E. Acta Crystallogr. 1952, 5, 684.
(31) Lecerf, A. Thesis, Bordeaux University, 1962.
(32) Smith, J. V. Chem. Rev. 1988, 88, 149.

Figure 4. Positioning of ethylenediammonium ions accom-
modated in the channel junctions. Dotted lines indicate
hydrogen-bonding interactions. Mg atoms are indicated with
filled circles; P atoms, with shaded circles.

Table 4. Hydrogen Bonding Interactions in UiO-20

interaction distance (Å)

N(1)‚‚‚O(7) 2.98
N(1)‚‚‚O(15) 2.84
N(1)‚‚‚O(16) 2.73
N(2)‚‚‚O(3) 2.99
N(2)‚‚‚O(4) 2.79
N(2)‚‚‚O(12) 2.91
N(3)‚‚‚O(11) 2.76
N(3)‚‚‚O(12) 3.19
N(3)‚‚‚O(13) 2.94
N(4)‚‚‚O(2) 2.97
N(4)‚‚‚O(6) 2.83
N(4)‚‚‚O(8) 2.77

Table 5. Bond Valence Analysis for UiO-20

P(1) P(2) P(3) P(4) Mg(1) Mg(2) Mg(3) Mg(4) ∑

O(1) 1.32 0.55 1.87
O(2)a 1.31 0.53 1.84
O(3)a 1.22 0.50 1.72
O(4)a 1.20 0.48 1.68
O(5) 1.30 0.54 1.84
O(6)a 1.21 0.52 1.73
O(7)a 1.28 0.51 1.79
O(8)a 1.18 0.52 1.70
O(9) 1.31 0.56 1.87
O(10) 1.26 0.55 1.81
O(11)a 1.21 0.51 1.72
O(12)a 1.18 0.46 1.64
O(13)a 1.25 0.50 1.75
O(14) 1.29 0.53 1.82
O(15)a 1.20 0.54 1.74
O(16)a 1.21 0.52 1.73

∑ 5.05 4.97 4.96 4.95 2.13 2.06 2.02 2.11
a Involved in additional hydrogen bonding interactions, see

Table 4.

Figure 5. Bifurcated hexagonal-square (bhs) chain running
along [010].
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The framework topology of UiO-20 is identical to the
theoretical net 39 proposed early in the 1960s,33 now
assigned the three-letter code DFT by IZA. A number
of compounds with different compositions are isostruc-
tural with UiO-20; e.g., the cobalt phosphate DAF-2,16

the zinc phosphate DAF-3,13 the zinc arsenate UCSB-
3ZnAs,34 the gallium germanate UCSB-3GaGe,35 and
the aluminum cobalt phosphate ACP-3.34

The different compounds with the DFT topology have
in common that they all have been synthesized with
ethylendiamine as organic template. Etylendiamine has
recently also been used in the cobalt, aluminum, and
phosphate system to synthesize the zeolite topologies
MER,3 GIS,36 and ACO.3 Both MER and GIS are
naturally occurring aluminosilicate minerals and can
also be synthesized in this system. The DFT and ACO
topologies have on the other hand not been synthesized
as aluminosilicates. The ACO topology has just been
synthesized as a aluminum cobalt phosphate, but
O’Keeffe et al.37 have pointed out that there is no
geometrical reason it has not yet been found as a silicate
or germanate. DFT has already been found as a ger-
manate, but it may be difficult to synthesize it as a
silicate as the bhs chain is rarely observed in silicate
compounds. The few examples include the nonzeolitic
isostructural aluminosilicates banalsite, BaNa2Al4-
Si4O16,38 and lisetite, CaNa2Al4Si4O16,39 and titanosili-
cate narsarsukite, Na2TiOSi4O8.40

The chemical shift values of -0.82, -1.80, and -2.67
ppm for the resonances in the 31P MAS NMR spectrum

(Figure 1) fall inside the appropriate range (-30 to 12
ppm) reported for a large number of orthophosphates,41

and is also close to values reported for P(4Mg) environ-
ments in magnesium-substituted aluminophosphates.42

Müller et al.43 have suggested an empirical correlation
between 31P chemical shift and average P-O-Al bond
angle in aluminophosphates where the chemical shift
decreases with increasing average bond angle. The
relevant average bond angles in UiO-20 are: ∠(P(1)-
O-Mg) ) 140.7°, ∠(P(2)-O-Mg) ) 139.7°, ∠(P(3)-O-
Mg) ) 136.5°, and ∠(P(4)-O-Mg) ) 136.3°. These
values combined with an observed 1:2:1 intensity ratio
in the spectrum makes it impossible to assign the
different resonances to the different crystallographic P
sites in UiO-20 using the average angle correlation.
From the bond angles alone one would expect a 2:1:1
ratio. The reason for the failure is possibly related to
the presence of organic template in the channels. The
ethylenediamine modifies the secondary coordination
sphere of the phosphorus atoms and interacts with the
framework oxygen atoms of the primary PO4-tetrahedra
via hydrogen bonds. This effect is different among the
nonequivalent P atoms and has a certain influence on
the NMR signals. Similar effects have been reported in
the literature.44

Supporting Information Available: Tables of bond
lengths and angles, anisotropic displacement parameters,
hydrogen coordinates and isotropic displacement parameters,
and structure factors for UiO-20. This material is available
free of charge via the Internet at http://pubs.acs.org.
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