Journal of Solid State Chemistry 156, 32-36 (2001)

doi:10.1006/js5¢.2000.8954, available online at http://www.idealibrary.com on "l!%

I@

The Synthesis and Characterization of a New Manganese Phosphate
Templated by Piperazine

Kjell Ove Kongshaug, Helmer Fjellvag, and Karl Petter Lillerud

Department of Chemistry, University of Oslo, P.O Box 1033 Blindern, N-0315 Oslo, Norway

Received May 23, 2000; in revised form August 1, 2000; accepted September 5, 2000; published online December 21, 2000

An organically templated manganese phosphate, Mny,(H,0),
(HPO,),(PO4),- C,N,H,,-H,0, has been synthesized hydro-
thermally and characterized by synchrotron powder X-ray
diffraction, thermogravimetric analysis, and magnetic measure-
ments. The compound is structurally closely related to both
a magnesium phosphate and an iron phosphate, and crystallizes
in the triclinic space group P-1 (No. 2) with a = 12.81926(12) A,
b=15.87361(20) A, c¢=6.47912(7) A, «=99.8660(11)°, p=
90.3913(10)°, y = 103.4265(9)°, V = 1261.928(25) A%, and Z = 2.
The structure consists of anionic sheets of manganese phosphate
separated by piperazinium cations and water molecules. The
basic building unit of the inorganic layers is a hexamer of
edge-sharing Mn polyhedra. Magnetic susceptibility measure-
ments and bond valence calculations confirm the assignment of
high-spin Mn** (d°) in the title compound. © 2001 Academic Press

INTRODUCTION

Currently there is considerable research interest in the use
of organic templates to direct the synthesis of micro- and
mesoporous materials (1,2). This activity stems from the
possible application of such materials as molecular sieves,
sorbents, and catalysts. Most of these organic-inorganic
hybrid materials contain silicon, aluminum, and phos-
phorus, but also transition metals have successfully been
incorporated into layered and three-dimensional frame-
works. Such materials include phosphates of molybdenum
(3), vanadium (4), iron (5), cobalt (6), zirconium (7), and
titanium (8). The transition metal-containing materials may
have new and exciting applications, for instance, as redox
catalysts.

Until now just one organic-inorganic hybrid material
based on manganese phosphate has been known to exist (9).
In addition a number of organically templated three-dimen-
sional manganese-gallium phosphates have been known
(10-12). Manganese phosphates are also found in nature as
minerals like switzerite (13). In addition a number of syn-
thetic phosphates have been obtained. The compounds con-
tain structure elements of chains (14) or layers (15) or exhibit
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a dense three-dimensional network (16). When it comes to
oxidation state, compounds containing either Mn" (17) or
Mn™ (18) have been known as well as mixed-valence
Mn"/Mn" compounds (19). In addition, manganese itself
has been known to form microporous and layered oxide
structures (20). These materials exhibit mixed valence and
manganese oxidation state in the range 3.5-3.8.

Presently, the synthesis and crystal structure of an
organically templated layered manganese phosphate, UiO-
23, is reported. The compound was synthesized hydrother-
mally, and the crystal structure was solved from high-res-
olution synchrotron powder X-ray diffraction data. The
thermal and magnetic behavior of the compound has been
studied.

EXPERIMENTAL
Synthesis

UiO-23 was synthesized hydrothermally from a mixture
of manganese acetate tetra hydrate (Aldrich, 99%), phos-
phoric acid (Merck, 85%), piperazine hexahydrate (Fluka,
98%) deionized water in a molar ratio of 2:3:2:50. This
mixture had an initial pH of 3.8. The crystallization took
place in a Teflon-lined steel autoclave, filled to 80% of
maximum volume, at 150°C for four days. The final pH after
crystallization was 3.6. The product in form of a white
powder was washed with water and dried in air at 60°C. The
yield based on Mn was 50%.

Crystal Structure Determination

Synchrotron powder X-ray data were collected at the
Swiss—Norwegian Beam Line (BM1) at ESRF, Grenoble.
The data were collected in transmission mode in a 1.0-mm
rotating capillary (4 = 0.52227 A; 20 range 1.6°-2.1° and
4.38°-25.272°, which resulted in 5348 observations and
1608 contributing reflections). The powder pattern was
indexed in a triclinic unit cell using the autoindexing
program ITO (21): a = 12.81926(12) A, b = 15.87361(20) A,
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TABLE 1
Experimental Conditions and Relevant Data for the Rietveld
Refinements of UiO-23

Chemical formula Mng(H,0),(HPO)4(PO4),- C4,N,H,;, H,O

Formula weight 1045.696
Pattern range 20 (°) 1.6-2.1 and 4.38-25.272
Step size A20 (°) 0.004
Wavelength (A) 0.52227
Space group P-1 (No. 2)
a (A) 12.81926(12)
b (A) 15.87361(20)
c(A) 6.47912(7)

o (%) 99.8660(11)
() 93.260(2)

7 () 103.4265(9)
VA 2

v (A3 1261.928(25)
No. of observations 5348

No. of reflections 1608

No. of refined parameters 177
Ry, 0.083
R} 0.071

c=647912(7) A, o =99.8660(11)°, f =90.3913(10)°, y =

103.4265(9)°, and V = 1261.928(25) A3. A starting model for
Rietveld refinement in space group P-1 (no. 2) was built on
the basis of the structurally related magnesium phosphate
UiO-16 (22) using the Cerius? software. The refinement was
carried out using GSAS (23). Initially, scale, background,
zero point, and lattice parameters were refined. The profile
parameters were optimized by fitting the pattern using the
LeBail method (24). Atomic positions were refined with soft
constraints being introduced: d(P-O) = 1.54(2), dMn-0) =

2.15(5), d(N-C) =1.48(2) and d(C-C)=1.52(2)A. The
weight function could not be completely lifted at the end of
the refinement without unrealistic bond distances emerging
in the structure. Common isotropic displacement para-
meters were adopted for manganese, phosphorous, frame-
work oxygen atoms and template nitrogen and carbon
atoms, respectively. The final residuals were R, = 0.083
and RZ = 0.071 refined with 177 parameters. The largest
peak and hole in the Fourier difference map are 0.671 and
—0.551 eA 3. Experimental conditions of the Rietveld re-
finement are reported in Table 1. Atomic coordinates and
isotropic displacement parameters are given in Table 2 and
selected bond distances are presented in Table 3. Figure 1
shows the observed, calculated and difference diffraction
profiles from the Rietveld analysis.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was carried out in
a flow of nitrogen on a Scientific Rheometric STA 1500. The
sample (20 mg) was heated from room temperature to 800°C
at a rate of 5 Kmin ™.

Magnetic Measurements

The magnetization of the compound was measured in
a field of 1000 G over the temperature ranges 5-305 K with
a step of 10 K and 2-20 K with a step of 1 K. The experi-
ments were performed on a Quantum Design MPMS
SQUID magnetometer.

TABLE 2
Atomic Coordinates and Isotropic Displacement Parameters
for UiO-23

Atom X y z Ui (A?)
P1 0.6544(9) 0.0121(8) 0.6526(17)  0.0233(19)
P2 0.8467(9) 0.9900(8) 0.1463(17)  0.0233(19)
P3 0.4711(10) 0.8088(9) 0.8470(18) 0.0233(19)
P4 0.0291(10) 0.1909(9) 0.5082(20) 0.0233(19)
P5 0.7121(11) 0.3463(10) 0.6809(21) 0.0233(19)
P6 0.7899(10)  0.6478(10) 0.8748(19)  0.0233(19)
Mnl 0.5894(6) 0.9980(6) 0.1599(11)  0.0125(11)
Mn2 0.9098(6) 0.0042(6) 0.6594(10)  0.0125(11)
Mn3 0.7671(6) 0.1701(5) 0.3814(10)  0.0125(11)
Mn4 0.7326(6) 0.8306(5) 0.7358(10)  0.0125(11)
Mn5 0.5155(6) 0.8240(5) 0.3793(10)  0.0125(11)
Mn6 0.9842(6) 0.1786(5) 0.0315(11)  0.0125(11)
o1 0.7414(11)  0.9630(11) 0.689(4) 0.0168(18)
02 0.6977(19)  0.1105(10) 0.6393(28)  0.0168(18)
03 0.5810(17) 0.9635(10) 0.4602(20) 0.0168(18)
04 0.5791(12)  0.0033(19) 0.8331(22)  0.0168(18)
05 0.8050(18)  0.8917(10) 0.0464(26)  0.0168(18)
06 0.7599(10)  0.0403(10) 02120(32)  0.0168(18)
07 09178(15)  0.0382(10) 0.9943(22)  0.0168(18)
08 0.9221(11)  0.9997(19) 0.3380(20)  0.0168(18)
09 0.4158(19)  0.7132(11) 0.866(4) 0.0168(18)
010 0.5571(11) 0.7972(17) 0.6857(21) 0.0168(18)
o11 0.3935(12) 0.8574(10) 0.7627(33) 0.0168(18)
012 0.5191(18)  0.8534(10) 0.0693(20)  0.0168(18)
013 0.0967(18) 0.2810(12) 0.6230(34) 0.0168(18)
Ol4 0.9425(11)  0.2050(17) 0.3595(22)  0.0168(18)
o15 0.1056(12) 0.1413(10) 0.3839(31) 0.0168(18)
016 0.9743(17) 0.1493(10) 0.6897(21) 0.0168(18)
o17 0.6985(20)  0.4257(13) 0.5840(34)  0.0168(18)
018 0777117)  0.3614(18) 0.8918(28)  0.0168(18)
019 0.7858(16)  0.2969(11) 0.5509(33)  0.0168(18)
020 0.5957(14)  0.2954(13) 0.692(4) 0.0168(18)
021 0.8078(21)  0.5733(14) 0.7014(30)  0.0168(18)
022 0.7242(17) 0.6212(18) 0.0637(29) 0.0168(18)
023 0.7204(17)  0.6979(11) 0.7706(33)  0.0168(18)
024 0.8943(14)  0.7098(13) 0.9779(35)  0.0168(18)
oW1 0.6834(13)  0.8037(18) 0.3275(34)  0.014(10)
Oow2 0.8214(14) 0.2089(18) — 0.020(4) 0.009(10)
OW3 0.7162(31)  0.4634(29) 0.138(5) 0.189(21)
N1 0.9967(23)  0.4073(19) 0.472(5) 0.005(6)
N2 0.5176(23) 0.5913(20) 0.571(5) 0.005(6)
C1 09351(23)  0.4382(24) 0.317(5) 0.005(6)
2 0.9954027)  0.533524) 0.323(4) 0.005(6)
C3 0.5683(24)  0.5633(25) 0.375(5) 0.005(6)
C4 0.5088(28) 0.4699(25) 0.278(5) 0.005(6)

Note. Calculated standard deviations are in parentheses. Space group is
P-1.
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TABLE 3
Selected Bond Distances (&) for UiO-23
P1-0O1 1.539(6) Mn1-0O3 2.107(13)
P1-02 1.550(6) Mn1-04 2.117(12)
P1-03 1.534(6) Mn1-04 2.182(13)
P1-O4 1.537(6) Mn1-06 2.138(13)
Mnl1-O11 2.222(13)
Mn1-O12 2.236(13)
P2-05 1.548(6) Mn2-O1 2.126(13)
P2-06 1.536(6) Mn2-O7 2.140(13)
P2-07 1.528(6) Mn2-08 2.080(12)
P2-08 1.533(6) Mn2-08 2.170(13)
Mn2-015 2.240(12)
Mn2-016 2.233(13)
P3-09 1.545(6) Mn3-02 2.156(13)
P3-010 1.544(6) Mn3-06 2.143(12)
P3-011 1.542(6) Mn3-O11 2.172(12)
P3-012 1.547(6) Mn3-O14 2.199(13)
Mn3-0O19 2.081(13)
Mn3-OW2 2.703(12)
P4-013 1.549(6) Mn4-O1 2.151(12)
P4-014 1.543(6) Mn4-05 2.177(12)
P4-015 1.544(6) Mn4-010 2.197(12)
P4-016 1.541(6) Mn4-0O15 2.193(12)
Mn4-023 2.127(13)
Mn4-OW1 2.653(12)
P5-017 1.543(6) Mn5-03 2.149(13)
P5-0O18 1.549(6) Mn5-010 2.187(13)
P5-019 1.532(6) Mn5-012 2.137(12)
P5-020 1.531(6) Mn5-020 2.068(13)
Mn5-OW1 2.269(13)
P6-021 1.544(6) Mn6-0O7 2.163(13)
P6-022 1.552(6) Mn6-O14 2.189(13)
P6-023 1.545(6) Mn6-016 2.180(12)
P6-024 1.535(6) Mn6-024 2.080(12)
Mn6-OW2 2.281(13)
N1 Cl1 1.483(6) N2 C4 1.479(6)
NI C2 1.482(6) Cc1C2 1.525(6)
N2 C3 1.481(6) C3 C4 1.523(6)

Note. Calculated standard deviations are in parentheses.

RESULT AND DISCUSSION
Thermogravimetric Analysis

Thermogravimetric analysis shows a total weight loss of
12.8% in two steps below 400°C (Fig. 2). This is in agree-
ment with first the loss of three water molecules and there-
after loss of the organic template (calculated loss 13.6%).
Above 400°C the structure collapses, and the resulting X-
ray powder diffraction pattern indicates an amorphous
state.

Crystal Structure

The crystal structure of UiO-23, Mng(H,O),(HPO),
(PO4),-C,N,H,, H,O, contains inorganic layers of
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FIG. 1. Final diffraction profiles from Rietveld refinement of synchro-

tron radiation data.

anionic manganese phosphate connected by interlamellar
piperazinium cations and water molecules (Fig. 3). UiO-23
is structurally closely related to both a magnesium phos-
phate (22) and an iron phosphate (25), and is a triclinic
variant of these two monoclinic compounds containing the
same structural features. UiO-23 has 45 nonhydrogen
atoms in the asymmetric unit (6 Mn, 6 P, 27 O, 2 N, and
4 C), and is among the more complex structures being
refined from powder diffraction data. The basic building
unit in the manganese phosphate layers is a hexamer com-
posed of two MnOg octahedra, two MnO5(H,O) octahedra,
and two MnO4(H,O) tetragonal pyramids (Fig. 4). All these
polyhedra are connected via edge sharing. The hexamers
have two orientations within the layers (Fig. 5), and are
interconnected via manganese polyhedra and via phosphate
tetrahedra. A bond valence analysis (26) indicates presence
of just divalent manganese consistent with the results of
the magnetic measurements. The six crystallographically

Weight Loss (%)

v T v T T T T T T T v T v T v
0 100 200 300 400 500 600 700 800
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FIG. 2. TG curve for UiO-23 heated at a rate of 5 K-min~ %
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FIG. 3. View along [100] of the crystal structure of UiO-23 showing
anionic manganese phosphate layers as coordination polyhedra and
pipirazinium cations and water molecules in the interlamellar space.

independent phosphate tetrahedra can also be grouped in
three pairs of two. In two tetrahedra all the four oxygen
atoms are bridging to manganese polyhedra. Two tet-
rahedra have three bridging and one terminal oxygen, the
latter most probably being an OH group due to a hydrogen
bonding contact to a bridging oxygen (d(O9 --- 020) = 2.89
and d(O13---024) = 2.57 A). The last two phosphate tet-
rahedra are composed of two bridging and two terminal
oxygen atoms. Two of them are OH groups, whereas the
nature of the last two is more uncertain. For these, there is
hydrogen bonding contacts to the nitrogen atoms of the
piperazine molecules. However, the powder X-ray data do
not allow determination of hydrogen positions. It is possible
that the piperazine molecules are doubly protonated, how-
ever, the terminal oxygen atoms might be OH groups or
there may exist disorder in the hydrogen positions as was
found for UiO-16 (22). The formula given for UiO-23 as-
sumes that the piperazine molecules are doubly protonated.

The synthesis of UiO-23 represents one of the first exam-
ples of a organic-inorganic hybrid material based on man-
ganese phosphate. Both UiO-23 and the other phase,
(C,H{oN,)[Mn,(HPO,);(H,O)] (9), reported so far have
been of layered nature. The next step in the development
would be to synthesize organically templated manganese
phosphates with 3D open framework structures just as we
have managed in the magnesium phosphate system with
UiO-20 (27).

Magnetic Properties

The temperature dependence of the molar magnetic sus-
ceptibility showed Curie-Weiss behavior in the range
15-305 K (Fig. 6). The measured points were fitted with
Im = Cn/(T — 0), where C,,, and 0 are the Curie and Weiss

FIG. 4. The basic building unit of the manganese phosphate layers in
the form of a hexamer of edge-sharing manganese polyhedra.

constants, respectively. The observed Curie constant of
Cn=419emu-K ' -mole™! corresponds to an effective
paramagnetic moment of p. = 5.79 - ug, which is close to
the spin-only value of 5.92 - ug for Mn" (d5). The deviation in
Legr may be caused by spin-orbit coupling of Mn" in the
distorted five- and six coordinated environments.

The Weiss constant of — 36.22 K indicates rather weak
antiferromagnetic interactions between the Mn" atoms. At
low temperatures, the magnetic susceptibility increases
strongly below 7 K, see inset to Fig. 6, which indicates onset
of long-range antiferromagnetic order. For the layered
(C,H{oN,)[Mn,(HPO,)3(H,0)] a maximum in y,,(T) oc-
curs around 2.5 K (9). For the latter, the crystal structure

FIG. 5. The interconnection of Mn polyhedra forming the 2D layers.
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FIG. 6. Magnetic susceptibility and reciprocal susceptibility as a function of temperature for UiO-23.

contains zig-zag chains with a Mn;Oy; cluster formed by
edge-sharing octahedra and a bridging MnOs trigonal bi-
pyramid. On that basis the susceptibility was described
using a triangular lattice antiferromagnetic model with
S =5/2 (9). The interlayer Mn—-Mn separation is compara-
ble to that in UiO-23 (around 10 A). However, in UiO-23
the magnetic sublattice contains interconnected hexameric
units (Fig. 5) of Mn polyhedra, which probably explains the
substantially increased ordering temperature.
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