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ABSTRACT
Two new manganese(III) phenyl phosphonates, Mn(HO3PC6H5)(O3PC6H5)zH2O
and Mn(HO3PC6H5)(O3PC6H5), were synthesized. The crystal structure of
Mn(HO3PC6H5)(O3PC6H5) was solved ab initio from powder X-ray diffraction
data. This compound crystallizes in the triclinic system,a 5 10.2149(5),b 5
15.0028(8),c 5 5.0324(3) Å,a 5 95.563(4)°,b 5 116.858(4)°,g 5 95.684(5)°,
V 5 675.87(6) Å3, space groupP1, and Z5 2. The final agreement factors were
RWP 5 12.8%, RP 5 9.1%, and RF 5 3.2%. There are 22 non-hydrogen atoms
in the asymmetric part of the unit cell, and the positional parameters were refined
with the help of soft constraints. The octahedral manganese coordination spheres
are distorted due to the Jahn-Teller effect. The structure of this organic–inorganic
compound is layered. The thermal behavior of Mn(HO3PC6H5)(O3PC6H5)zH2O
was studied and its thermal decomposition product was identified.© 1998 Elsevier

Science Ltd

KEYWORDS: A. layered compounds, B. chemical synthesis, C. X-ray dif-
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INTRODUCTION

Metal organo-phosphonates have the general formula Mx(HyO3PR)zzH2O, where R is an
organic group covalently bonded to the phosphorus atom. The different M/P ratios, the
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presence or absence of hydrogen atoms on the phosphonate groups, and the variable water
content give rise to many stoichiometries and diverse structural types. These materials are
being actively studied due to their potential uses for various chemical processes [1,2].
Although several types of structures are known, most metal phosphonates have layered
structures. These layered materials can act as hosts in intercalation reactions and thus may
serve as sorbents, catalysts, and ion exchangers [3–10].

Tetravalent metal phosphonates have been widely characterized [11–13] and their struc-
tures are closely related to that of the parent zirconium hydrogen phosphate hydrate [14].
More recently, several divalent metal phosphonates have been studied [15–18]. There also
are reports on materials based on trivalent metals Fe [19], Ln [9,20], Al [21–27], and Bi [28],
but, as far as we are aware, there are no reported studies on Mn(III) phosphonates. In this
paper, we report the synthesis and characterization of a new Mn(III) phenyl phosphonate,
Mn(HO3PC6H5)(O3PC6H5)zH2O, and its dehydrated derivative, Mn(HO3PC6H5)(O3PC6H5).

EXPERIMENTAL

Synthesis.Chemicals of reagent quality were obtained from commercial sources and used
without purification. Hydrated manganese(III) phenyl phosphonate was synthesized by add-
ing 75 mL of a solution of phenyl phosphonic acid (1 M) to 1 g of orange-brown manga-
nese(III) acetate dihydrate (3.73 mmol). The resulting Mn:P molar ratio was 1:20. In these
conditions, a poorly crystalline pink-violet precipitate was obtained. The mixture was
refluxed for several days and the crystallinity of the solid was routinely checked by powder
diffraction. By increasing the refluxing time, the diffraction peaks of the precipitate become
slightly sharper. However, after 10 days, a small amount of manganese(II) phenyl phospho-
nate was detected in the pattern. This reduction of Mn(III) to Mn(II) was avoided by adding
1 mL of concentrated nitric acid to the refluxing mixture every 2 days. The overall refluxing
time was 20 days. The solid was filtered, washed with water (three times) and acetone (two
times), and air dried. Pink-brown anhydrous manganese(III) phenyl phosphonate was ob-
tained by heating the hydrate at 170°C for 4 h.

Chemical Analysis. The sample was dissolved in HNO3 (1:1) and the manganese content
was determined by atomic absorption spectroscopy. Carbon and hydrogen contents were
determined by elemental chemical analysis with a Perkin-Elmer 240 analyzer. The phospho-
rus content was deduced from the carbon percentage found, assuming a C:P molar ratio of
6:1. The water content was determined from the weight loss in the TGA curve and from static
heating. Analytical data: Mn, 13.60%; P, 15.85%; C, 36.92%; H, 3.40%. Calcd. for
Mn(HO3PC6H5)(O3PC6H5)zH2O: Mn, 14.24%; P, 16.06%; C, 37.30%; H, 3.37%; H2O,
4.67%.

Physical Characterization. TGA and DTA data were collected with a Rigaku Thermoflex
apparatus at the heating rate of 10 Kmin.21 in air with calcined Al2O3 as the internal
reference standard. Infrared (IR) spectra were recorded on a Perkin-Elmer 883 spectrometer
in the spectral range 4000–400 cm21, using dry KBr pellets containing 2% of the sample.
The X-ray diffraction (XRD) data for Mn(HO3PC6H5)(O3PC6H5)zH2O and
Mn(HO3PC6H5)(O3PC6H5) were collected on a Rigaku Ru-200 automated powder diffrac-
tometer. The source was a rotating anode generator operated at 50 kV and 180 mA, with a
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copper target and graphite monochromater. XRD data were recorded between 4° and 80°
(2u), with a 0.01° step size and 10-s counting time.

RESULTS AND DISCUSSION

Thermal Study. DTA-TGA curves for Mn(HO3PC6H5)(O3PC6H5)zH2O are shown in Fig-
ure 1. There are three main mass losses in the TGA curve that are associated with several
endotherms. The first endotherm centered at 140°C is due to the release of the water
molecule, giving crystalline Mn(HO3PC6H5)(O3PC6H5). The observed mass loss is 5.0% in
agreement with a calculated value of 4.67%. There are three processes taking place between
300 and 600°C: first, the release of a water molecule formed by the condensation of two
hydrogen phosphonate groups; second, the pyrolysis of the organic groups; and third the
reduction of Mn(III) to Mn(II). The second endotherm centered at 340°C probably corre-
sponds to the condensation process, and the strong endotherm at 515°C is due to the
pyrolysis. However, these three processes overlap, so it is not possible to distinguish which
of the endotherms corresponds to the reduction of Mn(III). The X-ray profile for the sample
heated at 800°C is completely explained by the Mn(PO3)2 powder pattern (PDF data base

FIG. 1
TGA-DTA curves for Mn(HO3PC6H5)(O3PC6H5)zH2O.
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29–0892). The total mass loss at 800°C is 46.0%, which is close to the theoretical value of
44.8% calculated for the overall thermal decomposition of Mn(HO3PC6H5)(O3PC6H5)zH2O,
to give Mn(PO3)2:

2Mn(HO3PC6H5)(O3PC6H5) z H2O 1 1/ 2 O2 3 2Mn(PO3)2 1 3H2O 1 4[C6H5]

IR Study. The IR spectrum of Mn(HO3PC6H5)(O3PC6H5)zH2O is shown in Figure 2. Two
sharp bands at 3510 and 3460 cm21 are observed in the H–O stretching vibration region; they
are due to the asymmetric and symmetric O–H stretching vibration of the hydration water.
The position at high frequencies and small width of these bands are consistent with zeolitic
water in the structure that is interacting very weakly by hydrogen bonds. The sharp band at
3060 cm21 is characteristic of the C–H stretching vibrations of the phenyl ring. Two broad
bands at 2900 and 2300 cm21 are usually related to the hydrogen phosphonate groups,
HO3PC. The H–O–H bending band is evident at 1620 cm21. The bands at 1487 and 1437
cm21 are due to the C–C skeletal vibrations of the phenyl rings, and the set of bands in the
1200–900 cm21 region are due to the different P–O stretching vibrations of the phosphonate
groups.

Structure Determination of Mn(HO 3PC6H5)(O3PC6H5). Powder diffraction data were
mathematically stripped off the Ka2 contribution, and peak picking was conducted by a
modification of the double-derivative method [29]. The powder pattern was indexed by the
Ito method [30] on the basis of the first 20 observed lines. Both compounds were indexed in
a triclinic unit cell, space groupP1, with lattice parametersa 5 5.081,b 5 15.246,c 5 4.891

FIG. 2
IR spectrum for Mn(HO3PC6H5)(O3PC6H5)zH2O.
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Å, a 5 97.36°,b 5 107.832°,g 5 90.26°, V 5 357.0 Å3, Z 5 1, and Vat (volume per
non-hydrogen atom)5 16.2 Å3, M(20) 5 52, for Mn(HO3PC6H5)(O3PC6H5)zH2O anda 5
5.112,b 5 4.966,c 5 5.043 Å,a 5 94.96°,b 5 116.92°,g 5 95.21°, V5 339.1 Å3, Z 5
1, Vat 5 16.1 Å3, M(20) 5 30 for Mn(HO3PC6H5)(O3PC6H5). It has to be emphasized that
these unit cells require Z5 1 and that these unit-cell parameters did not index several low
intensity peaks along thea axis; therefore, these are subcells of the true larger unit cells.

The structure of Mn(HO3PC6H5)(O3PC6H5) was solved using the initial unit cell (a 5
5.112,b 5 14.966,c 5 5.043 Å,a 5 94.96°,b 5 116.92°,g 5 95.21°). In this simplified
cell (the lattice has Z5 1), manganese and the hydrogen of the phosphonate groups should
be located at an inversion center. Integrated intensities were extracted from a limited range,
4° , 2u , 50°, by the decomposition (MLE) method as described in ref. 31. This procedure
gave 10 single indexed nonoverlapped reflections. The intensities of these reflections were
used as a minimal data set for structure analysis in the TEXSAN [32] series of single crystal
programs. However, inP1 with Z 5 1, the Mn must lie on a center of symmetry or (0, 0, 0).
A Patterson map with Mn at (0, 0, 0) yields the position of a P atom at 3.3 Å from Mn. The

TABLE 1
Positional Parameters for Mn(HO3PC6H5)(O3PC6H5)

in Space GroupP1, with a 5 10.2149(5),
b 5 15.0028(8),c 5 5.0324(3) Å,
a 5 95.563(4)°,b 5 116.858(4)°,
g 5 95.684(4)°, V5 675.87(6) Å3

Atom x y z

Mn(1) 0.00 0.00 0.00
Mn(2) 0.50 0.00 0.00
P(1A) 20.0988(8) 0.1044(5) 0.431(2)
O(1A) 20.055(2) 0.1003(10) 0.165(3)
O(2A) 20.252(1) 0.0456(9) 0.333(3)
O(3A) 0.021(1) 0.0736(8) 0.708(3)
C(1A) 20.101(1) 0.2234(5) 0.517(4)
C(2A) 0.027(1) 0.2853(8) 0.588(5)
C(3A) 0.028(1) 0.3783(7) 0.658(4)
C(4A) 20.089(2) 0.4038(7) 0.711(4)
C(5A) 20.227(1) 0.3480(9) 0.554(5)
C(6A) 20.236(1) 0.2586(7) 0.428(4)
P(1B) 0.3968(8) 0.1091(5) 0.433(2)
O(1B) 0.443(1) 0.0911(9) 0.193(3)
O(2B) 0.241(1) 0.0518(9) 0.334(3)
O(3B) 0.505(1) 0.0802(8) 0.742(3)
C(1B) 0.389(2) 0.2269(6) 0.510(3)
C(2B) 0.462(2) 0.2737(8) 0.809(2)
C(3B) 0.487(2) 0.368(8) 0.855(3)
C(4B) 0.402(2) 0.4140(6) 0.619(4)
C(5B) 0.301(2) 0.3644(9) 0.340(3)
C(6B) 0.311(2) 0.2728(8) 0.275(2)

Note: Uiso for Mn 5 0.015(2) Å2, Uiso for other
atoms5 0.003(1) Å2.
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FIG. 3
Observed, calculated, and difference powder XRD profiles for Mn(HO3PC6H5)(O3PC6H5).
The tick marks are calculated 2u angles for Bragg peaks.

TABLE 2
Some Bond Distances (Å) and Angles (°) for Mn(HO3PC6H5)(O3PC6H5)

Mn1–O(1A) 3 2 1.900(12) O(1A)–Mn1–O(1A) 180.0 O(3A)–Mn1–O(3A) 180.0
Mn1–O(3A) 3 2 1.993(11) O(1A)–Mn1–O(3A)3 2 89.7(4) O(3A)–Mn1–O(2B)3 2 89.6(5)
Mn1–O(2B)3 2 2.259(10) O(1A)–Mn1–O(3A)3 2 90.3(4) O(3A)–Mn1–O(2B)3 2 90.4(5)

O(1A)–Mn1–O(2B)3 2 89.2(5) O(2B)–Mn1–O(2B) 180.0
O(1A)–Mn1–O(2B)3 2 90.3(4)

Mn2–O(2A) 3 2 2.299(10) O(2A)–Mn2–O(2A) 180.0 O(1B)–Mn2–O(1B) 180.0
Mn2–O(1B)3 2 1.887(12) O(2A)–Mn2–O(1B)3 2 92.4(5) O(1B)–Mn2–O(3B)3 2 88.2(4)
Mn2–O(3B)3 2 1.869(11) O(2A)–Mn2–O(1B)3 2 87.6(5) O(1B)–Mn2–O(3B)3 2 91.8(4)

O(2A)–Mn2–O(3B)3 2 92.4(5) O(3B)–Mn2–O(3B) 180.0
O(2A)–Mn2–O(3B)3 2 87.6(5)

P(1A)–O(1A) 1.590(9) O(1A)–P(1A)–O(2A) 111.7(7) O(1A)–P(1A)–C(1A) 103.2(6)
P(1A)–O(2A) 1.553(8) O(1A)–P(1A)–O(3A) 110.5(7) O(2A)–P(1A)–C(1A) 112.1(6)
P(1A)–O(3A) 1.535(9) O(2A)–P(1A)–O(3A) 109.3(7) O(3A)–P(1A)–C(1A) 109.3(7)
P(1A)–C(1A) 1.801(7)
P(1B)–O(1B) 1.541(9) O(1B)–P(1B)–O(2B) 108.0(7) O(1B)–P(1B)–C(1B) 109.3(7)
P(1B)–O(2B) 1.559(9) O(1B)–P(1B)–O(3B) 112.4(8) O(2B)–P(1B)–C(1B) 110.4(7)
P(1B)–O(3B) 1.546(9) O(2B)–P(1B)–O(3B) 107.7(7) O(3B)–P(1B)–C(1B) 109.4(6)
P(1B)–C(1B) 1.782(7)
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remaining atoms in the phenyl phosphonate group were positioned by modeling and input
into GSAS [33] for Rietveld refinement. The refinement was performed using the following
soft constraints in bonding distances [P–O, 1.53(1) Å; P–C, 1.80(1) Å; C–C, 1.40(1) Å] and
nonbonding distances [MnzzzP, 3.30(3) Å; OzzzO, 2.55(1) Å; CzzzC, 2.40(1) Å; and CzzzC,
2.78(1) Å]. Initially, the weight for the soft constraints was high, 2000, but, as the refinement
progressed, it was reduced to a final value of 500. Refinement of overall parameters (scale
factor, unit cell, background, zero-point error, preferred orientation along [010], and peak
shape parameters) converged. In refining the atomic positions, RWP [34] fell to 20%. At this
stage, we introduced the refined atomic positions as the initial model into a new doubled unit
cell that indexed all the peaks. With this new cell (doubleda axis and Z5 2), the final
refinement converged to RWP 5 12.8%, RP 5 9.1%, and RF 5 3.2%. One isotropic thermal
parameter was refined for manganese atoms and another for the rest of atoms. Final positional
and thermal parameters are presented in Table 1. The bond lengths and angles are given in
Table 2. The Rietveld refinement plot is shown in Figure 3.

Crystal Structure of Mn(HO 3PC6H5)(O3PC6H5). This compound has 22 atoms in the
asymmetric part of the unit cell. There are two crystallographic independent manganese
atoms occupying the special positions at (0 0 0) and (1/2 0 0) and two independent
phosphonate groups, one being protonated. Mn(HO3PC6H5)(O3PC6H5) has a layered struc-
ture; a view of a portion of a layer is shown in Figure 4. The layer arrangement along theb
axis is displayed in Figure 5. This layered structure is very similar to those of
a-Zr(O3POH)2zH2O [14] and M(O3PC6H5)2 (M 5 Zr, U) [13,35]. Three manganese atoms
form a pseudo-equilateral triangle with a phosphonate group approximately in the center.

FIG. 4
Atoms arrangement within a layer of Mn(HO3PC6H5)(O3PC6H5) (ac plane).
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Around a given Mn atom, there are six such triangles, in which the P atoms are located
approximately at 1.6 Å, alternately above and below of theacplane. The three oxygen atoms
of the phosphonate groups are bonded to the Mn atoms, resulting in a distorted octahedral
environment for both Mn(1) and Mn(2). Mn31 is a d4 cation and, hence, it displays a
Jahn-Teller distortion. The Mn(1)–O bond distances are 23 1.88, 23 2.04, and 23 2.22
Å, showing an orthorhombic [21 2 1 2] distortion mode for Mn(1). The Mn(2)–O bond
distances are 43 1.88 and 23 2.30 Å Mn(2), indicating that the Mn(2) environment is better
described by a tetragonal [41 2] distortion mode. From the examination of the P–O and
Mn–O bond distances, it is unclear which oxygen bonds to the proton to give the hydrogen
phosphonate groups. It is very likely that H is bonded to O(2B) or O(2A), as they are weakly
bonded to the manganese atoms through the long Jahn-Teller distorted bond. However, it is
not possible to distinguish between these two possibilities. In fact, acid protons may be
randomly distributed between two oxygens, as in La(HO3PC6H5)(O3PC6H5) [9]. As can be

FIG. 5
,001. polyhedral view (b axis vertical) of Mn(HO3PC6H5)(O3PC6H5).
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seen in Figure 5, the phenyl groups are oriented away from theac plane toward to the
interlamellar space and are separated by approximately 5 Å along thea-axis direction.

The XRD pattern of Mn(HO3PC6H5)(O3PC6H5)zH2O has been indexed in a subcell, and it
is necessary to double it to account for all peaks of the patterns. The attempts to solve the
structure ab initio from powder diffraction data have been unsuccessful. However, the
similarities between the powder profiles of the hydrated and anhydrous materials and
between the unit-cell dimensions strongly suggest very similar layered structures, with minor
changes upon water release.
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