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Abstract:
A new borophosphate compound with the composition (NH4 )x Mn((3−x)/2) (H2 O)2
[BP2 O8 ]·(1-x)H2 O was prepared under mild hydrothermal conditions and characterized by X-ray powder
diﬀraction (XRD) and Fourier Transform Infrared Spectroscopy (FTIR) methods. The title compound
was synthesized from MnCl2 ·2H2 O, H3 BO3 , and (NH4 )2 HPO4 with variable molar ratios by heating at
180 ◦ C for 7 days in an autoclave. The X-ray diﬀraction data of the water insoluble polycrystalline powder
was indexed using the TREOR program in hexagonal system with the unit cell parameters of a = 9.5104,
c = 15.7108 Å, Z = 6 and the space group P65 (No.176). (NH4 )x Mn((3−x)/2) (H2 O)2 [BP2 O8 ]·(1-x)H2 O is
II
isostructural with (NH4 )x MII
= Co, Cd, Mg; x = 0.5-1). Its unit
((3−x)/2) (H2 O)2 [BP2 O8 ]·(1-x)H2 O (M
cell parameters and hkl values were in good agreement with the other isostructural compounds. This is
the ﬁrst report presenting both the synthetic details and the indexed X-ray powder diﬀraction pattern of
this compound along with the characterization by FTIR, thermal gravimetric analysis, scanning electron
microscopy and EPR.
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B. Birsöz et al. / Central European Journal of Chemistry 5(2) 2007 536–545

1

537

Introduction

Alkaline earth, rare earth and transition metal borophosphate compounds have been
studied and investigated in detail in recent years [1–4]. Compounds with open-framework
structures are of great interest in material science, as well as in chemistry, due to their
applications as catalysts, ion-exchangers, or molecular sieves [5–7]. Open-framework
borophosphates are potential materials for heterogeneous catalysis, as well established
for BPO4 [8, 9]. Although systematic investigations on borophosphates began only a few
years ago, a broad spectrum of compounds has already been characterized with various
anionic partial structures such as oligomeric units, chains, ribbons, layers, and threedimensional frameworks [10–13]. The possibility of creating more open structures by
using organic templates was also demonstrated [14–16].
Molecular sieve compounds are a class of crystalline solids which, because of their
porous nature, have a wide variety of uses for both catalytic and adsorption purposes [17].
Since BPO4 itself is an eﬀective catalyst in a variety of dehydration, hydration, alkylation,
oligomerization and rearrangement reactions, incorporation of borophosphate groups into
microporous metal-borophosphates oﬀers the potential for enhanced catalytic eﬃciency,
as well as hydrolytic stability and the additional catalytic activity of the metal centers of
the framework [18, 19]. A ﬁrst approach to an isostructural chemistry of borophosphates
was proposed by Kniep et al. [10] in which the crystal structure of borophosphates are ﬁrst
divided into anhydrous and hydrated phases. According to this classiﬁcation, hydrated
borophosphates with a molar ratio of B:P=1 and B:P<1 are exclusively built of borate
and phosphate tetrahedra and do not contain boron in a trigonal planar coordination.
Many compounds in the series of borophosphates with formula MIx MII
y (H2 O)2 [BP2 O8 ]·
I
+
+
+
+
+
II
2+
2+
2+
2+
zH2 O (M = Li , Na , K , Rb , Cs ; M = Mg , Mn , Fe , Co , Ni2+ , Cu2+ , Zn2+ ;
x = 0.35-1, y = 1-1.3, z = 0.2-1) have been reported [20]. However, there only a few
II
III
of these compounds contain NH+
4 ion, namely (NH4 )0.4 Fe0.55 Fe0.5 (H2 O)2 [BP2 O8 ]·0.6H2 O
[21], (NH4 )x Co(3−x)/2 (H2 O)2 [BP2 O8 ].(1-x)H2 O (x ≈ 0.5) [22], NH4 Cd(H2 O)2 [BP2 O8 ]·
0.72H2 O [7], and NH4 Mg(H2 O)2 [BP2 O8 ]· H2 O [23]. Furthermore, NH4 Mn(H2 O)2 [BP2 O8 ]·
H2 O is the ﬁrst example of a borophosphate containing both Mn and NH+
4 . Here, we
report the synthesis and characterization of the new borophosphate (NH4 )0.5 Mn1.25 (H2 O)2
[BP2 O8 ]·0.5H2 O in the MIx MII
y (H2 O)2 [BP2 O8 ]·zH2 O family [7].

2

Experimental

All reagents were obtained from Merck/Sigma-Aldrich and were used as received. The
title compound was synthesized under mild hydrothermal conditions starting with the
precursor mixture as follows: 4.876 g MnCl2 .2H2 O, 0.744 g H3 BO3 , 2.384 g (NH4 )2 HPO4
and 15 mL HCl were mixed in 15 g of distilled water and treated under stirring until
components dissolved completely. The clear solutions were heated without boiling to
reduce the volume to about 12 mL then transferred to teﬂon autoclaves (degree of ﬁlling
was 65%) and heated at 180 ◦ C for 7 days. The single phase, pale pink, high yield
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products were ﬁltered oﬀ in a vacuum, washed with distilled water and dried at 65 ◦ C.
This experiment was repeated two times to check the reproducibility of the product under
the same conditions.

2.1 Instrumentation
Inductively coupled plasma (ICP) atomic emission spectroscopy was used for the elemental analysis of the prepared sample using Perkin Elmer Optima 4300 DV type ICP
instrument and the nitrogen content was analyzed with a carrier gas hot reaction method
(LECO, CHNS-932).
X-ray powder diﬀraction analysis, XRD, was used to characterize the crystalline products with a Huber JSO-DEBYEFLEX 1001 diﬀractometer using a Cu Kα source.
For FTIR measurements, a Mattson satellite FTIR spectrophotometer was used in
the region 400-4000 cm−1 . Spectra of solid samples were obtained from KBr pellets,
KBr/sample ratio = 100 mg/3 mg.
Thermal gravimetric analysis (TGA) was used to assess the thermal decomposition
behavior of the sample using a NETZCH STA 409 system.
Scanning electron microscopy (SEM) analysis was performed, in order to investigate
the microstructure and morphology of the sample, using an FEI XL40 Sirion FEG Digital
Scanning Microscope. Samples were coated with gold at 10 mA for 2 min prior to SEM
analysis.
A conventional X-band (f ≈ 9.5 GHz) Bruker EMX model EPR spectrometer employing an AC magnetic ﬁeld (100 kHz) modulation technique with a cylindrical TE011 cavity
was used to record the ﬁrst derivative absorption signal. The powder sample was placed
into a quartz sample holder tube and inserted into the cavity. EPR spectra were obtained
by sweeping the magnetic ﬁeld from 0 to 16 kOe. The magnetic ﬁeld was calibrated using
an α, α-diphenyl-β-picryl hydrazyl (DPPH) sample (g = 2.0036). The ﬁeld derivative of
microwave power absorption, dP/dH, was registered as a function of DC magnetic ﬁeld
H. To obtain the intensity of microwave power absorption, P, digital integration of the
EPR curves was performed by using Bruker WinEPR software.

3

Results and discussion

The elemental analysis results of the sample are listed in Table 1 and composition calculations based on these values conﬁrm the title compound with x = 0.5, (NH4 )x Mn((3−x)/2)
(H2 O)2 [BP2 O8 ]·(1-x)H2O. The results are listed in Table 1 and composition calculations
based on these values conﬁrm the composition of the title compound with x = 0.5,
(NH4 )0.5 Mn1.25 (H2 O)2 [BP2 O8 ]·0.5H2 O.
The obtained product in the powder form was analyzed by XRD to reveal its crystalline content and crystal structure. The XRD pattern, given in Fig. 1, was indexed
using the TREOR program yielding a hexagonal system with the unit cell parameters of
a = 9.5104 , c = 15.7108 Å, Z = 6 and the space group P65 (No.176). According to the
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Table 1 Elemental Analysis Results of (NH4 )x Mn((3−x)/2) (H2 O)2 [BP2 O8 ]·(1-x)H2O (x =
0.5).
Manganese %

Boron %

Nitrogen %

Phosphorous %

21.2
20.9

3.4
3.5

2.2
1.9

19.1
20.1

Theoretical
Experimental

060

155
064

340

1 1 10
0 1 11 1 5 0

331

242

0 1 10

128
052

028
136

037
019

225
044

042
043

224

040

132
017

124
116

121

005

014

112

024
031

015
030
006

023
120

022

110
111

012

cps(a.u.)

010

011

crystal model done by Kniep et al. [17], the condensation of PO4 and BO4 tetrahedra
through common vertices leads to tetrahedral ribbons 1/α [BP2 O8 ]3− , which are arranged
around 61 screw axes to form helices. The spiral ribbons are built from four rings of tetrahedra in which the BO4 and PO4 groups alternate. Each BO4 tetrahedron also belongs
to the adjacent four-ring tetrahedra along the ribbon, in such a way that all vertices of
the BO4 groups participate in bridging functions with PO4 tetrahedra as shown in Kniep
et al. [22, 23].
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80

2 T h e ta [d e g r e e ]

Fig. 1 X-ray powder diﬀraction pattern of (NH4 )0.5 Mn1.25 (H2 O)2 [BP2 O8 ]·0.5H2 O washed
with hot H2 O.
Infrared analysis of the product, presented in Fig. 2, showed two bands at 3354 cm−1
and 3558 cm−1 that can be assigned to water molecules occupying diﬀerent positions in
the structure. The band at 3558 cm−1 is due to hydrogen bonding between the hydrated
molecules and the other at 3354 cm−1 shows the bond between anion and coordinated
water. The absence of a band for P-O-P (at around 740 cm−1 ) is in agreement with the
postulate by Kniep et. al. [10] that P-O-P linkages in borophosphate compounds will be
absent. The stretching modes of a free PO3−
4 anion with Td symmetry has four internal
modes of vibrations [24–27], υ3 (PO4 ) = 1107, 1024 cm−1 , υ1 (PO4 ) = 954, υ4 (PO4 ) =
576, and υ2 = 482 cm−1 that are also observed in the IR spectra of the product. The
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%Transmittance

presence of peaks in the FTIR spectra of the product between 850-1200 cm−1 proves B-O
stretching of BO4 units [8]. FTIR spectra of the product conﬁrms the presence of O-H
and N-H vibrations by the following absorption bands with assignments: O-H stretching
3482 cm−1 , υ3 (N-H) (3267 cm−1 ), O-H deformation (1643 cm−1 ), and υ4 (N-H) (1448
cm−1 ). These assignments verify the presence of NH+
4 ions which are necessary for the
charge balance together with the manganese present in mixed states, as already suggested
by the product color alone.
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Fig. 2 FTIR spectra of (NH4 )0.5 Mn1.25 (H2 O)2 [BP2 O8 ]·0.5H2 O. The position of the υ4
N-H deformation vibration is marked with arrow.
The thermal stabilities of compounds were analyzed by TGA as shown in Fig. 3.
Thermal dehydrations of the compound takes place in several steps. In the ﬁrst step
evaporation of adsorbed water is observed around 100 ◦ C. Around 270 ◦ C crystalline
water and 1 mol water coordinated to metal center were released, therafter the last mole
of water in the coordination was lost at 360 ◦ C. The ﬁnal loss around 560 ◦ C is assigned
to the decomposition of ammonia in the structure.
The morphology and microstructure of the product were investigated by SEM. Typical
micrographs are presented in Fig. 4. There are highly faceted crystals in the form of
elongated hexagonal bipyramids, Fig. 4(a). These crystals have lengths in the range
2-5 μm and widths in the range 1–2.5 μm. Overall, the micrographs show the same
polygonal crystal form with diﬀerent sizes, mostly as intergrown twins. In some parts
spherical particles in the range 100–150 nm were observed that were beginning to sinter
and probably fuse to already existing crystals, Fig. 4(b). Since the growth takes place
via the formation of these polygonal crystals it is hard to estimate a grain size for this
system.
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Fig. 3 TGA analysis showing the thermal behavior of (NH4 )0.5 Mn1.25 (H2 O)2
[BP2 O8 ]·0.5H2 O.

(a)

(b)

Fig. 4 Typical SEM micrographs of the pale pink coloured phase
(NH4 )0.5 Mn1.25 (H2 O)2 [BP2 O8 ]·0.5H2 O showing (a) elongated hexagonal bipyramidal crystals, and (b) spherical nanoparticles.
EPR is able to detect paramagnetically isolated species and gives information about
the coordination of isolated sites, therefore it can be used to detect Mn2+ and Mn4+ ,
whereas Mn3+ is usually not detected due to complete splitting of energy levels (no
ground-state degeneracy) [28, 29]. Normally, it is expected that any electron paramagnetic (EPR) spectrum, coming from the transitions between the electronic magnetic
states (|Ms> |Ms 1>), to split into 6 hyperﬁne components separated about 90–110 G
from each other. If the intrinsic line width is larger than this splitting, then the six components overlap producing a broader (at least 500-600 G) single line. Fig. 5 shows the
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EPR spectrum of the product that has been measured by varying external magnetic ﬁeld.
A strong and broad microwave resonance absorption signal is observed which reveals the
collective behavior of magnetic spins without hyperﬁne splittings (with approximately
isotropic Lande factor g = 2.040; which is close to the g-value of the free electron of
2.0023, and peak-to-peak line width = 515 G) at X-band at room temperature. The
measured spectrum corresponds to a typical signal of Mn2+ as a g value of about 2 is
commonly expected for S state ions like Mn2+ (S=5/2) [30].
(NH4)0.5Mn1.25(H2O)2[BP2O8].0.5H2O

Powder
Experimental
Theoretical

dP/dH(a.u.)

g=2.0400
Hr=3430 G
dH= 515 G

1000

2000

3000

4000

5000

6000

Magnetic field(G)

Fig. 5 X-band EPR spectra and its theoretical simulation by using Win-EPR program.

4

Conclusion

In this study, a novel borophosphate compound with the formula (NH4 )x Mn((3−x)/2) (H2 O)2
[BP2 O8 ]·(1-x)H2 O was synthesized by a mild hydrothermal route. Its X-ray powder data
and indexing as well as IR analysis conﬁrmed its composition and structure. SEM analysis
of the water insoluble product revealed the formation of crystals in the form of elongated
hexagonal bipyramids. EPR measurements, showed a strong and broad microwave resonance absorption signal at room temperature indicating the collective behavior of magnetic spins without hyperﬁne splittings at X-band revealing the presence of Mn2+ . This
material is the ﬁrst example of a borophosphate containing both Mn2+ and NH+
4 . This
class of borophosphate may ﬁnd applications as catalysts, ion-exchangers, or molecular
sieves due to its open-framework structure.
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