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X-ray powder diffraction and IR study
Of NﬂMQ(HzO)z[BPzOg]HzO
and NH4MQ(H20)2[BP203]H20
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NaMg(H,0),[BP,0g]-H,O was prepared by hydrothermal synthesis and was characterized
by X-ray powder difraction and IR method. The title compound was synthesized from
MgCl,-6H,0, NaBO3-4H,0, and (NH,4),HPO, with variable molar ratios using hydrothermal
method by heating at 165 °C for 3 days. The X-ray powder diffraction data was indexed in
hexagonal system, the unit cell parameters were found to be as a=9.428, c=15.82 A, Z=4
and the space group is P6,22. It is isostructural with M'M"(H,0)[BP,0Os] type compounds
where M'=Na, K; M""=Mg, Mn, Fe, Co, Ni and Zn. In addition NH;Mg(H,0),[BP,0g]-H,0O
was also synthesized the first time in this research. Its unit cell parameters and hkl values
were in good agreement with the sodium magnesium compound. The unit cell parameters
are a=9.529, c=15.736 A. The indexed X-ray powder diffraction data of both compounds
which were not reported in the literature is presented in this work. The IR data of
NaMg(H,0),[BP,03]-H,0 is also reported. © 2000 Kluwer Academic Publishers

1. Introduction PO, units which are not joined together [9]. St al
Borophosphates are intermediate compounds of thfLQ]. also stated that the crystal structure of isotypic rare
systems MOy-B,03-P,Os-(H>O) which contain com-  earth borophosphate compounds;Qg(BOs)(PQs)s,
plex anionic structures built of B BOs; and PQ contains isolated B&triangles and P@tetrahedras as
groups. A first approach to the development of a strucin the case of-Mg3[BPO;] [3, 11].
tural chemistry of borophosphates is based on the link- Although the definite number of crystal structures of
ing principles of the primary building units following borophosphates known up to now is rather small, a first
the general line of silicate crystal chemistry [1-3]. approach to a structural chemistry of borophosphates is
Most of the compounds already known contain an-proposed by Kniept al[12]. in which crystal structure
ionic partial structures in which phosphorus and bororof borophosphates are first divided into anhydrous and
are tetrahedrally surrounded by oxygen. But therenydrated phases. Accordingto this classification and the
are a lot of examples in which boron also showsmolar ratio of B : P; trigonal or tetrahedral coordination
trigonal - planar coordination. The borophosphateof B and ring structures were observed.
CoB,P;01,(0OH)-C,H10N,, was described as an open - Molecular sieve compounds are a class of crystalline
framework structure formed from corner-sharing BO solids which because of their porous nature have wide
and PQ tetrahedra as well as Cg@ctahedra [4]. In uses for catalytic and adsorption purposes [13]. Since
the structure of P§BP301,], boron and phosphorus are BPQy itself is an effective catalyst in a variety of dehy-
also tetrahedrally coordinated by oxygen and the polydration, hydration, alkylation, oligomerization and re-
hedra form one-dimensional infinite helices that con-arrangement reactions, incorporation of borophosphate
tain two additional P@ groups connected to the BO groups into microporous metal-borophosphates offers
unit [5]. The crystal structure of NfB,P3O13] contains  the potential for enhanced catalytic efficiency, as well
BO, and PQ tetrahedra which share common verticesas hydrolytic stability and the additional catalytic ac-
to form one dimensionalinfinite chains of{B3O,3] [6, tivitiy of the metal centers of the framework [14—16].
7]. On the other hand, GBP;O;3 contains planar B® In this work hydrothermal preparation of NaMg
groups that are linked to R@etrahedra to form dimeric  (H,O);[BP2Og]-H,O and NHMg(H20);[BP2Og]-
[BPOg]*~ units [8]. The structure af - Zng(BO3)(PQy)  H,O were accomplished using different reactions with
contains isolated trigonally planar B@nd tetrahedral different molar ratios of the reactants. The powder
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products were analyzed by X-ray powder diffractionthesis in different ratios, so that sodium cation was
and IR methods. excluded.

2. Experimental 3. Results and discussion

2 1. Substances As it is seen from the Table I, NaMg
MgCl,-6H,0, NaBQy-4H,0, and (NH),HPQ, (from (H20),[BP20Og]-H,O was obtained almost in all
Merck) experiments. The formation of this compound does

not depend on the composition of the reactants.
. The X-ray powder patterns of product washed with

2.2. Instrumentation H,O and washed with concentrated HN@as the
X-ray powder diffraction patterns (XRD) taken by us- same. It was not soluble in HNOFor comparison pur-
ing Philips diffractometer with PW 1050/25 goniome- poses the X-ray powder patterns of original product,
ter and Co (K 30-40 kV, 10-20 mAA =1.79021A)  \washed with HO and washed with HN@are given in
radiation and Huber Diffractometer with Cu¢f30—  Fig. 1a—c respectively.
40 kV, 10-20 mA ) = 1.54051A). Single crystals of NaMg(kD),[BP,Og]-H,O was

Nicolet 510 FT-IR Infrared Spectrometer was usedsynthesized by Kniep [178t al. in 1997 under mild
in the region 400-4000 cm. Spectra of solid samples hydrothermal conditions. They carried out the exper-
were obtained from KBr pellets with 100:30 (Wt/wt) jment at 150C in 25-30% aqueous HCI solutions
KBr to product ratio. by mixing NaHPQs, NaB,O7-10H,0 and MgHPQ

The heating of teflon coated autoclave was done withyithin approximately 2 weeks and obtained single
Electro-mag oven with the heating range of 50-3D0  crystals which have a size of up to 0.5 mm. The

Crystals were photographed with Jeol Scanningcrystal structure of NaMg(kD),[BP.Og]-H,O was
Electron Microscope (SEM) 6400 (JSN-6400) and thesplved and found to be hexagonal. They reported that
quantitative analysis of Mg, and Na have been done with' M (H,0),[BP,Og]-H-0, (M' = Na, K; M = Mg,
Energy Dispersive X-ray analyzer (EDX) (20kV). ~ Mn, Fe, Co, Ni, Zn) compounds are isotypic.

Inductively Coupled Plasma (ICP Leeman Lab.Inc., The product obtained in this experiment in the pow-
DRE Direct Reading Echelle) was used for the analysigjer form was indexed in the hexagonal system with

of Mg, Na, P and B. the unit cell parameters ol = 9.428, c=15.82 A,
Z=4, space group RB2 (No:178) which are in
2.3. Procedure agreement with the single crystal data. The in-

The hydrothermal synthesis was started from mix-dexing of the X-ray powder diffraction pattern of
tures (totally 8 g) of MgGl-6H,0, NaBQ;-4H,0, and  NaMg(H,O),[BP,Og]-H,0 is given in Table II.
(NH4),HPQy in various molar ratios (Table 1). Required  In the second set of experiments it was found that
amount of HO and concentrated HNgiven in Ta-  when the ratio of the initial reactants are 3:1.5:5.5,
ble 1) was added to dissolve this solid mixture at@) a new product, N&EMg(H20):[BP,Og]-H.0, was
then the total volume was reduced to 10 ml by evapformed which have the samd-spacings with the
oration of water. The highly viscous solution (gHL)  sodium compound and seemsto be isostructural. The IR
was filled into Teflon coated autoclave (degree of fill- data showed the presence of Nign. This compound
ing 60%) and treated at 16Q for three days. In the was also indexed in hexagonal system and the unit cell
second set of experiments, instead of NaB®,O, parameters ara=9.529, c=15.736 A. The X-ray
H3BO3; was used in the mixture for hydrothermal syn- powder data is included in Table Il for comparison

TABLE | Hydrothermal reactions of MgglbH,0 + NaBQO;3-4H,0 + (NH4)2HPOy

Compositions

MgCl;-6H,0-NaBO3-4H,0 Solvent (ml) Duration Temp.
Exp.No (NH4)2HPO4 H20/HNO3 (Day) (°C) Phases Present
B1 3.3:3.3:3.3 20/2 3 165 NaMg@®d),[BP,Og]-H20
B1.1 B1 washed with HO NaMg(H,0)2[BP,0g]-H,0
B1.2 B1 washed with conc.HN® NaMg(H,0)2[BP>Os]-H,0
B1l.1F B1 heated 6h 500 Amorphous
B4 3.5:15:5 20/3 3 165 NaMg@#D),[BP,Og]-H,0
B4.1 B4 washed with HO NaMg(H,0)2[BP,0g]-H,0
B4.2 B4 Washed with conc.HN® NaMg(H,0)2[BP,Os]-H>0
B4F B4 heated 6h 500 Amorphous
B4YY 3.5:1.5:5 (B4 repeated) 20/3 3 165 NaMg®)2[BP20s]-H>0
B4YY B4YY heated at 350C 6h 350 Amorphous
H->0
B6 1:75:15 20/6 3 165 NaMg@#D);[BP,Og]-H20
B6.1 B6 Washed with Hot Water NaMg@®D)z[BP20s]-H20
B6F B6 heated 6h 500 Amorphous
B9 2:25:55 15/3 3 165 NaMg@#D),[BP,Og]-H,0
B9.1 B9 Washed with Hot Water NaMg@D)z[BP20g]-H20
B9.2 B9 Washed with conc.HN® NaMg(H,0)2[BP>Os]-H>0
BOF B9 heated 6h 500 Amorphous
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TABLE Il The X-ray powder diffraction data of NaMg(#D)2[BP20g]-H>0 and NHMg(H20)2[BP,0g]-H,0

NaMg(H20)2[BP20s]-H,0 NH4Mg(H20)2[BP20g]-H20
d-spacingo& d-spacing»&
Int. Obs. Calc. h kil Int. Obs. Calc.
6 8.1700 8.1649 100 6 8.2538 8.2524
100 7.2727 7.2555 101 100 7.3086 7.3083
20 5.6831 5.6812 102 25 5.6830 5.6945
25 47213 4.7140 110 20 4.7640 4.7675
18 45142 45177 111 9 4.5601 4.5601
20 4.4360 4.4298 103 8 4.4272 4.4268
25 4.0809 4.0824 200 31 4.1259 4.1262
30 3.9519 3.9529 201 23 3.9922 3.9912
20 3.6334 3.6278 202 22 3.6539 3.6542
5 3.5561 3.5594 104 5 3.5533 3.5511
85 3.2247 3.2281 203 76 3.2431 3.2430
60 3.0827 3.0860 210 41 3.1186 3.1191
55 3.0275 3.0289 211 49 3.0579 3.0596
45 2.9493 2.9502 105 43 2.9398 2.9406
25 2.8725 2.8750 212 25 2.8988 2.8996
10 2.8404 2.8406 204 14 2.8466 2.8473
55 2.7190 2.7216 300 35 2.7503 2.7508
8 2.6651 2.6635 213 5 2.6806 2.6809
43 2.6362 2.6367 006 52 2.6227 2.6227
12 2.5715 2.5736 302 12 2.5961 2.5967
10 2.4169 2.4185 303 12 2.4352 2.4361
5 2.3019 2.3012 116 5 2.2963 2.2976
8 2.2642 2.2589 222 12 2.2795 2.2800
20 2.1802 2.1771 312 8 2.1980 2.1977
12 2.1499 2.1518 223 11 2.1692 2.1690
30 2.0378 2.0379 313 30 2.0378 2.0379
30 2.0378 2.0379 117 28 2.0335 2.0331
20 2.0231 2.0244 401 - - -
10 1.9218 1.9219 108 8 1.9134 1.9134
13 1.8930 1.8937 306 - - -
10 1.8718 1.8732 320 5 1.8931 1.8932
10 1.8585 1.8602 321 11 1.8799 1.8797
12 1.8226 1.8227 322 8 1.8399 1.8407
- - - 404 13 1.8271 1.8271
6 1.7795 1.7797 208 7 1.7756 1.7756
10 1.7385 1.7387 307 8 1.7407 1.7407
10 1.7191 1.7179 316 5 1.7245 1.7245
17 1.6880 1.6880 413 18 1.7034 1.7032
5 1.6654 1.6650 218 5 1.6638 1.6638
10 1.6311 1.6313 227 13 1.6354 1.6350
14 1.6143 1.6145 2009 11 1.6099 1.6099
5 1.5538 1.5531 10 10 5 1.5467 1.5457
6 1.5145 1.5148 407 8 1.5199 1.5200
20 1.4753 1.4751 2 010 5 1.4700 1.4703
7 1.4421 1.4422 327 7 1.4482 1.4481
5 1.4082 1.4078 2110 7 1.4055 1.4049
8 1.3596 1.3599 328 14 1.3641 1.3640

purposes [11] and its X-ray powder diffraction patternipate in bridging functions with P£Xtetrahedra which
is given in Fig. 1d. The full characterization of this is shown in Fig. 2.
compound left for future investigation.

3.2. IR study
3.1. Crystal structure In the IR spectrum of the product, two water bands
According to the crystal model done by Knigpal.  occurring at 3354 and 3558 crh are due to water
[17], the condensation of ROand BQ, tetrahedra molecules occupying different positions [18]. The band
through common vertices leads to tetrahedral ribbonst 3558 cnt is due to hydrogen bonding between the
Y«[BP,Og]®~, which are arranged around &crew hydrated molecules and other one at 3354 tshows
axes to form helices. The spiral ribbons are built fromthe bond between anion and coordinated water (Fig. 3a).
four rings of tetrahedra in which the BGand PQ  The absence of the peak at 1440 ¢nproves the ab-
groups alternate. Each BQetrahedron also belongs sence BQ functional group in the structure. The ab-
to the adjacent four-ring of tetrahedra along the ribbonsence of band for P-O-P (at around 740 ¢jnsatis-
in such a way that all vertices of the BQroups partic- fies postulate done by Kniegt al [12]. According to
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TABLE 111 The IR Frequencies of NaMg(#D),[BP,0g]-H,0 and
NH4Mg(H20)2[BP,Og]-H20

Frequency (cnT1)

Assignments

g 75 3558 Hydrogen bond between the water molecules
"~ 60 3354 Hydrogen bond between borate anion
45 ’ ‘ﬂ and coordinated water
" WW U\MJ U\ M \ﬁ L}U AM M | 1202, 1159 Vp—o
1103, 1024 v3(BOy), v3(PQy)
15
oL ‘ . W WW 959 01 (POy)
s © ° Theta- Scan2'081 ® » * 882 v1(BO4)
(@) 850 Vas B-O-P
150 681 vs B-O-P
62 650 §BOP
144 576 v4(BO4), v4(PQy)
126 482 v2(POy)
108
- 90
g
= 72
54
36 w
18
° 5° |6° 15"’ 26’ Zé“ 3:0I° 35°
Theta - Scan :B1.4
(b)

i5° 20°
Theta - Scan: BY .2

(©

MMWM

20° 25° 30° I5e
Theta-Scan: H8

(d)

Figure 1 (a) The X-ray powder pattern of NaMg{B),[BP,0g]-H,O
(original product) (b) The X-ray powder pattern of the product washed
with H,O (c) The X-ray powder pattern of the product washed with
HNO;3 (d) The X-ray powder pattern of NH/g(H20),[BP,0Os]-H,0
(original product).

0 L I I
15°

these supplementary principles, in borophosphate com
pounds P-O-P linking is not observed. The stretching
modes of a free Pb anion withTq symmetry has four
internal modes of vibrations [19-22K(POy) = 1107,
1024 cnt?, v1(PQy) = 954,14(PQy) = 576, andv, =
482 cnt! are also present in the IR spectra of product.
The IR Frequencies of NaMgg®),[BP,Og]-H,O and
NH4Mg(H20),[BP,Og]-H,O were given in Table III.

In the IR spectra of NEMg(H»0),[BP,Og]-H,0, the
strong band at 1447 cm is due to N-H stretching vi-
bration (Fig. 3b).

The thermal dehydration of this Qompound IS Figure 2 Tetrahedral helices/bo[BP,03 ] in the crystal structure of
a two step process. The dehydration at lowem'M" (H,0)[BP,0g]-H20 [17].
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Figure 3 (a) The IR spectra of NaMg@#D)2[BP20g]-H20 (b) The IR spectra of NiMg(H20)2[BP,0g]-H20.
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Figure 4 (a, b) The SEM photographs of NaMg{8),[BP,0s]-H,0.
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temperature (around 15Q) converts the formula into Germany for providing research facilities. METU AFP
NaMg(H.O)[BP,Os] with the release of 2 moles of N0:98-06-02-00-06 and Volkswagen Foundation for
H,O. According to Kniepet al. [17], the water of financing X-ray powder diffractometer would be

crystallization (spiral structure within the channelsgreatly appreciated.

of the M-borophosphate double helices) and one mole
of coordination water (at the Mcenters) are released

in a collective process. The 'Mcenters are then only References

pentacoordinate. The crystalline dehydration products?

. S. OLIVER,A. KUPERMANandG. A. OZIN, Angew. Chem.

M'M"(H,0)[BP,Og] can be described as microporous , éloéléjgg?;)L%bh O, Thesis. METU. Ankara. 1663

y . . G. s .D. IS, , ) .
borophosphates with channel structures. Athigher tem-3" GOZEL, A. BAYKAL. M. KIXZILYALL| and
peratures (at 50@C), release of the last mole of co- R. KNIEP, J. Eur. Cer. Socl8(1998) 2241.
ordination water leads to X-ray amorphous product. 4. s. c. sevov, Angew. Chem. Int. Ed. Eng35(22) (1996) 2630.
Bands due to both coordinated and hydrated water dis5. C. H. PARK andK. BLUHM, Zeitschrift fir Naturforschung

appeared and there was a minor change in the structure
due to rupture of hydrogen bonds. The interpretation

of the IR spectra revealed some broad features between

1200-650 cm? due to overlapping of P-O and B-O

vibrational interactions so characteristic assignmentss8.

may not very well established as stated by Taittal.

[23]. Only tentative assignments can be proposed for
the lower frequency bands in the 680—480¢nme-
gion. These may be assigned to chain vibrations which

have a mixed stretching -bending character [24]. 11
12.
3.3. Analysis 13.

The ICP analysis showed that washed product contains
410 ppm (3.72% wt/wt) B, 843 ppm (7.74% wt/wt)

Mg and 803.5 ppm (7.4% wt/wt) Na. In addition EDX 14.

analysis showed that weight percent of Mg and Na arg
same. Theoretically, NaMg@®),[BP,Os]-H,O con-

tains 3.64% (wt/wt) B, 7.61% (wt/wt) Na and 7.94% 16.

(wt/wt) Mg. This shows the ratio of Na : §1: B is
aroundl:1:1.

The SEM photographs of the product are given ing
Fig. 4a and b which show the hexagonal structure
clearly as a single crystals and bulk of single crystals.

19.
4. Conclusion 20
In  this study, NaMg(HO),;[BP,Og]-H,O and 21.

NH4Mg(H20),[BP,Og]-H>0O were obtained and their

X-ray powder and indexing data and IR analysis was??:

presented the first time in this reseach. It was alsg3
shown that the obtained product is insoluble ipCH
and conc.HNQ.

24.

Acknowledgement )
Authors would like to thank to UBITAK M unir Birsel

10.

17.

50b (1995) 1617.

6. C. HAUF,T. FRIEDRICHandR. KNIEP, Z. Kristallogr. 210

(1995) 446.

C. HAUF,A. YILMAZ ,M. KIiZILYALL i andrR. KNIEP, J.
Solid State Chermi40(1998) 154.

P. B. BONTCHEV andS. C. SEVOV, Inorganic Chemistry
35(1996) 6910.

9. K. BLUHM andC. H. PARK, Zeitschrift fir Naturforschung

52b(1997) 102.

Y. SHI,J. LIANG,H. ZHANG, J. YANG,W. ZHUANG
andG. RAO, Journal of Solid State Chemistiy29(1997) 45.

A. BAYKAL , Ph.Thesis, Chemistry Department, Middle East
Technical University, Ankara, Turkey, May, 1999.

R. KNIEP,H. ENGELHARDT andC. HAUF, Chem. Mat10
(1998) 2930.

W. H. FLANKE andT. E. WHYTE, “Perspectives in Molecular
Sieve Science” (American. Chemical Society., Washington, 1988)
p. 10.

S. ROSEMARIE, “Handbook of Molecular Sieves” (Van Nostrand
Reinhold, New York, 1992) p. 25

.J. B. MOFFAT andA. SCHIDTMEYER, Appl. Catal. 28
(1986) 161.

C. J. WARREN, C. R. HAUSHALTER, D.
J. ZUBIETA, Chem. Mater9 (1997) 2694.

R. KNIEP,H. G. WILL,I. BOY andC. ROHR, Angew. Chem.
Int. Ed. Engl.36(9) (1997) 1013.

.D. PHILIP,G. ARULDHAS,X. MATHEW,V. U. NAYAR,

N. BOUDJADA andB. LAMBERTANDRON, Journal of
Raman Spectrosco@2(1) (1991) 45.

W. E. KLEE andG. ENGEL, J. Inorg. Nucl. Chem32 (1970)
1837.

K. NAKAMOTO, Infrared Spectra of Inorganic and Coordination
Compounds (Plenum Press, New York, 1971) p. 45

S. D. ROSS Inorganic Infrared and Raman Spectra (McGraw-Hill
Press, London, 1972) p. 131.

A. BAYKAL andM. KizZiLYALL i, Turkish Journal of Chem-
istry 21(4) (1997) 394.

. P. TARTE, A. RULMONT,
DUYCKAERTS, R. CAHAY andJ.
State lonic12(1990) 177.

A. RULMONT andP. TARTE, J. Solid State Chen75 (1988)
244,

J. ROSEand

M. LIEGEOIS-
M. WINAND, Solid

Foundation of Turkey for a scholarship and Anor- Received 13 July 1999
ganische Chemie Il, Eduard Zintl Institute Darmstadt,and accepted 2 March 2000

4626



