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The tetrametaphosphates of the type Mn2_xMgxP4012, where x = 0 to 2, have been syn- 
thesized as new binary compounds, and their existence has been proved. The synthesis is 
based on a thermal procedure making use of the reversible transformation of tetrametaphos- 
phates to higher linear phosphates. Temperatures and heats of formation of these products 
have been determined (i.e. formation by thermal recrystallization from higher linear phos- 
phates) along with the yields of this procedure which increase with increasing magnesium 
content, x. The structure of the binary tetrametaphosphates belongs to the monoclinic system 
(over the whole range of x); the structural parameters determined slowly decrease with 
increasing magnesium content. With respect to the proposed application of these products as 
special inorganic pigments, the following properties have also been determined experimentally: 
density, thermal stability, colour. With increasing magnesium content the density of these 
products slowly decreases and the melting temperatures increase; the intensity of pink hue is 
also changed with changing magnesium or manganese content. 

1. Introduction 
Binary manganese (II)-magnesium (II) tetrametaphos- 
phates with cyclic anions have not yet been described 
in the literature. Recent summarizing papers [l, 2] giving, 
inter alia, a number of binary compounds of the con- 
densed phosphate type, even indicate that the existence 
of these compounds cannot be expected at all [1]. 

The procedure suggested by us [3] for the prep- 
aration of binary manganese-magnesium tetrameta- 
phosphates and documented in the present paper is 
based on a two-step thermal synthesis. The first step 
starts from pure tetrametaphosphates of the two diva- 
lent metals which are melted in normal air atmosphere 
and then abruptly cooled to give a vitreous amorph- 
ous product composed of higher linear phosphates of 
the general formula (Mn2_xMgx)./4H2P.O3.+l [4]. In 
the second step, this product is repeatedly heated to a 
suitable temperature and recrystallized to give the 
microcrystalline product Mn2_xMgxP4012. In our 
laboratory these tetrametaphosphates of divalent 
metals are synthesized [5, 6] and evaluated with 
respect to their application as special inorganic pig- 
ments for high-temperature (ceramic) [7, 8], anti- 
corrosion [9, 10], and luminescence purposes [11, 12]. 
The aim of the preparation of binary products is to 
increase the properties required for the above- 
mentioned applications [13] and, at the same time, to 
reduce their price [14]. 

2. Experimental procedure 
2.1. Preparation of the starting pure 

tetrametaphosphates Mn 2 P4012 and 
MgzP4012 

The simple starting tetraphosphates were prepared on 
the basis of the thermal method described by Thilo 
and Grunze [15]. In our laboratory this procedure was 

modified [16] in order to obtain tetrametaphosphates 
as pure as possible. This result was achieved first of all 
by the use of increased water vapour pressure in the 
calcination area and by precise determination of the 
temperatures of the individual Reactions 1 to 3 by 
the methods of thermal analysis at quasi-isobaric and 
quasi-isothermal conditions [17]. Table I gives the 
temperatures of the individual Reactions 1 to 3 under 
conditions of water vapour pressure approaching 
100 kPa in the calcination area. 

TI 
MIICO3 -I- 2H3PO 4 - -  

r2 
M(H2PO4) 2 ........... 

r3 
2MH2P207 - -  

M(H2PO4)2 + H20 + CO2 

(1) 

MH2P207 + H20 (2) 

MzP4012 + 2H20 (3) 

The carbonates of the individual metals used and 
phosphoric acid were of p.a. purity grade (the acid 
concentration was 40wt % H3PO4); their mixtures 
corresponding to the left-hand side of Equation 1 were 
calcinated separately in an electric muffle furnace 
(L 112.2 VEB Frankenhausen, East Germany). The 
rate of temperature increase was 2°C min 1 the tem- 
peratures T~ to T3 being maintained for 60 rain each. 
The carrier of the calcinated mixture consisted of six 
platinum crucibles in a labyrinth arrangement, which 
ensured the water vapour pressure of about 100 kPa in 
the calcination area. Thereafter the tetrametaphos- 
phates were purified by extraction with 0.3 M HC1 to 

TABLE I The temperatures (°C) of the individual reactions in 
the synthesis of Mn2P4Ol2 and Mg2P4012 (pH20(g) ~ 100kPa) 

r, ~ r3 

Mn 120 205 310 
Mg 120-150 170-230 395 
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Figure 1 The DTA curves of  the intermediates (for example X = 0, 1,2) (Mn 2_ ~ Mg x)~/4 " Hz P~O3, + i indicating the formation of the products 
Mn z xMgxP4Oi2 (by Reaction 5) and their incongruent melting Reaction 6. 

remove all the side products [18]. The quality of the 
product was confirmed by instrumental analytical 
methods (chromatography [19, 20] with a TLC II set 
from Kavalier S~izava, Czechoslovakia, infrared spec- 
troscopy [21] with a Perkin Elmer 684 Infrared Spectro- 
photometer, X-ray diffraction analysis [22, 23] with a 
HZG-4 GDR, differential thermal analysis [24] with a 
DTA 1700 apparatus with DSC Mode, Perkin Elmer)+ 

2.2. Preparation of Mnz_xMgxP4012 
The required products, namely the binary manganese 
(II)-magnesium (II) tetrametaphosphates, were syn- 
thesized by the two-step method which, in our lab- 
oratory, proved useful earlier for the purpose of 
introducing admixtures into the structure of tetra- 
metaphosphates [25] and synthesis of luminescent 
materials [12]. This method is described in the fol- 
lowing scheme 

(2 - x)MnlP4Otz(cryst .)  -t- x Mg2P4O12(cryst,) 

+ 8/nH20 
melting (950-1 t 60 ° C) 

, 8 /n  (Mn2_xMgx)./4HzP.O3,,+ I ( f )  (mr-wet atmosphere) 

(solidification)1160 to 25°C :, 8 / / ' /  (Mn2_xMgx)./+H2P.O3.+l (glass) 

rrecrys}allization >2Mn2 xMgxP4012(cryst.) -t- 8/nH20 
(4) 

The mixtures for the synthesis of the binary 
products were prepared from the simple starting 
tetrametaphosphates whose ratio was adjusted to give 
an x value equal to 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, and 
1.75. In addition, the same two-step procedure was 
also applied to the pure Mn2P4Ol2 (x = 0) and pure 
Mg2P4012 (x = 2). The mixtures were homogenized 
in an agate mortar and then melted in platinum dishes 
in an electric furnace L 112.2 by heating to 1200°C, 
i.e. above the melting temperature of the higher-melting 
starting tetrametaphosphate (Mg2P4Oi2:1160 ° C). 
After 30 min, the dishes with melts were removed from 
the furnace and abruptly cooled by immersion in 
water. The vitreous products obtained of the type of 
higher linear phosphates (Mn2_x Mg,)n/4H2 P, O3~+ 
were dried at 105°C and ground in a vibrating 
pebble mill. The quality of these intermediates was 
checked by instrumental analytical methods which 
proved their homogeneity, amorphous character, and 
long linear chains of the anions [19-23]; the sample 
aliquots were treated with 0.3 M HC1 and dissolved 
completely therein, which confirmed that the inter- 
mediates did not contain any residual starting tetra- 
metaphosphates [26]. Other aliquots of these inter- 
mediates were then subjected to DTA (Fig. 1) in order 
to find the temperatures of the exothermic processes of 

T A B L E  II The conditions of formation of  Mn2_~MgxP4Ol2 

X 

0 0.25 0.5 0.75 1.0 1.25 1.5 1.75 2.0 

T m (° C) 595 63I 649 660 668 678 687 695 706 
Tm~ ~ (° C) 635 657 675 690 700 707 717 728 745 
- AH(kJ mo1-1 ) 74.5 77.3 80.0 84.6 89.7 94.2 97.5 106.3 I 11.2 
Yields 

(c~ (%)) 96.6 97.6 98.8 99.2 99.4 99.5 99+6 99.7 99.7 

3746 



"0 750 ] 

-2 

r 
650[ 

0 0.5 1.0 1.5 X 2,0 

40O 

5~ 

9O 

80 

Figure 2 Values documenting 
Reaction 5 [br the dependence of 
the formation of Mn2_~Mg,.P 4 O12 
on the magnesium content (x). 
Tin, the temperatures of the begin- 
ning of the reaction (0); Tma~ the 
temperatures of the exothermic 
effects maxima (Fig. 1) (e); AH 
heats of the process (A); and e, 
the yields of the process (I). 

thermal recrystallization. These temperatures corre- 
spond to those of  formation of  the binary manganese- 
magnesium tetrametaphosphates (Table II, Fig. 2); 
therefore, the individual intermediates were then cal- 
cined in an electric furnace L 112.2 at temperatures 
50°C higher (Tma x Jr- 50 ° C )  for 30 rain. The sintered 
blocks of  the individual final products obtained ir~ this 
way were ground in the vibrating pebble mill, weighed 
(mass m~ ), and extracted with a hundred-fold amount 
of 0.3 M HC1 for 2 h; the solid was separated by fil- 
tration, dried at 105°C, and weighed (m2). As the 
tetrametaphosphates of  divalent metals resist extrac- 
tion in dilute HC1 [18], X-ray diffraction analysis (see 
Section 3.1 .) was used to confirm the presence of only 
one phase (binary tetrametaphosphates) in each final 
product; the ratio m2/ml can be used to determine the 
yield of the recrystallization (Table II, Fig. 2). 

2.3. Evaluation of products 
2.3. 1. The quality test 
The final products were analysed by the instrumental 
analytical methods [19-21] which confirmed the com- 
position of  their anions corresponding to tetrameta- 
phosphates. The sample aliquots of  the individual 
products were dissolved by boiling in 15% HC1 (for 
several days) and analysed by means of atomic absorp- 
tion spectrometry [27] to deter"mine the ratios P205/ 
(Mn + Mg) and Mn/Mg. 

2.3.2. Determination of structural parameters 
X-ray powder diffractograms of the samples were 

obtained using a vertical X-ray diffractometer HZG- 
4B (VEB Freiberger Pr/izisionsmechanik, East Ger- 
many), equipped with a goniometer of  25 cm diameter 
and a proportional detector. CuKc~ radiation was used 
with the elimination of K/~ radiation by a nickel 
filter; in the range 20 = 10 to 35 ° the interplanar 
spacing was calculated using CuKe radiation (2 = 
0.154 178nm) and in the range 20 = 35 to 90 ° CuKcq 
radiation (2 = 0.154 051 nm) was used. Powdered sili- 
con (a = 0.543055nm) served as an external stan- 
dard. The lattice parameters were computed using the 
least-squares technique to inrease the accuracy, the 
minimized quantity being (20ex p = 20calc) 2 . 

The diffractograms were indexed on the basis of the 
fact that the binary manganese (II)-magnesium (II) 
tetrametaphosphates are isostructural with Mn2P40~2 
and Mg2P40~2 which crystallize in the monoclinic 
system, C/2c group [22, 23]. The least-squares treat- 
ment was adopted to calculate the lattice parameters 
of the elementary monoclinic cell of  the binary 
products (Table III); their dependences on the amount 
of magnesium in the products are presented in Fig. 3. 

2.3.3. Estimation of some physical properties 
The products were analysed by the pycnometricat 
method [28] to estimate their density and by the DTA 
method (DTA-1700 with DSC Mode, Perkin Elmer 
[29]) along with high-temperature microscopy (MHO- 
2, Zeiss Jena) to estimate their temperatures of  melting 
(the values found are given in Table IV, and their 
dependence on the manganese content in the products 

TAB L E I I I The structural parameters of Mn2_xMgxP4Oi2 

x a (nm) b (rim) c (nm) /~ (deg) V (mm 3) A* 

0 1.2076(4) 0.8484(3) 1.0152(3) 119.32(2) 0.9068 0.009 
0.25 1.2029(3) 0.8461 (2) 1.0112(2) 119.17(2) 0.8987 0.008 
0.5 1.1990(3) 0.8450(3) 1.0057(3) 119.10(2) 0.8903 0.008 
0.75 1.1942(4) 0.8419(3) 1.0013(3) 118.97(2) 0.8808 0.009 
t .0 1.1904(5) 0.8408(4) 0.9967(4) 118.92(2) 0.8732 0.009 
1.25 1.1867(6) 0.8375(5) 0.9944(5) 118.89(3) 0.8652 0.012 
1.5 I. 1828(6) 0,8343(5) 0.9929(5) 118.88(3) 0.8579 0.011 
1.75 1.1787(7) 0,8311(5) 0,9912(5) 118.87(3) 0.8504 0.013 
2.0 1,1749(5) 0.8278(4) 0.9905(4) 118.92(2) 0.8433 0.009 

*A = 1/N 2~ 1 20~,p - 20~,~c I , where 20~,p is the 
N is the number of investigated diffraction lines 

experimental diffraction angle, 20=~c is the angle calculated from lattice parameters and 

3747 



1.200 

c, (rim) 

1.t75 

0.850 

b [nrn) 

0,830 

1.010 

c (rim) 

0.93( 

119.3 

118.9! 

0.900 

v (n~) 
0.850 

1 I ~ I I 

i . . . . .  I r I 1 

i i i ,, i I 

0 Q5 1.0 1.5 x 2,0 

kTgure 3 The structural parameters a, b, c and # and the volume V 
of the elementary unit celt of  M n  2 .~Mg~P4OL2. 

is presented in Fig. 4). The reflectance factor of the 
products in the visible light region was measured by 
means of a Specol 10 apparatus (Zeiss Jena) equipped 
with the respective 45/0 adaptor (Fig. 5). 

3. Results and discussion 
Fig. 1 shows the DTA curves whose first sections (up 
to the temperature of 750 ° C) indicate an exothermic 
process. This process represents the formation reaction 
of the binary tetrametaphosphate from the intermedi- 
ate of the higher linear phosphate type (Reaction 5) 
which is connected with the recrystallization of the 
amorphous vitreous phase. 

(Mn2_x Mg~)~/4 H2 PnO3,,+ i (glass) 

= n/4 Mn2_~Mg.,P40~2(~y~.) + H20(g) (5) 

Both the temperatures and heats of this process 
determined under the conditions of thermal analysis 
(Table II, Fig. 2) indicate that increasing magnesium 
content is connected with a continuous increase in 
both the temperature of the beginning (TRy; in the 
interval of 595 to 706 ° C) and the temperature of the 
maximum (Tm~x; 635 to 745°C) of the exothermic 
effects as well as the heat of the process ( -74 .5  to 
111.2 kJ mol- ~). 

The analysis of the products prepared on a larger 
scale in electric furnaces at temperatures Tm,x + 50 ° C 
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Figure 4 The dependence of  melting temperatures (x) and experi- 
mental (e)  and calculated (o) densities of  the products 

Mn2_,Mg.~.P4Oi2 on x. 

showed that the yields of this synthesis are high and 
increase with increasing magnesium content (from 
96.6 to 99.7% of the tetrametaphosphate); the molar 
ratio P2Os/(Mn + Mg) determined in the extracted 
products varies from 0.9995 to 1.0008, and the mutual 
ratio of the divalent metals, Mn/Mg, corresponds very 
precisely to the values (2 - x) /x .  The instrumental 
analytical methods confirmed that each product 
represents only a single phase, and composition of its 
anion corresponds to tetrametaphosphate. From this 
it follows that the two-step synthesis described suc- 
ceeded in producing products of the binary mangan- 
ese (II)-magnesium (II) tetrametaphosphate type of 
the formula Mn2_xMgxP40~2; this conclusion applies 
to the whole range of x = 0 to 2. 

The structural parameters of the products (Table III, 
Fig. 3a, b, c) and (to a considerable extent) also the 
angle slowly but distinctly decrease with increasing 
proportion of magnesium. Their values practically lie 
in the intervals limited by the structural parameters of 
the pure simple tetrametaphosphates Mn2P4Ot2 and 
Mg:P4Ot2. Also the volume of the elementary cell of 
the binary products quite regularly decreases in the 
same direction, which is in accordance with the ['act 
that the ionic radius of magnesium is smaller than that 
of manganese by about one-fifth. 

Some physical properties of the products deter- 
mined with respect to their potential application as 
pigments are summarized in Table II. As the yields of 
this synthesis were high, the section of DTA curves 
above the recrystallization temperature can be con- 
sidered to determine the thermal stabilities of the 
binary tetrametaphosphates. The endothermic effects 
at these DTA curves document their melting (as con- 
firmed by high-temperature microscopy) which is 
incongruent: the tetrametaphosphates are transformed 

T A  B L E  IV Melting temperatures and densities o f  Mnz_xMg,.P4Oi2 

X 

0 0.25 0.5 0.75 1.0 1.25 1.5 1.75 2.0 

T m e l t i n g  ( o  C )  950 960 980 1003 1025 1053 1082 1112 1160 
Qe~p (g cm - 3) 3.20 3,12 3.08 3.05 3,02 2.99 2.95 2.89 2.85 
Qc, lc (g c m -  3 ) 3.116 3.090 3.062 3.038 3,006 2.975 2.941 2.907 2.87 ! 
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Figure 5 The colour hues of the products Mnz_.,.MgxP4Ol2 
expressed by their reflectance factor curves. 

into" higher linear phosphates (Reaction 6) which is 
favoured by the presence of at least traces of water 
vapour in the air atmosphere [24]. 

Mn2-~Mg~P4012(o,y~,.) + 4/nHzO(g) 

= 4/n (Mn2_xMgx),/4H2P,O3,,r~l (d) (6) 

Hence, under these conditions the melting tempera- 
tures represent the temperatures up to which the binary 
tetrametaphosphates are stable; they increase with 
magnesium content from 950 up to 1160°C (Fig. 4). 
This fact indicates the high thermostability of the 
products, which extends the range of their applicants 
to high-temperature purposes. 

The density of the binary products also continuously 
changes with the magnesium content; however, as 
expected, in this case the density values decrease with 
increasing x, the experimental values (Qexp) being in 
accordance with the density values calculated (Q¢,Ic) 
from the X-ray diffraction analysis (Fig. 4). 

The colour hue of the binary manganese (II)- 
magnesium (II) tetrametaphosphates is light pink to 
white, the intensity of pink hue being decreased with 
increasing magnesium content in the product (Fig. 5). 
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