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Strontium and barium tetraphosphates were made by hydrolyzing ¢yclo-tetraphosphate in a5 mol dm=3
solution of sodium hydroxide, neutralizing the phosphate solution with 1moldm=3 hydrochloric acid, and

then adding an aqueous solution of strontium or barium chloride to the solution.
The strontium and barium tetraphosphates were X-ray diffractometri-

ratio of the tetraphosphates was 1.3.

The P/M (M: Sr or Ba)

cally amorphous and contained about 23—14 and 14—89%, of bound water depending on the washing conditions.
They decomposed to phosphates having shorter chain lengths with the bond water in air at 25—30°C or

at a higher temperature.

The decomposed phosphates were polymerized again above 150 °C and the prod-

ucts were mixtures of diphosphate and other polyphosphates.

The usual syntheses of polyphosphates have been
made by some heating process. Organic acid anhy-
dride, trichloroacetonitrile, and dicyclohexylcarbodi-
imide have been used as dehydrating agents.!=% It is
still difficult to produce oligophosphates having chain
lengths longer than the triphosphate by these methods.
The compounds with the composition of 3MO-2P,0,
(M: Sr, Ba, or Pb) were made by a heating meth-
od.”-1)  The barium and lead phosphates were con-
firmed to be tetraphosphate by paper chromatography.
The strontium compound is not characterized yet.
These compounds were slightly soluble in solvents,
except for strongly acidic aqueous solutions, and the
phosphates are readily hydrolyzed to phosphates having
shorter chain lengths in the acidic solutions at room
temperature. So it is difficult to use the phosphates
for studying chemical properties. The present authors
have reported the syntheses of calcium and magnesium
tetraphosphates by a wet chemical process and have
discussed the stability of the products.1?13) The
tetraphosphates were soluble in an aqueous di-
sodium dihydrogen ethylenediaminetetraacetate dihy-
drate (EDTA) solution and can be used for studying
chemical properties of the phosphates in an aqueous
reaction system. This paper describes the syntheses
of strontium and barium tetraphosphates by a wet
chemical process and the thermal stability of the
products.

Experimental

Synthetic Method. All the chemicals were of commercial
reagent grade and were used without further purification.
Sodium ¢yclo-tetraphosphate tetrahydrate was made by hy-
drolyzing «-P,Ojy in water cooled below 15 °C with vigorous
stirring and then by adding sodium chloride to the so-
lution.’®  About 10 g of sodium c¢yclo-tetraphosphate tetrahy-
drate was added to 25 cm? of a 5 mol dm—3-aqueous solution
of sodium hydroxide, and the mixture was stirred at about
20 °C for 4d. Most of the ¢yclo-phosphate was not dissolved
in the sodium hydroxide solution, while the tetraphosphate
produced by the hydrolysis of the cyclo-phosphate was well
dissolved in the alkaline solution. Accordingly, the progress
of the hydrolysis of the cyclo-phosphate to tetraphosphate
was observed visually by the clarification of the solution.
After being filtered, the solution was neutralized with 1
mol dm=3 hydrochloric acid to pH 10 at a temperature
below 3 °C to prevent the hydrolysis of the tetraphosphate.
An aqueous solution of strontium chloride or barium chloride,
which was made by dissolving 20 g of strontium and barium

chlorides in 20 and 50 cm?® of water respectively, was added
to the tetraphosphate solution. A white precipitate was
filtered off, washed with cold water, ethanol, and acetone,
and then dried under reduced pressure at 25 °C.

Paper Chromatography. One-dimensional paper chro-
matography was used for the identification of phosphates
with acidic and basic developing solvents.!® The acidic
and basic solvents were used for the separation of chain
and ring phosphates respectively. About 0.5 g of a sample
was dissolved in 50 cm® of a 69, aqueous EDTA solution.
About 8 mm3 of the solution was spotted on Toyo No. 51A
filter paper (2 by 50 cm). The development was carried
out in a thermostat at 5 °C for 2d. The determination of
the phosphate on the chromatogram was made by the method
described in our previous paper.!®

Determination of Phosphorus, Strontium, and Barium in the
Products. About 0.2 g of the strontium tetraphosphate
and about 0.75 g of EDTA was dissolved in water and diluted
to the mark by using a 100-cm® volumetric flask. About
0.5 g of the barium tetraphosphate was dissolved in a diluted
hydrochloric acid solution and the total volume was made
100 cm® with water. The determination of phosphorus in
the sample solutions was made by means of the molybdenum-
blue method with Lucena-Conde and Prat’s reagent.'® The
amounts of strontium and barium in the sample solutions
were determined by the EDTA back titration and the gravi-
metric technique respectively.

X-Ray Diffractometry. The X-ray diffraction diagrams
of the samples were taken with nickel-filtered Cu Ko radiation
by using a Toshiba X-ray diffractometer, ADG-102.

DTA and TG. The samples were heated at a heating
rate of 5°C min~! with a Cho Balance TRDA,;-H-type
apparatus.

IR Measurement. IR spectra of samples were recorded
on a JASCO IR spectrophotometer, A-3, using the KBr
disk method.

Determination of Bound Water. The amount of bound
water in a sample was determined by the Karl Fisher method
with an MK-AII apparatus by Kyoto Denshi.

Decomposition in Air. The decomposition of the prod-
uct at 25—30 °C in air was studied by paper chromatog-
raphy, X-ray diffractometry, and IR spectrometry as de-
scribed above.

Results and Discussion

Composition of the Product. The paper-chro-
matographic identification of the products showed that
the products were composed of tetraphosphate.
Strontium and barium ions had no serious effect on
the development of the phosphates. The P/M (M:
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Sr or Ba) ratios of the products were 1.30 and 1.33
for the strontium and barium salts respectively. Ac-
cordingly, the products were strontium tetraphosphate,
Sr;P,0,;5, and barium tetraphosphate, Ba,P,0,5. The
strontium and barium phosphates contained about
23—14 and 14-—89, of water respectively depending
on the washing condition with ethanol and acetone.
The products were X-ray diffractometrically amor-
phous.

Decomposition in Air at 25—30 °C. The sta-
bility of the tetraphosphates was studied in air at 25—
30 °C. As Table I shows, the strontium tetraphosphate

TaBLE 1. COMPOSITION OF THE SELF-DECOMPOSITION
PRODUCTS OF THE STRONTIUM TETRAPHOSPHATE
IN AIR AT 25—30 °C

Reaction HO(%) Phosphates/P(%,)

time/d  ETRT 6o Di Tri  Tetra
0 22.9 0.7 5.1 6.2 8.0
5 21.0 12.0 31.8 2.1  30.1
9 19.4 20.0 41.2  22.7  16.1
21 17.9 31.1  51.4 12.7 4.8
30 16.7 43.3  44.5 10.2 2.0

21

e ]

1 1 L 1 s L I L 1
1400 1200 1000 800 600 400

1

Wave number /cm_

Fig. 1. IR spectra of the self-decomposition products
of the strontium tetraphosphate in air at 25—30 °C.

TABLE 2. ASSIGNMENT OF THE SPECTRA OF THE PRODUCTS

Position of absorption

maximaj/cm 1 Assignment?)
1240 vas(PO,)~
1130 vas(PO3)*~
1010 v5(POy)~
990—960 vs(PO4)2~
900 v, P-O-P
720 r,P-O-P
550 §(PO,)~ and/or 6(PO;)%~

a) The assignment was made on the basis of Refs. 17
and 18.
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decomposed to phosphates having shorter chain lengths.
The water contents in the decomposition product
decreased as the passage of time, so the decomposition
seemed to be caused by the bound water. The IR
spectra of the decomposition products of the strontium
tetraphosphate are shown in Fig. 1. The assignment
of the absorptions is listed in Table 2. The intensity
of the absorptions due to a (PO,)~ group decrcased
with the elapse of reaction time and finally disappeared.
The result agrees well with that in Table 1. The
following degradation process can be concluded from
these results:

Ortho + Tri —— 2(Ortho) -+ Di
/
Tetra 1

2(Di) 4(Ortho).

The decomposition product was amorphous even after
30d. Since a part of the decomposition product of
the barium tetraphosphate seemed to be insoluble in
an aqueous EDTA solution, the decomposition of the
phosphate could not be studied by the paper chro-
matography method. The IR spectra of the decom-
position products of the barium tetraphosphate are
shown in Fig. 2. The intensity of the absorption due
to a (PO,)~ group decreased with time so the tetra-
phosphate seemed to decompose to phosphates with
shorter chain lengths. The X-ray diffraction diagrams
of the decomposition products of the phosphate are
shown in Fig. 3. The decomposition product gave
weak peaks at 16 d, and the intensity of the peaks
increased with time. These peaks are all assigned to
those of barium diphosphate—water (5/12), which is
made by adding an aqueous barium chloride solution
to an aqueous sodium diphosphate solution. The
result agrees well with that of IR spectra. The water
used for the decomposition of the phosphate may be
the bound water in the product because, as Table 3
shows, the water content of the product decreased
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Fig. 2. IR spectra of the self-decomposition products
of the barium tetraphosphate in air at 25—30 °C.
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with time.

DTA and TG. DTA and TG curves of the
strontium tetraphosphate are given in Fig. 4. The
samples as numbered on Fig. 4 were removed from a
furnace, cooled in a silica-gel desiccator, and subjected
to further analysis. The results are presented in Table
4 and Figs. 5 and 6. Samples No. 1 and No. 2 were
soluble in water, but No. 3 was insoluble in water.
So the composition of phosphates in No. 3 could not

Reaction time/d

1
0 10 20 30 40 50
Cu Ko, 20/°

Fig. 3. X-Ray diffraction diagrams of the self-decom-
position products of the barium tetraphosphate in
air at 25—30 °C.

TaABLE 3. THE WATER CONTENTS OF THE DECOMPOSITION

PRODUCTS OF THE BARIUM TETRAPHOSPHATE
IN AIR AT 25—30 °C

Makoto WATANABE, Miocko MAEDA, and Tamotsu YAMADA

Reaction

time/d H,0(%)
0 14.4
5 12.1
13 10.0
16 8.4
28 7.1
40
TG 420 .‘z’
B i
E /\ DTA 130
i 1 T 1
No. 1 No. 2 No. 3

0 100 200 300 400 500 600 700 800 900 1000
t/°c
Fig. 4. DTA and TG curves of the strontium tetra-
phosphate in air.
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be studied by paper chromatography. A rapid weight
loss of the product and a corresponding big endo-
thermic peak were observed below 150 °C. This reac-
tion seemed to be caused by removing the bound
water and, as Table 4 shows, the decomposition of
the tetraphosphate to phosphates having shorter chain
lengths occurred at the same time. The succeeding
gradual weight loss of the product from 150—380 °C
is the condensation reaction of the decomposition prod-
uct. Samples No. 1 and No. 2 were X-ray diffrac-
tometrically amorphous, but, as Fig. 6 shows, sample
No. 3 gave X-ray diffraction peaks of «-Sr,P,O, (ASTM
card, No. 24-1011) and Sr,P,O,; (ASTM card, No.
20-1207). So the exothermic peak at about 540 °C
may be due to the crystallization of the amorphous
phosphates.
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Fig. 5. IR spectra of the thermal decomposition
products (Nos. 1—3) of the strontium tetraphosphate
in air.

0: a-Sr,P,0, (ASTM card No. 24-1011)
No. 3(570 °C) {
. Sr3P4013(ASTM card No. 20-1207)

] 10 20 30 40 50
Cu Ka, 20/°
Fig. 6. X-Ray diffraction diagram of the thermal
decomposition product (No. 3) of the strontium
tetraphosphate in air.

TABLE 4. COMPOSITION AND WEIGHT LOSS OF THE THERMAL DECOMPOSITION PRODUCTS
OF THE STRONTIUM TETRAPHOSPHATE

Phosphates/P (%)
Sample Wt. loss/%,
Ortho Di Tri Tetra Higher
No. 1 26.1 47.2 18.5 8.2 — 21.2
[
No. 2 18.8 30.2 16.8 34.2 22.9
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Fig. 7. DTA and TG curves of the barium tetra-
phosphate in air.
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Fig. 8. IR spectra of the thermal decomposition prod-

ucts (Nos. 1—5) of the barium tetraphosphate in
air.

The curves of DTA and TG measurements of the
barium tetraphosphate are shown in Fig. 7. The
tetraphosphate showed a rapid weight loss accompanied
by a big endothermic peak. The process was con-
sidered to be caused by the elimination of the bound
water. As Fig. 8 shows, the absorption of a (PO,)~
group disappeared in the IR spectrum of No. 2, while
the sample still showed the absorptions of a P-O-P
linkage. This means that the tetraphosphate decom-
poses to phosphates with shorter chain lengths and
the main decomposition product is diphosphate. The
gradual weight loss seemed to be due to the conden-
sation of the decomposed phosphates since, as Fig.
8 shows, sample No. 3 showed the IR absorption of
a (PO,)~ group at about 1240 cm~!. Samples No.
1 and No. 2 were amorphous and No. 3 gave the un-
known X-ray diffraction peaks shown in Fig. 9. So
the exothermic peak around 520 °C is attributable to
the crystallization of the phosphates. After the second
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0: Ba,P,0, (ASTM card No. 9-45)

o
o
° o
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J’\l.\.u P At Rttt
No. 3(550 °C) N
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cu Ka, 20/°

No. 5(980 °C)

00 00

A

No. 4(750 °C)

Fig. 9. X-Ray diffraction diagrams of the thermal
decomposition products (Nos. 3—5) of the barium
tetraphosphate in air.

exothermic peak, the sample gave different X-ray
diffraction peaks. The small endothermic peak at
about 930 °C was caused by melting of a part of the
phosphates because the product was sintered after the
endothermic reaction. The last product gave the X-
ray diffraction pattern of barium diphosphate (ASTM
card, No. 9-45), while the IR spectrum of No. 5 gave
the absorption associated with a (PO,)~ group. There-
fore, sample No. 5 was considered to be a mixture
of crystalline barium diphosphate and amorphous poly-
phosphates having a middle-PO, group.

References

1) I. Grunze, K. Dostal, and E. Thilo, Z. Anorg. Allg.
Chem., 302, 221 (1959).

2) I. Grunze, E. Thilo, and H. Grunze, Chem. Ber.,
93, 2631 (1960).

3) M. Watanabe and T. Senda, Bull. Chem. Soc. jpn.,
45, 2111 (1972).

4) M. Watanabe, H. Usami, and M. Sugase, Bull. Chem.
Soc. Jpn., 46, 2885 (1973).

5) T. Glonek, T. C. Myers, P. Z. Han, and J. R. Van
Wazer, J. Am. Chem. Soc., 92, 7214 (1970).

6) T. Glonek, J. R. Van Wazer, M. Mudegett, and T.
C. Myers, Inorg. Chem., 11, 567 (1972).

7) A. H. McKeag and E. G. Steward, Br. jJ. Appl. Phys.,
4, S26 (1955).

8) E. R. Kreidler and F. A. Hummel, Inorg. Chem., 6,
884 (1967).

9) R. K. Osterheld and R. P. Langguth, J. Phys. Chem.,
59, 76 (1955).

10) R.P. Langguth, R. K. Osterheld, and E. Karl-Kroupa,
J. Phys. Chem., 60, 1335 (1956).

11) J. Harrison, J. Electrochem. Soc., 107, 217 (1960).

12) M. Watanabe, H. Suzumori, M. Maeda, and T.
Yamada, Bull. Chem. Soc. Jpn., 53, 2663 (1980).

13) M. Watanabe, H, Suzumori, M. Maeda, and T.
Yamada, Seckko To Sekkai, 178, 115 (1982).

14) R. N. Bell, L. F. Audrieth, and O. F. Hill, Ind. Eng.
Chem., 44, 568 (1952).

15) S. Ohashi, Kagaku To Kogyo, 21, 878 (1968).
A, and B, solvents in Table 3 were used.

16) F. Lucena-Conde and L. Prat, Anal. Chim. Acta, 16,
473 (1957).

17) M. Grayson and E. J. Griffith, ““Topics in Phosphorus
Chemistry > John Wiley & Sons, New York (1969), Vol.
6, p. 235.

18) K. Nakanishi,
Nankodo, Tokyo (1960).

The

“Sekigai Kyushu Supekutoru,”





