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Synthesis and thermal property of sodium 
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Sodium triimidocyclotriphosphate tetrahydrate was made by reacting phosphorus pentachloride 
with ammonium chloride and then hydrolysing the resulting product in an aqueous sodium 
acetate solution. When the cyclotriphosphate was heated in air, it was directly converted to 
sodium cyclotriphosphate according to the reaction 

(NaPO2NH)3 + 3H20 -, (NaPO3)3 + 3NH3 

1. I n t r o d u c t i o n  
Among many phosphorus-nitrogen compounds, 
phosphazenes are those best known and most inten- 
sively studied. They have a number of unusual charac- 
teristic properties of inorganic polymer, and the most 
important utility of the phosphazene polymers is the 
ease with which the properties can be modified by the 
introduction of different substituent groups [1]. There 
is a series of phosphorus-nitrogen polymers which 
have imino groups in their chain and ring skeletons. 
The compounds can be used as flame retardants, 
chemical fertilizers, biomaterials, chemical manufac- 
ture, etc. Inspite of the usage of the compounds, there 
has been no comparable study of the imidopolyphos- 
phates with that on phosphazenes. We are trying to 
obtain basic physical and chemical information about 
imidopolyphosphates, and have previously reported 
the synthesis and hydrolytic properties of imido- 
diphosphate in solid and aqueous solution [2]. It has 
been found that the imidodiphosphate was directly 
converted to diphosphate by heating above 200 ~ in 
air and was hydrolyscd to phosphoramidate and or- 
thophosphate in an aqueous solution. This paper 
describes the synthesis and thermal properties of 
triimidocyclotriphosphate. 

2. Experimental procedure 
2.1. Preparation 
Hexachlorocyclotriphosphazene was made by reac- 
ting phosphorus pentachloride with ammonium 
chloride in 1,2-tetrachloroethane [3]. The phos- 
phazene (50 g) was dissolved in dioxane in a three- 
necked round-bottom flask at 45-50 ~ Sodium ace- 
tate (250 g) was dissolved in 1 dm 3 water. The solution 
was heated at 45-50 ~ and then added in the phos- 
phazene solution. The resulting mixture was reacted at 
45-50~ for 3 h with stirring. The reaction product 
was allowed to stand overnight at room temperature 
(10-20 ~ The precipitate was filtered offand washed 
with 50 vol % aqueous ethanol and then ethanol. The 
product (50 g) was dissolved in 350cm 3 water at 

70 ~ Glycerol (350 cm3), which was heated at 70 ~ 
was added to the product solution and this solution 
was heated at 70 ~ for 1 h with stirring, The resulting 
hot solution was quickly filtered off. After sufficient 
cooling of the mother liquor, 150 cm 3 ethanol was 
added to the liquor. The white precipitate was filtered 
off and washed with 50vo1% aqueous ethanol, 
ethanol, and then diethyl ether. 

2.2. Chemical analysis 
The phosphorus, nitrogen and sodium in a sample 
were determined, respectively, by Molybdenum Blue 
calorimetric analysis, Kjeldahl technique, and atomic 
absorption spectrophotometric measurement. 

2.3. High-performance liquid chromatography 
(HPLC) 

The HPLC analysis, which was developed by Yoza 
et al. [4], was employed to separate and determine 
the phosphate species in a sample. A separation 
column (4 mmx 240 ram) with TSK-Gel(SAX-F0011), 
a Shimazu spectrophotometer (UV-110-02), and KC1 
eluents (0.18, 0.26, and 0.40 moldm -3) were used for 
the analysis. About 10 mg of a sample was dissolved in 
10 cm 3 water and 200 mm 3 solution was injected into 
the column. 

2.4. X-ray diffractometry 
An X-ray diffraction (XRD) diagram of a powder 
sample was taken with nickel-filtered CuK= radiation 
using Rigaku X-ray diffractometer, RAD-1B. 

2.5. Infrared spec t rophotomet ry  
An infrared spectrum of a sample was recorded on 
a JASCO IR spectrophotometer, A-3, using the KBr 
disc method. 
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2.6. 31p nuclear magnetic resonance 
measurement 

A sample was dissolved in water and the 31p nuclear 
magnetic resonance (NMR) spectrum of the solution 
was taken using a JNM-GX 270 spectrograph. The 
chemical shifts are reported relative to external 85% 
orthophosphoric acid, with the positive shifts being 
downfield. 

2.7. Thermogravimetry and differential thermal 
analysis - ,  

T h e  thermogravimetry-differential thermal analysis 
(TG-DTA) measurement was used to study the ther- �9 
mal behaviour of the product using a Rigaku 
TG-DTA apparatus in air at a heating rate of 
10 ~ min- 1. 

3. Results and discussion 
The elemental analysis for the product gave the fol- 
lowing result: Na 18.1%; P 25.0%; N 11.7%. The 
calculated contents of the elements for (NaPO2NH)3 �9 
4 H 2 0  were: Na 18.4%; P24.8%; N 11.2%. The 
product gave only one 31PNMR peak of triimido- 
cyclotriph0sphate at - 1.1 p.p.m. (at pH 10) and the 
XRD diagram of the product was almost the same 
as that described in the JCPDS card of 
(NaPO2NH)3"4H20 (no. 16-932). 

The TG-DTA curves of sodium triimidocyclo- 
triphosphate tetrahydrate are shown in Fig. 1. The 
thermal products which are numbered in Fig. 1 were 
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Figure I TG and DTA curves of (NaPO2NH)3 .4H20 .  
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removed from a furnace and subjected to further anal- 
ysis to study the thermal reactions. The result of the 
analysis is shown in Table I and the XRD diagrams of 
the thermal products are given in Fig. 2. The first large 
en~ott~ermic peak :accompanying weight loss was 

~ caused by the removal of water of crystallization be- 
cause the phosphate distribution in Table I showed 
that thermal product 1 contained only triimidocyclo- 
triphosphate. The weight loss of the thermal product 
agreed with the dehydration 

(NaPOzNH)3 -4H20 

(NaPO2NH)3 H20 + 3H20 (1) 

After the second endothermic peak with a gradual 
small weight loss, the thermal product contained small 
amounts of diimidocyclotri-, monoimidocyclotri-, and 
cyclotriphosphates other than triimidocyetotriphos- 
phate. The following successive reactions or simultan- 
eous reactions can be written for the thermal change. 

Successive reactions 

(NaPO2NH)3 + H20 ~ Na3P307(NH)2 + NH3 

(2) 

Na3P3OT(NH)2 + H20 --* Na3P3OsNH + NH3 

(3) 

Na3P3OsNH + H20 --* (NaPOa)3 ,-!- NH3 (4) 

Simultaneous reactions 

(NaPO2NH)3 + H20 ~ NaaP3Ov(NH)2 + NH3 

(2) 

(NaPO2NH)3 + 2H20 -~ Na3P3OsNH + 2NH3 

(5) 

(NaPO2NH)3 + 3HzO ~ (NaPO3)3 + 3NH3 (6) 

It is difficult to determine which reaction is reasonable 
for the step. Because all these reactions cause a gain in 
weight Of the thermal product, the weight loss at this 
step may be due to removal of the rest of the water 
of crystallization. Thermal product 2 showed only 
very weak XRD peaks of sodium cyctotriphosphate. 
The main component of thermal product 2 was 
triimidocyclotriphosphate. Thus, the dehydrated tri- 
imidocyclotriphosphate must be amorphous. The 
weight loss of thermal product 3 was very near to that 

T A B L E I Weight loss and composit ion of thermal products of (NaPO2NH)3"4H/O 

Thermal  Weight loss Total Insoluble Phosphates  (P%) 
product (%) nitrogen part (%) 

(%) Triimido Diimido Monoimido Cyclotri 

1 14.7 13.7 100 - - - 

2 17.9 11.4 - 89.3 2.5 1.4 6.8 
3 a 19,2 8.5 1-2  74.2 3.8 1.0 21.0 
4" 19.6 3.8 30-40 - 2.2 18.4 79.4 
5 a 19.2 0.6 3 -4  0.4 11.0 82.4 
6 18.7 . . . .  1.2 98.8 

"The product contained insoluble part. 
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Figure 2 XRD diagrams of the thermal products of (NaPO2NH)3.4H20. 

of the reaction 

(NaPO2NH)3'4HzO --* (NaPOzNH)3 + 4H20 

(7) 

but the thermal product contained a large amount of 
cyclotriphosphate and the nitrogen content was less 
than that of (NaPOzNH)3. The contents of diimido- 
cyclotri- and monoimidocyclotriphosphates were very 
small at this step. It seems unreasonable that the very 
rapid successive Reactions 2-4 are preferred over the 
simultaneous Reactions 2, 5 and 6 because, as shown 
in Table I, the content of  monoimidocyclotriphos- 
phate in thermal products 4 and 5 was not small. 
Therefore, the simultaneous reactions can be preferen- 
tial for the thermal substitution of iminogroups for 
oxygen, and Reactions 2 and 5 are slow and Reaction 
6 is rapid. By the way, a small part of the thermal 
product 3 was insoluble in water and the insoluble 
product was considered to be long chain 
imidopolyphosphates according to the reaction 

n(NaPOzNH)3 + mH20 --* Na3, P3,06,+m(NH)3,-m 

+ mNH3 (3n > m) (8) 

The 31PNMR spectrum of the water-soluble part of 
product 3 is shown in Fig. 3. The peaks at - 3.5 to 
- 8  p.p.m, are due to diimidocyclotri- and mono- 

imidocylotriphosphates and the result agrees well with 
that of the HPLC analysis in Table I. After the next 
large exothermic peak, thermal product 4 showed an 
XRD pattern of sodium cyclotriphosphate and the 
content of the cyclotriphosphate in the water-soluble 
part was about 80 P%. This means that the substitu- 
tion of imino groups for oxygen and the formation of 
cyclotriphosphate by Reaction 6 proceeded through 

' 5 ' -1'5 10 5 0 - -10 -20  
6 (p.p.m.) 

Figure 3 3XPNMR spectrum of thermal product 3. 
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the thermal process. The amount of water-insoluble 
part of the thermal product was 30%-40%. Accord- 
ingly, the reorganization of the triimidocyclotriphos- 
phate to chain imidopolyphosphates by Reaction 
8 also progressed at this step. The water-insoluble part 
of thermal product 5 was less than several per cent and 
the content of cyclotriphosphate in the thermal prod- 
uct was about 82 P%. The following thermal change 
could be considered for the process: 

Na3nP3nO6n+m(NH)3n-m + (3n - m)H20 

n(NaPO3)3 + (3n - m)NH3 (3n > m) (9) 

As Fig. 2 shows, the phosphates other than sodium 
cyclotriphosphate were X-ray diffractometrically 
amorphous in thermal products 3-5. After the last 
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TABLE II Composition of thermal products of the insoluble product 

Thermal Total nitrogen 
product (%) 

XRD Phosphates (P%) 

Tri Cyclotri Cyclotetra 

SM" 6.8 Amorphous 
7 b 4.1 (NaPO3) 3 
8 b 2.5 (NaPO3)3 
9 0.7 (NaPO3)3 

192 78.4 2.4 
13.3 85.2 1.5 
0.6 99.1 0.3 

a SM, the water-insoluble thermal product of (NaPO2NH)a' 4HaO. 
bThe sample contained an insoluble part. 
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Figure 4 DTA curve of the insoluble thermal product. 
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results are listed in Table II. Thermal product 
7 showed an XRD pattern of sodium cyclotriphos- 
phate. The exotherm at about 290 ~ may be caused 
by thermal Reaction 9, but the substitution of imino 
groups for oxygen did not complete at this step 
because the nitrogen content of the product 7 was 
4.1%. After the next exothermal change, the nitrogen 
content was very small. Accordingly, Reaction 9 
seemed to be complete at this step. Imino groups in 
the imidopotyphosphates may be gradually sub- 
stituted for oxygen to make sodium cyclotriphosphate 
in air at a temperature higher than 200 ~ 

exothermic peak at about 600 ~ the product con- 
tained about 99 P% sodium cyclotriphosphate. It can 
be concluded that Reaction 9 progressed during the 
heating. 

The water-insoluble imidopolyphosphates were 
prepared by treating thermal product 4 with water 
and removing the water-soluble part from the prod- 
uct. The DTA curve of the water-insoluble phosphates 
is shown in Fig. 4. No measurable weight change of 
the sample was observed. The thermal products, as 
numbered in Fig, 4, were removed from the furnace 
and subjected to further analysis to study the thermal 
behaviour of the imidopolyphosphates. The analytical 

References 
1. A. R. ALLCOCK, "Phosphorus Nitrogen Compounds" 

(Academic Press, New York, London, 1972). 
2. M. WATANABE, S. SATO and K. WAKASUGI, Bull. Chem. 

Soc. Jpn 63 (1990) 1243. 
3. E. KOBAYASHI, "Shin Zitsuken Kagaku Koza", Vol. 8-[I] 

(Chemical Society of Japan, Maruzen, Tokyo, 1976) p. 188. 
4. N. YOZA, N. OKAZAWA, T. HASHI and S. OHASHI, 

presented at the 4th Symposium. of Inorganic Phosphorus 
Chemistry, Nagoya, November (Abstracts, 1983) p. 41. 

Received 8 October 1990 
and accepted 20 March 1991 

746 


