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Recent investigationsl, into the hydrolytic behaviour of the tetrametaphosphimate 
(TeMPm) anion, have indicated the unusual ring degradation upon acid hydrolysis, 
yielding the di-imidotrimetaphosphate (DITMP) anion, together with otiho- 
phosphate (MP) . 

i(U) 

TcMPm DITMP R!xP 

The di-imidotrimetaphosphimate undergoes further hydrolysis to mono-imidotri- 
metaphosphimate (ITMP), and thence to trimetaphosphate (TMP), pyrophosphate 

(DP) 1 and orthophosphate very slowly as described in earlier papers1-5. 
With improved methods of anion-exchange chromatography, it has been possible 

to study the hydrolysis of TeMPm quantitatively, and show that the eight-membered 
phosphimate ring is more stable to acid hydrolysis than its Sk-membered analo,gues. 

EXPERIMENTAL 

Pre$aration of anznzoniunz tetra912eta~Ttos;hlzinaate 

Investigations of the salts of TeMPm by STOKE@, showed that the tetra-sodium 
potassium and silver salts, as well as the acid itself, were all highly insoluble in water. 
However, the ammonium salt is fairly soluble, and hence is the only salt suitable for 
hydrolytic studies. The behaviour and stoichiometry of these salts have been in- 
vestigated by STEGER AND LUNKWITZ’~~. 

TO g of pure tetraphosphonitrilic chloride (PNC1J4 (Albright & Wilson Ltd.), 
were dissolved in 200 ml of dioxan, and mixed with a solution of 40 g of ammonium 
acetate dissolved in 40 ml of water. The mixture was then stirred continuously for go h. 
The white precipitate was separated by filtration, and washed with methanol. Pure 
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a.mmoniunnn tetrametaphosphimate was recovered from an aqueous solution by 
dissolution ~>f this white product and precipitation with methanol. The yields were 
always of the order of 55 yO ; elemental analysis, together with infra-red, paper and 
anion-eschange chromatographic techniques, showed the product to be pure. 

To sltpmdy quantitatively the hydrolytic breakdown of TeMPm to DITMP, ITMP, and 
MP, by anion-exchange chromatography, it is necessary to achieve good separations 
between the f~rnr anions concerned. However, it was found that using the standard 
50 x 0.9 cm cohunn packed with IOO= LOO mesh size Dowex-1 X 8 resin, and eluting 
with Q.~S &?--o_f5 M potassium chloride buffered to pH 5.0,~ that TeMPm and 
DITMP have allmost identical retention volumes (Fig. Ia). Experimentation with 
different gradient chloride eluants proved of little value in separating the two anions, 

Volume of eluant (ml 1 
Fig. P. EhMon patt~s oE TeMPm and DITMP using differing columns and gradient elution 

conditions. (a) 0.075-0.75 M KC1 solutions. (b) o.d50-o.So M ICC1 solutions. 

and thws this type of column geometry was abandoned. In order to overcome such 
difGcu.Ities, it was decided to use a column where the two anions might separate whilst 
exchanging sllowly down a Iong column containing more bed volume of resin per unit 
cohnxnn length than that previously described. With this in mind, a column IOO cm x 
x.2 cm diameter of Dowex-1 X 8, IOO-zoo mesh resin was used, with a chloride 
gradient ehrant of 0.05 M-o.So M potassium chloride solution. This gradient took a 
greater volume of eIuant to reach the optimum value of desorption (see ref. s), but 

TABLE I 

Summary of columrz conditions 

CoIumn: IOO cm x I .2 cm diameter 
Revin: Dowex-I X 8, 100-200 mesh size 
EIuants: 0.05 M ICC&0.80 M ICC1 buffered to pII 5.0 
Flow rate: 35-40 ml/h 

Retention volumes 
.- 

(ml) 

Orthophosphate 220 
Trimetaphosphimate 420 
Tetrametaphosphimate 520 
Diimidotrimetaphosphate 580 
Imidotrimetaphosphate 7So 
Trimetaphosphate 1100 
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caused sharper elution peaks, because the d[Cl-]/dt was greater. Such a gradient 
prevented broadening of peaks, and hence less error in evaluating absolute recoveries 
for kinetic measurements. The separation achieved is shown in Fig. Ib. 

The separation achieved using the conditions mentioned above, was not im- 
proved upon markedly by experimentation using other differing gradients, and so was 
used for studying the hydrolysis of TeMPm (Table I). 

Study of lzydrolysis 

Approximately 0.5 g of ammonium TeMPm were dissolved in 50 ml of acetate buffer 
pH 3.62 in a IOO ml graduated flask, which was placed in a thermostatically con- 
trolled water-bath at the required temperature. 5.0 ml samples were removed from 
the solution at noted time intervals, and the reaction stopped by pouring the samples 
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/ 0.2 

0.1 
,h 
‘S 0.0 LI- 

8 

856 min 

r -345 min r 516 min 

r 1740 min 
r 

5430 min 

300 700 300 700 
Volume of eluont ( ml ) 

Fig. 2. Elution patterns for the hydrolysis of TcMPm at Gs” and pl+I 3.62. A = TeMPm; B = 
DITMI?; C = ITMP; D = MP. 

into 5 ml of ice-cold 0.2 N caustic soda solution. I ml of this solution was absorbed 
on to the anion-exchange column, eluted and the phosphorus-containing fractions 
estimated in the manner as previously described6. The results of analysis at the various 
time intervals are shown in Fig. 2, and typical results are given in Table II, where 12, 

TABLE II 

Tcmjwalrrrc &,.o” Tcmj~cralure Uo.o” 

Time o_{j_;,volysis Ito x 10’ Time of kydrolysis k, x IO’ 
(tnin-*) (tttitc) (tttit+J 

34.5 3.63 355 I.35 
516 3*75 634 1.31 
856 3.78 879 1.32 

1,268 3.65 
11748 3.50 

is velocity constant of overall breakdown of TeMPm, which was calculated in the 
following manner. 

J. Chromatog., 12 (1963) 527-532 



530 F. w. POLLARD, G. NICKLESS, A. M. ‘BIGWOOD 

Each phosphate species recovered by the anion-exchange separation is oxidatively 
hydrolysed to orthophosphate by heating with concentrated nitric acid, and then 
estimating the orthophosphate as the ammonium phosphovanadomolybdate complex. 
Thus we have the analytical recovery procedure: 

TeMPm + Ml? + DITMP -+ ITMP -,‘+ TMP 

kl 
Tl? -t DP + Ml? 

4 x orthophosphate -+ I x orthophosphate + 3 x orthophosphste 
(by oxidation process) (recovered as (by oxidation from) 

orthophosphate) DITlMP and ITMP) 
--_I+ indicates reaction sequences which were not detected 

It would be espected that the recovery of MP would be one-third that of the 
combined recoveries of DITMP and ITMP, provided that reaction (I) is followed. 
As reported previouslyl, the recovery of MP always exceeds’ that of one-third of total 
recovery of DITMP + ITMP, which most probably indicates the partial breakdown 
of TeMPm to chain imido-phosphates which, in turn, immediately hydrolyses under 
the hot acid conditions, to MP. It has been proved5 that DITMP and ITMP decompose 
only very slowly’to chain phosphates, hence the discrepancy in the analytical figures 
is directly attributable to the hydrolysis of TeMPm to chain species. Therefore 12, does 
not espress the true reaction constant for the breakdown of TeMPm to DITMP, since 
it incorporates the reaction constant for ring fission to chain phosphates. To evaluate 
lzl, the rate constant for ring degradation, it is necessary to sum the total recovery of 
DITMP + ITMP, and take one-third of this value as the concentration of ortho- 
phosphate resultant from ring degradation. If one uses this factor as x in the equation : 

where a is the total recovery of phosphorus, which at time t = o, is allTeMPm, then the 
variation of In n/(62 - x) V~YSZCS time is shown in Fig. 3, and the values of 1~1 are given 
in Table III. 

Fig. 3. Plot of In a/(n- x) UEYSZ~ time (min) for the TcMPm degradation to DITMI? and Ml?. 
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TABLE III 
- 

Tcnt~c~ntuyc 65.0~ Ternj~c~atu~s 0o.o” 

Tirnc Ii’ x IO4 TiVlC it’ x IOJ 

(rnin) (rth-‘J (mirt) (iha-1) 

34.5 
+ - 355 I .oo 

516 3.43 635 1.02 

856 3.52 879 1.00** 

I,ZGS 3.28 

11748 3.20 

* ?$ not calculated, only trace DITMI? formecl. 
** This result may be in error clue to further degradation of ITMP. 

From the data of Table III, it is proposed that : 

and from this: 

?& ()o = 3.37 * x0+ min-l 

kfo 00 = I.01 * 10~~ min-1 1 
at 65.0° 

~~cnrml+ DITMP = x7.3 kcal/mole 

DISCUSSION 
. 

From these quantitative studies on the breakdown of the TeMPm anion to DITMP, 
and further to ITMP; the validity of the ring degradation is shown by two factors: 

(i) The results obtained for k1 on assuming ring degradation are consistent within 
themselves, and give a straight line when In a/(a - x) is plotted against time, which 
passes through the origin. 

(ii) The rate of appearance of phosphate species, recovered after 740 ml of eluant 
had passed through the column, was calculated to be identical (within experimental 
error) to that of the rate breakdown of DITMP under similar conditions (see ref. 5). 

~DITMP + IT~IP = 1.02*10-~ min-l 

12 1 
at 65,0° 

nppcnranco = 1.02.10-~ min-l 

Thus indicating that it was in fact ITMP being recovered from anion-eschsnge sepa- 
ration, the ITMP being resultant from the hydrolysis of DITMP. 

The, overall acid hydrolysis of the tetrametaphosphimate was a factor of some 
twenty-five times slower than that of its six-membered ring homologue trimeta- 
phosphimate (/c~.$,~ = 8,g.10-3 min-1). The stability of TeMPm lies between that of 
DITMP and ITMP. 

. 
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SUMMARY 

A kinetic study of the hydrolysis of ammonium tetrametaphosphimate in acid solution 
at elevated temperatures is described. The degradation of an eight-membered ring to 
a six-membered ring appears to be a general type reaction in such phosphorus- 
nitrogen systems. 
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