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Thermal Condensation of Phosphorodiamidic Acid: HPO,(NH>,),
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Phosphorodiamidic acid disappears when it is heated at 110 °C. It condenses, giving the ammonium salt
of P,P-diamidoimidodiphosphoric acid. The value of the enthalpy for this reaction is —3.6 kJmol™!. We
determined the apparent activation energy for the condensation reaction by two different methods: -Differential
Scanning Calorimetry, -Measuring out ammonium. We obtained by these two methods the same apparent

activation energy: 120 kJmol~>.

The incorporation of nitrogen into phosphate glasses
improves their chemical durability without significantly
reducing their thermal expansion coefficient.? In gen-
eral, phosphorus nitride oxide glasses are prepared by
remelting the glass under an ammonia or nitrogen at-
mosphere at temperatures above the glass transition
temperature.) These glasses can also be prepared by
adding a nitride, such as: AIN, MgzN,.?

We propose to use compounds with a phosphorus-ni-
trogen covalent bond as phosphorus nitride oxide glass
precursors. Among phosphorus nitrogen compounds
phosphoramidates are now well studied; particularly,
Watanabe and Coll have reported on several salts of
phosphoramidic and phosphorodiamidic acid.®%

In a previous paper we described the structure
and properties of phosphorodiamidic acid at room
temperature.> We propose in this paper a study of the
thermal stability of this acid.

Experimental

Phosphorodiamidic Acid Preparation. Phos-
phorodiamidic acid is prepared by a method described by
Klement.®) In order to obtain a very pure anhydrous phos-
phorodiamidic acid, recrystallization of the phenyl ester is
carried out twice after dissolving in ethanol at 80 °C. The
phosphorodiamidic acid is then dried under vacuum at room
temperature.

Analysis. The product was dissolved in the water and
the amount of phosphorus in the solution was determined
by a gravimetric technique. Total nitrogen was determined
by the Kjeldahl method. Nitrogen present as ammonium
ions was determined by an ammonia distillation method
without decomposition by use of concentrated sulfuric acid.
Acidic titration of the phosphorodiamidic acid was also car-
ried out. The pK, value (4.9) is the same as that reported
by Peacock.” A chemical analysis of the product gave the
following results: NHJ, 0.3%; N, 27.6%; P, 32.2%. The
calculated contents of the elements for HPO2(NHz)2 were:
NHJ, 0%; N, 29.2%; P, 32.3%. After a thermal treatment at
110 °C a chemical analysis gave the following results: NHJ,
15.2%; N, 27.2%; P, 31.9%.

X-Ray diffractograms were recorded with nickel-filtered
Cu Ko radiation using a Phillips PW.1010 diffractometer.
The X-ray diffractogram of phosphorodiamidic acid was the
same as that reported by M. L. Nielsen.®) After a thermal
treatment (110 °C) the X-ray diffraction peaks of phospho-
rodiamidic acid disappeared; the resulting product was not

well-crystallized.

The IR spectra were recorded on a Perkin—-Elmer M1710
spectrometer by means of the KBr disc method. '

The 3'P NMR proton-decoupled spectra of the samples
were recorded at 32.4 MHz on a WP80 Bruker spectrometer
after dissolution in water. The NMR chemical shifts are
reported relative to external 85% orthophosphoric acid, the
negative shifts being downfield.

The 3P CP MAS NMR spectra were recorded at 161.97
MHz on an AMX-S 400WB Bruker spectrometer, at a spin-
ning rate of 15000 Hz. The MAS NMR chemical shifts are
reported relative to the external H3POy, the negative shifts
being downfield.

The '®N NMR spectra of samples dissolved in water were
recorded at 40.6 MHz on an AM400 Bruker spectrometer.
15N was present in natural abundance. The MASNMR
chemical shifts are reported relative to the external liquid
ammonia, with the negative shifts being downfield.

A differential scanning calorimetry (D.S.C.) analysis was
carried out using a Setaram DSC 111.

Results and Discussion

Thermal Condensation of Phosphorodiamidic
Acid. A D.S.C analysis of phosphorodiamidic acid
was carried out at various heating rates under several
atmospheres (air, vacuum, nitrogen). We did not ob-
serve any important modifications under the experimen-
tal conditions. We therefore present in Fig. 1 the D.S.C.
curves of phosphorodiamidic acid in air at a heating
rate of 1 °C mn~!. We observed during the first run
(Fig. 1a) an endothermic peak at 79 °C; during a sec-
ond run (Fig. 1b) we did not observe this phenomenon.
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Fig. 1.
a heating rate of 1 °C mn
and (b) second heating.

D.S.C. curves for phosphorodiamidic acid with
~!in air (a) first heating
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There was no weight loss during the endothermic phe-
nomenon, and the enthalpy was —37.6 J g~ 1.

We show in Fig. 2 the infrared spectrum of phospho-
rodiamidic acid after a thermal treatment at 110 °C.
We observed large modifications between the spectrum
before and after a thermal treatment at 110 °C.

First, the stretching vibrations at 3400 and 3284
cm™?! attributed, respectively, to v.s and vs NH; in the
acid were larger for the compound at 110 °C. How-
ever we looked for thermal product absorptions at 3385,
3269 and 1586 cm ™!, which could be attributed to the
(P)-NH, groups, and at 3074 ¢cm™?!, which could be
attributed to the (P)-NH—(P) groups. Secondly, the
stretching vibrations attributed to v,s and vs NHj3 in
phosphorodiamidic acid disappeared after the thermal
treatment. We looked for the products heated at the
110 °C absorption peaks at 2864, 2112, 1882 and 1467
cm~!, which were attributed to the ammonium ion.
The 870 and 696 cm~! bands were attributed to the
P-O-P and/or P-N(H)-P bonds and the 1210 and
1065 cm~! bands to the stretching vibrations of the
PO; groups.

Phosphorodiamidic acid after a heat treatment un-
derwent a transformation. We observed by X - ray
diffraction the disappearance of the acid. This trans-
formation leads to the appearance of ammonium, which
was proved by two chemical analyses: 1®NNMR and
infrared. However, all of the nitrogen of phospho-
rodiamidic acid was not converted into ammonium. We,
indeed, observed by infrared and SN NMR spectro-
scopies the formation of P-N(H)-P bridges and the re-
tention of P-NH, groups. The principal new product
was characterized by its 3P CP MAS NMR peaks at 0
and —4.1 ppm.”

We propose the following mechanism for the ther-
mal condensation of phosphorodiamidic acid: in a first
step it reacts with itself giving P,P'-diamidoimidodi-
phosphoric acid and ammonia. In the second step am-
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Fig. 2. Infrared spectra of (a) phosphorodiamidic acid

and (b) phosphorodiamidic acid after a thermal treat-
ment at 110 °C.
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monia reacts with one acidic group, giving an ammoni-
um salt. We therefore obtained as a major compound
the ammonium salt of P,P'-diamidoimidodiphosphoric
acid, which presents in the solid state a crystallographic
nonequivalency. We also observed a small quantity of
polyphosphates and the ammonium salt of phospho-
rodiamidic acid.

The condensation of phosphoramidates (carrying P—
NH; groups) in an acidic medium has already been
observed.!®—'?) We described in another article the con-
densation of phosphorodiamidic acid with time, which
follows the same mechanism.> Phosphorodiamidic acid
is not thermodynamically stable and condenses with
time. If it is heated at 110 °C the condensation is
greatly accelerated.

Kinetic Analysis. A Kinetic study of the thermal
condensation of phosphorodiamidic acid was realized by
the Kissinger method'® by exploiting the D.S.C runs
shown in Fig. 3. As the heating rate increases, both the
initial transition and the peak maximum were shifted
to higher temperatures (Table 1). The theoretical work
of Kissinger indicates that the activation energy of the
condensation reaction is defined by as follows:

dln (¢/T2..)
A0/ To) ~ /B

Here ¢ is the heating rate, Tiax the temperature of
the D.S.C. peak maximum, F the activation energy and
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Fig. 3. - D.S.C. curves for phosphorodiamidic acid with
various heating rates in air.

Table 1. Kinetic Data for the Thermal Condensation
of Phosphorodiamic Acid

Heating rate AH  Tinitial Tmax 1/Tmax ln(Q/T.fmx)

°CCmn~t) Jg7!' K K (x1000)
0.1 —34.65 323 336 2.98 —-13.94
0.4 —34.69 330 345  2.90 —12.60
2 —-37.12 347 361  2.77 —11.08
10 —32.94 335 372 269 —9.54
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R the perfect-gas constant. The plot of In(¢/7%.,)
versus 1/ Tax is linear, the slope being equal to —E/R.
The apparent activation energy for the condensation
reaction was estimated to be 120 kJ mol~!. The results
are shown in Fig. 4 and Table 1.

The previous spectroscopic study confirms that the
condensation of phosphorodiamidic acid is character-
ized by the appearance of ammonium. Ammonium
measurements were therefore used to investigate the
condensation of phosphorodiamidic acid at 293 and 328
K. The ammonium weight versus the reaction time at
293 and 328 K is shown in Fig. 5. The rate of the
appearance of ammonium increases with temperature.
After a long time, the ammonium percentage was con-
stant at 12.5 weight %. This transformation obeys first-
order kinetics, which can be represented as follows:
No = Neo _ s

"N —Nw T

Here Ny and N, are, respectively, the ammonium
weight at the beginning (0%) and at the completion
(12.5%) of the reaction; Ny is the value after time ¢ and
k is the rate constant. The first-order kinetic plot of
In [(No— Neo)/ (Nt — Noo )] versus time at 293 and 328 K
was found to be linear, as is shown in Fig. 6. The rate
constant at 293 K is 4.21x10~8 s~! and 6.59x107¢ s~!
at 328 K. An arrhenius calculation gave the activation
energy: 115 kJ mol~1.

We obtained by these two different methods almost
the same activation energy: 120 kJmol~!. Moreover,
we measured for the condensation reaction of phospho-
rodiamidic acid the enthalpy: —3.61 kJmol~!. These
two values are greatly different from those obtained by
Shimasaki and Coll'¥) for the condensation of differ-
ent salts of phosphoramidic acid. They obtained values
between —25 and —44 kJmol~! for the enthalpy, and
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Fig. 4. The Kissinger plot for D.S.C. curves of
phosphorodiamidic acid.  In(&9/T32.,) = 29.89 —
14712/ Tmax.  Linear correlation coefficient "2
0.992.
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Fig. 5. Evolution of the ammonium weight as a func-
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Fig. 6. First-order kinetic plots of In [(No—Noo )/ (Nt —
Noo)] versus the time for isothermal condensation.
y=6.98x10"2+0.57xr"?: 0.992 at 328 K,
y=1.87x10"2+3.64x10"3xr"2: 0.992 at 293 K.

between 150 and 210 kJ mol~?! for the activation energy.
They proposed the following condensation mechanism:

o " i L[
6=L—§"<->6='P—§1 — G=r-0l—> —P— —”——]—i’l—o
H-é»“ H-’IItH NH3 M"O MK.) ”Mvol

H
M:NH4,K, Na.

This mechanism involves the formation of P-O-P
bridges and gives polyphosphates as the resulting prod-
uct. The condensation mechanism that we propose is:

T I Dot
m—%—m,ulq |_0 ——-om—ilﬂ—m,——o+ N i m—r—m—i»-om‘
N, N N, N

and involves the formation of P-N(H)-P bridges.
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The lower are the values of the enthalpy and activa-
tion energy, the lower is the condensation temperature;
moreover, the difference in the condensation mechanism
is probably due to the zwitterion structure of the raw
material (phosphorodiamidic acid).> The formation of
a small amount of polyphosphates during the conden-
sation of phosphorodiamidic acid, however, could be
explained by the appearance of the ammonium salt of
P, P'-diamidoimidodiphosphoric acid, which could carry
out condensation with a mechanism involving the for-
mation of P-O-P bridges.

We thank Mr. Schimpf of the BRUKER society for
the 31P CP MAS NMR analysis of our samples.

References

1) R. Marchand, J. Non-Cryst. Solids., 56, 173 (1983).

2) M. R. Reidmeyer and D. E. Day, J. Am. Ceram. Soc.,
68, C188 (1985).

3) S. Sato and M. Watanabe, J. Mater. Sci., 24, 885

K. KOWALCZYK, Y. PARENT, and G. PALAVIT

[Vol. 66, No. 7

(1989).

4) S. Sato and M. Watanabe, J. Mater. Sci., 21, 2623
(1986).

5) K. Kowalczyk, Y. Parent, P. Vast, and G. Palavit, to
be published in J. Mater. Sci.

6) R. Klement, G. Biberacher, and V. Hille, Z. Anorg.
Allg. Chem., 289, 80 (1957).

7) P. C. Peacock and G. Nickless, Z. Naturforsch., A,
24a, 245 (1969).

8) M. L. Nielsen and A. H. Herzog, Anal. Chem., 30,
1490 (1958).

9) K. Kowalczyk, Thesis, the University of Compiegne,
France, 1992.

10) L. Riesel and R. Somieski, Z. Anorg. Allg. Chem.,
415, 1 (1975).

11) M. Watanabe and S. Sato, Bull. Chem. Soc. Jpn., 60,
1303 (1987).

12) M. Watanabe and S. Sato, Bull. Chem. Soc. Jpn., 62,
267 (1989).

13) H. E. Kissinger, Anal. Chem., 29, 1702 (1957).

14) C. Shimasaki, Y. Oono, F. Takai, M. Shoji, and M.
Yoshizawa, Nippon Kagaku Kaishi, 1982, 376.




