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The technically important thermal decomposition of fused ammonium nitrate

(AN, component of explosives), yielding nitrous oxide and water (eq. 1) has been in-

vestigated repeatedly in 170–400°C

NH4NO3 � N2O + 2 H2O (1)

and reviewed several times [1–5]. The reaction (1) was explored for synthesis of

nitrous oxide molecules isotopically labelled with N-15 and O-18 and applied in the

infrared, Raman and microwave spectroscopy studies of the structure of this three

atom “green house” gaseous tracer component in the atmosphere [1,1c,1d,6–9].

The first isotopic studies [1a,1b] established that the decompositions of 15NH4
14NO3

and of 14NH4
15NO3 provide exclusively 15N14NO and 14N15NO isotopic isomers

respectively. The precision of isotopic analysis of N2O and H2O for N-15 and O-18, in

the decomposition of ammonium nitrate at 220°C±20°C, was sufficient to notice the

N-15 and O-18 fractionation in the decomposition of NH4NO3 of natural isotopic

composition [1a]. The ratio of uncorrected (45/44) ratios for N2O produced at com-

plete reaction (t�), and at one percent decomposition (t1%) were found to be:

(45/44)t�/(45/44)t1 = 1.007±0.004 and 1.008±0.001 for two independent N2O samples.

The above rather well reproduced N-15 fractionations in the N2O production in that

time were not given even qualitative consideration [1a] because “the N-15 fraction-

ation at small amounts of reaction is an undetermined combination of two effects:

N-15 substitution in 15NH4
+ ion and in 15NO3

� ion” and because “our knowledge of the

mechanism and kinetics of the decomposition reaction is meager”. Thus “no calcula-

tions of the nitrogen isotope effect have as yet been carried out”. The oxygen-18 frac-

tionation, (though smaller at 1 percent decomposition than nitrogen-15 fractionation),

was found to be quite sizable at complete decomposition of ammonium nitrate of

natural isotopic composition. The ratio of corrected (14N2
18O/14N2

16O)t ratio of N2O

collected at complete reaction (t = �) to (H2
18O/H2

16O)t� ratio of water, also at

complete reaction, equals:

{(N2
18O/N2

16O)/(H2
18O/H2

16O)}t� = (212.6�0.2×10–5)/(208.0�0.3×10–5) = 1.022

or = (212.5�0.5×10–5)/(207.6�0.2×10–5) = 1.024

= 1.023�0.003 (mean value)
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The above preferential concentration of O-18 in N2O over H2O was interpreted as re-

sulting in “successive elimination of two water molecules from ammonium ion and one

nitrate ion” (eq. 2 and 3):

NH4N
16O3 � NH2N

16O2 + H2
16O (2)

NH2N
16O2 � N2

16O + H2
16O (3)

Nitramide (“or some other substance”) was assumed to be the intermediate chem-

ical species. The final concluding remarque, irrespective of the models assumed for

calculations of temperature dependent and independent factors in general expres-

sions for (k1/k2) isotope effect ratio, was that the greater frequency of rupture of the

N–16O bonds than N–18O bonds is the principal factor contributing to the observed
18O/16O fractionation of 2.3% for N2O over H2O.

The subsequent kinetic studies (ref. [2–5] and the numerous papers cited there)

established that the decomposition of NH4NO3 is initiated by nitric acid produced in

the dissociation reaction (4):

NH4
+NO3

�
(l) � NH3(g) + HNO3(g) (4)

Probably uncontrolled small amounts of water present in the AN accelerate

production of HNO3 in the low temperature decompositions (eq. 5) carried out in

the 225–275°C (498 to 548 K), where AN decomposes according to ionic mechanism

(eq. 6, 7, 3a) [3,5]:

NH4
+NO3

� + H2O � NH4OH + HNO3 (5)

2 HONO2
fast

slow

� ��
� ��� NO2

+ + NO3
� + H2O (6)

NH3 + NO2
+ � NH2NO2 + H+ (7)

NH2NO2 � N2O + HOH (3a)

A homolytic decomposition of AN is suggested to proceed in the gas phase above

290�C according to free radical mechanism (eq. 8–10) [4]:

HONO2
slow� ��� HO 	 + NO2 (8)

HO 	 + NH3 �� NH
2
	 + HOH (9)

NH
2
	 + NO2 �� NH2NO2 � N2O + H2O (10)

The kinetic determinations [3,4] have shown that NH3 and H2O inhibit the de-

composition of AN, while HNO3 promotes decomposition. The small H/D kinetic

isotope effect of 1.2 found in the decomposition of ND4NO3 at 340°C was interpreted

as an 
 secondary effect in the rate determining homolytic step (8a):
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DO–NO2 �� DO 	 + NO2 (8a)

Both the preferential concentration of O-18 in N2O over H2O [1a] and the small

secondary DKIEs [4] indicate that the heterolytic (eq. 6) and homolytic (eq. 8)

splittings of oxygen–nitrogen bonds are the rate determining ones.Thus the interpre-

tation of the N-15 fractionation observed at 1% decomposition of AN of natural isoto-

pic composition should be a simpler task than the full interpretation of O-18

fractionations involving superposition of two intramolecular O-18 isotope effects

(eq. 11 and 12) discussed by Friedman and Bigeleisen [1a].

� H16O + N16O18O

HN16O18O16�� (11)

��������������

� N2
16O + H2

18O

NH2N
16O18O  (12)

� N2
18O + H2

16O

For the purpose of calculation of N-15 KIE we can write the dehydration schemes

(13–15) implying that the rupture of the nitrogen–oxygen bond in nitrate (or nitric

acid) group is the rate and 15N KIE determining step.

16O

k-14
 �

14NH4
14N16O3 �� [14NH4–

14N–16O] �� H2
16O +

slow
:

16O

+ [14NH2–
14N16O2

fast� �� H2
16O + 14N2

16O] (13)

16O

kN-15
 �

15NH4
14N16O3 �� [15NH4–

14N–16O] �� H2
16O +

slow
:

16O

+ [15NH2–
14N16O2

fast� �� H2
16O + 15N14N16O] (14)

16O

kA-15
 �

14NH4
15N16O3 �� [14NH4–

15N–16O] �� H2
16O +

slow
:

16O

+ [14NH2–
15N16O2

fast� �� H2
16O + 14N15N16O] (15)
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At small (1%) degrees of N2O decomposition:

d[15N14N16O + 14N15N16O]/d[14N2
16O] = {(kA-15)[14NH4

15N16O3]o +

+ (kN-15)[15NH4
14N16O3]o}/{(k-14)[14NH4

14N16O3]o} (16)

Since, neglecting secondary D and N-15 isotope effects, (kN-15) = (k-14), we obtain in

the case of uniform (classical) initial distribution of N-15 between ammonium and

nitrate groups:

d[15N14N16O + 14N15N16O]/d[14N2
16O] = {(kA-15)/(k-14) +1}{[14NH4

15N16O3]o/

[14NH4
14N16O3]o} (17)

At complete decomposition of AN:

{[14NH4
15N16O3]o + [15NH4

14N16O3]o}/[14N2
16O]o = {RNo45(15N) + RAo45(15N)} =

= Rm45(t=�) (18)

RNo45 = {[15NH4
14N16O3]/[

14NH4
14N16O3]}o = {[15N14N16O]/[14N2

16O] t=�

RAo45 = {[14NH4
15NO3]/[

14NH4
14NO3]}o � {[14N15N16O]/[14N2

16O]}t=�

In the case of even initial distribution of N-15 in AN:

Rm45(t,1%) = {(kA-15)/(k-14) +1}{1/2 R t=
m45

� } (19)

and

{(kA-15)/(k-14) +1) = 2 R (1%)
m45 /R t=

m45
� (20)

Thus

{(k-14)/(kA-15)} = 1/{2 R (1%)
m45 /R t=

m45
� –1} (21)

Using equation (21) we find that the experimentally determined (R t=
m45

� /R (1%)
m45 ) ratios

of 1.008 and 1.007 [1a] correspond to (k-14)/(kA-15), that is to N-15 primary kinetic

isotope effect of 1.015�0.001.

The numerical values of KIEs are the indication of the bonding changes in going

from the initial state of reactants to the transition state of the given chemical change.

Weakening of the bonding at the isotopic reaction center causes the increase of the

magnitude of I.E. In the decomposition of AN the substitution of N-14 by N-15 in

the nitric acid group resulted the N-15 KIE of 1.015. This is a considerable value but

less than the full 15N KIE expected for complete 15N–16O bond rupture. This might

denote that the weakening of one single 15N–16O bond in nitric acid, (H16O...15NO2)�,

is compensated partly in the T.S.(�) by the increase of the force constants of the re-

maining nitrogen-oxygen bonds. This explanation is logical one, but the kinetic N-15

fractionation caused by the rupture of the nitrogen–oxygen bond in nitric acid might

be preceded by the N-15 fractionation in the dissociation of AN (as given in eq. 4).

1522 M. Zieliñski, A. Zieliñska and H. Papiernik-Zieliñska



A preferential concentration of N-15 in HNO3 (gaseous one or in condensed phase)

will cause the increase of the N-15 concentration in the first portions of the subse-

quently produced NH2NO2 entities and then causes the apparently depreciated value

of the 15N KIE in the N2O production (eq. 7 , 3a).Thus, to assess correctly the N-15

kinetic fractionation in the rupture of the 15N–16O bond in nitric acid, we should know

the magnitude of the equilibrium 15N fractionation between the nitrate ion and the

nitric acid, both in the gaseous and in the condensed states (eq. 4).

The 15N isotope effects in the exchange equilibria between NH3 and NH4
�NO3

�

[10a,b], more recently between NO and NO2 [11a,b,c] and especially between NO

and HNO3 [12a–f] have been explored for separation of nitrogen isotopes on the tech-

nical scale (eq. 22–24):

15NH3(g) + 14NH4NO3(l) � 15NH4NO3 + 14NH3(g) (22)


 = K = 1.034 at 25°C [10a,b]

15NO + 14NO2 � 14NO + 15NO2 (23)

K = 1.0417 at 25°C (calcul.); 1.0146 at 200°C; 1.0075 at 400°C;

1.0044 at 600°C [11a,b,c].

15NO + H14NO3 � H15NO3 + 14NO (24)

K = 1.045±0.01; the recent value:1.055 at 25°C for (NO and 10 M. HNO3) system [12f].

The isotope fractionation between NH4NO3(melt) and HNO3(g) has not been

considered theoretically (and experimentally also), because the knowledge of the vi-

brational problems of the H14NO3/H15NO3 isotopic system is less certain. The spec-

tral studies pertaining to nitrate NO3
� are rather well advanced [13a–g]. There are no

direct spectral investigations of H15NO3 [14a–d]. It seems to us that at the present

state of spectroscopic studies of the isotopic nitric acid molecules the detailed deter-

minations of isotopic equilibria between nitrate ion and nitric acid should help to as-

sign properly the observed frequencies of undissociated nitric acid molecules and

contribute to the interplay of pure spectroscopic studies with related isotope ex-

change equilibria and kinetics involving isotopic nitric acid and nitrate molecules.

The introductory calculations are already done [11c]. There is also chemically not

related directly but close in the magnitude of intramolecular k(14N)/ k(15N) kinetic

isotope effect of 1.014�0.001, observed in the deammoniation of phthalamide [15],

which should also be given a more detailed theoretical and experimental attention.
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