
Journal of Photochemistry 

Elsevier Sequoia S.A., Lausanne - Printed in Switzerland 
255 

REACTION OF NH(alA) WITH HN3* 

RICHARD J. PAUR and EDWARD J. BAIR 

Department of Chemistry, Indiana University, Hoomington, Ind. 47401 (U.S.A.) 

(Received June 19, 1972; in revised form July 31, 1972) 

SUMMARY 

This research is a preliminary survey to explore a possible analogy between 
the chemistry of the NH singlet radical and its electronic isomer, O(lD). The flash 
decomposition of HN, forms NH(alA) as the predominant observable primary 
product. The time dependence of the absorption by NH(X3Z-), NH(alA), NH,, N,, 
the emission by NH(311), NH(lII), and the initial and final absorbance by HN, were 
observed and correlated. The decomposition appears to result from the electrical 
disturbance which accompanies the photolysis flash rather than (or in addition 
to) photolysis. The disappearance of NH(alA) is consistent with the mechanism 

NH(alA) + HN, + 2 NH(X3Z-) + N,(XlI=g+) (a) 
-+ NH, + N, (b) 

The combined rate of disappearance of NH(alA) by all processes, 2.5 & 1.0 x lo-l1 
cm3/molecule set, is independent of inert gas pressure, although the product 
distribution is not. The implications of this result are discussed. 

I. INTRODUCTION 

Reactions of biradicals are less well characterized kinetically than other kinds 
of gas phase reactions. This is true partly because experiments forming them gener- 
ally yield both ground state and metastable excited radicals which have quite 
different reactivity. Considerable attention has been directed to distinguishing this 
singlet and triplet reactive character. However, there is abundant evidence that 
reactions of singlet biradicals are complex in themselves. The present research 
is directed towards better understanding the isolated, gas phase reactions of meta- 
stable singlet biradicals. 

The photochemical decomposition of HN3 has been studied by many 
workers1-6 over a number of years. A recent experiment by Darwentandcoworkers’ 
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used monochromatic 2139 A radiation to investigate the steady state photolysis 

of HNs in the presence of CO, and various hydrocarbons. They account for their 

results using the following mechanism: 

HN, + hv --+ INH’ + Nz’ (11 

lNH + HN, + 2 NH(3E) + N, @a) 

--f H, + 2 N, (2bI 

-+ NH, + N, (2cI 

where the primes denote non-electronic excitation. The purpose of the present 

research is to test the Darwent mechanism by direct observation of the appearance 

and disappearance of the observable species which are involved. 
The O(lD) + 0, reaction has been studied intensively and warrants compari- 

son with NH(lA) + HN, as a simpler analog. The reaction proceeds by two 

alternative modes, 

O(lD) + O3 + 2 0(3P) + 0, (3aI 

+ 2 0,t (3bI 
Reaction mode (3a) was first suspected owing to its subsequent contribution to the 

quantum yields-l* and to the rapid relaxation10v11 of vibrationally excited O,f, 

which is characteristic of systems containing 0(3P)12. Very recently, Giachardi 

and Wayne13 have confirmed that reaction (3a) is significant by direct observation 

of O(3P) using resonance fluorescence under conditions which identify the 0(3P) 
as the product of reaction (3a). Reaction mode (3b) is well knownl* from direct 
observation of O,f in levels higher than those permitted by the energy of reaction 

(3a). This O,p has been tied by kinetic analysislO to reaction (3b). 

Reaction path (3a) is significant at moderate total pressures but only reaction 

(3b) is observed when the photolysis is carried out in liquid argon solutions15. 

The emerging concept of this reaction, which has been partly tested16, is 

that the overall rate of the 0 (lD) + 0, reaction is relatively independent of environ- 
ment, but the distribution of the products is not. This is as if the reaction proceeds 

through a sing/e 0,” intermediate which can dissociate in a variety of ways, the 

relative probability of these modes of dissociation depending on the inert gas 
environment. In particular, the probability of reaction modes which break two 
bonds of the intermediate is smaller at higher pressures of inert gas. 

The present research is a qualitative preliminary survey to determine the 
extent to which reactions of NH(lA) might be analogous with those of O(lD). 

2. EXPERIMENTAL 

The experimental apparatus, a 3 m double beam grating spectrometer with 

photomultiplier detectors and a 68 cm multiple reflection cell, has been described 
previously17p l*. For the photographic work the photolysis lamp was powered by 

30 ,.uF capacitor bank charged to 18,000 V (4860 J) ; the kinetic measurements were 
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carried out using a 7 ,uF capacitor bank charged to 18,000 V (1130 J) as the 

photolysis flash power source. The HN, was prepared by dropping solid NaN, 

into an 85% H3P04 solution, then drying the gas by passing it through a trap in a 

dry ice-acetone bath. 
Kinetic data for the NH singlet were obtained by observing the Q3 line of 

the clll++alA transition at 30,728.lO cm- l*ls. Triplet NH was observed by monitor- 

ing the band head of the A3Tl+X3Z system at 29,761 cm-l* 20. The N, band head2 

at 36,761 cm-l was used to monitor N3 concentrations while NH, was observed by 

following the lines at 16,725.70 cm- 1, 21. Hydrazoic acid was monitored at 46,500 

cm-l using a Garton-Wheaton lamp and at 36,600 cm-l using the normal broad- 

flash apparatus. 

3. RESULTS 

A preliminary photographic survey of the absorption spectrum following 

flash photolysis of various mixtures of HN, with rare gases showed that all of the 

species predicted by the Dar-went mechanism which have observable spectra are, 
in fact, observed. These include the following: 

NH-A311+X31:- system: 0,O; 1,l; 2,2; 3,3; l,O; 2,l bands 

clIIttalA system: 0,O; 1,l; (2,1?) bands 

NH,-A2A, t X2B, system 

N,-2700 A system: 0,O band 

In the absence of a background continuum source some of the above bands also 

appear in emission. These bands include the 0,O band of the clII-+alA system of 
NH and the 0,O and 1,1 bands of the A311-+X3C- system of NH. The term designa- 

tions are abbreviated lIl, lA, 311, and 3Z in the description which follows. 

3.1 Formation and disappearance of NiY(lA) 

Singlet NH appears both in emission and absorption. Furthermore, the 
initial rise in both emission and absorption precedes the rise in the intensity of the 

photolysis flash, and coincides instead with the initial current to the flash lamps. 

The origin of the spectrum was further investigated by wrapping the flash lamps 
with opaque foil. In this case the duration of the electrical discharge is increased, 

but characteristics of the reaction, such as emission by NH(lII) are qualitatively 

similar to the normal flash behavior. There is no clear evidence that any of the 
features which are observed result from photolysis. For the present purpose we 
have considered it to be sufficient that the process,rhowever complex, be a source 

of NH(lA) which can be characterized empirically.- 
Measurements of the HN3 absorbance before and after photolysis show 

that the overall fraction of HN, decomposed is about 0.05. The accuracy with 
which the fraction of HN, decomposed can be determined at various intermediate 
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Fig. 1. Absorption by NH(al& following decomposition of HN, compared with emission of 
NH(c’n). 0 [3, 0.1 Torr HN, f 10 Torr Ar; l II, 0.1 Torr HN, + 100 Torr Ar. 

times du&zg the reaction is therefore marginal. The qualitative knowledge that the 
total fraction of HN, decomposed is small is nevertheless useful in interpreting 
the data. 

There are minor technical problems involved in correcting the NH(lA) 
absorbance data for emission by NH(lII). Although this radiant flux appears 
significant in comparison with the absorption background source, its absolute 
intensity indicates that the fraction of HN3 decomposed to form NH(lII) is less 

than 0.0001 of the HN, initially present. It is therefore less than 0.01 of the NH(lA) 
produced. The NH singlet emission and absorption data are given in Figs. 1 and 
2 for two different HN, concentrations. The apparent oscillation in the NH(lA) 
concentration may be a real consequence of the complex mode of formation but 
is more likely an artifact of the method used to correct the absorption data for 
emission. The important points to be noted are these: (i) NH(lA) and NH(lII) 
are formed earlier than any other species that was observed; (ii) the rate of dis- 
appearance of NH(lA) is fast enough for it to be the precursor of NH(3ZE), NH,, 
and N,; (iii) the rate of disappearance of NH(lA) increases with increasing concen- 
tration of HN,; (iv) the NH(lA) f ormation and disappearance are not greatly 
affected by the addition of excess Ar. 
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Fig. 2. Absorption by NH(alA) following decomposition of HNII compared with emission by 
NH(clfl). 0 Et, 0.02 Torr HN, + 2.0 Torr Ar; 0 I, 0.02 Torr HN, + 20.0 Torr Ar. 

3.2 Absorption and emission by triptet NH 

Data for the formation and disappearance of triplet NH are shown in Fig. 3. 

Both emission by NH(W) and absorption by NHCZC) are observed. The concentra- 
tions of both species depend similarly on Ar concentration. However, the timing 

of their formation and disappearance is not similar. The formation of NH(317) 

lags behind the formation of NH(lTT), but precedes the formation of NH(3JZ). The 

formation of NH(3C) correlates closely with the disappearance of the NH(lA). 

Its disappearance is slow on the time-scale of these experiments, in no way compet- 
itive with NH(lA) reactions. Although no attempt was made to determine absolute 
values, absorption by NH(aE) is weak in comparison with NH(lA) as they are 

ordinarily observed. Under the conditions of Fig. 2, NH(3E) absorption was 

barely detectable, while the usually weak NH(.lA) could be seen easily. 

3.3 Formation and disappearance of NH, 

The appearance of NH2 also has a close correlation with the disappearance 

of NH(lA), as shown in Fig. 4. Its rate of disappearance is at least an order of 

magnitude slower than the rate of disappearance of NH(lA) and it disappears 

J. Photo&em., I (1972/73) 



260 R. J. PAUR, E. J. BAIR 

0.2 

0.1 

ox 

NH TRIPLET 
ABSORBANCE 

h 0 0 ” 
0 

” 

0 0 0 

0 IO 20 30 40 50 60 70 
TIMEJJSEC 

Fig. 3. Absorption by NH(X%-) following decomposition of HN8 compared with emission by 
NWATI). 0 q ,O.l Torr HN, + 10 Torr Ar; l I, 0.1 Torr HN, + 100 Torr Ar. 

considerably faster at high pressure (500 Torr added argon) than at low pressure 

(12 Torr added argon). The pressure dependence of the rate of formation of NH, 

is small, if present at all. Using the estimates of the NH, absorption coefficient at 
16,725.70 cm-l by Hanes and Bair 22, the maximum concentration of NH, compares 

favorably with the amount of HNB believed to be decomposed by primary decompo- 
sition processes. Formation of NH, therefore appears to be a major secondary 

reaction path, possibly more important than NH(31Z) formation under the condi- 

tions used. The disappearance of NH, is slow enough to be attributable to radical- 
radical reactions and has an inert gas pressure dependence consistent with a combi- 

nation process near its high pressure limit. 

3.4 Formation and disappearance of N3 
The N, absorption data are shown in Fig. 5. The formation of N, is assumed 

to be delayed with respect to the formation of NH(lA) in much the same way as 
NH(3E) and NH,. Scattered photolysis radiation at the long paths required makes 

the formation of N, difficult to measure. NH(31Z), NH,, and N3 all appear to be 
products of secondary reactions rather than primary decomposition of HN,. The 
possibility that some N3 is formed by the primary process cannot be ruIed out. 
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Fig. 4. NH2 absorbance following decomposition of HNI. 1, 0.127 Torr HNS + 12.7 Torr Ar; 

l , 0.127 Torr HN, + 500 Torr Ar. 

N, disappears with an initial time constant of about 3 x 1O-5 sec. Being faster 
than expected for reaction with other radical intermediates at concentrations 

present in this system, this rate most likely represents reaction with HN,. After 

about SO-100 psec the rate of disappearance decreases. If the initial rate of dis- 

appearance is correctly interpreted as reaction with HN3, the decreased rate of 

disappearance may indicate that some additional source of N3 becomes more 

important in this time range. 

Measurements of the pressure dependence of the formation of N, were 

considered beyond the scope of the present preliminary investigation. This is a 
non-trivial measurement because 
both depend on pressure. 

4. DISCUSSION AND CONCLUSIONS 

the extinction coefficient and Beer’s law exponent 

Since the decomposition is obviously complex, this preliminary investigation 
has been largely a qualitative survey of spectroscopic features which might lend 

themselves to a more quantitative investigation of the specific questions discussed 

J. Photochem., I (1972/73) 



262 R. J. F’AUR, E. J. BAIR 

0.0 1 I I I I 

0 20 40 60 80 100 

TIME#SEC 

Fig. 5. NS absorbance following decomposition of HN,. l , 0.283 Torr HN, + 28.3 Torr Ar. 

in the jntroduction. The discussion is largely limited to identifying observed 
spectroscopic features with the phenomenological process causing them. 

4.2 Spectroscopic features of the NH(alA) + UN, reaction 

The primary decomposition, whatever its exact nature might be, has the 

property, in common with ultra-violet photolysis of ozone or diazomethane, that 

it provides an observable quantity of singlet biradicals which precedes the forma- 
tion of other observable intermediates. NH(lA) is the only reactive intermediate 
known to precede the formation of NI-II(~C), NHQ, and N, (accepting the estimated 
emission intensity as an indication that NH(1l-I) is unimportant, either as an 

intermediate in the formation of NH(lA) or as a reactant in its own right), The 

effect of the flash is therefore taken to be: 

HN3 + e+NH(lA) + N, (1) 

In the absence of reason to believe otherwise, it is convenient to assume that this 
is the only primary process. 

Since the rate of disappearance of NH(lA) is fast, its numerical value must be 

determined by a modeling procedure which takes simultaneous account of the rate 
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of formation and decay. Taking note of the correlation between HN, concentration 
and the rate of NH(lA) disappearance, the data give a value for the overall dis- 
appearance, k, = 2.5 4 1.0 x IO-l1 cm3/molecule set, assuming that the reaction 
is with HN3. It should be noted that since the extent of decomposition of HN3 is 
small, there is no alternative bimolecular process except simple deactivation by 
Ar which could account for the observed rate of disappearance using rates below 
the collision limit. The Ar pressure dependence suggests that simple deactivation 
is relatively unimportant. 

The mechanism by which NH(%) is formed is not obvious. Both NHPIl) 
and NH(31’I) have radiative lifetimes qf about 0.5 ,zsec23. Their emission intensity 
is therefore essentially proportional to and coincident with their rate of formation. 
Although NH(lII) is energetic enough to form NH(311), the timing is wrong. 
According to Qkabe24, photolysis of HN, in the vacuum ultra-violet produces 
some N2(31Tg), which reacts with HN3 to produce NH(311). Since the lifetime of 
N,(31&) is z= 10 psec2s this mechanism accounts satisfactorily for the timing of the 
observed emission. In any case, the total quantity of NH(311) is small and it has no 
appreciable influence on the other observable components. 

The formation of NH(3X) correlates kinetically with the disappearance of 
NH(lA) within the accuracy of the data. On the basis of the substances which are 
observed its formation is most reasonably attributed to the reaction: 

NH(lA) + HN, + 2 NH(3E) + N2. (2a) 

In contrast with its behavior in ammonia photolysis, the disappearance of NH(3E) 
is slow enough to be the result of radical-radical processes. This supports our 
previous conclusionz6 that NH(3E) reacts rapidly with NH,. Its reaction with 
HN3 is apparently slow. 

The formation of NH, also has the correct time-dependence to be a result 
of the NH(lA) + HN, reaction, in which case N3 could also be a product. Although 
the timing of the N, formation was not observed in detail, the observed component 
is consistent with the NH, data, so these products are attributed to : 

NH(lA) + HN3 --f NH2 + N, (2b) 

These results are in agreement with the mechanism used to explain the steady 
state photolysis’ and support the O(lD) + 0, analogy. 

4.2 Pressure dependence of the product distribution 
The previous section showed that NH(lA) disappears primarily by reaction 

with HN, and that deactivation by Ar is relatively unimportant (kg lo-l4 cm”/ 
molecule set). In fact, Ar concentration has very little effect on either the formation 
or disappearance of NH(lA), although it has a marked effect on the formation of 
NH(3X). Inert gas appears to alter the distribution of reaction products without 
affecting the overall rate. 
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A comprehensive consideration of the reaction would include the following 

processes : 

NH(lA) + HN, 4 2 NH(%) + N, 

* Hz + 2 N, 

+ NH, + N, 
+NH,+N,+N 
+ NH(3E) + HN, 

-+ N,H, + N, 
+ 2 N,H 
-+2N,+2H 

- 9 kcal 

- 190 kcal 

- 34 kcal 

- 37 kcal 

- 27 kcal 

- 140 kcal 

- 85 kcal 

(2a) 

(2b) 

(2c1 
(2d) 

(2e) 

(2f) 
(2g) 

(2h) 
The experimental results support the view that all processes occur on the same 

potential energy hyper-surface with independent, or group-wise independent, 
probability, subject to constant total probability of reaction in the forward direc- 

tion. The effect of added inert gas can be regarded as removal of energy from the 
active intermediate. An alternative view I6 is that inert gas inhibits certain modes of 

dissociation by decreasing the density of energy levels characteristic of those modes. 

This has the greatest effect on incipient translational modes of separating products, 

in which added inert gas preferentially inhibits those modes of dissociation in 

which more than one bond is broken. 

The data of these experiments give two relevant experimental facts: (i) the 
formation of NH(“X) is inhibited by the addition of Ar; (ii) the formation of NH, 

is essentially independent of Ar concentration. 

Since the NH(3C) is inhibited by Ar without affecting the overall rate of 

NH(lA) disappearance, some other mode(s) of reaction must be simultaneously 

enhanced. If the various modes of dissociation are independent, reaction mode 
(2~) is expected to be one of these enhanced modes. This is not observed, although 

it is possible that the decrease in reaction mode (2a) corresponds to an undetect- 
able increase in reaction mode (2~). 

Alternatively, if the various modes of dissociation are only group-wise 

independent, reactions (2a), (2b), and (2f) are a group in which N,H, acts as a sub- 
intermediate. Normal N,H, is stable with respect to forming 2 NH but not with 
respect to N2 + H,. Since the products of reaction (2b) are observed as products 

of photolysis7, it will be of interest to learn whether they are favored at higher inert 

gas pressure. 

Similarly, reactions (2~) and (2d) might constitute a sub-group in which 
N3 is the sub-intermediate. Since NH2 is a product of both reactions of the group 

its independence of pressure would be expected. It will be of interest to learn 
whether N, is enhanced by inert gas pressure, as predicted_ 

Reactions (2g) and (2h) are a sub-group analogous to the reaction O(lD) + 

N,O + 2 NO which accounts for about 0.67 of the reaction of O(lD) with NzO 

under certain conditionsz7_ There is no evidence that reactions (2g) and (2h) are 
important in the present experiments. 
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