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Hydrazoic acid HN, was photolyzed in the presence of a controlled amount of NO in the gas phase, to investigate the reaction 
of NH ( ‘A) with NO. Ab initio CI studies indicate that the ultimate product should be NZO, which would arise via an intermediacy 
of the adduct radical HNNO ( 2A’ ) . Mass-spectrometric analyses of the reaction mixtures have shown that N20 is indeed a prin- 
cipal product but that a sizable quantity of HZ0 has been formed concurrently. Quantum yields of NzO are found to increase in 
proportion to the initial molar fractions of NO in the reactant gas mixtures used. It is concluded that NH( ‘A) enters into capture 
(no-barrier) reactions with NO and HNs in a competitive manner, to give N20 and NH*, respectively, the latter product even- 
tually leading to Hz0 through a rapid capture reaction with excess NO. 

1. Introduction 

The imino radical in its lowest singlet state, 
NH (a ‘A), can insert into a single bond of paraffins 
to give amines and, at the same time, directly ab- 
stracts a hydrogen atom giving rise to the amino rad- 
ical [ 11: 

NH(‘A)+H-R 

17 

HzNR , (la) 

NH2+R. (lb) 

Obviously, reaction ( la) is a concerted process with 
virtually no activation energy, whereas reaction ( lb) 
is an activation-controlled process. The activation 
barrier heights for reaction (lb) are, however, gen- 
erally so low as to permit the hydrogen abstraction to 
compete with the insertion ( la), as has been dem- 
onstrated theoretically [2]. More important in this 
context is the notion that this dual chemical behavior 
of NH ( ‘A) is a consequence of the duality in its elec- 
tronic structure. Thus, the insertion capability is as- 
cribable to the closed-shell-like character of the ‘A 
state which can be represented by the two-contigura- 
tional (x2-y2) wavefunction, while the abstraction 
mode is due to the diradical property arising from its 
open-shell (xy ) character [ 3-5 1. 

Inasmuch as NH ( ‘A) in its open-shell form can be 

regarded as a singlet diradical, its diradical character 
ought to be revealed most eminently when it is al- 
lowed to react with radical species. Thus, the associ- 
ation reactions of NH ( ‘A) with doublet radicals are 
thought to constitute another important type of ele- 
mentary reactions possible to NH ( ‘A). 

Motivated by the above-delineated perspective, we 
have undertaken to investigate the reaction of 
NH( ‘A) with NO as a doublet radical. Ab initio SCF 
computations followed by the configuration-interac- 
tion (CI) treatments indicate that the association 
product HN-NO is liable to be collapsed into N20 
and H: 

NH(‘A)+NO+[NH-NO]+N,O+H. (2) 

The possibility of a similar type of reaction for the 
case of NH ( 3X- ) has been suggested by Melius and 
Binkley [ 6 1. 

The purpose of the present work is to clarify the 
dynamical mechanism of reaction (2) theoretically 
and to confirm the formation of nitrous oxide N20 
experimentally. To this end, the path as well as the 
energetics of reaction ( 2 ) have been examined thee-. 
retically, and the quantum yields of N20 under vary- 
ing conditions have been determined experimentally. 
Rather unexpectedly, it has been observed that a siz- 
able amount of H20 is formed concurrently with N20. 
The overall mechanism of reactions will be discussed 
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in the light of the theoretical as well as the experi- 
mental results obtained. 

2. Methods 

2.1. Theoretical calculations 

The potential energy profiles for the reactions of 
both NH ( X 3E - ) and NH (a ‘A) with NO have been 
examined by ab initio MO calculations. The basis sets 
used are the conventional split-valence 4-3 1 G func- 
tions [ 71 augmented with one set each of polariza- 
tion functions for every atom involved. The 
exponents used for the polarization functions are 
&,(H)=l.l andcd(N)=cd(0)=0.8 [8]. 

The minimum-energy paths for reactions were 
traced by the UHF SCF procedure, using the GAUS- 
SIAN 80 program package [ 91. Geometries for the 
stable energy minima and the energy saddle points 
(transition states, TS) were all SCF-optimized. The 
transition state geometries were all checked with the 
vibrational normal-mode analyses. 

All the transition states located as well as the rele- 
vant energy-minimum structures were subjected to 
the multireference double-excitation (MRD ) config- 
uration-interaction (CI) computations (4-3 1 G**/ / 
4-3 1 G**). The TABLE MRD CI program furnished 
by Buenker [ IO,1 1 ] was used. The configurations 
whose contributions I Ci I ’ to a state exceed 0.5% were 
all regarded as the main (reference) configurations. 
The lowest configuration-selection threshold T was 
deliberately assigned a value between 1 and 10 
phartree, so that the maximal dimension of the con- 
figurational space fell in the region 7000-9000. Four 
successive threshold values increasing stepwise by 5 
phartree each were used to obtain the CI energy 
Ec,,,,, extrapolated to T=O hartree. The general- 
ized Langhoff-Davidson approximation [ 12,13 ] was 
used to correct for possible errors which might arise 
from the use of a limited number of reference contig- 
urations. The CI energies thus corrected are regarded 
as estimates of full CI values [ 13,14 ] and will be de- 
noted as EC,. 

2.2. Experimental 

Mixtures of l-7 Torr of HN3 with 3-40 Torr of NO 

and O-200 Torr of SF, were photolyzed for 0.5-4 h 
at room temperature. The light source used was a 450 
W medium-pressure mercury lamp (Ushio UM-452 ) . 
A combination of solution filters (aq. NiS04, aq. 
CoS04 and a cyclohexane solution of l,Cdiphenyl- 
1,3-butadiene) was used to isolate the 254 nm light 
for the photolysis. The effective band pass of the 
combined filters was 240-270 nm. The photolyzing 
light collimated by a quartz lens cf= 110 mm) was 
led into a reaction cell. The reaction cell used was a 
quartz cylinder of 102 mm in length and 12 mm in 
diameter. The light that had passed through the cell 
was collected in a phototube (Hamamatsu Photonics 
R-840) for recording. 

After the photolysis, the reaction mixture was kept 
at - 196’ C for = 1 h. The condensate was degassed 
at - 196 o C and, after having been allowed to stand 
at room temperature for z 1 h, was subjected to gas- 
chromatographic analysis. A 2.5 m column of Pora- 
pak Q was used at 25 ‘C with a stream ( 18 cm3/min) 
of He as carrier. The principal product was identified 
to be NzO, the observed retention time 4.5 min agreed 
with that for an authentic gas sample of N20. 

Determinations of N20 formed were conducted on 
a quadrupole mass spectrometer (ULVAC MSQ- 
15OA). In preliminary experiments, it was found that 
the mass signal for SF+ (m/e= 5 1) as a fragment ion 
from SF6 was stable enough to be used as a reference 
for the determination of NzO. The relative peak 
heights for N20+ (m/e=44) and SF+ were cali- 
brated for gas mixtures of N20 and SF6 of known 
concentrations. It was confirmed that the peak-height 
ratios stayed invariant during the time interval (usu- 
ally 10 min) required for the analysis. The nonvola- 
tiles (at - 196°C) of the reaction gas mixtures were 
introduced into the ionization room of the mass 
spectrometer through a variable-leak bulb at room 
temperature. The mass spectra were recorded on a 
penrecorder. 

The NH( ‘A) radicals generated by the present 
photolysis are typically z 1% of the HN3 sample used. 
The total amount of NH generated in each run can be 
assumed to equal the total number of photons ab- 
sorbed in the photolysis, since the quantum yield of 
NH( ‘A) from HN3 by the 254 nm light is known to 
be nearly 1 .O [ 15 1. The amount of photons absorbed 
was calculated from the amount of the incident pho- 
tons, using the absorption coefficient of HN3 previ- 
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ously determined (254 nm at 23”C), 1.40~10-~ 
Torr- ’ cm- ’ [ 11. The intensity of the incident light 
was measured with a phototube calibrated by chem- 
ical actinometry. A K3Fe ( C204) 3- 1,l O-phenanthro- 
lin system was used for the chemical actinometry 

1161. 
The quantum yields of N20 were obtained from the 

total amount of N20 formed and the amount of pho- 
tons absorbed by the reaction mixture. The NzO 
quantum yields are thus the molar yields of N20 
formed per one mole of NH ( ‘A) generated. 

HN3 was synthesized and purified by the method 
described elsewhere [ 11. It was stored in 5 II Pyrex 
bulb. A portion of it was degassed each time imme- 
diately prior to use. Both NO and SF6 of high purity 
were purchased and used after appropriate degassing. 

3. Results 

3.1. Potential energy profiles 

It is presumed intuitively that the primary step of 
the reaction between NH and NO is the association 
reaction giving a doublet adduct HN-NO. Under this 
presumption, the optimal structure for the adduct 
radical was explored by the UHF SCF procedure. Two 
planar doublet structures are conceivable. One is a 
doublet (2A” ) of the ally1 radical type with three A 
electrons delocalized over the NNO skeleton, while 
the other is such a doublet (2A’ ) that four electrons 
are accommodated in the n: orbitals, leaving the un- 
paired electron in an a’ orbital of the skeleton: 

‘A” , . ..(la”)2(9a’)2(2a”)(10a’)2. 

2A’ , . ..( lan)2(9a’)2(2a’)2(10a’) . 

For either of the two doublets, the cis and trans forms 
are possible. These four structures will be denoted as 
3C, 3T, 4C and 4T. Thus, 4T, for example, should be 
read as indicating the four-x-electron form (2A’ ) in 
the trans arrangement of the four atoms. The optim- 
ized geometries for the four radicals are given in 
fig. 1. 

Tracings of the minimum-energy paths by the SCF 
procedure have indicated that both 4C and 4T are 
connected with NH( ‘A) +NCj, whereas 3C and 3T 

H P P 
,.o,6~.4’ 11 *y-p4 109.3. 1.262 

A 
h\/N N 

?- 

Fj 
1.287 1.289 

'.O" 105.2' 

3c (2K1) 
ti 

3T (2A”) 

1.231 

4C (‘A’) 4T (‘A’, 

Fig. 1. Optimal geometries of the HNNO doublet radical. 

with NH ( 3Z- ) +NO. Clearly, NH ( 3X;- ) attacks the 
singly occupied orbital (a’ ) localized on the N atom 
of NO. The NH( ‘A) radical, on the other hand, ap- 
pears to attack the R bond orbital of NO. 

MRD CI calculations for the SCF optimized ge- 
ometries have shown that the effects of electron cor- 
relation are much greater in the 2A’ radicals (4C and 
4T) than in the 2Aa radicals (3C and 3T), as can be 
seen in table 1. In terms of the CI energy EcI, the for- 
mer doublets are significantly more stable than the 
latter, the total energies of the four radicals relative 
to the NH ( 3Z- ) +NO system as a common refer- 
ence being -77 (3C), 54 (3T), -252 (4C) and 
-254 (4T) kJ/mol. Thus, the association reaction 
of our present concern, 

NH(‘A)+NO+NH-NO(‘A’) , (3) 

is predicted to have an exothermicity of =430 kJ/ 
mol. 

Possible pathways for the subsequent fragmenta- 
tion of the ‘A’ radical are 

HN-NO (2A’ ) 

F 

HNN(2A’)+O(3P), (da) 

N20(‘X+) +H , (4b) 

N2 +OH(‘l-I) . (4c) 
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Table 1 
Total energies calculated for various stationary structures 

Structure Energy (hartree ) 

SCF a’ CI b, 

NH(%-)+NO -184.03215 -184.47594 

NH(‘A)+NO -183.99897 - 184.40810 

HNNO(‘A” ) 3C - 184.03300 - 184.50505 
3T - 184.03429 - 184.45530 

HNNO (*A’ ) 4C - 184.03595 - 184.57196 
4T - 184.04175 - 184.57241 

TSl 4C-+NzO+H - 183.97633 - 184.49534 
TS2 4C+N,+OH - 183.97081 - 184.49028 
TS3 4T-+4C -183.99845 -184.52174 
TS4 HNz-rH+N* - 109.30067 - 109.62258 

HN2(2A’ ) - 109.32304 - 109.64895 
N,O(‘Z+) - 183.50573 - 184.02704 

N~(‘xg+) -108.83933 -109.15183 
NO(%) - 129.12300 -129.44450 
OH(%) -75.31748 -75.47143 

‘) UHF SCF (4-31G**) optimizations. 
b, MRD-CI (4-31G**//4-31G**) calculations. 

Reaction (4a) is endothermic and has no activation 
barrier, whereas both reactions (4b) and (4~) should 
be elementary processes involving the activation 
energies [ 6 1. Because reaction (4~) is possible only 
for the cis form of HNNO (‘A’ ), we have considered 
the reactions (4a)- (4~) for the 4C isomer primarily. 
The energy changes of reaction L\E,, calculated for 
reactions (4a)-(4c) are 278,123 and - 135 kJ/mol, 
respectively. 

Geometries for the transition states, TSl and TS2, 
for reactions (4b) and (4c), respectively, have been 
optimized by the 4-3 1 G** SCF procedure. The opti- 
mal structures obtained are shown in fig. 2. Both ge- 
ometries closely resemble those that have recently 
been reported by Marshall, Fontijn and Melius [ 17 ] 
for the same reactions. 

MRD CI calculations were carried out for both TS 1 
and TS2 at their SCF optimized geometries. The ac- 
tivation barrier heights AE* obtained for reactions 
(4b) and (4~) are 20 1 and 2 14 kJ/mol, respectively. 
It has been confirmed that use of the one-electron 
functions obtained by the quartet (4A’ ) SCF calcu- 
lations in place of the doublet (2A’ ) SCF procedure 
does not alter the results appreciably (by no more 

1.197 

TSl (‘A’) TS2t’A’) 

TS3(‘A’) TS4t2A’) 

Fig. 2. Optimized transition state geometries. TSl, N-H bond 
leavage 4C+N,O+H, reaction (4b); TS2, 1,3-hydrogen migra- 
tion 4C+NZ+OH, reaction (4~); TS3, isomerization 4T+4C; 
TS4, N-H bond cleavage NH2 +H + Nr. 

than 5 kJ/mol). Reaction (4b) thus appears to be 
more favorable than reaction (4~)) in agreement with 
the feature demonstrated by Marshall et al. [ 17 1, even 
though both of our AZ? values are somewhat greater 
than theirs. At any rate, it is clear that the adduct rad- 
ical 4C formed by reaction ( 3 ) is liable to decompose 
spontaneously in the gas phase, inasmuch as the ex- 
othermicity for reaction (3) (430 kJ/mol) far ex- 
ceeds the activation barrier heights for the subsequent 
fragmentation processes. The most probable path of 
fragmentation should be reaction (4b), which gives 
N20( %+). 

A few words seem to be in order regarding TS 1. 
The optimal geometry located is in a planar cis form, 
as is shown in fig. 2. Because TSl is smoothly con- 
nected with 4C through the minimum-energy path 
over the potential energy surface, there is no doubt 
that 4C is subject to the N-H bond breaking reaction 
(4b ) . When the N-H bond of 4T is elongated, how- 
ever, it is found that the bond angle L NNO increases 
progressively until the whole system takes on a cis 
structure to reach the same transition state (TS 1) 
eventually. 

In order to look into the dynamical mode of iso- 
merization more closely, the path for the isomeriza- 
tion 4T+4C has been traced by the SCF procedure. 
As a result, it is proved that the minimum-energy path 
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for the isomerization is such that the 0 atom mi- 
grates on the molecular plane. The transition state 
(TS3) located is planar in geometry with the bond 
angle L NNO being nearly 180 ‘, as is shown in fig. 2. 
A similar (in-plane inversion) mode of the trans-cis 
isomerization has been noted with diazene HN=NH 
[ 18 ] and difluorodiazene FN=NP [ 191 theoreti- 
cally. For the present instance of isomerization 
(TS3 ) , CI calculations have given the barrier height 
AE*= 83 kJ/mol, which is evidently lower than the 
activation barrier height A,??*=201 kJ/mol calcu- 
lated for the N-H bond breaking reaction (4b) of 4C. 
No doubt, the N-H bond scission of 4T suffers the 
trans-cis isomerization before the scission is 
completed. 

As for the fragmentation of the ‘A” radical, the en- 
ergetically most favorable is the cleavage of the N-O 
bond: 

HN-NO(2A”)+HNN(2A’)+0(3P). (5) 

The HNN radical is liable to be decomposed into 
N2+H via the transition state (TS4). The barrier 
height calculated by the present CI procedure is 69 
kJ/mol, which does not differ greatly from the value 
of x 46 kJ/mol reported by Pople et al. [ 201. 

The overall potential energy profiles calculated for 

NH('A).NO 

T?, 

N2+ OH 

Fig. 3. Potential energy profiles calculated for the HN-NO sys- 

tem by the MRD-CI (4-31G**//4-31G**) procedure. The en- 

ergy gaps shown are in units of kJ/mol. The values given in 

brackets are those obtained from the relevant thermochemical 
data [21]. 

the NH +NO system are diagrammatically illus- 
trated in fig. 3. The energy gaps given in square 
brackets are the empirical estimates made on the ba- 
sis of the experimental thermochemical data [ 2 11. 
The calculated energy gaps shown in fig. 3 will gen- 
erally be accurate only to within 20 kJ/mol. Yet, they 
will be reliable enough to permit the conclusion that 
the reaction of NH ( ‘A) with NO will lead to the for- 
mation of N,O as the principal product. 

3.2. Quantum yields of N,O 

In order to confirm that NzO is the ultimate main 
product of reaction (2 ), we have attempted deter- 
minations of the quantum yields @ of N20 under 
various conditions. By the quantum yields we mean 
the yields of N20 per one mole of NH ( ‘A) generated 
photochemically. Determinations of @ entail quan- 
titative determinations of NH( ‘A) generated in given 
runs and of NzO formed in the cell. Actinometry and 
mass-spectrometry have been conducted for this pur- 
pose, as has been described in section 2.2. 

Table 2 gives some representative data obtained 
under varying initial concentrations of I-IN3 and NO 
at room temperature. The @( N20) data listed inev- 
itably involve experimental errors amounting to 0.05. 
Nevertheless, it does appear that @(NzO) is in- 
creased with the increase in the initial concentration 
of NO, even though the reactant NO has been used 
always in large excess over the NH( ‘A) radicals 
generated. 

In fig. 4, the quantum yields Qi(N20) are plotted 
against the initial molar fraction of NO: 

xNO= WOlo/( WN3lo+ [NOlo), (6) 

for a total of 15 runs. Although the plotted points are 
somewhat scattered, @(N,O) does appear to be pro- 
portional, to a first appI’OXimatiOn, to xNO with the 
proportionality factor r~ = 0.70. q may be understood 
as a partial rate factor with which the adduct radical 
HNNO will select the decomposition channel (4b) 
to give N20; q = kdb/ ( kda + kab + k4C). 

The observed proportionality, though somewhat 
crude, between @(N20) and XNo suggests that part 
of NH ( ‘A) has been consumed by reactions with the 
coexisting HN3. The most probable is the hydrogen 
abstraction reaction as follows [ 22 ] : 
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Representatiwdata for the product determinations 

No. [HN,I, [NOI, [SF,1 XNO =’ IAt NzO Hz0 @(NL’) @U-W) 
(Torr) (Torr) (Torr) (lo-* mol) (10-S mol) (10-s mol) 

1 5.88 0.0 15.41 0.0 9.11 0.0 0.0 

2 6.65 2.35 12.21 0.26 1 0.99 0.22 0.22 

3 4.89 3.81 10.56 0.438 3.27 0.79 1.67 0.24 0.51 

4 5.16 4.10 18.58 0.443 3.28 0.86 1.43 0.25 0.44 

5 3.45 3.46 20.02 0.501 2.33 0.73 0.83 0.31 0.36 

6 5.59 7.17 10.99 0.562 3.25 1.37 1.40 0.36 0.43 

7 5.11 12.69 111.0 0.713 1.72 0.72 0.56 0.41 0.32 

8 6.21 29.69 8.32 0.827 8.12 3.42 1.96 0.42 0.24 

9 1.26 29.41 11.58 0.953 1.92 1.31 0.67 

=) xi-a= [Nolo/( fHN~lo+ [Nolo). 

NH(‘A)+HN3+NH2+NS. (7) 

The quantum yield of N20 should then be controlled 
by the competition between reactions (2) and (7). 
More precisely speaking, NH ( ‘A) is consumed by re- 
actions (3) and (7), while N20 is formed by reac- 
tion (2). Denoting the rate constants for reactions 
( 3 ) and ( 7 ) by k3 and k, and noting that the effective 
rate constant for reaction (2 ) should be k2 = qk,, we 
may write 

tl(Wk,)xNo 
@(N20)= (k,/k,)xNo+l-xNo (8) 

as a more reasonable expression of 0(N20) as the 

1.0 

0.6 

JO.& 

0 0.2 0.4 0.6 0.8 1.0 

‘NO 

Fig. 4. Quantum yields @(N20) as the functions of the initial 

fractional concentration of NO. xNo= [NO],J( [NO],,+ 

[HN,Io) 

function xNo. Eq. (8) reduces to @(NzO)=qxNo, 
when k,/k, = 1. 

Variations in @( N20 ) as a function of xNo, eq. ( 8 ) , 
for the varying ratio kJk, are represented by the 
curves shown in fig. 4. The ratio k,/k, giving the best 
fits of the experimental data points to eq. ( 8 ) has been 
searched for by the least-squares treatment of the data 
under the constraint ~~0.70. The resulting k,/k, ra- 
tio was found to be 0.79 f 0.06, the uncertainty limit 
indicating the probable error. The rate ratio between 
reactions(2)and(7)willthenbek,/k,=0.55f0.05. 
The result can be taken as an indication that, if reac- 
tion (2 ) is a collision-controlled (no-activation-bar- 
rier) process, so will reaction (7) be essentially. 
Reaction (7) should be about twice as fast as reac- 
tion (2). 

Mass-spectrometric analyses of the product mix- 
tures have indicated that, in the runs where xNo is 
relatively small, a sizable amount of H20 has been 
formed concurrently. Occurrence of Hz0 must some- 
how be related to reaction (7). We assume that the 
formation of Hz0 is ascribable to the reaction 

NH2 +NO+ [H2N-NO]-+H20+N2, (9) 

which will immediately follow reaction ( 7 ) . Because 
Hz0 has been formed concurrently with N20 and be- 
cause both reactions ( 2 ) and ( 7 ) are likely to be col- 
lision-controlled, reaction 
collision-controlled process. 

(9) must also be a 
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4. Discussion 

As has already been mentioned, the accuracy limit 
of the present CI calculations is at best 20 kJ/mol for 
stable energy minima. The situation requires partic- 
ular cautions on the reliability of the energies calcu- 
lated here for the various transition states. 

ciation step (3 ) should control the overall rate of re- 
action. Thus, reaction (2) as a whole should 
essentially be a collision-controlled process, which has 
no activation energy. 

The transition states of utmost importance in this 
work are TS 1 and TS2. Some assessments of the en- 
ergetics calculated for these states are possible in ref- 
erence to the experimental kinetic results [ 17 ] for the 
reaction 

N,O+H+ [HNNO]+N* +OH . (10) 

The transition states for the first and second steps of 
reaction ( 10) are nothing but our TSl and TS2, re- 
spectively. According to the results of our CI calcu- 
lations, the barrier height for the first step is 78 kJ/ 
mol while that for the second step relative to N20 + H 
is 9 1 kJ/mol (see fig. 3). When the vibrational zero- 
point energy corrections are made, these barrier 
heights are slightly enhanced to AH’= 79 and 96 kJ/ 
mol, respectively. The experimental study of reaction 
( 10) shows that the second step is rate-controlling 
and that the net activation energy relative to NzO + H 
is 8 1 kJ/mol [ 171. Our predicted heats of activation 
(m*) are in harmony with the experimental results, 
although AH’= 96 kJ/mol for the second step is still 
15 kJ/mol too high as compared to the experimental 
activation energy (8 1 kJ/mol). We believe that the 
accuracy of the present calculations is within a range 
of 20 kJ/mol even for the transition states. Inciden- 
tally, the MP4 calculations with the bond-additivity 
corrections (BAC) and spin contamination correc- 
tions by Marshall et al. [ 17 ] give the heats of activa- 
tion 15 and 70 kJ/mol for the steps 1 and 2, 
respectively. Their results are significantly lower than 
the AH’ values (79 and 96 kJ/mol) obtained in the 
present study. 

Under our experimental conditions, NH ( ‘A) 
should react with HN3 also (reaction (7) ). The bi- 
molecular rate constant 5.6~ 1013 cm3 mol-’ s-l ob- 
served for reaction (7) [ 221 indicates that the 
reaction is indeed collision controlled. Reaction (7) 
competes with reaction (2), thus affecting the quan- 
tum yield of N20. It is our feeling that reaction (7) 
is also a two-step process involving the initial inser- 
tion of NH ( ‘A) into the NH bond of HNs. 

The decrease in @(N*O) with the decreasing ini- 
tial molar ratio of NO (fig. 4) is counterbalanced by 
the increase in the yield of H,O. We interpret this fact 
to be a consequence of the operation of reaction (9) 
which immediately follows reaction (7). So far as 
both HN3 and NO are present in large excess over 
NH ( ‘A) as is actually the case, all the NH2 radicals 
formed by reaction (7) will be led to Hz0 if reaction 
(9) is assumed to be as rapid a process as the colli- 
sion-controlled reaction ( 7 ) . This last assumption 
seems to find support in the potential energy profiles 
calculated by Melius and Binkley [ 6 1. The reaction 
is reported to be a multi-step process which involves 
the intitial association of NH2 with NO to form 
H2NN0 and the subsequent H-atom migrations, 
thereby ending up with the formation of HZ0 and Nz 
as stable products. They conclude that the various 
barriers which the adduct molecule has to overcome 
before reaching the final state HZ0 + Nz all lie below 
the energy level for the initial state NH:! + NO. Re- 
action (9) can, therefore, be considered to proceed 
as rapidly as most association reactions which are 
basically collision controlled. In fact, the rate con- 
stants observed for reaction (9) in the ordinary tem- 
perature region is on the order of 1 x 1OL3 cm3 mol-’ 
s-r [23]. 

The theoretical expectation that the reaction be- The quantum yield of NzO in the high NO frac- 
tween NH( ‘A) and NO gives NzO as the ultimate tional limit xNo = 1 is 0.7. The remaining fraction 0.3 
principal product has been corroborated experimen- is probably ascribable to the operation of reaction 
tally. The reaction should be a two-step process in- (4~) as a less favorable fragmentation process of 4C. 
volving the intermediacy of the adduct radical HN- Although no special efforts have been made to deter- 
NO (*A’ ). Because the barrier top of the subsequent mine the branching ratios of reaction (4) in this work, 
step, i.e. the N-H bond cleavage of the adduct radical the partial rate factor as large as 0.3 for reaction (4~) 
(reaction (4b)), lies below the energy level for the is a likely possibility, since TS2 is calculated to be 
initial binary system NH ( ‘A) +NO, the initial asso- only slightly (by 13 kJ/mol) higher than TSl. Frag- 
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mentation to NH( 3C- ) +NO will be much less fa- 
vorable. Direct quenching of NH( ‘A) to NH( 3E- ) 
on collisions with NO will also be ignorable [ 11. 

Finally, we would like to comment on the observed 
rate ratio k3/k, = 0.79 briefly. Because reactions (3 ) 
and (7) are both collision controlled, the relative rate 
constants k3 and k, will be governed by the relative 
magnitudes of their pre-exponential factors. If so, the 
trend that k3/k,5 1 is reasonable in view of the in- 
herently smaller collision diameter for NO as com- 
pared to NH3 which is apparently a larger molecular 
species. In addition, the insertion of NH ( ‘A) into 
propane, a chemical reaction which is also a no-acti- 
vation-barrier process, is reported to have the rate 
constant kl, 0.30 times as large as k, [ I]. The tend- 
ency that k,Jk, < k,/k, is also reasonable in view of 
the difference in type between reactions (la), and (3); 
the former reaction is a concerted multi-site process, 
whereas the latter is essentially a simple association 
reaction, for which the activation entropy should be 
innately larger. 
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