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ABSTRACT 

X study has bee11 made of the discrepancy between the X-atom content of active nitrogen 
as inferred from the maximum IHCN production from the reaction of many hydrocarbons, and 
that indicated by the extent of NO destruction. The IHCX production from several hydro- 
carbons was similar a t  high reaction temperatures in a spherical reaction vessel, and was 
independent of reaction t empera t~~re  in a cylindrical reaction vessel. The ratio (NO destroyed)/ 
(HCN produced) was found to be independent of the mode of excitation bf the molec~rlar 
nitrogen ancl of the N-atom concentration, and to  be ~~naffectecl by the addition, upstream, 
of N?O or CO?. Although NH:, was found to be a minor product of the hydrocarbon reactions, 
HCN accounted for a t  least 96% of the N-atom content of the products under conditions 
where its formation is co~~sidered a measure of the K-atom concentration. The NO "titration" 
value, the maximum extent of HCN production fro111 C2M,, and the destruction of XH3 after 
different times of decay of active nitrogen gave evidence that  part of the NO reaction occurred, 
as does the NH:, reaction, xvith excited nitrogen molecules. The long lifetime of the N2* 
species capable of reaction with S O  or NH3, as calc~~latecl from the abo\:e data,  strongly 
favors its identification as low vibrational levels of the S2(A3Z,,+I molecule. A consideration of 
the values for the NO/HCN, NH3/HCN, and i\;H:,/i\;O ratios, after different times of decay, 
for poisoned ancl unpoisoned systems, suggested that the N?* responsible for the NH:, reaction 
is formed only during homogeneous recombination of N atoms, while the NY* responsible for 
reaction with NO might be produced by \\call recombination as ~vell. I'ossible reactions of 
excited molecules present in the active nitrogen - NO system that might lead to clecon~positio~i 
of XO without consumption of N atoms are discussed. 

INTRODUCTION 

Although the chemical activity of active nitrogen appears to be due mainly to ground- 
state atoius (I) ,  recent work indicates that  excited molecules (2-5) might be important 
in a t  least some active nitrogen reactions. For example, there seenis little doubt that the 
reaction of active nitrogen with NH3 involves excited molecules (6-8). Verbeke and 
Winkler have also suggested (9) that  the greater nitrogen atom content of active nitrogen 
indicated by the NO titration (lo),  in comparison with that inlerred from the maximum 
production of HCN froill ethylene, ruaJr be due to reaction of KO with excited nitrogen 
molecules, in addition to its very rapicl reaction wit11 nitrogen atoms. On the other hand, 
the discrepancy between the two estimates of nitrogen-atom concentration has been 
attributed (11, 12) to the complexity of the l~yclrocarbon reaction. 

The destruction of NHa in measurable amounts has only been detectecl in active nitrogen 
produced by a condensed discharge (6, 9, 13) and i t  has been suggested (14) that this 
reaction occurs with a species that is produced oilly b37 this mode of excitatioil of the 
molecular nitrogen. I t  has been reported (14) that ,  in active nitrogen produced by a 
microwave discharge, the maximum yield of HCN and the NO titration technique both 
indicate the same nitrogen-atom concentration. 

The purpose of the present work was t\vofold: (i) to examine more closely the dis- 
crepancy between the two chemical methods of estimating the nitrogen-atom concentration 
of active nitrogen, (ii) to  study the relative extents of reaction of active nitrogen, after 

' T h i s  work received fcnancial assistatzce fronz the Geophysics Research Directorate of the A i y  Force Canlbridge 
Iiesearch Laboratories, A i r  Force Rescarclz Divisiolz; the Defence Research Board of Cc~nada; and the National 
Research Colincil of Ca71.ada. 

2Postdortoral Fellow. 
3Postdortoral Fellow. Present address: Depart/ue?~t of Clzenzistry, Brat~d&s Lrniversity, Boston, il&ass., U.S.A. 
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different times of decay, with reactants that appear to involve mainly nitrogen atoms 
(e.g. C2Hj1), excited molecules (e.g. N H S ) ,  or both (e.g. NO). Some of these interrelations 
have been examined previously as a function of pressure (13) and, in a preliminary way, 
as a function of decay of active nitrogen (9), but not as a function of time of decay of 
active nitrogen under controlled reaction conditions. 

A11 investigation was first made of the effect of the shape of the reaction vessel on the 
temperature dependeilce of HCN productioil from hydrocarbons, in the region where 
this was iildependeilt of flow rate of the hydrocarbon, in active nitrogen produced by a 
condensed discharge and by a microwave system. Many of the preliminary results of the 
present investigation were reported a t  the Symposi~im on Some Fundamental Aspects of 
Atomic Reactions held a t  McGill University, Montreal, September G and 7, 1960. 

EXPERIMENTAL 

Iiitrogen, nitric oxide, ammonia, and the hydrocarbons used were purilied by methods similar to those 
described in previous papers from this laboratory. Nitrous oside and carbon dioxide were freed from water 
by distillation a t  -750 C. 

The products of the reactions with hydrocarbons were trapped a t  liquid air temperature and distilled 
into an  absorber that contained ice a t  liquid air temperature, and the aqueous solution a~lalyzed after the 
absorber had been allowed to warin to room temperature. The  aniount of NIl3 in the products was estimated 
by titration with standard sulphuricacid, and this was followed by analysis for hydrogen cyanide by standard 
silver nitrate titration, in the presence of added atnmonia, with potassium iodide as indicator. Am~nonia 
was also qualitatively identilied anlong the reaction products by infrared spectroscopy. Cyanogen has been 
shown, by previous workers, to be present in relatively insignilicant quantities. 

Excess NH3 from the an~monia reaction was analyzed in the same way as the ammonia content of the 
products from the hydrocarbon reactions. 

The products from the nitric oxide reaction consisted of nitric oxide and nitrogen dioxide (generally 
present as N?03)  and these were trapped quantitatively a t  about -210" C, using liquid nitrogen under 
reduced pressure. Nitric oxide was separated, with a Toepler pump, fro111 the nitrogen dioxide, maintained 
a t  -64' C, and the aniount of each gas \vas measured by pressure-volume nlethods a t  constant t e ~ n p e r a t ~ ~ r e .  
This technique gave good agreement with that used by Verbelce and Winkler (9). The reaction of nitric 
oxide with active nitrogen was also followed by the gas phase titration method (10). 

The reactions of active nitrogen with nitro~is oxide and carbon dioxide were followed by trapping unreacted 
nitrous oxide, or carbon dioxide, a t  liquid air temperatures and estimating their amounts by pressure- 
volume methods a t  constant te~uperature. No other products were observed, even with a trap a t  -210' C. 

The experi~uents described in this paper werc made in two different types of apparatus, ( I )  and (11). T o  
increase the reproducibility in the esperinlents, both types of apparatus were equipped with a stopcoclc 
between the reaction vessel and products trap. This minimized co~ltaniination of the reaction vessel and 
discharge regions by reaction products. I<el-F stopcock grease was used and was unal'fected by active 
nitrogen. To obtain reproducible res~llts, it was also necessary to operate the condensed discharge, in either 
apparat~ls,  for a t  least 15 minutes prior to initiating a reaction. 

A p p a r a t ~ ~ s  (I) was similar to that used by previous worlcers (6, 9, 13). The reaction vessels were of 
unpoisoned pyrex and the dimensions were varied in several of the experiments. Condensed and microwave 
discharges were used as alternative niethods of obtaining active nitrogen. The condensed discharge operated 
between aluminum electrodes, 45 cm apart, and a t  a flash rate of about 10 sec-'. The microwave discharge 
operated a t  2450 Mc/sec and was s~~pp l i ed  from a Raytheon 125-watt generator. The flow rate of molecular 
nitrogen, a t  a pressure of 2.45 111111 Hg, was 133X mole/sec. 

Apparatus (11) utilized a condensed discharge to produce a high concentration of nitrogen atoms, to  
facilitate the study of possible reactions of escited nitrogen molecules, which are probably produced by the 
recombination of nitrogen atoms (13). A large bulb was incorporated into the center of the discharge tube 
to reduce "pulsing" in the active nitrogen stream. The reaction vessel was a straight, pyrex tube of 25-nlm 
diameter, which contained t\vo fixed reactant jets, about 14 and 14.5 cm below the discharge tube. I t  was 
also provided with a mobile reactant jet that could be moved from 0.1 to 45 cm below the lower of the two 
fixed jets, by a stopcoclc arrangement (15) that provided a friction drive on the lower part  of the mobile 
jet colun~n. This column contained a glass-encased thermocouple, which perniittcd a measurement of 
teinperature 3.0 cnl below the outlet of the  nob bile jet. Both the lixed upper jets, and the mobile jet, contained 
six small holes placed syniinetrically around their bulbous ends to produce an even flow of reactant into the 
active nitrogen stream. 

All experiments in apparat~ls (11) mere made in an unheated reaction vessel and a t  a pressure of 3 mm 
of Hg. The flow rate of molec~~lar nitrogen was 37SX10-6 mole/sec, corresponding to a linear flow rate of 
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478 cm/sec. Experiments were made in both an  unpoisoned reaction vessel, and in the reaction vessel poisoned 
by water vapor (<0.03X10-G mole/sec), introduced through a capillary leak into thc ~llolecular nitrogen 
before the discharge. This minute amount of vapor apparently has no n~easi~rable erfect (16) on the course 
of the active nitrogen reactiolls but does poison the walls of the apparatus effectively against the decay of 
nitrogen atoms. 

RESULTS 

A Comparison of the I l f a x ~ n z z ~ m  Extent  of R e a c t ~ o n  of Active Nitrogen zvith Ni t r ic  Oxide 
and w i t h  Iiydrocarbons 

The extent of the reaction with KO was talcen as the initial flow rate of NO minus the 
flow rate of total nitrogen oxides (i.e. NO+N02) ai~alyzed in the products. I-Iydi-ogen 
cyanide productio~l was talcen as a measure of the reaction of nitrogen atonls with ethylene, 
ethane, 7z-butane, and but-2-ene. At the ~ n a x i ~ n u ~ n  extent of these reactions, the total of 
ammonia and cyanogen in the products never exceeclecl of the hydrogen cyanide. 

I n  Table I are shown the data obtained, using apparatus ( I ) ,  when variations were 
made in reaction temperature, di~ileilsio~ls of the reaction vessel, and type of discharge 

Reaction of active nitrogen n i th  nitric oxide comparetl nit11 procluc-tion of 
I-ICN rrom hydrocarl~ons 

-- 
3Ias.  HCN N a s .  XO 

Total  
7 .  

psoclucctl, cor~surnccl, 
Reactio~l press., 1 e ~ n p . ,  rnole,'sec molc/sec Ratio 

vessel Discharge mnt Hg "C I-lyclrocarbon ( X  109 (x  109 NO/HCN 

A. Sphere, 
55 mnl i.d. 

Sphere, 
85 I ~ I I I  i d .  

B. Cylinder, 
20 mm i.d. 

C. Sphere,. 
110 mnl 1.d. 

D. Sphere, 
110 mm i.d. 

E. Sphere, 
85 mm i.d. 

F. Cylinder, 
20 mm i.d. 

G. Cylinder, 
20 mm i.d. 

"he HCN yie ld~f rom~et l~ane  a t  50' C never reached a true limiting value. 

used to produce the active nitrogen. Values for NO consumptio~t obtained by product 
analysis agreed well with results obtained by the gas phase titration with NO a t  the 
lower atom concentrations, but a t  higher atom concentrations (systems A and 13) the 
titration gave results that were 10-20% lower than those reported in the table. 

T h e  Prodz~ct ion of A m m o n i a  f r o m  the Reaction of i4cti.de h'itrogen wi th  Ethylene and  E t l u n e  
The relative amounts of HCN and NH3 produced in these reactions in a spherical, 

unpoisoned reaction vessel, with a condensed discharge, are shown in Table 11. Production 
of ammonia from n-butane and but-2-ene was found to be similar to that  from ethylene 
a t  both temperatures. 
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obtained in apparatus (I) indicate that the HCN plateau values are illdependent of 
reaction teinperature in a cyliildrical vessel, and this has recently been confirmed by 
other workers (17) for the ethylene reaction, these values are considered to be a ineasure 
of the maxiinurn HCN production from ethylene. Good linear relations, of which those 
in Fig. 1 are typical, were obtained between the plateau values for the reactioils and the 

0ll0 2'0 3'0 4'0 5'0 6'0 7'0 8'0 9'0 
T E M P E R A T U R E  I N C R E A S E  PRIOR T O  R E A C T I O N  - O C  

FIG. 1. Plot of HCN produced from ethylene against the temperature of the active nitrogen, above room 
temperature: 0, poisoned system; a, unpoisoned system. 

temperature increases i n  the active nitrogen in both the poisoned and unpoisoned systems. 
Unfortunately, the possibility of estimatiilg the relative concentrations of active nitrogen 
from such relative temperature increases is applicable only to a given apparatus and 
given operating conditions. For example, for a temperature increase of 46" C prior to 
reaction, the destruction of NH3, or productioil of HCN froin C2H4, in the poisoned 
system, was more than double, while NO destruction was slightly less than double that  
observed in the uilpoisoned system. Presumably, the condition of the system determines 
the N-atom coi~centration up st re an^, hence the extent of formation of excited nitrogen 
inolecules, and both of these, in turn, may be reflected in the observed teniperature 
increases and plateau values for the reactions. 

A plot of NH3 destroyed against HCN produced from CZH4, a t  the different levels in 
the reaction tube, is linear for both the poisoned and unpoisoned systems (Fig. 2). Extra- 
polation of the line for the unpoisoned system to zero HCN production gives an intercept 
on the axis of NH3 destruction of 0.2 X lopG mole/sec, while a similar extrapolation of the 
line for the poisoiled system gives an intercept on the axis of HCN production of 11 X 
m~le/sec:~ 

The ratios (NHS decomposed/HCN produced), (NO decomposed/HCN produced), and 
(NH3 decoinposed/NO decomposed), illore simply referred to hereafter as the ratios 
NH3/HCN, XO/HCN, and NHs/NO, all decrease, a t  co~lstailt pressure, with time of 
decay of the active nitrogen in the poisoiled system, while in the unpoisoned systerl~ the 
ratio NO/HCN increases inarltedly, and the ratio NH3/HCN increases slightly. Verbeke 

4Extrnpolation to  zero aalzre of HCN prod7rction yields aalzres corresponding to  reaction corzditions w/zere the 
N-at on^. co?tcentration / /as  fa l le~t  to  a aery low ualzre, i.e., to  long distances dozv~tstrenii~.. Of cozrrse, t/ze extrapolated 
aaC7res are applicable o?tly to  t/ze present sys tem,  ciil~erci?~ a large 5 - a t o m  conce?zti.atio?z esisted zrpstrenrn, a n d  a 
relabioely higlz concentratiolt of excited nitrogen ~rzolecrrles m a y  t/zen exist  a t  e dis tavt  posit,ion downstream, as  a 
reszrlt of N-a tom recombination 7rpstrea1ll. 
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WRIGHT ET XL.: REACTIVE SPECIES 

HCN PRODUCED - M O L E / S E C  X lo6 

1 2. Plot of NMJ destroyed against HCN produced fro111 C?HA a t  the different levels: 0, poisoned 
system; a, ~11lpoiso11ed system. 

and i47inl;ler (9) hacl some indication of an increase in the NO/HCN ratio with decay 
time ill a poisoiled system. 

Reasonably good straight lines are obtainecl if plots are made of NH3/HCN against 
HCN (Fig. 3A), NO/HCN against HCN (Fig. 3B), and NH,/NO against NO (Fig. 4) 

/ 
/ . 

1.0 I I I I I 

0 4 8 I 2  16  2 0  2 4  
HCN PRODUCED - MOLE/SEC X lo6 

FIG. 3. (A) I'lot of ratio KHa destroyed/HCK produced; (B) plot of ratio KO destroyed/HCN produced: 
0, poisoned system; a, unpoisoned system. 
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I I I I I I I 
0 8  16 2 4  3 2  4 0  4 8  

NO TITRATION - MOLE/SEC X lo6 

FIG. 4. Plot of ratio NIia destroyed/NO destroyed against NO titration value a t  the dilfercr~t levels: 
0, poisoned system; 0 ,  ~~npoisoned s).steln. 

for different levels in the reaction tube. Extrapolation of these, as indicated in the figures, 
are certainly not accurate, but it is apparknt that  the lines of Fig. 3 are of opposite slopes 
for the poisoned and unpoisonecl systems, and extrapolate to widely different intercepts, 
while the lines in Fig. 4 are of sinlilar slope and extrapolate to sinlilar values for the two 
systems. The significance of these relations will be discussed later. 

Effect of A d d i n g  NH3 Upsfiream f ~ o m  NO, C2H.1, or NH3; a n d  C2H.i above NH3 
The experiments were nlade in apparatus (11). 
( a )  B f e c t  of z4dd ing  NH3 above NO 
Since both the reactions of NO and XH3 inay be due, a t  least in part, to  the reaction 

of excited nitrogen molecules, the addition of one upstream might be expected to decrease 
the extent of the reaction of the other. However, when KH3 was introduced a t  a flow rate 
of 4.0X10-G mole/sec through the fixed upper jet, the change in the end point of the NO 
titration was negligible in the poisoned system a t  all levels down to 45 cm. If anything, 
there was a slight increase in the end point, especially a t  the 45-cin level. In the un- 
poisoned system, the increase in the end point was inore significant, e.g., 3.7 X lopG 
mole/sec a t  the 30-cm level, \vhen NH3 was added a t  a flow rate of 2 .2Xl04  mole/sec. 

( b )  Effect  of -4 dd ing  IVH~ above C2H.I 
If the reaction of NI13 with active nitrogen involves N atoms in any way, the HCN 

prod~~ction from C2H4 might be expected to decrease when NH3 is added upstream. In 
fact, adclition of KHz a t  the fixed upper jet slightly increased the HCN production from 
C2H4 over that obtained a t  the various levels anel flow rates when no NH3 was added 
upstream. This increase was larger in the uilpoisoned system. The results are given in 
Table IV. 

In  the poisoned system, the C2H.1 reaction temperature a t  the 4.5, 30-, and 15-cin 
levels, in the presence of NH3, was about 3" C higher than in its absence, while, in the 
unpoisoned system, the corresponding increase was about 8" C a t  all three levels. In the 
uilpoisoned system, an increase in the intensity of active ilitrogen afterglow was observed 
a t  the lower levels, upon the introductio~l of the NH3. 

The addition of C2H4 do\vnstream fro111 NH3 was found to  decrease the extent of NH3 
decoinpositioil and this decrease became larger as the C2H4 was added closer to  the NH3 
jet. Since the addition of an excess of C2H.& below NH3 appeared to terminate the NH3 
active nitrogen reaction, this method has been used (18) to  obtain a rate constant for 
the NHB reaction. 
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TABLE IV 

Effect of addition of NHI on HCN production fro171 C2Ha 

LC\ el a t  \vhich Increase in HCN 
CZI-1, adcled, C?H, flow rate, NHI flow rate, production, 

CIU niole/sec ( X  LOG) mole/sec ( X  106) mole/sec (XlOG) 

Poisoned system 
52 2 . 5  
GO 

Unpoisoned system 

(c) Effect of Adding CeHl above NH3 
In the poisoned system, no decomposition of NHJ was observed, after accouiiting for 

the slight NH3 production from the CZH4 reaction, when 8.0X mole/sec of NH3 was 
added a t  the 15- and 30-cm levels and 4GX mole/sec of CZH4 added a t  the fixed upper 
jet. The extent of HCK productioil from the C2H4 reaction was sliglitly decreased. I t  inay 
be noted that,  a t  the 15-ciii level, NH3 was added in the region of tlie active nitrogen - CZHI 
reaction flame, while a t  the 30-cm level, 110 reaction flame was visible. 

(d )  Efect of d d d i l t g  1VH3 above 1VH3 
A~iimoiiia was added through the fixed upper jet a t  flow rates lower than those corre- 

sponding to tlie plateau for destruction of KH,. Most of the iYH3 that was added was 
therefore destroyed above the 30-cm level. If excited molecules, capable of destroying 
NH3, were formed only during the decay of nitroge~i atoms, in the presence of NHa, the 
additioli of excess NH.{ a t  the lower positions should result in a total NH3 destructioil 
aliliost equal to that obtairied wlieii the excess is added a t  the fixed upper jet. However, 
for successive additioiis in the poisolled system, the combined extent of NH3 clestr~~ct io~l  
was 0.5 X 10-%mole/sec less a t  the 30-cm level, and 1.0 X mole/sec less a t  the 45-cii1 
level, tlian when a flow rate of NH3 in the plateau region, e.g., 8.0X10-G mole/sec, was 
adcled a t  tlie fixed upper jet. 111 tlie unpoisoned system, the total extent of NH3 destruction 
was approximately the same (1.5 X 10pG iiiole/sec) whether the reactant was introduced 
a t  the upper level only, or a t  both upper and lower levels. 

DISCUSSION 

Essentially equal yields of HCN from hydrocarbons have been obtained in apparatus 
(I), as follows: ethylene, 12-butane, but-2-ene, and ethane a t  elevated temperatures in a 
spherical reaction vessel, and ethylene and n-butane in an unheated cylindrical reaction 
vessel. The maximum HCN production from tlie hydrocarbons, except from CSHG, does 
not vary, to  any extent, with reaction temperature in a cyli~idrical vessel, with active 
nitrogen produced by either a co~idensed or nlicrowave discharge. Consequently, any 
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uncertainty about having reached an HCN plateau that is independent of reaction 
temperature is eliminated, and there appears to be added justification for assuming that 
this value of HCN production corresponds to the N-atom concentration in the system. 
The reasons for the temperature dependence of HCN production observed in the present 
work, and in many previous studies (see, for example, ref. 13), in a spherical reaction 
vessel are not obvious, and further study of this problem is in progress. 

The observed discrepancy between the estimations of active nitrogen concentration 
from NO destruction and from maximum HCN production, as reflected in the NO/HCN 
ratios of Table I ,  agrees well with that obtained previously (9) a t  similar reaction pressures, 
for active nitrogen produced by a microwave discharge: a value of about 1.7 a t  2.45 mm, 
compared with a previous value of 1.6 a t  2 m m ,  and a value of 2.0 a t  3.7 mm, co~npared 
with the earlier value of 1.9 a t  4.0 111111. Contrary to recent assumptions (19), the present 
data confir~n the previous conclusion (9) that the NO/HCK ratio does not change 
appreciably with active nitrogen concentration a t  a constant total pressure, nor does it  
depend upon the mode of excitation of the nitrogen. 

The lower N-atom concentration indicated by the extent of HCN production from 
hydrocarbo~ls apparently cannot be due to the fo rma t io~~  of N-containing products, 
other than HCN, in these reactions, since the total content of K a t o ~ n s  in the form of 
NH3 or (CN)2 recovered from the hydrocarbon reactions, under conditions of maximum 
HCN production, is less than 4y0 of that recovered as HCN." 

Similarly, it seems unlikely that the discrepancy between the NO and HCN estimates 
of atomic nitrogen concentration is due to catalyzed recombination of N atoms on the 
parent hydrocarbon, after initial formation of a complex of relatively long life (20), 

since the NO/HCN ratio would then be temperature dependent, and possibly also 
dependent on the N-atom concentration (13). No dependence of the ratio on temperature 
was observed in a cylindrical reaction vessel (Table I ) ,  while, in the u~lpoisoned system 
of apparatus (11), the ratio increased (Fig. 3B) with decreasing N-atom conce~~trations 
after longer decay times of the active nitrogen. 

Again, the suggestion of Zinman (11) that the formation of a conlplex of a substantial 
lifetime might explain the pressure dependence (9) of the NO/HCN ratio also appears 
untenable. In modified form, his scheme may be represented by 

M 
[N.RII]';- [N.RH] + $N? + RH. Pk I 

Reaction [3'] is necessarj7 since the reaction of N atoms with free radicals, which may 
conserve spin, is probably faster (21) than the N-atom reaction with the parent hydro- 
carbon. If it is assumed that  the NO titration measures the N-atom concentration, this 
mechanism gives 

[NO consunled] - - [N] nk3+k4[i\/I] 
[HCN produced] [HCN] - nka 

5Tl1e yield of NH3 f rol t~  tlze C:Hc, re(~ctiotz i?~ the rtnlzeated sphericul rec~ction vessel (Tab le  1 1 )  w a s  a considerable 
fraction of the sligllt HCX yield. Ilotoeser, there i s  considerable evidei~ce,  a s  wi l l  be discztssed i?z a later paper, 
tlzat tlzis reactiotz involves excited nitrogen t~zoleczlles at l ow  reaction to~zperc~ t z~ ie s .  
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where n = number of carbon atonis in the hydrocarbon. 011 this basis, the NO/HCN 
ratio sl~ould depend on the molecular weight of the hydrocarbon, which is not borne out  
by the experi~ileiits described in Table I .  Furthermore, experi~iients in apparatus (11) 
indicated that the NO/HCN ratio increased with time of decay of the active nitrogen in 
the unpoisoned system. Since the ratios involved plateau values for HCN procluction a t  
the various levels for constant pressure conditions, an explailatio~l for the discrepancy 
represented by the NO/HCN ratio iiiust i~ivolve more than its pressure dependence. 

Finally, it sl~oulcl be emphasized, perhaps, that  a discrepancy, similar to that given by 
the NO/HCN ratio, has been observed when the active nitrogen concentration, estiillatecl 
by the NO titration, was compared witli the extent of reaction of active nitrogen witli 
NO2 (9) and, more recently, by the extent of its reactioii witli 0 2 ,  as given b) the pro- 
duction of 0 atoms (22).G Ainong the widely different chemical methods studied, therefore, 
the NO reaction, whether followed by gas phase titration or by analytical methods, 
appears to be unique in indicating an exceptionally high atomic nitrogen concentration. 

The observation that the NO/HCN ratio does not have a fixed value, eve11 a t  a given 
pressure, but depends on the time of decay of the active nitrogen, suggests (since the 
HCN data are based on plateau values) that the extent of the NO reaction does not vary 
directly with the N-atom conceritration, but iilvolves excited molecules derived from 
atom recombination or directly from the discharge tube. This is suggested also by the 
similarity in the plots of XH3/HCiX and NO/HCN against HCN yield for the poisoned 
and unpoisoned systems (Fig. 3), since the KHB reaction is l<nown to involve escited 
molecules. Again, the similarities ill slopes of the NH3/N0  plots against NO (Fig. 4), 
for both the poisoned and unpoisoned systems, and in the extrapolation of the lines to a 
similar low value, strongly suggest that both reactions occur, a t  least in part, with species 
produced by a similar mechanism. 

Since the NO/HCN ratio may increase with time of decay of the active nitrogen, it is 
not lilcely that NO reacts with sonie species of long life, other than N atoms, that may 
be produced ill a particular type of discharge. NIoreover, most of the escited species that 
might be produced during the excitation process are lcnown to be of short life (2, 23), and 
can be expected to decay rapidly with time. If an excited molecular species is responsible 
for part of the NO reaction, it is probably formed during the recombination of N("S) 
atoms. The decrease in the NO/HCN ratio with decay of the active nitrogen in the 
poisoned system may then be explained if  the disappearance of N atoms in this system, 
which occurs a t  about twice the rate of the homogeneous recombination, is considerably 
slower than that of any N2" which migl~t  have beell produced, mostly upstrear11 in the 
region of relatively high N-atom concentratioi~.~ The same seeins also to be true for the 
N2"' that reacts with NH3 in a poisoned system, since it  appears, froin the extrapolation 
in Fig. 2, that the decomposition of NH3 falls to zero a t  rather high values of the N-atom 
concentration in such a system. I11 contrast, in the unpoisoned system, the extrapolated 
value for KH3 destruction a t  zero HCN production suggests a considerable concentration 
of N 2 :,: in this system, even under conditions where the N-atorn concentration has fallen 

to a low value. The small lirniting extent of NH3  destruction suggests further that N2" 
is produced during the relatively s111all l~omogeneous part of the overall decay of T\J atoms 
in the unpoisoned system. 

GIt  ~rrigllt be noted, Aowezlei., tlzc~t tlre a7zalysis of 0-at on^. co7zcenlralio7t i n  this reaction by tlre NO? tityation 
recently i?tdi!:ated a N-atonr co7rcelztrntio7z sintilar to  tlzat inferred fronr the NO titrcrtio71 (13). 

'Tlvis e.vpla~tation sziggests tlzat a systelll. poisoned zoitlz nletaphosplroric acid (9 )  rorrespowds ,170i.e closely 
w i th  ( ~ 1 1  unpoiso?~ed xystenl tJra7r w i th  a systeltr poisoned wit11 HyO vapor. For 0 atonrs, at least, snlall a n ~ o l ~ ~ r t s  of 
water anpoi lzare beex slrown ($4) to  be a n ~ o s t  qffectioe poisox agai7rst szrrface recon~bilzation. 
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The difference in slopes and intercepts (Fig. 3A) when the NH3/HCN ratios are plotted 
against HCN, for the poisoned and unpoisoned systems, lnay also be explained if the 
N~'Vesponsible for NH3 decomposition is formed by homo~eneous recombination and 
persists in significant concentrations, i l l  the unpoisoned system, into the regions where 
the N-atom concentration has fallen to low values. The much higher extrapolated value 
of 2.6 for the plot of NO/HCN against HCN (Fig. 3B) in the u~lpoisoned system suggests 
that some N?": capable of NO destruction nlay be formed by wall decay of N atoms. 'The 
correspondi~lg extrapolated value of 1.1 in the poisoned system indicates that the concen- 
tration of N," respoilsible for NO destruction beco~lles negligible when the N-atom concen- 
tration has decreased to a very low value in this system. 

In view of the preceding discussion, i t  seerns reasonable to conclude that NO is destroyed 
not only by N atoms, but also by an excited molecular species of considerable lifetime 
produced by both homogeneous and surface decay of N atoms. The destruction of NH3, 
on the other hand, appears to be due only to an excited lnolecule produced during homo- 
geneous decay. 

Nat2~re of t kc  Excited -1Jolecular Species that might React with N O  
A vibrationally excited, ground-state nitrogen molecule nlight contain sufficient energy 

to cause dissociation of NO during a collision process, and, a t  least in the lower vibrational 
levels, would be expected to be of long life (23, 25, 26). Quite high vibrational levels of 
the ground state may be populated directly by homoge~leous recombination of N atoms, 
as pointed out by Polanyi (27) for atomic association reactions of this type. T o  contain 
sufficient energy to  cause dissociation of NO after a collision of the Second ICind, the 
molecule would have to be in a t  least the 27th vibrational level (9). There is some experi- 
mental evidence (28) for the presence, in active nitrogen, of Nn(XIZ,+) in vibrational levels 
as high as the 27t11, but they would presumably be cleactivated readily by collision 
processes because of their small vibrational level spacing. I t  is improbable, therefore, that  
such molecules ~voulcl be present in sufficient concentration to account for the NO/HCN 
ratios. 

Another possibility is that such inolecules are prodllced in the excitation process. 
Icaufman and Iielso (25) found that the addition of N 2 0  or C 0 2  removed energy fro111 
certain species, probably ground-state lllolecules in low vibrational levels, in active 
nitrogen emanating from a microwave discharge. I11 the present studies, the addition of 
either gas to discharged nitrogen made little difference to the NO/HCN ratio (Table 111). 
Moreover, there was negligible temperature increase when these gases were introduced 
into active nitrogen formed in a condensed discharge, compared with that observed (25) 
in active nitrogen from a microwave discharge. This suggests that microwave excitation 
may be more effective than a condensed discharge i l l  producing excited ground-state 
inolecules of low-energy content, and that,  i f  NO reacts with excited nitrogen molecules, 
as well as atoms, the N2'" are certainly of higher energy than those removed by collision 
with NrO or COr. 

Productioil of vibrationally excited, ground-state molecules might be expected to be 
favored, through spin coupling (29) with the paramagnetic NO molecule, in the reaction 

in a inanner allalogous to that fouild for other reactions of atoms with inolecules (e.g. 
ref. 30). In fact, there is evidence that this reaction does produce nitrogen in low-lying 
levels of the ground state (25). However, it is exothermic only to the extent of about 75 
kcal, and the lnaxirnum energy that might be expected to reinain as vibrational energy 
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in the newly formed bond would be between about 53 lccal, corresponding to v = 8 (31), 
and 7 3  lccal, corresponding to v = 12 (27). Hence, although reaction [6] occurs a t  allnost 
the bimolecular collisioil rate (12, 32), and would provide vibrationally excited illolecules 
almost immediately after the introduction of NO, such illolecules could not directly 
decompose KO. 

0 1 1  the other hand, N2(AYZ,+), in the first or second vibrational levels, would have 
sufficient energy to deconlpose NO in a collision of the Second Kind. Such a molecule 
may be formed directly by reco~nbinatioil of N atoms, or by a cascade process after the 
N atoms reco~ubine into a higher state. Since its transitioll to the ground state, the only 
lower-energy state available, involves a change in spin (the forbidden Vegnrcl-I<aplan 
bands), it has a relatively long radiative lifetinle, recently estimated (33) to be between 
0.2-1 and 50 second. I t  has also been shown (23) that,  a l t h o ~ ~ g h  vibrational levels of the 
21 state higher than v = 1 lose their energy in a nu~nber of collisions much less than los, 
the v = 1 level can survive 10Qollisions. Moreover, there is the possibility of a resonance 
energy transfer between low vibrational levels of the --1-state nlolecule and S O ,  as pointed 
out previously (9). For tliese several reasons, it is suggested that NO  night be cleco~llposed 
in the follorving process, which inay coilserve spin: 

I t  should be noted that,  although the A-state molecule has recently been observed in  
absorption (34, 35), no direct eviclence is available that its co~lcentratioil in active nitrogen 
is sufficient to account for tlie NO/HCN discrepancy. There is little question, however, 
that its concentration is much greater than tliat of the B-state ii~olecule, or other triplet- 
state molec~~les such as the precursor of the 'Y' bands in active nitrogen (36, s$), tile 
YJZ,,- (perhaps better referred to as the Uf3Z,,- (38, 30)) state, or of the Uu state, all of 
which probably have very short lifetimes (33, 8). Process [i] is therefore iavored over 
tlie analogous process, for wliich evidence has been obtainecl by Heath (40), 

Heath observed tliat the active nitrogen afterglow, especially  rans sit ions froill v = 5 ,  6 ,  
and 7 levels of the B state, was wea1;ened a t  higher pressures (10 to 760 111111) in the 
presence of KO. He suggested, therefore, a resonance energy transfer in process [S], 
\vliich conserves spin and may lead to the dissociatio~l of NO, to explain the disappearance 
of the First Positive group in high-pressure air discharges. The "2- st:lte for NO correlates 
with the dissociation liinit (41, 42) for NO into N ( 5 )  + O('D). 

T h e  Li1etim.e~ of the Excited il.lolec~iles Involved i??. the iVO and  NH3 Reactions 
The plateau values for NO and NH3 destruction, after different times of decay of the 

active nitrogen, permit calculation of lifetimes for the excited molecular species that 
appear to be involved in these reactions, provided the rate constant of surface decay of 
the N atoms is known for the given experimental conditions. This was obtained, for the 
present stud)., from the equation 

where kl[N] represents the rate of heterogeneous decay, and k 2 [ N ] T  represents the rate 
of homogeneous decay of N atoms. The value of k2 nlay be taken to be 3X10-33 cc2 
molecule-? sec-l (43, 44).8 Values of [N] were inferred from inaximum HCN yields in the 

8 T l ~ i s  ~ e l t l e  w a s  bused o n  a N-atonz cont:entretio?z deduced f rom H C N  prodi~ct ion fio71z C2H.i or C:He a t  l z i t l~  
 eart ti on tenzpeiattrres, e n d  conseqtrenbly rozrld be too h igh  if r~alzies of [S]  so obtained mere too low. 
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C2H4 reaction a t  various levels, and values of d[N]/dt were obtained as slopes of the 
straight-line plots of HCN production against decay time of the active nitrogen a t  the 
0-, 15-, and 30-cm levels (-  1.57 X 10l6 and - 1 .OO X 10IG lnolecules cc-I sec-I respectively 
in the poisoned and uiipoisoned systems). The followirlg reasonable values of kl (sec-l) 
were obtained :" 

1-evel, cm Poisoned system Unpoisoned systcm 

The rate of decay of the iVz*  species, assumed capable of causing the decomposition of 
NO in reaction [7], may be represented by 

d[N2'"]/dt = +ak2[Nl2P+ $bkl[N] -k3[N2'"], 

fro111 which, 

The first tern1 011 the right-hand side of equation [lo] represents the rate of production 
of N2* by homogeneous recombination, the second term its rate of possible production 
by heterogeneous recoinbination, and the last term its decay. The coilcentration of 
molecular nitrogen is approximated by the total pressure, P, il l  the system. Equation 
[ l l ]  is derived by arbitrarily taliing the values of the coilstants a and b to be unity. This 
is a reasonable value for a i f ,  for example, N2' represents the -4 state of nitrogen, since 
this state may be populated directly during the volume decay of N atoms, as  well as 
from the end result of light emission in the First Positive system. Although the value of 
b is inuch inore uncertain, the recent worli of Hartecli, Reeves, and Manilella (4, 48) 
supports the possibility that an excited molecular species inay be formed during surface 
recombination. 

Values of d 111 [N?*]/dt were obtained from plots of 111 +(NO-HCN) against time, oil 
the assumption that [N?"] = +(NO,,,ctcd-HCNproduced). Values of kl, k2, and [N] were 
talreil as outlined previously, and the following values for k3 were obtained: 

k3 = 7.9 sec-l, poisoned system a t  0-cm level; 
= 9.7 sec-l, poisoned system a t  15-cm level; 
= 8.3 sec-l, unpoisoned systein a t  15-cm level. 

Accordingly, the excited state of Nz, assumed capable of reacting with NO, is calculated 
to have a half-life, assuming its decay to be a first-order process, of about 8.4X lo-? second. 
This value is somewhat higher than the n~inimum lifetiine of lo-? second observed by 
Lichtin (49) and the value of 2.6X10-? second recently observed by Wilkinsoil and 
Mullilren (SO), bu t  less than the value of 0.15 secoild inferred by Carleton (34), for the 
v = 0 level of the N2(A3Z,,+) molecule. (The -4 state contains 142 lical/mole of excess 
energy and low-lying vibrational levels of this electronic state ivould contain sufficient 
energy, 150 kcal/mole, to cause reaction 171.) 

gIf ualzres for k l  are siilzilarly ca1:zrlated fronz tlzc NO data, i t  i s  fozrrzd that tlze vallle for the z~lzpoisolzed system 
(2.1 sec-') agrees well witlz that (2.6 see-') pieuiozlsly reported (45) for sc~clz a systenz, bz~ t  a larser, not a slrzaller, 
value is obtairzed for tlzc poisolzed systeni.. I f  the larger valz~e of k:! obtained by  other inoestigators (46, 47) fronz 
the KO titratiolz are sz~bstituted into eqz~c~tio17. [O] ,  along with tlze firesent N O  data, tlze arzornaly i s  accentz~ated. 
T h i s  szrggests tlzat the N-at on^ co~zre~ztratiorzs i ~ ~ f e r r c d  froln the NO titiation are too lzigh. 
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The extents of NH3 destruction a t  different levels enable a similar calculation of the 
rate constant, k4, for the decay of the Nz'" species capable of destroying NH3. However, 
recent measurements (18) on the rate of the active nitrogen - NHB reaction have give11 
further indication that the Nz' respo~lsible for the NH3 reaction is formed only during 
l~omogeneous decay of N atoms, in which case b = 0 in equations [I01 or [I l l .  The values 
obtained for k4 (sec-I) are then: 

-- -- 

12evel, cm Poisoned system U~lpoisoned system 

The average value in the poisoned system of 10.1 sec-I indicates a half-life for the N2* 
species of 6.9 X lo-? second. 

I t  is interesting, perhaps, that there is a definite trend towards higher values of the 
ratio of Ns* respoilsible for NO destruction, given by $(NO-HCN), to N2* responsible 
for NH3 reaction, given by the extent of NH3 destruction, a t  greater tiines of decay of the 
active nitrogen in the unpoisoiled system: 

Level, cm Poiso~led system Unpoisoned system --- 
0 2 .24  2 .53  

15 2.35 3.15 
30 2.32 3 .24  
45 2.23 3.58 

This gives further evidence that NO may react with a Nz" species produced a t  the wall 
as well as in volume decay of N atoms. 

The Be/zavior of Reactio?zs in the Presence of NHB, NzO, and COs 
Herron et al. (14) have observed that the addition of NH3 to active nitrogen produced 

by a n~icrowave discharge, in which the destruction of NH3 was immeasurably small, 
did not affect the value of the NO titration. The sigilificant increase in the NO titration, 
observed in the present studies, when NHa was added to the unpoisoned system, may be 
attributed to a slower decay of N atoms in the presence of the polar NH3 molecule, which 
lnay serve as a poison against the wall recomlsination of N atoms. Consequently, if NO 
reacts with NZ*, it would seen1 that the N?" involved is different from that responsible 
for the decomposition of NH3, or, that  the products of the NH, decoiupositioil react 
rapidly with NO. The latter alternative is quite possible, since Bamford has shown (51) 
that NO rapidly scavenges NH1 radicals, even a t  room temperature, according to 

Moreover, the reaction 
NH?  f NO -+ N? f H2O 

occurs (52) during the photolysis of NH3 in the presence of NO, and in NH3 flames (53), 
together, perhaps, with the reaction 

NH f i Y O - + N ? + O H .  [I31 

Since the addition of NH3 upstream from CzH4 did not decrease the extent of HCN 
productioil (Table IV), the reaction of NH3 with active nitrogen apparently does not 
consume N atoms. The slight increase in HCN production in the poisoned system is 
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difficult to explain, bu t  might be due to additional wall poisoiling by NH3. The greater 
increase, proportion at el!^, in HCN procluction in the unpoisoned system is al~liost 
certainl). clue to the efficient wall poisoning by small arnounts of NH3 in this system. 
The increased temperature of thc C2H4 reaction, in both systems, in tlie presence of added 
NH3, ma)r then be esplained by more extensive reaction in thc presence of the higher 
I$-atom concentration promotecl by the poisoni~lg effect of NH:,. The poisoning effect of 
NH3 might also account for tlie visual increase in tlie aftergloxv intensity dozw?~streccnz 
wheil small amounts of NI33 xverc added upstream in the unpoisoned system. A decrease 
in light intensity in the region where a low flow rate of N H j  is added, accompanied by 
an increase a t  points further downstrekm in the unpoisoned system, has recently been 
confirmed quantitatively by measurements (54) with a photomultiplier tube. Since tlie 
total destruction of NH3  was not affected by addition of small amounts of NH3  upstream 
in the unpoisoned system, the slower decay of N atoms, clue to S H 3  absorption on the 
lvalls, appears to compcnsate for any loss of Ns:" effective for the NH3 reaction resulting 
from a low NH3 concentration in the region betxvec11 tlie fixed and mobile jets. 

The small increase i l l  I-ICN production from C?H.&, and in thc extent of NO clecom- 
position, in tlie prcsencc ol SZO or COz (Table I I I ) ,  miglit also be attributed to poisoning 
of the xvalls against atom recombination by these niolecules in thc unpoisoned system of 
apparatus (I). This \\.all effect might also provide an  explanation for the enhanced after- 
gloxv intensity obsei-ved down st re an^ by I<aufman and I<elso (25) \\rI~eil NsO uras added 
upstream. These authors attributed the higher N-atom concentration clo\\~nstream to a 
decreased rate of lion~ogcneous recombination of N atoms in the region of higher tenipera- 
ture produced upstream by the al~sorption of energ)- by X 2 0  from excited nitrogen mole- 
cules of relatively low energ). content. However, the rate of hon~ogeneous recombinatio11 
of N atoins has a small temperature dependence (IS), and, although the temperature 
coefficient of this association reaction has generally been coilsidered to liave a negative 
value (55), there liave been soinc indications (43, 44) that  it may even have a small 
positive value. 

Since no NH3  clecoti~position was observed when C2I-I.& was added upstream, i t  is 
apparent tha t  C2H1 may remove the N2" respo~lsible for the N H 3  reaction. This is not 
surprising, in vie\v of tlie many degrees of freedo~ll of the ethylene molecule. Hoxvever, 
although an excited C2FIzI molecule formed during a collision of the Second Kind with 
N2:5might suffer some decomposition, such fragments would cons~ume N atoms (I) before 
producing HCN.  In the opinion of the authors, the direct for~llation of HCN from hydro- 
carbons through chemical reaction with N?" is considerably less probable than the 
decomposition of NO induced by N2'k. 
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