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THE REACTION OF ACTIVE NITROGEN WITH PROPYLENEI 

ABSTRACT 
The reaction of nitrogen atoms with prop).lene has been found to prod~rce 

hydrogen cyanide and ethylene as the main products, together with smaller 
amounts of ethane and propane and traces of acetylene and of a C4 fraction. 
With excess propylene, the nitrogen atoms were completely consu~ned and for 
the reaction a t  242'C., 0.77 mole of ethylene was produced for each mole of excess 
propylene added. For reactions a t  lower temperatures, less ethylene was pro- 
duced. The proposed mechanism involves formation of a complex between the 
nitrogen atom and the double bond of propylene, followed by decomposition to 
ethylene, hydrogen cyanide, and atomic fiydrogel~. The ethvlene would then react 
with atomic nitrogen in a similar manner. 

INTRODUCTION 

The reactions of active nitrogen with ethylene (7, 8) and with methane and 
ethane (4) have been discussed in previous papers from this laboratory. The re- 
action with propylene has now been studied, with the results recorded in the 
present paper. As before, the interpretation assumes the reactive species to  be 
atomic nitrogen. A 

EXPERIMEN'TAL 

The investigation was made using an apparatus which was essentially identical 
with that described previously (4, 7). The reaction products were analyzed by 
distilling the hydrocarbon fraction from the hydrogen cyanide a t  - 8S°C., after 
which the hydrocarbon fraction, containing small quantities of hydrogen cyanide, 
was separated into Cq, C3, Cq, and HCN fractions by distillation in a colunln of 
the type described by LeRoy (10). The  still was modified so that it was possible 
to distill directly from the still-pot to  a condenser cooled by liquid nitrogen. A 
Toepler pump was used only to remove the last traces of one fraction before the 
next fraction was distilled off. By this procedure it was possible to obtain a suf- 
ficiently large sample to determine the unsaturates by the Bone and Wheeler 
method. The unsaturates were removed by absorption in a sulphuric 
acid solution of mercuric sulphate. Acetylene was absorbed in alkaline potassium 
iodomercurate. 

Hydrogen cyanide from the first fraction was determined by weight and also 
by titration in alkaline solution with silver nitrate. T o  the value so obtained was 
added the amount of hydrogen cyanide analyzed by the LeRoy still. 

1 Manuscript received March 20, 1952. 
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RESULTS 

FIG. I. Rate of formation of various products in the nitrogen atom - propylene reaction, 
as a function of the propylene flow rate. 

With increase in propylene flo\xr rate a t  constant nitrogen atom input, the yield 
of hydrogen cyanide increased almost linearly until it attained a constant value 
(within 5%) a t  a propylene flow rate beyond which consumption of nitrogen 
atoms was presumably complete. Cornplete consi~mption of nitrogen atoms was 
observed a t  a different flow rate of propylene when the reaction vessel was cleaned 
and re-poisoned with ~netaphosphoric acid. Presumably this was due to  differ- 
ences in nitrogen atoll1 con'centrations as  a result of different wall conditions in 
the reaction vessel. For this reason, a complete series of experiments was made 
without altering the conditions of the walls. The curves for two different series 
of experiments are shown in Fig. 1. 

Measurements of atom concentrations were made using alWrede gauge a t  the 
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entrance and exit of the reaction bulb. A small decrease in concentration of nitro- 
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gen atoms across the bulb was noted but the average value of the nitrogen atom 
concentration as measured by the Wrede gauge was always 15 to 257, greater 

3 . 0 0 1  
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V) y 1.0 ,*-a 

/* 
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than that inferred from the amount of hydrogen cyanide produced a t  propylene 
flow rates where consumption of nitrogen atoms was complete. Owing t o  possible 
errors in the Wrede gauge measurements (11) and its lack of sensitivity the 
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hydrogen cyanide yield with complete nitrogen a t a n  consumption probnldy gives 
the more accurate estimate of the nitrogen atom concentration. 

The main product of the reaction, apart from hydrogen cyanide, was found to 
be ethylene. Smaller quantities of propane ancl ethane and traces of acetylene 
(about 1% of the propylene input) were also found. A Ce fl-action, to the extent 
of about 2y0 of the propylene input, was founcl to consist mainl>, of unsaturated 
material. The average carbon balance accounted for about 96% of the propylene 
input. 

In Table I are sunl~nal-ized the results of a series of experiments made a t  
242 i 3°C. The yield of hydrogen cyanide is plotted in Fig. 1 and is seen to 
corresponcl to an average nitrogen atom flow of 9.7 X moles per sec. 

T A B L E  I 
PRODUCTION OF IIYDROGEN CYANIDE A N D  OTHER PRODUCTS .4T 

VARIOUS PROPYLENE FLOWS (TEMP = 242 f 3°C.) 

I 

Propylene Yield of products-~noles/sec. X loG 
flow ,---- C.K 

HCN I Cr C,H4 I 
9 G I C3 I CIHG I C ~ H B  1 I ---- 

In Table I1 are shown the results of another series of experiments made a t  
96 i 2OC. All these experiments were made with a propylene flow greater than 
that corresponding to complete nitrogen atom consumption, with an average 
yield of hydrogen cyanide of 8.0 X lop6 moles per sec. 

In  Fig. 1 is shown the total yielcl of C2 hydrocarbons (ethane and ethylene) 
as a function of the rate of addition of propylene for experi~nents a t  the two  

'TABLE I1 

~rogi::l~e 1 Yield of products-moles/sec. X 10" 
-- - 

HCN ) Cz C2H4 C2H6 [YI-C~H~ I C3HB 
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temperatures. I t  can be seen that the rate of production of C? products is es- 
sentially linear with the rate of introduction of propylene, once conditions are 
reached corresponding to complete re~noval of nitrogen atoms. The Cz yield a t  
the higher temperature is about 65% greater, on the average, than a t  the lower 
temperature. 

I n  Fig. 1 are also shown the yields of saturated products and recovered C, 
h~.drocarbons (propane and propylene) . 

DISCUSS~ON 

The absence of any product containing nitrogen, other than hydrogen cyanide, 
would seem to elinlinate the possibility that any nitrogen-containing complex of 
appreciable stability is formed, or that hydrogen is abstracted froin the propylene 
n~olecule by the nitrogen atom to form the NH radical. 

The appearance of C? hydrocarbons as the principal product of the reaction 
leaves little doubt that the main reaction is reinoval of one carbon atom by an 
attacking nitrogen atom. The fact that ethylene is considerably more reactive 
than ethane towards nitrogen atoms suggests that the initial attack is a t  the 
carbon-carbon double bond, rather than a t  the single bond, to form a complex 
which may revert to the reactants or decompose according to: 

CHBCH = CHZ + N + [CH, - CH - CHz] + CH3CH + CHzN (1) 
\ / 

N 
which would then be followed by: 

CHZN + HCK + H . (2) 
I t  is interesting, perhaps, that compounds such as CHzN have been suggested by 
Geib and Harteck (6) as intermediates in the production of CHjN in the reaction 
between hydrogen atoms and hydrogen cyanide a t  liquid nitrogen temperatures. 

The ethylidene radical has been postulated by various workers as an inter- 
mediate in free radical reactions. For example, Bawl1 and Dunning (1) and Bawn 
and Milsted (2) found ethylene as a product of the reaction of ethylidene di- 
bromide with excess sodium atoms. Since the addition of molecular hydrogen did 
not produce any ethane, they considered the ethylidene radical to rearrange very 
rapidly to ethylene, thus: 

CHjCH + CH? = CH? . (3) 
The reaction of ethylene with nitrogen atoms could then proceed as previously 

outlined (S), the main reactions being: 
CH2 = CH2 + N + [activated con~plex] + HCN + CH3, (4) 

C H S + N + H C N + 2 H .  (5) 

However, the attack on ethylene by a nitrogen atom to form the methylene radi- 
cal ~vould correspond more closely to the formation of the ethylidene radical from 
propylene, thus : 

CH2 = CH2 + N + [CHz - CHz] + CHzN + CHZ , (6) 
\ / 
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CH2N --t HCN + H 
and these reactions might be follolved by: 

CH2 + N --t HCN + H . 

The methylene radical is electronically similar to, but  more stable than, the 
ethylidene radical (2). 

Owing to the conflicting values of bond dissociation energies found in the litera- 
ture and the absence of a well established dissociation energy for the nitrogen 
molecule (5) it is difficult to inal<e an estimate of the heat of reaction for the 
mechanism proposed. I t  might be suggested that the rearrangement of the ethyl- 
idene radical to  ethylene takes place in the activated complex and this extra 
energy of stabilization would be available for decon~position of the complex. 
However, no such energy of rearrangement is available in reaction (6) between 
nitrogen atoms and ethylene. Since nitrogen atoms attack both propylene and 
ethylene with velocities of the same order of magnitude, it may be concluded that 
the ethylidene radical is formed in the free state and that its energy of rearrange- 
ment is not available to aid the decompositio~l of the complex in reaction (1). 

I t  is also possible that the initial reaction of nitrogen atoms with propylene 
could be : 

CH3CH = CHr + K :' [[CH3CH - CHZ] -, HCN + CH,CHI (8) 
\ / 

N 
which is energetically more favorable than reaction (1). The ethyl radical 
then could undergo further reaction with nitrogen atoms. However, to obtain 
considerable ethylene as a product, it \vould be necessary for the ethyl radi- 
cals to be comparatively inactive towaids nitrogen atoms and to dispropor- 
tionate 

2CHaCH2 -+ CH4 = CH? + CHjCH3. 
This would lead to equal quantities of ethane and ethylene formed in the re- 
action chamber and sii~ce the nitrogen atomsremainingwo~ild react more rapidly 
with the unsaturate, more ethane than ethylene should be trapped out. This is con- 
trary to the observed behavior, and it may be concludecl, therefore, that reac- 
tion (8) is of little significance. 

The saturated products obtained when nitrogen atoms attack propylene are 
probably formed by hydrogenation of the corresponding olefin, in reactions of 
the type (12) 

C,,HZn' + H + C,lH*2n+~ , . 

CnH*2n+1 + HZ + CnH2,1+~ + H 
where C,H*2,,+1 represents a radical containing the heat of hyclrogenation. 

In addition to their reaction with nitrogen atonls to form hyclrogen cyanide, 
methylene radicals may react with propylene to form the butene detected in the 
products, or may suffer hydrogenation to methane (3) sufficiently to account for 
the small deficiency il l  the carbon balance. The possible reactions of the methl.1- 
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TABLE 111 

Temp. = 242T. ,  k? /k l  = 0.75 1 Temp. = 9GGC., k ? / k l =  1.75 

[ClHrlo [C:H~lca~c. [CpHd]exn. 1 [C~Hrlo [ C ~ R ~ l r a ~ r .  [CtHilexp. 
(as total C?) (as total C2) 

2.12 Incon~plete removal of 
3.29 nitrogen atorns 
3.46 0.95 0.33 
4.12 0.62 0.69 
5.08 1.78 1.62 
5.12 1.84 0.90 
6.55 2.54 2.50 
7.01 2.78 2.95 
9.32 3.87 4.60 

the corresponding reaction with ethylene. No reliable values for the individual 
activation energies are possible from the available data,  owing to the complete 
consun~ption of the reactant that is present in smaller amount. However, the 
upper limit of the activation energy for the etl~ylene reaction is alnlost certainly 
less than 4 kcal. (14), and probably less than about 2 kcal. (8). Hence, the acti- 
vation energy for the nitrogen atom - propylene reaction may be talcen as less 
than 6 kcal., and probably less than 4 kcal. 

Note added in proof by discussions a t  the meeting of the Faraday 
Society, Toronto, September 8 - 9, 1952). The resrllts of this investigation, and 
of previous similar studies in this laboratory, have been interpreted by assum- 
ing atomic nitrogen to be the reactive species in active nitrogen. This view is 
based mainly on the approximate correspoi~clence between the amount of nit- 
rogen-containing products of reaction and the ilitrogeil atom content of t-he 
active nitrogen determined by Wrecle gauge measurements, althougll the ques- 
tionable reliability of atom concentrations inferred from such measurements is 
recognized. Should it be subsequently proven that other reactive species are 
involved, e. g. the N1 molecule, i t  seems likely that the ft~ndamental kinetic 
features could be represented with relatively little inodificatioll of the tentative 
schemes based on atomic nitrogen. 
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