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INTRODUCTION 

NATURE OF ACTIVE NITROGEN 

Though there has long been uncertainty as to the 
nature of active nitrogen, the matter was in part settled 
in the mass-spectrornetric studies of Jackson and Schiff (1), 
and Berkowitz, Chupka, and Kistiakowsky (2), where the 
only components detectable in a gas mixture at about l mm. 
pressure and containing about one percent active nitrogen 

4 were the ground state molecule and the S atom. This obser-
vation was, of course, consistent with most of the known 
properties of active nitrogen, in particular Wrede gauge 

measurements (e.g. 3), the chemical behaviour (page 12), and 
the kinetics exhibited in the emission of the afterglow 

(page 3). 

A natural conclusion has therefore been that the 4s 
atom is the only constituent of active nitrogen (2). How­
ever such a generalization is not at all warranted·except 
for primary discharge products. If additional excited 
species were formed in the course of atom decay*, they would 
not necessarily occur in measurable concentrations when the 
initial atom concentration was low or the time of' decay 
short (see calculation on page 67). 

In deciding what excited species other than 4s atoms 
might be present, it will be noted that only excited 

molecular states need be considered since the 4s atom is 

already in the lowest atomic level and considerably below 

* The general terrn "decay" will be used throughout 
this work to refer to such processes as 11 recombination" 
(of atoms), "de-excitation" (of excited molecules), or 
11 loss of chemical activity 11 (of active nitrogen). 
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the ionie levels. One possible excited molecule, of course, 
is the vibrationally excited ground-state, which will be 
hereafter referred to as the X*1~ or simply X* state. It 
would be stable in respect of radiation since it is homo­
nuclear, while collisional loss of vibrational energy is in 
general very slow.* Evans and Winkler (8) have concluded 
that the X* state might originate by a collision induced 
cross-over from the A3~ state (hereafter referred to as the 
A state), which is in turn 1'ormed in the course of afterglow 
emission but does not decay radiatively. However Lichten 
(9) has recently determined the lifetime of the A state 
itself to be ~0.01 sec. in agreement with an early eztimate 
by Vegard (10) of 0.1 sec.**, so tha~ this state might also 
occur in appreciable concentrations. 

While N3 might be expected as a metastable intermediary 
in homogeneous decay (cf. 03 (12) and r 3 (13)), the presently 
accepted decay scheme involves an N-N intermediary. Further­
more the lifetime, tentatively placed at 0.002 sec. by 
Thrush (14), is not adequate to permit a significant concen­
tration to build up. At present there are no other known 
molecular states of nitrogen with sufficient stability to 
contribute to the activity of active nitrogen, though 
Lichten ( 9) 1nd1cates thatt-his does not mean that none 
exist. 

* Observed and calculated values of the N (X,v=l) ---> 
N2 (X,v=O) sransition probabil!~~ in colli9ions ~ith N2 at 
600 to 800 K. range from 2xlo to 2xlo- (4, 5,6). Though 
the probability would be considerably increased for higher 
or anharmonic levels, a value comparable with that of the 
recently detected oxygen analog might still_~e expected (7). 

** Lichten considered that the 2.3xlo sec. estimate 
of Muschlitz and Goodman (11) should actually be assigned to 
the a1n state. 
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DECAY OF 4s N ATOMS 

A ground-state atom has available at least four modes 
of decay: homogeneous, radiative, first-order surface, 
and second-order surface. 

(a) Luminous Homogeneous Decay 
One of the most striking characteristics of active 

nitrogen is the emission of yellow-orange afterglow. It has 
been shown by Rayleigh (15) and later confirmed by Berkowitz 
et al. (2) that the afterglow intensity is proportional to 
[active nitrogen] 2[inert gas]. (The work cited did not 
determine whether the inert gas could include the active 
nitrogen itself.) Furthermore, the afterglow was observed 
~ to intensify-in the neighborhood of surfaces, whether 
poisoned or unpoisoned (16). The implication is that one, 
though not necessarily the-only, mode of decay of N atoms 
is homogeneous recombination in which the molecule formed 
is stabilized by collision with a gaseous third body and 
then rapidly radiates: 

1 

N + N + M ~> N ** + M 2 

N2** -> N: + h~ (rapid) 

where k~ without a factor 2[~ is the rate of atom des­
truction, M is a third body, and N2** and N2* were early 
identified as the B3ll and A states, respectively. This 

[1] 

mode of decay will be hereafter referred to as luminous 
homogeneous decay, and it will be noted that its end product 
is the A state, previously stated to be metastable and to 

give rise to the X* state. Actually the work of Berkowitz 
~~. (2) and of Kistiakowsky and Warneck (17) indicates 
that luminous homogeneous decay proceeds by a somewhat more 
elaborate mechanism: 
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k -
N + N + M ~ N ( 0 ~) + M 

'K=-a 2 

N2 ( 5~) + M -KL> N
2

(B3
II) + J.VI (slow) [2] 

N
2

(B3I1) --> N2 (A) + hv (rapid) 
. . 

though the overall rate can still be expressed by a simple 

constant, k2 = kakb(k-a + kb). k2 has been estimated at 

4x1o-33 cc. 2 molecule-2 sec.-1 (2)*. 

A somewhat different homogeneous decay mechanism was 

proposed by Oldenberg (18). However it utilizes excited 

atoms, in disagreement with the mass-spectrometric studies 

(1,2), and need not be considered further. 

(b) Non-luminous Homogeneous Decay 
4 To good approximation, a S atom can only combine into 

1~+, 3 z+, 5z~, 7z+ molecular states (2). For nitrogen 
g 7 u g u 4 

the ~ state is probably higher than the S dissociation 

energy, while of the remaining states only the 5z was con­

sidered to result in luminous homogeneous decay. It is 

therefore possible that the following non-luminous species 

of homogeneous decay might also occur: 
k" 

N + N + M ---~-> N2 (A) + M [3] 

and k'" 
N + N + M __g_> N2 (X*) + M [ 4] 

where k" and k'" give the rate of atom destruction directly. 
2 2 

By analogy with luminous homogeneous decay, it would be 

expected that the detailed mechanism would involve an 

equilibrium between two free atoms and high vibrational 

levels of the A or X* state, together with a slower step in 

* The original value has been doubled to take into 
account the greater rate of atom destruction than afterglow 
production. 
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which the molecule was stabilized. 

From the above considerations, three distinguishable 
species of homogeneous decay should be possible, corre­
sponding to equations [2], [3], and [4]. Any experimental 
homogeneous decay constant, obtained by measurement of atom 

concentrations would therefore be a sum, k2 = k2 + k2 + k;' __ • _ t 
Hence if k2 were determined from absolute afterglow 
intensity measurements and were found to equal k 2 , a neces­
sary conclusion would be that afterglow accompanies ~ 
homogeneous decay, at least with the particular third body. 
Similarly if with sorne other third body, k2 > k2 (e.g. if 
there were no afterglow), then either non-luminous homo­
geneous decay or the related processes, energy transfer or 
catalytic recombination, would be indicated. The latter 
processes, which differ from homogeneous decay in that an 
N-M rather than an N-N complex is involved and considerable 
energy may be transferred to the third body, will be des­
cribed later. 

(c) Radiative Decay 
Homogeneous recombination in wnich the molecule is 

stabilized by radiation, i.e. radiative decay, is not con­
sldered by Herzberg {19) to be intrlnsically less probable 
than that in which there is collisional stabilization. 
However stabilizing radiation is seldom observed in the 
recombination of atoms and free radicals. For example, the 
nitrogen afterglow, which rnight be identified with such 
radiation, is neither continuous (19, page 400) nor diffuse 
(19, page 414), and depends on the concentration of inert 

gas. Radiative decay will therefore not be further con­
sidered. 
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(d) First-Order Surface Decay 
The nature of the walls of the apparatus is well known 

to affect the duration of the nitrogen afterglow (16, 20). 
Though the surface decay thus indicated would necessarily 
be superimposed on the homogeneous decay, Rayleigh (16) 
apparently succeeded in isolating it by determining the 
rate of afterglow decay when the surfaces were covered with 
H3P04 (a good poison) or oil (a poor poison). With the 
former, the slower homogeneous decay was dominant. However, 
with the oil poison, an additional much more rapid mode of 
decay was evident. It was first order and non-lurninous, and 
was concluded to be the surface decay.* 

A similar conclusion regarding the surface decay of 
N atoms was reached by Buben and Schekhter (21) and 
Schekhter (22). They proposed a mechanisrn in which the gas 
phase atoms recombine with a layer of atoms adsorbed on the 
surface: 

N + surface --> N-surface 

kl 
----> N2 + surface 

[5] 
N + N-surface 

where k1 gives the rate of atom destruction directly. At 
temperature s and atom concentrations where the surface layer 
is nearly complete the kinetics are necessarily first-order, 
but as the temperature is increased, or the atom concen­
tration decreased, the number of atoms adsorbed per unit 
area of surface wi ll decrease from its maximum (i.e. mono­
layer) value and become a f unction of the partial pressure 
of the atoms. The order will therefore increase to second 
so that the relevant processes will be better represented as 

* I t wi ll be shown in the course of the present work 
(page 7 4 ) t ha t, while Rayle i gh' s conclus ions re garding 
surface decay were undoubtedly correct, they do not entirely 
follow from his data. 
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N + surface ~ N-surface 

N + N-surface 
k3 

N2 + surface -> 
[6] 

or simply 
k3 

N + N + surface -> N2 + surface [ 7 ] 

In both cases k3 gives the rate of atom destruction directly. 

The low temperature mechanism, i.e. equations [5], has 
since been interpreted in terms of absolute reaction rate 
theory by Laictler (23), and Shuler and Laidler (24), who 
showed that the rate constant of first-order surface decay 
should be given either by 

k1/2 = ëSy/4V [ 8] 

or* 
k1/2 = Cs(S/V)(kT/h)(f*/Fgfs)e-E/RT sec. -1 [9] 

where ë is the mean kinetic velocity, S the area of the 
surface on which decay occurs, V the volume of the system, 
y the collision efficiency or "recombination coefficient", 
Cs the number per cm. 2 of surface species, E the activation 
energy of surface decay, and f*, fs, and Fg the partition 
functions for, respectively, the activated complex, the 
surface reactant, and unit volume of the reacting gas. 
Hence* 2 

Csh - E/RT 
~ ; 2 ~ffikTb e (unitless), [10] 

where b represents the rotational and vibrational factors 
in Fg (unity in the case of atoms), and 

E; -Rd(lnyT)/d(l/T). 

In practice y would be obtained from equation [8], which 
for a cylindrical system of radius r can be written 

r = 2r(kl/2)(l/c) [12] 

* The units of 2k1 and y are cons istent o!:!~Y if t he 
units of C are cm. rather than molecule cm. s - -
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The use of k1/2 rather than k1 represents a departure 
from the original treatment (23 1 24) but is likely more 
correct. Thus, considering a given-surface site, each 
instance of decay will be followed by an instance of ad­
sorption. Since dissociation or bond stretching are not 
involved in the adsorption of an atom, the activation 
energy should be zero (23) and the process correspondingly 
rapid. The result is that the observed rate of decay will 
be double that due to the activated process described by 
equations [8] and (9]. Conversely, the use of an uncorrected 
rate constant in equation [12] would make y .high by a 
factor of two. 

Linnett and Marsden (25 1 26) have objected to the 
adsorption mechanism just described in cases where ad­
sorption is known to be weak yet the kinetics are still 
first-order, for example, in the r ecombination of 0 atoms 
on glass or certain poisons. To explain the behaviour of 
0 atoms they therefore suggested a slightly different 
mechanism according to which the gas phase atoms combine 
directly with the structural oxygen of the glass or poison 
(if the latter is oxygen-containing). With such poisons as 
KCl 1 on the other hand, it was assumed either that small 
amounts of water of hydration were retained or that a super­
ficial layer of oxide was formed. (The latter would neces­
sarily be accompanied by the expulsion of a component of the 
poison, e.g. Cl from KCl, if it were to differ from ad­
sorption.) This mechanism would give second-order kinetics 
only at temperatures sufficiently high to decompose the 

surface compound. Such temperatures would be expected to 
exceed the "desorption" temperature. 

A separate theoretical treatment of this alternate 
mechanism will not be necessary since the absolute .rate 
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expressions (equations [8] to [12]) 1 which were actually 
derived on the basis of an immobile surface layer of 
unspecified origin, should still be applicable. 

(e) Second-arder Surface Decay 
It has been shawn that first-order surface decay should 

shift to second-arder at elevated temperatures and very low 
atom concentrations, such that, in the limit, the mechanism 
degenerates to one in which the atoms reco~bine homo­
geneously with the resulting molecule stabilized by collision 
with a surface (equation [7]). The rate of such a process 
differs from the two-body collision rate by a steric factor 
together with a factor to give the probability that the wall 
is in the vicinity of the collision, i.e. 2~ra/~r2 (27), 
where a is the molecular diameter. Since the rate of homo­
geneous decay similarly includes a factor to give the 
probability that a gaseous third body is in the vicinity, 
i.e. a/~ (28) where À is the mean free path, the relative 
rates of second-arder surface decay to homogeneous decay are 
approximately in the ratio 2Àjr, so that only at pressures 
below about lo-2mm. would the former become the more impor­
tant (cf. 29). (Similar steric factors have been assumed.) 
However second-arder surface decay would still not be 
expected to be competitive with first-order, unless 1t 
occurred to the exclusion of ~ latter as at high temperatures 
or low atom concentrations. This follows from the alternat ive 
expression for the rate of second-arder surface decay, which 
relates it to the rate of surface collision by the f ac t or 

a/ÀN-N (30). The relative rates of second to first-order 
surface decay are therefore in the ratio a/yÀN-N' i.e. much 
less than one f or likely values of 'f • 

I nte rmediate order s of surface decay a r e , of course , 
also possible with rates ranging from the high first-order 
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value to the very low second-order value. Such surface 

decay would, however, be roughly equivalent to the simul­

taneous occurrence of first and second-order surface decay. 

DECAY OF EXCITED NITROGEN MOLECULES 

(a) The A State 
While the most natural mode of decay* for an elec­

tronically excited molecule is by radiation, the absence of 

the Vegard-Kaplan bands in active nitrogen and the lack of 

success in bringing about the absorptive transition 

x1~ ---> A3Z (31), led Evans and Winkler (8) to conclude 

that a collision induced cross-over to the X* state was com­

petitive. De-excitation could also occur by collision with 

surfaces, so that altogether the following processes might 

be expected: 

N2(A) ---> N2(X) + hv 

N2 (A) + surface --> N2 (X) + surface 

N2 (A) + M ---> N2 (X*) + M 

(13] 

(14] 

(15] 

where M is a collision partner and N2 (X) the ground state 

with insufficient vibrational excitation to be reactive. 

(b) The X* State 

The modes of decay of the X* state leading to loss of 
chemical activity will depend on the manner in which this 

state reacts, i.e. on the manner in which a release of 

energy can be brought about. For example, Evans and Winkler 

(8) have concluded that for a significant release of energy, 

a cross-over to the A state would be necessary. This fol­

lowed from the normally assumed reluctance of vibrationally 

excited molecules to lose more than one quantum at a time 

* The use of the term "decay" has been mentioned on 
page 1. 
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unless there were a simultaneous electronic change. Such 
a cross-over would place a minimum value on the permitted 
energies of the X* state, so that after a series of conse­
cutive collisional deact1vat1ons a molecule would become 
abruptly unreactive. Since radiative decay is highly for­
hidden, the only other mode of decay would be by collision 
with surfaces. Hence the possible processes are: 

N2(X*) + mM---> N2 (X) + mM 

N2(X*) + surface ---> N2(X) + surface 

[16] 

[17] 

where rn is a number which is greater than one, though not 
necessarily integral since "N2(X*)n may be a mixture of 
states with various degrees of vibrational excitation. 
Consecutive collisional deactivation with m = 2 was suggested 
by Walsh and Porter (32) to explain a second-power pressure 
ter.m in the decay of excited ethylene (33). 

However, there is reason to suspect that, owing to a 

breakdown of the selection rules for high or anharmonic 
vibrational levels, a cross-over may not be necessary for 
energy release (19 1 page8~ i 34)*. While this might mean 
that the X* state is not metastable at all, it would enhance 
the chemical reactivity by eliminating the small transmission 
coeffieient necessarily associated with a sp1n-forb1dden 
cross-over. A direct energy release would also make rn = 1 
and thereby remove any possibility of distinguishing the A 
and X* states on the basis of the pressure dependence of 
their homogeneous decay. 

* High vibrational levels of the ground state are to 
be distinguished from low levels of excited states. Thus, 
alth~ugh the stability of the vibrational levels of the 
N2 (B ll) state was shown by Stanley (35 1 36) to be unusually 
low, deactivation still proceeded stepwise. 
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CHEMICAL REACTIVITY OF ACTIVE NITROGEN 

(a) HCN Formation and Direct Reaction 
The principal interest of active nitrogen to chemists 

has been its reactivity 1 in particular the formation of HCN 
from hydrocarbons (e.g. 3). With a fast-flow system such 
a reaction is generally studied by determining the HCN pro­
duction as a function of reactant flowrate at a given tem­
perature. As the amount of reactant is increased the ~aount 
of HCN rises to a plateau value 1 which may be termed a 
flowrate plateau, while if the temperature is increased 
these flowrate plateaus may increase to a temperature inde­
pendent maximum. Since the maximum flowrate plateau for a 
given apparatus has invariably been found to be independent 
of the reactant (e.g. 37) a not unreasonable conclusion has 
been that it corresponds · to a cleanup of that part of active 
nitrogen capable of forming HCN, namely, for reasons which 
will be given in a subsequent section, the 4s atom. 

The mechanisms by which HCN is formed have been re­
viewed by Evans, Freeman1 and Winkler (38) 1 who showed that 1 

except with acetylene, the reactions appeared to occur by a 
bimolecular process involving a long-lived complex : 

N + M ~ Nfvl 

NM ---> HCN + fragments 
}[18] 

where M is a hydrocarbon. HCN formation is therefore a 
special case of what may be called direct reaction, i.e. 

N+M~NI"'l 

NM ---> products 
[19] 

where lvi is any reac tant. Direct r eaction has also been 
observed in the reactions of active nitrogen with phosphine 
(39) 1 nitri c oxide (40) 1 and nitrogen dioxide (40). 
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(b) Energy Transfer 
In view of the long life of the complex assumed to 

occur in direct reaction, a possible alternative reaction of 
N atoms should be energy transfer1 i.e. 

N+M~Nrtl 

N + NM ---> N2 + M* 
M* ---> fragments 

where·M is any reactant. Such a process is similar to 
homogeneous decay except that (i) an N-M rather than an N-N 
complex is 1nvolved1 (11) the N2-1s formed in a level con­
siderably below the dissociation energy1 and (iii) there 
can be no accompanying afterglow (cf. (11)). Energy transfer, 
like direct reaction, would give temperature dependent flow­
rate plateaus 1 though the maximum plateau would necessarily 
occur at one-half the N atom concentration. 

The reaction of active nitrogen with HCl (41) and the 
formation of unsaturated from saturated hydrocarbons (38) 
have been attributed to energy transfer, and the latter may 
also play a role in the low temperature reactions of active 
nitrogen with ethane, neopentane, and ammonia (to be dis­
cussed). 

(c) Catalytic Recombination 
If a maximum flowrate plateau corresponds to a cleanup 

of the active species, it follows that the reaction has 
swamped all modes of decay. However a similar swamping is 
actually implied by the occurrence of any flowrate plateau 
per se, so that the temperature dependence of the plateaus 
would appear contradictory. A reasonable explanation was 
given by Forst, Evans, and Winkler (42) who showed that, 
while it is permissible to think of the usual modes of decay 
being swamped, a plateau can nevertheless occur · 
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in the presence of any amount of decay catalyzed by reac­
tant or product or both, i.e. catalytic recombination. The 
reason is that catalytic recombination and the main reaction 
have the same order in respect of the reactant. Provided 
the relative rates of catalytic recombination to reaction 
decrease with temperature, the plateau will be temperature 
dependent, with only the maximum plateau corresponding to 
a true cleanup. 

The mechanism generally assumed in catalytic recom­
bination is of the type 

N + M ~ NM 
N + NM ---> N2 + M 

where the reactant M does not necessarily become excited. 
Such a process, which will be designated homogeneous cata­
lytic recombination, is very similar to energy transfer in 
that an N~ complex is involved. In fact, perhaps the only 
distinction from energy transfer lies in the unspecified 
level of the N2 which is formed. If the N2 were in the 
5z state the process would, of course, be accompanied by 
afterglow. 

By analogy with first-order surface decay of atoms, 
a surface catalytic recombination may also be possible: 

N + M ~ NM 
NM + N-surface ---> N + M + surface 2 

} [22] 

It is unlikely that it would be accompanied by afterglow. 

Combining the two mechanisms of catalytic recombination 
with the two mechanisms of N atom: reaction previously con­
sidered, four combined schemes of reaction plus catalytic 
recombination are obtained. One such scheme has been shown 
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by Forst et al.(42) to account quantitatively for the flow­
rate plateaus of certain N atom reactions. Conversely,if a 
given reaction were not consistent with any of the schemes, 
reaction with excited molecules would be indicated. A 
theoretical treatment of the four schemes will be given in a 
later section (page 37 ) • 

(d) Reactivity of Excited Molecules 
If the metastable excited molecules which are known or 

suspected to be the end products of the luminous homogeneous 
decay of N atoms are present in active nitrogen in small 
amounts, they may be responsible for sorne of the reactivity 
of active nitrogen. In fact, catalytic recombination and 
reaction with excited molecules are in general alternative 
explanations for low reactivity*, i.e. reactions which give 
flowrate plateaus lower than the expected maximum plateau. 
Similarly reaction with both atoms and excited molecules 
serves to explain abnormally high reactivity. 

In attributing reactivity to excited molecules it must 
be borne in mind, however, that the formation of HCN from 
hydrocarbons is not a likely reaction of an excited nitrogen 
molecule in view of the activation energy barrier to be 
expected (8). Direct evidence to this effect appears to have 
been obtained in a study of the reaction of active nitrogen 
with nitric oxide (40). It will be discussed later. Re­
action to form c2N2 would, presumably, also involve a major 
activation energy barrier. Accordingly the only reactions 
to be expected with excited molecules are those resulting 
from a transfer of energy to the reactant: · 

* N2* + M ---> N2 + M 

M* ---> fragments } [23] 

* Back-reaction may also occur in specifie cases (41). 
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where N2* is an unspecified excited molecule. The possi­
bility must always be borne in mind, of course, that the 
fragments for.med will be able to react further with either 
the atoms or excited molecules. 

Examples of reactions which are perhaps better explained 
in terms of excited molecules than catalytic recombination, 
are those of active nitrogen with 

(i) ammonia and ammonia-ethylene mixtures (43). The 
reaction of ammonia with active nitrogen was found - to be 
rapid 1 yet the maximum amount of ammonia destroyed was only 
one-sixth the amount of HCN formed from ethylene. This 
maximum appeared to be independent of temperature and of 
admixed ethylene. Moreover, the afterglow was only slightly 
affected even in the presence of large amounts of ammonia. 
The following mechanism has been given (8) to explain this 
behaviour: 

N2* + NH3 ---> N2 + NH3* 
NH3* ~) NH2 + H 

N + NH2 ---> N2 + 2H 
N + NH3 ---> N + NH3 

[24] 

(11) ethylene and ammonia for different energy expen­
ditures in the discharge tube (44). It was observed that the 
ratio of the amount of ammonia destroyed to the amount of 
HCN formed from ethylene increased with increasing atom 
concentration, suggesting that the ammonia reacted only with 
excited molecules and that these were forrned by a high-order 
mode of atom decay. 

(iii) ethane and neopentane (37, 45). HCN production 
from these reactants was equal to that from ethylene at 
elevated temperatures, but was much less at room temperature, 
being in fact comparable with the amount of ammonia des­
troyed. Since, however, the activation energies changed in 
the neighborhood of l25°C., a change in the mechanism (such 
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as could arise if two reactive species were present) rather 
than catalytic recornbination seemed to be indicated; If 
this explanation is correct then the following mechanism 
may be applicable (8): 

-
N * + 2 C2H6 -> N2 + C2H6* 

C2H6* -> C2H5 + H [25] 

N + C2H5 -> HCN + CH3 + H 

and, at elevated temperatures only, 

N + C2H6 -> HCN + CH3 + 2H [!6] 

(iv) nitric oxide (40). The amount of nitric oxide 
destroyed exceeded the HCN-production from ethylene , at all 
temperatures, yet a reaction chain did not seem to be in­
volved. This indicated reaction both with N atoms and with 
excited molecules capable of transferring energy, 

N2 * + NO -> N2 + NO* 

NO*-> N + 0 

N + NO ---> N2 + 0 

but incapable of for.ming HCN from ethylene. 

DECAY OF H AND 0 ATOMS 

[27] 

Though the present work is concerned only with active 
nitrogen, the behavior of H and 0 atoms will be of interest 
by way of comparison. 

(a) Homogeneous Decay 
Neither H nor 0 atoms recombine with emission of light, 

though they exhibit well defined homogeneous decay. However, 
there has been considerable disagreement on the relative 
efficiencies of H2 and H as third bodies in the recombination 
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of H atoms, while the whole mechanism of the homogeneous 
decay of 0 atoms is complicated by the stability of ozone 
(12), the counterpart of the transition complex in the 
recombination of other atoms. The homogeneous decay of 0 

atoms will therefore not be further considered. Typical 
values for the rate constant of the homogeneous decay of 
H atoms are given in Table I. 

(b) Surface Decay 
The first really conclusive studies on the surface 

decay of any atom or free radical were those of Smith (53) 
on H atoms and Linnett and Marsden (25 1 26) on 0 atoms. In 
both cases atom concentrations in a side arm attached to a 
discharge tube were measured by means of a thermocouple 
probe. Since complications due to flow were eliminated, the 
mathematical analysis of the resulta was fairly simple. 

The main conclusions were that first-order surface decay was 
the dominant mode of decay at the pressures (< o.l5 mm.) 
and temperatures (< 45o0 c.) used, and that the collision 
efficiencies (~) were in the range lo-3 to lo-5 for H3Po4 
or clean glass surfaces. The calculated collision efficien­
cies were, however, high by a factor of two owing to the use 
of k

1 
where k1/2 was required (see page a). Values of 

E and C
8

· for H atoms are available from other studies: 
. -1 15 -2 E = o.s kcal.mole (54), Cs = 1.35 x 10 cm. (55 1 56 1 24), 

where E applies only to dry surfaces (24). The correspon- -
ding values for 0 atoms can be calculated from the data of 
Linnett and Marsden as given in Table I of reference (25) 
(Fig. 8 of this reference appears to have an error in the 

ordinate): y= 1.2 x 10-4/2 at 17°C. and 3.56 x 1o-4j2 at 
'400°C. H E 2 k 1 1 - 1 14 - 2 ence = .o ca .mo e and C = 2.7 x lo cm. • s 

It should be pointed out that the method used by 
Linnett and Iviarsden to study the surface decay of 0 atoms 
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TABLE I 

Homogeneous decay rate constants for H atoms. 

============================================================ 
Source 

Amdur tl_ al. ( 46) 

Amdur (47) 

Amdur (48) 

Farkas et !J... ( 49) 

Smallwood (27) 

Smallwood (50) 
-

Steiner et al. (5~) 

Steiner (52) 

Third body 

H2 + H 

H 

H 

H2 

H2 

H 

H2 

H 

H2 

H2 

Rate constant 

2 -2 -1 cc. molecu132 sec. 
(xlo ) 

5.8 

3.8 

7.8 

4.7 

2.5 

mean = s.~ 
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was incapable of distinguishing between true first-order 
surface decay and a process of the type (~2 1 57) 

PRESENT PROBLEM 

0 + 02 + M ---> 03 + M 

0 + 03 ---> 202 

(slow) 

(rapid) 

Whereas the mechanism of recombination is well under­

stood for H atoms 1 and understood in its most essential 
features for 0 atoms 1 studies on the decay of active nitr~ 
gen 1 and therefore on the recombination of the N atoms which 
are its major constituent 1 have generally been qualitative. 
In fact the only N atom decay constant that has apparently 
been published is that for luminous homogeneous decay (2) 1 

though the data of Rayleigh (16) and Back (58) enable 
surface decay constants for H3Pe4 surfaces to-be derived 
(page 5ë). The order itself of N atom surface decay has 
only been determined directly in one instance (16). 

The present work was therefore undertaken to confirm 
the order of the surface decay of N atoms 1 and to obtain 
decay constants for both the surface and homogeneous decay. 
At the same time several reactions characterized by low 
reactivity were investigated in an attempt t o determine 
whether the low reactivity was more consistent with N atom 
reaction accompanied by catalytic recombination or with 
reaction with excited molecules. 
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EXPERIMENTAL 

MEASUREMENT OF THE ACTIVITY 

The measurement of N atom concentrations, such as is 
necessary in a study of the decay of active nitrogen, is 
complicated by the fact that, though active nitrogen con­
tains the 4s atom as a major constituent, there is still a 
possibility that excited molecules are present,if only in 
low vibrational levels of the ground state (i.e. not the 
X* state). Virtually any excited form would 1 of course, be 
deactivated on a metal surface (9) 1 so that measurements of 
the activity using a thermocouple -probe (53 1 25 1 26) would 
be of unce.rtain significance. On the other hand, the pro­
duction of HCN from ethylene under conditions of cleanup 
(high ethylene flowrates and elevated temperatures), a mode 
of measurement frequently used in past work (e.g. 42 1 4~), 

would likely reflect the atom concentration alone owing to 
the high activation energy to be expected dn most reactions 
involving excited nitrogen molecules (see page 15). HCN 
production also has the advantages that it is not · subject to 
mechanical failure and, since very little cyanogen and 
generally no other nitrogen containing compound at all is 
for.med (59 1 37) 1 it provides an absolute value of the atom 
concentration. - Production of HCN from ethylene was therefore 
chosen to measure the N atom concentration and the results 
were checked using ethane*. 

* Actually excited molecules were shown to be present 
but for.med only by homogeneous atom decay (page 65). Accord­
ingly any HCN production due to them was uncontroversially 
eliminated by utilizing what was, in effect, extrapolation 
to zero atom concentration (see page 32). 
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To determine whether certain active nitrogen reactions 
occurred to a limited extent because of loss of activity due 
to catalytic recombination or because the reactions occurred 
only with excited molecules present in limited concentration, 
several reactions of this type were also used to measure the 
activity. The reactions chosen were HCN production from 
ethylene and ethane, and the destruction of ammonia, all 1u 
the neighborhood of~ temperature (cf. page 16). 

APPARATUS (SERIES 1 to 11) 

The use of chemical estimations of the activity in 
active nitrogen meant, of course, that a fast-flow system 
rather than the rouch simpler diffusion system of Smith (53) 
or static system of Rayleigh (16) had to be used. Two 
general types of flow system were considered. In the one, 
used in rouch of the early H atom work (e.g. 27) and more 
recently in an N atom study by Back (58), an atom-containing 
gas stream is analyzed at successive points as it flows 
through a tube. Atom concentrations as a function of time 
are thus obtained. In the other, which resembles that used 
in the greater part of the work of Winkler and co-workers 
(see in particular 37, 3, 60), the atom-containing gas 
stream is passed through a tube of fixed dimensions and then 
analyzed in a reaction vessel. In this case time is less 
readily varied so that the variation must lie in sorne other 
parameter. It was the latter method, us ing pressure vari­
ation, which was chosen f or the present work s ince i t is 
perhaps better able to distinguish between first and second­
order processes (cf. page 16). 
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The apparatus 1 in the rorm used in the experimenta or 
series 1 to 111 is shown in Fig. 1. Dry 1 oxygen-free 
nitrogen* at atmospheric pressure was introduced at A 
through a needle reduction valve B and a capillary flow­
meter c. The length of the capillary was so chosen that 
unrestricted passage of the gas through the needle valve 
gave the highest desired pressure (5 mm.) in the region 
following the capillary. In the discharge tube D the nitro­
gen was subjected to a rapid condensed discharge and thereby 
partially or completely dissociated into atoms depending on 
the energy expenditure. Internal electrodes were used which 
were about 60 cm. apart. (The electrodes were machined from 
solid aluminum to the rollowing dimensions: length = 1.0 cm. 1 

outside diameter = 1.8 cm. (less at the end of attachment) 1 

depth to which the interior was drilled = 4.0 cm. 1 inside~ 

diameter = 7/16 inch. Two set screws were used to affix 
them to lengths of 0.060 inch diameter tungsten wire which 
were in turn sealed to the pyrex of the discharge tube by 
means of nonex. Electrodes of this type had a virtually 
indefinite life in active nitrogen and were interchangeableJ. 

The atom-containing mixture was then passed through a 
tube E which will be called the "decay tube". In most or the 
work it bad a volume of 281 cc. 1 · a length of 51.7 cm. 1 and 
an inside diameter of 5.56 cm. However in series 2 a much 
smaller decay tube was used (14.0 by 1.55 cm.J volume = 
26 cc.) and in series 1 and 11 a long1 narrow one (55 by 
1.55 cm.J volume= 104 cc.). The 281 cc. decay tube was 
used in all experimenta which were to be treated theoretically. 

Its large volume served to increase the time of decay and 
therefore (i) to lower the N atom concentration sufficiently1 

* The method of purification is that described in 
references (57) and (60) rather than (5) 1 i.e. passing the 
nitrogen over beated copper and through ~ a liquid air trap. 
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Figure l 

Diagram of apparatus. 
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even under conditions of complete initial dissociation, for 
cleanup to be readily achieved and (ii) to make the effect 
of dissociation on the decay time less-marked (Appendix C). 
Its large diameter served (i) to reduce the pressure gradient 
in the decay tube (Appendix A) and (11) to reduce the surface 
decay rate constant. A cylindrica1, eleètrically heated 
furnace was built around the decay tube to determine the 
temperature effects on decay. Its temperature was measured 
by two thermocouples placed between the furnace and the 
glass at respectively 8 and 22 cm. from the top. At the 
lower end of the ~ml, decay tube only was a constriction 
2.0 cm. long and with 0.60 cm. inside diameter which served 
(i) to terminate the region of decay sharply and indepen-

' dently of pressure, (11) to enable independently heated 
furnaces to be built around the decay tube and reaction 
vessel, (iii) to enable separate poisoning of the decay tube 
and reaction ~ vessel, (iv) to reduce further the pressure 
gradient in the decay tube, and (v) to prevent back diffusion 
of the reactant from the reaction vessel. (Only at much 
higher reactabt flowrates than were needed to consume all 
the active nitrogen did any back diffusion occur, as indi­
cated by the appearance of the reaction flame (including 
that of CC14 ) in the decay tube}. 

The decay tube was followed by a 300 cc. spherical 
reaction vessel F of radius 4.0 cm. into which the reactant 
was injected through jet G. I t was surrounded by a second 
furnace, the temperature of which was measured by a thermo­
couple in the well H. A McLeod gauge was attached at I. 

The arrangement for metering in the reactants has been 
described elsewhere (37), Two separate systems were 
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employed, one for ethylene anci ethane, and one for ammonia. 
The latter had a ballast volume of only lOO cc. and storage 
volume of only 300 cc., so that pressure changes during an 

experiment were greatly exaggerated. This facilitated the 
measurement of the amount of ammonia destroyed. The ethylene, 
ethane, and arr~onia were from the same cylinders as were used 

in previous work (37 1 43) and were all purified by three 
bulb-to-bulb distillations. (To remove possible traces of 
water a piece of glass tubing shap~d like an inverted funnel 
was dropped into one of the bulbs and the space above it 

filled with KOH pellets.) 

After reaction, the gas mixture was finally led tnrough 

a trap surrounded by liquid air in order that the HCN or 
ammonia could be condensed from the gas stream for analysis. 
The pumps (one Welch duoseal and one Cenco megavac), which 

followed the trap, were readily able to give an ultimate 

vacuum of 5 microns. 

The Wrede gauge K was present only during the experiments 
of series 4 and 12, and the special reaction vessel L only 
during the experlinents of series 12. 

In the majority of the experiments the discharge tube, 
decay tube, and reaction vessel were poisoned by drawing up 
a 20 ~ aqueous solution of Na2HP04 • This poison was used, 
rather than the more efficient H3Po

4
, since it did not 

react with ammonia and was unusuall;y stable and reproducible. 
(The poison was changed many times during the course of the 

experiments when the apparatus was modifieci or suffered 

breakage.) In a few experiments of series 6 and 10 the 

poison on-the reaction vessel alone was changed to KCl *; 

* This was accomplished by washing ~he Na2HP04 off the 
reaction vessel and then drawing up a 10 % aqueous solution 
of KCl. 
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however
1

KC1 could not be used in the discharge tube or on 
any heated surface since the active nitrogen then reacted 
with it 1 creating an intense reddish-orange glow. Series 11 

involved the use of a number of different poisons applied to 

the entire reaction system. 

To protect the poison the system was left evacuated 

when not in use and was isolated from trap J during analyses. 
Similarly,to restore the poison to a reproducible state, 
each experiment was preceded by a three minute period during 
which the discharge was 9perated while nitrogen, but not 
reactant, was passed through the system. 

Power was supplied from a 220 volt A.c. source* trans­
formed first with a 2400 watt, 220 volt variac and then 
with an 1897 watt, 110--)4820 volt transformer, and finally 
rectified with two Raytheon 866A tubes in parallel. The 
weakest element in the circuit was the variac which burned 
out several times. For most of the work the secondary 
circuit had a resistance of 1250 ohms and a capacitance of 

either 4 pfd (for pressures < 1.1 mm~ or 2 ~fd (for pres­
sures> 1.1 mm.). If the variac were adjusted to give a 
flash rate of 60 per second (except in the pressure range 
1.2 to 1.1 mm. when 50 to 40 per second was adequate), 
complete dissociation of the nitrogen could be brought 
about. (This is treated in detail in a later section). 
Under these conditions the current through the primary of 
the variac at 220 volts was in the range 10 to 15 amperes. 

APPARATUS (SERIES 12) 

A major variation in the reaction system was used in 

the experiments of series 12. One of the nitrogen leads to 

* In series 1, 21 5 1 and 11 a llO volt A.c. source was 
used. 
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the discharge tube was sealed off and a glass plug dropped 
into the constriction at the bottom of the decay tube. (The 
outlet for the Wrede gauge K served to admit the plug.) A 
new 300 cc. reaction vessel L (with reactant jet and thermo­
couple well) was then attached through the usual constriction 
directly to-the discharge tube near ~electrode. The 
remainder of the apparatus was unchanged. 

The object was to obtain N atoms which had minimum 
opportunity to undergo homogeneous decay either before 
reaching the reaction vessel or within it. Thus, by operat­
ing under conditions of complete dissociation, homogeneous 
decay was minimized in the discharge tube, expecially when 
the nitrogen was prevented from flowing through the body 
of the discharge tube by having the nitrogen lead remote 
from the reaction vessel sealed off. A low atom concentration, 
obtained by passing the atoms over the metal surface of an 
electrode rather than through a decay tube, then ensured that 
homogeneous decay would also be minimized in the reaction 
vessel. Accordingly, any excited molecules formed directly 
in the discharge process and any arising from surface atom 
decay should still have been present, but those arising 
from homogeneous atom decay should have been virtually 
eliminated. 

ANALYTICAL PROCEDURE AND PRESSURE MEASUREMENTS 

The only analyses required in the present work were for 
the HCN produced from ethylene and ethane, and for destruction 

of ammonia. HCN production was determined by titrating the 

recovered HCN with Aa.N03 (61) after it had been distilled at 

-23°C. from trap J (previously coated with solid CC14) into 
a removable unit M containing about 15 cc. of frozen water 

(cf. 62). The amount of ammonia destroyed, on the other 
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hand, was obtained as the difference between the measured 
amount drawn from the storage vessel and the ~nount re­
covered, the latter being determined simply by a distil­
lation into a 150 cc. calibrated volume. This was possible 
since unreacted ammonia was the only condensible product of 
the ammonia reaction. 

A sufficient amount of product to enable convenient 
analysis was generally obtained with reaction times of lOO 
seconds, though the time was often increased to 200 seconds 
when ammonia was the reactant. 

Besides product analyses, each experiment was also 
characterized by a pressure as measured in the reaction 
vessel. Two readings were made, one during the three minute 
preliminary discharge, and one after the reaction had been 
in progress for 30 seconds. The two generally agreed well, 
except that,at higher pressures pressure increases of o.l to 
0.2 mm. accompanied the reaction. Only those readings made 
during the reaction will be subsequently recorded. 

NITROGEN FLOWRATE 

Measurements of the nitrogen flowrate were needed both 
to derive a general correlation between flowrate and partial 
pressure, and to calculate the time spent by the nitrogen in 
the decay tube. A calibrated one liter bulb was therefore 
attached at A (Fig. 1) and the nitrogen flowrate measured as 
a function of the pressure preceding the capillary c, i.e. 
of the flow head.* Further measurements relating the flow 
head to the pressure in the reaction vessel then provided the 

* The manometers, one preceding and one following t he 
needle valve B, are not shown in Fig. 1. 
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desired relationship (Table II and Fig. 2). All measure­
ments were made at room temperatures between 25 and 30°C. 1 

and are seen to be independent of the capillary and decay 
tube. 

It is evident from Fig. 2 that the molar flowrates 
varied linearly with pressure above about 0.30 mm., such 
that a general correlation between flowrate and partial 
pressure can be written in the form 

[N2 Jpm/s. = 59.0(P - 0.15) [29] 

where P is the total pressure in mm. and pm/s: is the abbre­
viation for micromoles per second. 

The time spent by the nitrogen in the decay tube 
follows from equation [29]. The volume flowrate, i.e. 

[N2 ]~/s. x 10-6 x RT/P, has an average ~~lue at 25°C. and 
in the region 1 to 3 mm. of 1006 cc.sec. • (The volume 
flowrate is not quite independent of pressure). Therefore 
the time spent in the 281 cc. decay tube, i.e; the time of 
decay in the absence of dissociation, is 

t - ~ x 298 - 0 279 x 298 o - 1006 ~ - • ~ sec. [30] 

where T is the average temperature of the decay tube. 
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TABLE II 

Nitrogen flowrate at various pressures 

=======~=================================··====·============ 

Pressure in the Capillary and Nitrogen 
reaction vessel decay tube* flowrate 

mm. r-un/s. 

0.30 2 10.0 

0.74 3 35.6 

0.90 1 42.4 

1.25 1 65.8 

1.38 2 72.5 

1. 70 1 93.9 

1.99 3 109.4 

2.01 2 108.3 

2.88 2 165 

2.98 3 163 

3.97 2 242 

* 1 = short capillary, 26 cc. decay tube. 2 = long 
capillary, 26 cc. decay tube. 3 = long capillary, 281 cc. 
decay tube. 
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Figure 2 

Nitrogen flowrate as a function of pressure. 
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TJ:-IEORY 

DECAY EQUATIONS FOR ATO~~ 

To derive decay equations for atoms, i.e. equations 
which will relate the atom concentration measured in the 
reaction vessel to the decay constants, it is necessary to 
know the rate controlling step in each mode of decay. The 
modes of decay available for N atoms have been treated in 
detail in an earlier section and their rate controlling 
steps may be summarized as follows: 

(1) homogeneous decay (cf. equations [1] to [4]), 
k 

N + N + N __g_> N2* + I•1 [:31] 

where M is a third body and N2* an unspecified excited 
molecule. It will be recalled (page 5) that the rate con­
stant k2 gives the total rate of the luminous and nonlumi­
nous varieties of homogeneous decay such as would be obtained 
when the decay of active nitrogen was followed by measure­
ments of atom concentration. 

(11) first-order surface decay (cf. equation [5]), 
kl 

N + N-surface ----> N2 + surface [:32] 

(iii) second-order surface decay. Here the rate 
controlling step is given directly by equation [7] 1 i.e. 

k3 
N + N + surface----> N2 + surface [7] 

Before proceeding further it will be necessary to 
introduce certain simplifications. Thus the two modes of 
surface decay will be assumed to have such different 

efficiencies that only the one or the other will be signifi­

cant under given conditions. In terms of the various sur­
face àecay mechanisms that have been considered this situ­

ation should prevail at temperatures or atom concentrations 

where the number of atoms attached per unit area of surface 
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either approached its maximum value or approached zero, i.e. 

where intermediate orders did not occur. For homogeneous 
decay only extreme cases of third body efficiency will be 
treated. In the one, which in the present work turns out to 
correspond to a lower limit of k 2 , N2 and N will be con­
sidered to be equivalent as third bodies for N atom recom­
bination, so that [M] becomes simply the total observed 
pressure P. In the ether, which corresponds to an upper 
limit of k

2
, the efficiency of N as a third body will be 

considered to be much less than that of N2, so that (M] 
becomes (P- [N]).* 

Depending on the order of surface decay and the rela­
tive efficiencies of N2 and N as third bodies, four differ­
entiai equations of decay are therefore possible: 

= -k1 [N] - k2 [N] 2P 

d[N]/dt 
= -k [N] - k [N] 2 (P- [N]) 1 2 

= -k3[N] 2 - k2 [N] 2P 

= -k 3 [ N ] 2 - k 2 [ N ] 2 ( P [ N ] ) 
. -

[33) 

[34] 

[35) 

[36] 

The significance of each is obvious. If [N]
0 

is the value 
of [N] at .t = o, the integrated solutions of equations [33] 
and [ 35 ] are, r espectively 1 

* In the event that evidence were obtained that the 
efficiency of N were greater than t hat of N2 , the case where 
[M] = [N] would have to be consider ed instead . Thi s case, 
cannot 1 of course, be eliminated ~priori s ince according to 
the luminous homogeneous decay mechanism of Berkowitz et al. 
(equation [2)) the main function of the third body is to-­
induce an electronic transition. The matter could perhaps 
be settled by comparing the afterglow intensity in the light 
originat ing in the discharge tube under conditions of com­
plete di ssociati on with the more readily vis ible afterglow 
in the decay tube. 
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k t k t 
= P/[N]

0
e 1 + (e 

1 

-
'l'hough an exact solution to equation [ 34] can also be 

[37] 

[38] 

obtained*, it is not readily used for interpreting experi­

mental da ta unless [N] 
0 

= P and [N] << P. T'hen 

1 + k 2Pjj'q 
lnP/[N] - k1 t ~ k2Pjjq ln ----

. 1 - k2Pj~ 
2 2 ~ where q = k2 P + 4k1k2 • If, in addition, k2P << 2Jk1k2 

an even simpler form arises, 

l;l(lnP/[N] - k1t) ~ ~ + 2k1;lk2P2 

[39] 

[40] 

Equation [40] is obviously valid only at low pressures and 
also requires a prior knowledge of k1 t obtained from 

equation [37]. Since surface decay will be shown to be 
f irst-order (page 49 ) 1 equation [ 36] will not be further 
consider ed except to ·note that at not too low pre ssures its 
integrated solution reduces to equation [ 38]. It will be 

noted that equations [37], (38], and [40] have been written 
in forms suited for use in studies where the pressure is 
varied. 

* The exact solution is 

!ln[N]2 x k1 
2 [N[ 2 k 

0 1 

+ k2P[N]
0 

- k2 (N]: 

+ k 2P[N] - k 2 [N] 2 

k2P -2k2[N] + k 2P - jq 
--- ln x 
2Jëf - 2k 2 [N] + k 2P + jë[ 

where q i s a s in equation [39]. 
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In interpreting experimental data in terms of equations 
[37], [38], or [40], the data obtained at low pressures must 
be weighted more heavily than those at high pressures. For 

example, in plots of P/(N] versus P2, the limiting slopes 
as p --> o would be àerived rather than slopes of best fit. 
(This is equivalent to an extrapolation to zero atom concen­
tration.) The reasons are the following: (i) equations 
[33] to E4o] actually presume a number of conditions res­
pecting diffusion, the pressure gradient in the decay tube, 
etc., such that the equations are more valid at low pressures 
(see Appendix A). (ii) Equation [40] is inherently valid 
only at low pressures.- (iii) If excited molecules are 
present, there is a possibility that their reactivity will 
be superimposed on that of the atoms; however if they are 

formed only by homogeneous atom decay, their concentration 
necessarily falls off rapidly as the pressure is decreased. 

Though equations [37], [38], and [40] canin general 
be applied to studies in which any one of [N]

0
, time, or 

pressure is varied, pressure variation alone is used in the 
present work. However, in this case, it is necessary that 
the initial dissociation be complete, i.e. (N]

0 
= P, since 

otherwise [N]
0 

becomes an unknown function of P. While this 
necessitates great energy expenditure~, it has the advantage 
that a precise control of the flashrate is not necessary. 
Moreover, it allows the different orders of surface decay to 
be unambiguously distinguished simply by cornparing the low 
pressure asymptote of a graph of [N] / versus P with the Jlffi s • 
line corresponding to the maximum possible N atom flowrate, 

i.e. 2(N2 ] 
1
. versus P. The as~nptote would coincide with pm s. 

this line if the surface decay were second-order, but would 
have a much reduced slope (Pe-klt) if it were first-order. 

These relations hold irrespectively of the relative effi­
ciencies of N2 and N as third bodies. 
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DECAY EQUATIONS FOR EXCITED MOLECULES 

(a) Equation Applicable in ConJunction with the Apparatus 
or-series 1 to 11 

A decay equation for excited molecules applicable in 
conjunction with the apparatus of series 1 to 11 can be 
derived in a manner similar to thàt used for the atom decay 
equations. The modes of decay available for excited nitrogen 
molecules have been treated in detail in an earlier section 
where it was shown that the rate controlling steps to be 
expected were as follows: 

(i) radiative de ca~ (only for the A statei cf. 
equation [13])., k4 

N * 2 -> N2 + hv [41] 

where N2* is an unspecified excited molecule. 
(ii) surface deca~ (cf. equations [14] and [ 17 J), 

N * + surface 
k5 

N + surface [42] 2 -> 2 

(iii) homogeneous deca~ (cf. equations [15] and [16])., 
k .~ 

N * 2 + mi-1 ~> N2 + m!Vl [43] 

where M is a collision partner and m a number (>1) to take 
into account the possible necessity of multiple collisions 
to de-excite a vibrationally excited molecule. The value 
of m need not b~ integral. 

However., whereas N atoms are formed only in the dis­
charge process., excited molecules may be either primary 
discharge products or arise from homogeneous or surface 
atom decay. In the latter two cases an additional term will 

occur in the differentiai equation of decay corresponding to 

the rate controlling step involved in the formation of the 
excited molecules. For formation from homogeneous atom 

decay this step is 
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k /2 
N + N + M __g_> N2* + M [44] 

so that the differentiai equation of decay is 

d[N2*]/dt:: ~k2 [r1][N] 2 - (k4 + k5 + k6 [IVI]m)[N2*] [45] 

Sorne difficulty is encountered at this point since 
equation [45] is not capable of solution unless the atom 
concentration can be approximated by a simple exponential 
law of the form 

[N] = [N]oe-bt 

where b is an unspecified function of P. The approximation 
would be strictly valid only if N atoms decayed by first­
order modes alone, though is obviously good at low pressures 
when first-order modes will dominate. Substituting 
[N] = [N]

0
e-bt and making the simplification that N

2
, N2*, 

and N are equivalent collision partners, so that (M] becomes 
simply the total observed pressure P, equation [45] becomes 

d[N2*]/dt = ~k2P[N]~e-2bt - K[N2*] [46] 

where K = k
4 

+ k
5 

+ k
6
Pm. If [N2*] = o at t :: o, the 

integrated solution of equation [46] follows readily as 

.!k P[N] 2 

[N *] = 2 2 o (e-2bt _ e-kt) [ 471 2 K - ati. 

Equation [47] is most conveniently employed when 
[N]

0 
= P and bis expressed in terms of P/[N]: 

EN2*] 

.!k tP3 
2 2 

= 
[N]2/P2 _ 8 -kt 
Kt - 2lnP/(N] [48] 

Given [N] and [N2*], Kt and thence K may then be found by 

trial and errer methods, and the 1nd1v1dual decay constants 

(k4 + k5) and k6 finally derived by plotting K against such 
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a power of pressure as gives a linear relation. In such 

a plot the limiting slope as P --> o would be useà (1) for 
the reasons given in connection with equations [33] to [40) 1 

(11) since equations [46] to [48] are inherently valid only 
at low pressures, and (iii) to correct for the fact that 
when a reactant does not interfere with N atom decay, e.g. it 
allows the afterglow to persist unchanged, excited molecules 

would be produced by the homogeneous atom decay which con­
tinues in the reaction vessel. 

Decay equations in which the excited molecules are 

formed other than by homogeneous atom decay were not 
required in the present work. 

(b) Equations Applicable in Conjunction with the Apparatus 

or-series 12 
A decision between the various modes of formation 

possible for excited molecules is most readily made using 
an experimental arrangement in which minimum opportunity is 

provided for the atoms to undergo homogeneous decay either 
before reaching the reaction vessel or within it. In the 

present work this was accomplisheà by sealing a reaction 
vessel directly to the discharge tube near an electrode 
and then operating under conditions of complete dissociation. 
Tne metal surface of the electrode, of course, served to 
destroy most of the atoms and thereby minimize homogeneous 
decay in the reaction vessel. Three cases will be consitiered: 

(i) ~* formed ~ homogeneous atom decay. Provided no 
homogeneous atom àecay occurs in the discharge tube, [N2*] 
is given simply by 



[N *] 
2 

36 

where (N] is the atom concentration entering the reaction 
vessel.* It has been assumed (i) that the reactant does 
not interfere with atom decay, e~g. it allows the afterglow 
to persist unchanged, (11) that the decay of N2* ~rithin the 
reaction vessel can be neglected since it competes with 
reaction, and (iii) that a spherical reaction vessel 
followed by a narrow tube can be approximated by a cylinder 
of the same radius as the reaction vessel. Though this 
approxi.rnation makes k1 somewhat small, and [N2*] as given 
by equation [49] therefore some\ .. ~hat large. it eliminates 
complications due to k

1 
varying with distance.** 

(ii) ~~ f'ormed mL. surface a tom decay. vlhile an un­
predictable amount of destruction of N2* would accompany 
its formation by surface decay on an electrode, a lower 
lliait for [N2*] is clearly that formed by surface decay in 
~reaction vessel, i.e. 

[N2*] >> [N)/3 

Here it has been assumed (i) that the reactant does not 
interfere with atom decay and the decay of N2* can be 

[50] 

* Equation [49] can also be derived from equation [47] 
by letting K and [N] approach zero, and replacing [N] 
by [N] • · 0 

** Streamlined flow is assumed. ~lere the flow tur­
bulent, k1 would, of course, be a constant. 
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neglected (as before), (ii) that homogeneous atom decay in 
the reaction vessel can be-neglected (cf. calculation on 
page 52), and (iii) that for every two N atoms forming an 
N2 *, v-rhich then reacts, a third is consumed by reaction 
with fragments of the reactant. 'rhis is true at least in 
the reaction of active nitrogen with ammonia where the step 
NH2 + N -> N2 + 2H (cf. equations [24]) is believed to 
occur. 

The significance of destroying most of the atoms on an 
electrode can now be seen: when [N] << P, the amount of 
N2* predicted by equation [49] is much less than that pre­
dicted by equation [50]. 

(iii) ~!.. formed in the discharge process. If N2* were 
a primary-discharge product it would necessarily occur in 
large amounts when the reaction vessel was attached directly 
to the discharge tube. Therefore, in the event that low 
concentrations of N2* were observed in accordance with 
equation [49] 1 it would mean that primary formation could 
be eliminated as well as formation from surface atom decay. 

CATALYTIC RECOIVIBINATION 

Since catalytic recombination is a possible cause of 
low reactivity, it was necessary to derive equations which 
could be used to determine if particular cases of low 
reactivity encountered in the present work were in fact due 

to catalytic recombination and 1 if so, to calculate the rate 
constant of the catalytic recombination. It has been shown 

with regard to the reactions of N atoms that four combined 

schemes of reaction plus catalytic recombination are possible, 

so that there will be four cases to treat: 
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Scheme 1: direct reaction plus homogeneous catalytic 
recombination, 

k 
N+M~ NM 

-a 
k7 

NI'-1 -> nHCN + p{reactive fragments) [51] 

k 
N + NM __!L> N2 + M 

Though a detailed treatment of scheme 1 was made by Forst 
et ~. (42) a much simplified version as given in Appendix E 
will be sufficient for the present purposes. It is shown 

that the effective N atom concentration [N]e' i.e. the 
concentration leading to HCN formation from reactant M, is 

The distinction between n and p is best made by considering 
a specifie case. Suppose ethyl cyanide reacted with N 
atoms as follows: 

N·C2H5CN ---> 2HCN + CH3 (slow) 

N + CH3 -> HCN + 2H (rapid) 

Then n = 2, p = 1. Therefore n will differ from one only 
when M is a cyanide, while (1 + p) will be equal ~o the 
number of reactive carbon atoms in M.* (The quantity p was 
not used in the original treatment (42).) 

In practice, catalytic recombination by scheme 1 

would be identified simply by noting if the observed limits 

of the ratio [N]e/[N] were 

* The definitionsof {N] 1 n, and p would be suitably 
modified for types of direct f.eaction in which products 
other than HCN were for.med. 
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lim [N]e/[N) = 1 
[N]-)0 

lim [N]e/[N] = 0 
[N]-)oo 

The ratio k8jk7 could then be obtained by trial and error 
solution of equation [52] 1 and the rate constant for homo­

geneous catalytic recombination, i.e. k2 (M) = k8ka/k_a, 
found by multiplying k8/k7 by the rate constant for HCN 

production, i.e. k7kafk-a• k2 (M) gives the rate of atom 
destruction directly without a fgctor of two. 

Scheme 2: direct reaction plus surface catalytic 
recombination, 

N +M~ NM 

NM 
k7 
-> nHCN + p(reactive fragments) 

Nfvl + N-surface 
k9 
-> N2 + M + surface 

[53] 

Here n, p, and [N]e would have the same significance as in 
scheme 1. It will be noted that since the recombination 
step requires the migration of ~ short-lived species (the 
complex) to a surface, k9 may have a marked pressure depen­
dence besides the normal dependence on the nature of the 
surface. This is to be contrasted with the surface àecay 
of a long-lived species such as N atoms (see Appendix D). 
Scheme 2 will not be further considered except to note that 
since the reaction and recombinat ion steps have similar 

orders in respect of the complex, the ratio [NJe/{N] will be 
independent of [N], at least for similar poisons and surfaces 
(cf. Appendix E). 
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Scheme 3: energy transfer plus homogeneous catalytic 
recombination, 

N + N ~ NM 

N + Nr.l 
k~o 

N2 + IV!* --> 
[54] 

M* ----> p(reactive fragments) 

N + NM 
k8 
-> N2 + M 

Here the effective N atom concentration [N]e would be 
defined as that leading to destruction of r~, so would have 
a maximum value of [N]/(2 + p) in the absence of catalytic 
recombination, while the value of p would be so chosen that 
it corresponded to the additional N atoms lost by reaction 
with fragments of M. Scheme 3 will not be further considered 
except to note that for reasons similar to those given in 
connection with scheme 21 the ratio [N]e/(N] will be inde­
pendent of [N] thougn in this case for all pressures and 
poisons (cf. Appendix E). 

Scheme 4: energy transfer plus surface catalytic 
recombination, 

N+M~ NN 

k 
N + NM _!2_> N + M* 

2 

IV!* -> p(reactive fragments) 

kg 
NN + N-surface -> N2 + I·-i + surface 

[55] 

Here p and [N]e would have the same significance as in 

scheme 3 1 while k9 may be pressure dependent as in scheme 2. 

Scheme 4 will not be further considered except to note that 

it would be characterized by the following lunits for the 
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ratio [N]ej[N] (cf. Appendix E): 

and 

lim [ N J j [ N] = 0 
[N]-)0 e 

lim (N] j[N] = 1/(2 + p) 
[N ]-)OO e _ 

To determine the relative effect of temperature on the 

rates of catalycic recombination and reaction, it is neces­
sary to express the rate constants k 7 to k10 as functions 
of temperature, using absolute rate theory involving the 

appropriate partition functions: 

Constant Activation energy Temperature Source 

k8 

-1 dependence 
kcal.mole 

k7 2 to 7 * Te-E7/RT (63) 

or k10 ,..., (; T-1/2 (63) 

k /"J1 ** 
-3/2 -Es/RT (24) 

9 
T e 

The temperature effects then follow a s : 
k8/k7 and k9/k7 --> o as temperature increases 
k8/k10 indepenâent of temperature 
k

9
jk10 approximately independent of temperature. 

Thus while catalytic recombination by schemes 1 and 2 would 
be eliminated at e levated temperatures (cf. 42 , Table I), 

that by schemes 3 and 4 would persist. It should be pointed 

out that schemes 3 and 4 might appear to have a temperature 

effect by virtue of the additional process NM - > (products) 

setting in at elevated temperatures. 

* 
** 

Reference (45). 
From Table XI of the present work. 
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RESULTS 

A: DECAY OF N A TONS 

In order that the choice of the experiments described 
in the sections to follow will be better understood, a 
brief statement of the method may be made: the N atom 
concentration reaching the reaction vessel after a period 
of decay in the decay tube was measured as a function of 

pressure by HCN production from ethylene and ethane under 
conditions of cleanup, and using sufficient energy expen­
ditures to bring about complete initial dissociation. 

CONDITIONS OF CLEANUP 

A cleanup of N atoms was stated in an earlier section 
to be achieved only at high reactant flowrates and above a 
certain temperature.* For the reactants used in the present 
work the minimum temperatures were readily obtained from 

published data (37, 43): about 300°C. for ethylene and 
ethane, and room tempera ture for a.nunonia. Clea.nup tempera­
tures were used in all experiments except those of the 
first three series and severa.l of series 7. 

Since minimum flowrates, on the other hand, depend on 
the a.tom concentration, on the reaction temperature, and on 
f actors peculiar to each apparatus, the r esults of past 

* It shoula be emphasized, however, that the obser­
vation of a flowra.te plateau at a single temperature is not 
sufficient reason to assillae cleanup, since such a plateau 
can occur in the presence of any amount of cat alyt ic recom­
bination. 
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work could not be used. It was therefore necessary to 
determine,at a series of atom concentration~the minimum 
flowrate applicable with each reactant and reaction tempera­
ture. The data obtained in connection with these prelimi­
nary experiments will not be given, though it will be 
understood that in all experliaents to be described plateau 
flowrates of reactant were used. 

EXTENT OF INITIAL DISSOCIATION 

The first four series of experiments were designed to 

determine if complete initial dissociation, i.e. [N]
0 

= P1 

could be brought about without excessive energy expenditures. 

In series 1 the amount of HCN formeà from ethylene at o.so 
mm. pressure and a capacitance of 4 J-lfd. was determined as 

a function of primary voltage and thence tlashrate. The 
104 cc. decay tube was used and both the decay tube and 

reaction vessel were unheated. Discharge was observed to 
start at 35 volts, while the HCN production remained 

constant from 45 to 70 volts (Table III, Fig. 3). 

In series 2 the 26 cc. decay tube was used in order 
that the time of decay would be shortened and the data 
therefore indicate more directly the variation of [N] • 

0 
However a cleanup of N atoms was difficult to achieve, so 
that the destruction of ammonia (ANH3 ), which will be 
shown in a later section to be due to ·excited molecules 

formeà in small amounts from the atoms, was measured instead. 
The decay tube and reaction vessel were both unheated. The 

results, obtained as a function of pressure, primary voltage, 

and capacitance are given in Table IV and Fig. 4. It is seen 

that, as the pressure was increased, the arr@onia destruction 

at each prlinary voltage and capacitance at first followed a 
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TABLE III 

Series 1. HCN production from ethylene as a function of 

primary voltage. 

============================================================· 
Exp. 

33 

34 

30 

35 

31 

32 

Decay tube: 104 cc. 

Pressure: o.ao mm. 

Primary voltage 

35 

38 

45 

53 

60 

70 

HCN 

JZfi/s. 

0 

1.77 

6.10 

5.96 

6.27 

6.30 
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Figure 3 

Series 1. HCN production from ethylene 

as a function of primary voltage. 
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TABLE IV 

Series 2. Ammonia destruction as a function of pressure, 

primary voltage, and capacitance. 

============================= ============================== 
Exp. Pressure Exp. 

mm. 

Primary voltage: 45ï Capacitance: 4~fd. 

442 
449 
450 

0.79 
~.os 

1.19 

1.52 
2.81 
3.~3 

443 
444 
447 

Prima:ry voltage: 65; Capacitance: 4p.fd. 

437 
437A 
39~ 
31~ 

318 
3~6 

0.27 
0.61 
0.93 
1.31 
1.42 
1.51 

0.26 
0.67 
1.99 
4.20 
3.99 
4.16 

317 
439 
440 
441 
446 

Primary voltage: 75; Capacitance: 4rfd. 

328 
327 
319 
326 
310 
325 
320 
313 
324 
312 
307 
330 
315 
308 

1.07 
1.28 
1.42 
1.47 
1.60 
1.62 
1.64 
1. 7 5 
1.77 
1.83 
1.95 
2.18 
2.18 
2.20 

Decay tube: 26 cc. 

3.31 
4.02 
4.32 
4.40 
4.00 
4.81 
4. 71 
4.58 
4.99 
4.95 
5.00 
5.33 
5.32 
5.46 

323 
335 
338 
306 
352 
336 
389 
~37 
333 
452 
451 
453 
448 

Pressure 

mm. 

~.22 
~.29 
1.28 

1.58 
1.93 
2.21 
2.45 
2.55 

2.22 
2.22 
2.22 
2.26 
2.26 
2.26 
2.32 
2.41 
2.50 
3.08 
3.09 
3.24 
3.50 

1.67 
~.90 

0 

3.95 
4.63 
4.03 
4.00 
0 

5.15 
5.21 
5.62 
5.45 
4.81 
5 .32 
4.94 
5.64 
5.33 
5.38 
5.42 
5.11 
0 
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TABLE IV (cont.) 

====·==•====================· ·================~============ 
Exp. Pressure b.NH~ 

,j 
Exp. Pressure ANH 3 

nun. pm/s. nun. pm/s. 

Primary voltage: 85; Capacitance: 2 p.fd. 

390 0.92 2.24 339 2.28 6.~0 

349 1.51 4.67 397 2.29 6.62 
348 ~.70 5.2~ 342 2.47 6.67 
351 ~.81 5.92 34~ 2.49 6.58 
346 ~.90 5.89 458 2.75 7.98 
347 2.01 5.89 457 3.~~ 7.66 
393 2.09 5.99 454 3.60 6.3~ 
343 2.20 6.11 456 4.09 5.52 
33~ 2.23 6.55 455 4.25 0 
345 2.25 6.59 

Primary voltage: ~00; Capacitance: 2 f.lfd. 

394 2.~0 6.~3 402 3.0~ 8.36 
398 2.39 6.88 459 4.08 11.32 

Primary voltage: ~~0; Capacitance ~ p.fd. 

434 1.5~ 4.43 429 2.77 8.08 
432 ~.8~ 5.73 4~8 2.87 7.74 
433 ~.94 5.75 425 3.64 10.37 
435 2.08 6.44 420 3.68 ~0.47 
43~ 2.~7 6.46 424 3.70 ~0.85 

430 2.48 7.09 436 4.59 ~1.9~ 
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Figure 4 

Series 2. ~monia destruction as a function 
of pressure, primary voltage, and capacitance. 
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common curve, but finally dropped below as the flashrate 
decreased to zero. No energy expenditure would bring the 
reactivity above this common curve. 

In series 3 a more precise energy variation study was 
conducted at 1.4 mm. pressure with the flashrate electro­
nically controlled.* The 281 cc. decay tube was used ~nd 
bath the decay tube and reaction vessel were unheated. The 
exact amount of energy expended in terms of CV2f, where 
C is the capacitance, V the primary voltage, and f the 
flashrate, could thus be determined. The results are given 
in Table V and Fig. 5. As in series 1 and 2, the reacti­
vities of ethylene and ammonia were readily made independent 
of energy expenditure, and it will be noted that the values 
then corresponded to those at 1.4 mm. pressure obtained in 
series 8 (Fig. 14) and series 9 (Fig. 15). (The conditions 
in series 8 and 9·corresponded closely to those in series 3.) 

The observation in the preceding series that reac­
tivities could be made independent of energy expenditure 
indicates, of course, either that the desired condition of 
complete initial dissociation was in fact achieved, or else 
that an equilibrium condition of partial dissociation 
occurred. Accordingly, in series 4 a Wrede gauge made of 
sintered glass*·lt was a ttached to the dis charge tube as 
indicated in Fig. 1 (K), and then connected to a differentiai 

* A General Electric FG105 thyratron was incorporated 
into the high voltage circuit. A 90 volt dry-cell was 
sufficient to keep it non-conducting, so that the flashrate 
could be controlled by sborting out the dry-cell with a 
variable speed, motor-driven, rotary spark gap. 

** A Fisher filter stick (catalog number 20-674) of 
fine porosity was used. 
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TABLE V 

Series 3. HCN production from ethylene and arrunonia 

destruction as functions of CV2f 

============================================================= 
Exp. c R * f V' ** v ** CV2f HCN ·or 

MiH 
-l 3 

)-lfd. ohms sec. volts volts ""power pm/s. 

HCN production 

.. 529 l 5000 21.9 75 73.1 .ll5 2.63 
530 2 2500 21.8 75 73.1 .233 3.25 
532 4 1000 21.8 60 58.5 .299 3.23 
535 2 6500 22.0 ll5 86.6 .330 3.37 
531 2 2500 21.8 90 87.7 .336 3.52 
536 2 2500 29.6 85 79.4 .373 3.74 
528 4 1250 21.8 75 73.1 .466 3.67 
533 4 1250 21.8 75 73.1 .466 3.81 
538 2 2500 29.8 lOO 93.2 .518 3.73 
534 4 1250 2l.9 85 82.9 .600 4.03 

Ammonia destruction (~NH3 ) 

543 l 5000 22.1 65 63.3 .088 0.39 
542 l 5000 29.7 75 69.9 .145 0.38 
544 2 2500 22.4 75 72.9 .238 0.51 
539 2 2500 29.5 85 79.3 .371 0.81 
541 4 1250 29.4 75 70.1 .578 0.81 
545 4 1250 22.3 85 82.6 .608 0.99 
540 4 1250 29.8 85 79.2 .747 0.61 
547 4 1250 29.7 90 83.9 .836 0.72 

Decay tube: 281 cc. 

Pressure: 1.4 rrun. 

* R is the resistance in the high voltage circuit. 
** V' is the variac setting, whereas V is the 

"effective" primary voltage taking into account the rate of 
charge of the condensera, i.e. V= V'(l- exp(-t/RC)). In 
calculating v, t = o.8 x l/2 x l/f was used, where 0.8 is 
the fraction of a rotation during which the spark gap was 
open and l/2 takes into account the half-wave nature of the 
rectified high voltage current. 
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Figure 5 

Series 3. HCN production from ethylene and 
ammonia destruction as functions of cv2r. 
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manometer consisting of a nearly horizontal U-tube filled 
with diffusion pump oil. The manometer was calibrated 
against a McLeod gauge. However, sorne difficulty was 
encountered using the Wrede gauge since each reading 
required at least 20 minutes before the manometer was 
steady. The result was that as successive readings were 
made at the high energy expenditures used, the discharge 

tube became contaminated with material from the electrodes 
and the poison was thereby made less efficient (Table VI A). 
(A similar effect has been observed by Linnett and Marsden 

(25).) In an attempt to counteract this contamination, 
ethane was therefore injected into the nitrogen stream at a 
point prior to the discharge tube for a few seconds at the 

beginning of several experiments. The polymerie material 
which would be laid down on the walls of the discharge tube 
was expected to restore the apparatus to a condition more 
nearly like that during normal experiments, and greatly 

increased [N]/P values were in fact observed (Table VI B). 

In interpreting the gauge measurements, it must be 
borne in mind that they represent the average atom concen­
trations in the discharge tube, not those at the instant of 
discharge. The observed [N]/P val ues should therefore be 
compared with the maximum average values obtainable at t he 
flashrates used, i.e. with 

t 
[N]/P = 1/t { ([N]/P)dt 

0 

* The two leads to the manometer were passed through a 
liquid air trap to prevent volatile substances, which were 
found to be present in the dif fusion pump oil, from 
creat1ng false pressure differences. 
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TABLE VI 

Series 4. Wrede gauge measurements. 

============================================================= 

A: 

B: 

Exp. Pressure Flashrate Capaci- b.P * [N]/P ** 
tance 

mm. sec. -1 
pfd. mm. 

Without ethane. 

881 1.65 40 4 .220 .46 
882 1.65 20 4 .170 .55 
882A 1.65 40 4 .220 .40 
885 1.65 29 4 .185 .59 
884 1.65 22 4 .115 .50 
885 1.50 16 4 .010 .18 
886 1.50 60 4 .160 .42 
887 1.50 50 4 .095 .25 
888 1.50 50 4 .080 .21 
889 1.50 60 2 .085 .22 
890 1.30 50 4 .065 .17 
891 1.50 60 2 .075 .20 
892 1.50 50 4 .065 .17 
895 1.50 60 2 .010 .18 
894 1.50 50 4 .065 .17 
895 1.50 20 4 .050 .15 
896 1.30 50 2 .050 .15 
896A 1.50 60 2 .010 .18 
897 2.55 50 2 .lOO .15 
897A 2.55 60 2 . 280 .36 

Ethane admitted prior to experiments 898-900, 906, 907. 

898 1.37 50 4 .215 .54 
899 1.37 20 4 .255 .59 
899A 1.57 60 2 .225 .57 
900 1.37 60 2 .230 .58 
900A 1.57 60 2 .245 . 62 
901 2.60 60 2 .590 .51 
902 2.60 60 2 .590 .51 
905 1.57 60 2 .205 .50 
904 1.37 60 2 .215 .52 
905 2.60 60 2 .560 .47 
906 2.60 60 2 . 550 .46 
907 2.60 60 2 .295 .39 

* Pressure difference across differential manometer. 
** [N]/P = ~P/(1 - 0.5/2)P = ÂP/0.293P (64) 
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where [N]/P bas been expressed in terms of equation [37]. 
Substituting in equation [56] the value P = 1.4 and values 
of the decay constants at 400°C. as given in Table XI, 

namely k2 = 1.77 and k1 = 17.2 1 the following values are 
obtained: 

time 
= 1/flashrate 

[N]/P 

sec. 

1/60 0.83 

1/30 0.73 

1/20 0.64 

1/10 0.44 

1/60 * 0.71 

1/30 * 0.58 

It is seen tha~while the [N]/P values calculated for high 
flashrates and for nonnal values of k1 are slightly in 
excess of the gauge measurements, the effect of a moderate 

increase in the surface decay constant k1 , such as would 
result if the discharge tube were contaminated from the 
electrodes, is sufficient to make the values agree quite 
closely. Complete initial dissociation therefore appears 
to have been achieved 1 a conclusion in agreement with the 
work of Armstrong and Winkler (44).** 

* With k doubled. 
** Compl~te initial dissociation has also been 

obtained in H atom studies (e.g. 46) so that it should be 
possible to apply the present methoc to H atom decay. A 
suitable reaction for measuring atom concentrations might 
be that between H atoms and HBr (65 ). 
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The [N]/P values given above are of inciàental interest 
in that they indicated the upper limits of active nitrogen 
concentration that can be obtained at a given flashrate by 
shortening the decay tube or increasing the flowrate. 

With the information obtained in series 1 to 3, the 
minimum energy expenditures which will bring about complete 
initial dissociation at a given pressure could in principle 
be determined. However a general statement of conditions 
which give adequate, but otherwise unspecified, energy 
expenditures will be sufficient for the present purposes: 

Pressure 
mm. 

o to 1.1 

1.7 to 4 

Resistance 
ohms 

1250 
1250 

Capacitance 
p.fd. 

4 

2 

Flashrate 
-1 sec. 

2_ 30 
- 60 

The desired flashrate is obtained, of course, by adjusting 
the primary voltage, i.e. the variac setting. All subse­
quent experiments will be understood to be conducted under 
these conditions. 

ETHYLENE AND ETHANE AT ELEVATED TEMPERATURES 

The actual stuày of the decay of active nitrogen, 
using reactions which probably involve only N atoms, was now 
undertaken. With the furnace on the reaction vessel set for 

about 350°C.* and the decay tube (281 cc.) either unheated 

* When the decay tube was at 400°C. it was not neces­
sary to heat the reaction vessel to achieve maximum reactivity 
with ethylene (cf. series 7). This was not true, however, 
with ethane (cf. series lo). 
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(average temperature = 55°C.; series 5) or at 400°C. 
(series 6), the HCN production from ethylene and ethane 

was determined as a function of pressure. The results are 
given in Tables VII and VIII, and Fig. 6. The maximum 
possible N atom flowrates, obtained from the observed 
relation between nitrogen flowrate and pressure (Fig. 2) by 
doubling the flowrate values to take àissociation into ~ 

account, are also indicated in Fig. 6. The experimental 
values for the two series were obtained in random arder so 

that any differences would be real and not due to permanent 
changes in the glass or poison. In sorne of the experiments 

of series 6 the poison on the reaction vessel alone was 
changeà to KCl. The fact that the low pressure asymptotes 

of the curves for HCN production lead to a pressure slightly 
greater than zero (0.15 mm.) probably has no great signifi­

cance since a sin1ilar property was observed in the relation 
between nitrogen flowrate and pressure (Fig. 2). 

The main conclusions to be drawn from Fig. 6 are the 
following: 

(i) Since the amounts of HCN formed from ethylene and 
ethane coincided at all pressures investigated, a complete 
cleanup of N atoms rather than fortuitously similar 
reactiv1t1es without cleanup is proven. 

(ii) Since the use of KCl on the reaction vessel had 

no effect on the results, surface effects may be assumed 
absent unless KCl and Na2HP04 happen to have equivalent 
poisoning qualities. However there is reason to believe 

(page 66) that KCl is a much better poison than Na2HP04 • 

The absence of surface effects further confirnts that cleanup 
was achieved . 

(iii) Heating the decay tube greatly increased the 

number of~N atoms which reached the reaction vessel, though, 

since the decay constants will be shawn to increase with 
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TABLE VII 

Series 5. HCN production from ethylene and ethane as a 

function of pressure with the decay tube unheated but the 

reaction vessel at about 350°C. 

============================================================ 
Exp. Rea etant* Pressure 

rrun • 

1035 2 0.32 
1025 1 0.57 
1027 1 0.65 
1029 1 0.72 
1030 2 0.73 

684 1 0.80 
1028 1 1.00 
1026 1 1.35 
1031 2 1.62 
1023 1 1.62 
1024 1 1.62 

606 1 1.72 
1036 2 2.18 
1036 1 2.29 
1039 1 2.29 
1042 1 2.80 
1041 1 2.81 

685 1 2.93 
1033 2 2.98 
1034 2 2.98 
1040 1 3.67 
1043 1 3.72 
1032 2 3.78 

Decay tube: 281 cc. 

* 1 = ethylene. 2 = ethane. 

HCN 

p.m/s. 

1.29 
2.67 
3.26 
4.03 
3.96 
5.19 
5.77 
7.12 
8.11 
7.41 
8.50 
8.19 
9.50 
8.81 
9.55 

10.5 
11.0 
11.5 
11.0 
11.0 
12.2 
12.6 
11.3 
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TABLE VIII 

Series 6. HCN production from ethylene and ethane as a 

function of pressure with the decay tube at 400°C. 

============================================================ 
Exp. 

1044 

638 

1046 

1045 

1022 

762 

648 

754 

654 

637 

759 

758 

1020 

775 

636 

773 

774 

746 

786 

Reactant* Temperature of Pressure 
reaction vessel** 

mm. 

1 2 0,30 

1 1 0.33 

2 2 0.50 

1 2 0,53 

1 2 0,57 

1 1 0,61 

1 2 0.78 

1 2 0,87 

2 2 0.93 

1 l 0 .. 94 

1 1 1.27 

1 2 1,27 

1 2 1.39 

1 1 1.39 

l l l.,4l 

1 1 1.41 

1 1 1.41 

1 2 1.42 

1 1 1.50 

HCN 

pm/s. 

1.24 

2.28 

4.75 

4,64 

4,45 

7.29 

8,98 

11.2 

11.7 

10.8 

15,1 

15,2 

13,5 

15,1 

l5,7 

14 .o . 
14.2 

17.1 

14,2 

In experiments r.umbered between 746 and 786 the poison on 

the reaction vessel was KCl. 

Decay tube : 281 cc. 

* 1 = ethylene. 2 = ethane. 
** 1 = unheated. 2 =about 350°C. 
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TABLE IDl.(cont.) 

==============~===:========================================= 

Exp. 

667 

652 

653 

681 

680 

678 

658 

1047 

1051 

761 

760 

649 

672 

669 

675 

763 

674 

655 

1050 

1049 

670 

671 

677 

676 

Reactant* Temperature of Pressure 
reaction vessel** 

mm. 

1 1 1.55 

2 2 1.57 

2 2 1.58 

1 2 1.58 

1 2 1.58 

1 2 1.58 

2 2 1.64 

2 2 2.51 

2 2 2.55 

1 1 2.60 

1 1 2.60 

1 2 2.96 

1 1 2.98 

1 1 2.98 

1 2 3.00 

1 2 3.01 

1 2 3.02 

2 2 3.09 

2 2 3.37 

2 2 3.41 

1 1 3.94 

1 1 3.91 

1 2 3.97 

1 2 3.97 

* 1 = ethylene. 2 = ethane. 
** 1 = unheated. 2 =about 35ooc. 

pm/s. 

17.5 

18.7 

16.5 

16.0 

15.8 

15.6 

15.6 

21.3 

20.8 

23.2 

22.0 

23.5 

24.1 

23.3 

23.7 

25.5 

24.8 

25.6 

27.7 

27.2 

26.4 

28.5 

27.9 

28.3 
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Figure 6 

Series 5 and 6. HCN production from ethylene and 
ethane as a function of pressure at elevated temperatures. 

Decay tube at 55°C, 
0 Ethylene 

• Ethane 
Decay tube at 4oo0 c. 

0 Ethylene 
e Ethane 
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temperature, this effect must be due solely to a decreased 

time of decay. 
(iv) The forms of the curves for HCN production are at 

least superficially consistent with the decay equations. 

In particular, since the low pressure asymptotes do not 
coincide with the line giving the maximum atom concentration, 
the surface decay is shown to be first order·ana the 
relevant decay equations are therefore [37] and [40]. 

(v) The curves for HCN production diverge only slightly 
from their low pressure asymptotes up to 2 mm. pressure. 
Surface decay is therefore more important than homogeneous 
decay in this pressure region, at least with the poison 
used. (With a more efficient poison the relationship might 
have been quite different.) 

To supplement the data of series 5 and 6, the HCN 
production from ethylene was also determined with the decay 
tube (281 cc.) at temperat ures between 55°C. and 400°C. 
The pressure was maintained cons tant at 1.4 mm~and the 
reaction vessel was sometimes unheated and sometimes at 
about 350°C. The results, including mean values from series 
5 (Fig. 6), 6 (Fig. 6), and 8 (Fig. 14), are given in Table 
IX and Fig . 7. (The conditions in series 8 were similar 
to those in series 5 except that the reaction vessel was 
unheated.) It is seen that at the lower decay tube tempera­
turesthe ethylene reactivity is markedly influenced by the 
reac t ion vessel temperature . 

The most obvious conclusion to be drawn from Fig. 7 
is that~at decay tube temperatures above 2oo0 c.,sufficient 
heat is carried down to the reaction vessel to bring the 

ethylene reactivi t y to its maximum val ue. The observation 
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TABLE IX 

Series 7. HCN production from ethylene as a function of the 

temperature of the decay tube. 

========================================================:=== 
Exp. Temperature of Temperature 

reaction vessel* of decay tube 

** 
** 

783 

784 

779 

778 

785 

781 

780 

777 

776 

774 

786 

773 

775 

** 

Decay tube: 281. cc. 

Pressure: 1..4 -mm .• 

0 c .. 

1 55 

2 55 

1 70 

1 120 

1 120 

1 130 

1 145 

1 180 

2 1.80 

1 260 

1. 290 

1. 380 

1 380 

1. 390 

1. 390 

2 400 

* 1 = unheated. 2 =about 350°C. 

HCN 

J.llllfs. 

3.9 

7.3 

4.27 

5.57 

5.53 

6.18 

7.05 

8.94 

9.19 

11.6 

1.2.2 

1.4.2 

14.2 

14.0 

15.1 

15.1 

** Mean values from series 5 (Fig. 6), 6 (Fig. 6), and 
8 (Fig. 14). 
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Figure 7 

Series 7. HCN production from ethylene as a 
function of the temperature of the decay tube. 

Reaction vessel unheated 

0 Present 
0 From series 8 

Reaction vessel at 350°C. 

• Present 

• From series 5 

• From series 6 
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tna~ in series 6 the ethylene reactivity was not influenced 
by the reaction vessel temperature, whereas a very pronounced 
temperature effect was indicated between series 5 and 8. 

(Fig. 14), was therefore quantitatively reasonable. 
Consiàering the upper curve alone in Fig. 11 it is also 
evident that the effect of temperature on decay varies 
continuously without maxima over the range studied. All 
conclusions on N atom decay may therefore be generalized 
over this range. Such a generalization woulà not otherwise 
follow, since, as seen in the H atom study of Smith (53) and 
in several instances cited by Shuler and Laidler (24, ~ 

page 1215), the surface recombination coefficient may 
rnaximize under certain conditions. 

CALCUIATION OF DECAY CONSTANTS AND RELATED QUANTITIES 

As a first step in fitting the data of series 5 and 6 

to the relevant decay equa~ions [37] and (40], i~ was 
necessary to convert the observed HCN flowrates into partial 
pressures. This was àone by means of the empirical relation 
between nitrogen flowrate and pressure (i.e. equation [29]), 

with a suitable correction for the fact that dissociation -
brings about an increased flowrate rather than an incre~sed 
pressure wi~h the apparatus used . These r e lations are 
discus·sed in Appendix B and lead to the following equation: 

[N] ~ 
mm. 

[N]gm/s.(P [N]~n/s./ll8~ 

59.0(P 0.15) 
[1'3· J 

Values of P/[N] calculat ed from the data of series 5 and 6 
by means of equation [73] are included in Table X. 
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TABLE X 

Data used for the calculation of N atom decay constants. 

====•====•==============m~===============================•== 

·Pressure [N] :: · HCN* Conversion P/[N] J. 

factor lnP/[N] - k1t 

mm. Jlllll s • . pm/s ·<-> mm. 

Temperature of decay tube: 55°C. 

0.5 2.3 .0233 9.32 .24. 

1.0 5.4 .0140 9.74 11.6 

1.5 7. 7 .0180 10.4 5.26 

2.0 9.3 .0176 12.2 3.22 

2.5 10.3 .0174 13.95 2.25 

3.0 11.0 .0173 15.75 1.76 

3.5 11.6 .0172 17.55 1.48 

4.0 12.2 .0172 19.1 1.32 

Temperature of decay tube: 400°C. 

0.5 4.6 .0223 4.87 23. 

1.0 11.6 .0180 4.79 37. 

1.5 16.0 .0171 5.48 6.21 

2.0 19.4 .0168 6.14 3.64 

2.5 22.2 .0167 6.73 2.72 

3.0 24.4 .0166 7.40 2.17 

3.5 26.4 .0166 7.97 1.87 

4.0 28.0 .0166 8.59 1.64 

* Mean values from series 5 and 6 (Fig. 6). 
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To obtain k11 the lower limita of k21 and certain 
related quantitiee1 plots of P/[N] versus P2 in accordance 
with equation [57] were now made (Fige. 8 and 9). From the 

klt 
intercepta of the limiting slopes as P --> o *,~i.e. e 1 

the quantity k 1t was obtained1 with k 1 following from equation 
[77] 1 i.e. 

• 

(The derivation of equation [77] is given in Appendix C.) The 
lower limita of k 2 could then be obtained from the limiting 
slopes themselves1 i.e. 

d(P/[N]) 
dP2 

[57] 

and values for the collision efficiency ()V) 1 the activation 
energy of surface decay (E) 1 and the number per cm.2 of 
surface species (Cs) from equations [12] 1 [11] 1 and [10] 1 
respectively. 

Finally1 to obtain the upper limita of k 21 plots of 
1/(lnP/[N] - k1t) versus 1/P2 in accordance with equation 
[40] were made (Fig. 10). (Values of 1/(lnP/[N]- k1t) were 
included in Table X.) The upper limita of k

2
·followed-from 

the slopes or the lines Joining the point (0 1 l/2) with high 
l/P2 values, i.e. 

d(1/(lnP/[N] - k1t)) • 2k
1
/k

2 d(l/P2) 
-

• [58] 

The values for the decay constants and related quantities are 
given in Table XI. 

* It will be recalled (page 52) that the decay equations 
were more nearly valid at low pressures1 so that limiting 
slopee as P --> o are to be preferred to slopes of best fit. 
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Figure 8 

Analysis of the data of series 5 in accordance 
with equation [37]. 
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Figure 9 

Analysis of the data of series 6 in accordance 

with equation [37]. 
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Figure 10 

Analysis of the data of series 5 and 6 in 
accordance with equation [40]. 
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TABLE XI 

The N atom decay constants and related quant1t1es. 

===============-============================================ 
•;,j,uantity 

k1t 2.19 1.54 

k1 11.1 sec. -1 17.2 sec. -1 

}' 2.65X10-4 2.8ôX10-4 

k2 (lower limit)** 1.15 A 1.77 A 

1.32Xlo-33 B 8.6X10-33 B 

k2 (upper limit)** 2.04 A 2.73 A 

2.35x1o-33 B 13.2X10-53 B 

E 1.02 kcal.mole -1 

cs 1.90X1014 cm. -2 

y+ 0.45X10-4 

-y++ 2.7X10-S - / 

* -2 -1 2 -2 -1 A = ~~. sec. • B = cc. molecule sec. 
** zalues for k ,obtained from those at ss0 c by 2 using 298 K. in the fâctor to convert mm.-2 to cc.~molecule- ~ 

are as follows: > 1.o9xlo-35 , < 1.94xlo-35. 
+ For HPO as calculated from the data of Back (58). 
++ For HPÔ3 as calculated from the data of Rayleigb (16). 
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To evaluate exactly the relative importance or homo­
geneous and surface decay under the prevailing conditions, 
the following relation can be used: 

(mean ratio of homogeneous to surface decay) 

[59] 

(cf. equation [49].) Using k1 = 11.1 and k2 = 1.15 this 
expression yields 0;057 at l mm. and o.s3 at 4 mm. The 
previous conclusion is therefore confirmed that homogeneous 
decay is of secondary importance below about 2 mm. pressure. 

SURFACE DECAY CONSTANTS FOR HP03 

The method used in this study can be extended to inves­
tigate the surface decay of N atoms on poisons other than 
Na2HP04 proviùed only that the poison aoes not interfere 
with the reaction used to measure the atom concentration, 
and that the discharge tube be poisoned, separately if 
necessary, with something which does not react with active 
nitrogen when heated (e.g. not KCl: page 25). 

An important poison on which to obtain information 
woulà be the one used in the majority of active nitrogen 
studies, namely HP03 • While this poison was not used at all 
in the present work (except incidentally in series ll), 

tentative estimates of the collision efficiency (y) for 
N atoms can be obtained from measurements of afterglow 
intensity (I) by Rayleigh (16) and Back (58). 
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In both cases titue, rather than pressure, was varied, 

::;o that a decay law in different.ial forr~t must be u::;ea. 

Noting that I ~[N] 2 , the derivation of the relevant law is 

as follows. F'or atorns decaying by surface anu hotnogeneous 

aecay (cf. equations [33] and [34]), 

Hence, 

d ln [ N ] j at = -k 
1 

- k 
2 

[ N ] [ M ] 

= 1/2 dlnijdt 

or, taking t;he lilTiiting slope as [N] --> o, 

litli d.lnijd.t = 
I--)0 

- 2K 
1 

(a) Data of Rayleigh (16, Table I). 

[60] 

[61] 

Since Rayleigh gave the afterglow intensity in units 

of n, where I ~ 2n, it was necessary to rewrite equation [61] 

in the form 

lim dnjdt = - 2k
1
/ln2 

n-->O 
[62] 

A plot of n versus t is given in Fi~. 11, the limiting 
slope of wnich is 5.39x1v-4sec.-1 The value for y was 

obtained by means of equation [8] witn appropriate substi­

tution for S/V (Rayleigh's systeM was a sphere of radius 

14.5 cm.): 

= 2. 7X10-d [63] 
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Figure 11 

Data of Rayleigh. Afterglow intensity as a fWlction of tirne. 
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The validity of ~his calculation will depend on the size of 

the te:.."'m neglected in equation [o2], i.e. -2k2 [N][M]/ln2. 

Asswning 0.01 °/0 dissociation (Berkowitz et al. (2) estirnated 

the initial dissociation to be 1 6/o) and a pressure of 0.02 
mm. (Rayleigh mentions 0.013 and 0;035 nun. in various 
sections of reference (16», arid using for k2 the value 
1.15 mm.-2sec.-1 obtainea-in the present work (Table XI), 
this term amounts to 1.3xlo-7 • Such a value is mllch less 

than the limiting slope. 

( b) Da ta of Back (58, 'l'able VI). 
Back gave tne afterglow intensity in proportional 

units and time in "distance along tne decay tube"(x). 

Hence equation [61j can be rewritten 

lim èHnijè)x • ôxj?Jt = 
I-)0 

-2k 
1 

[64] 

where ôxjàt is the linear flowrate, 64.7 cm. sec.-1 (evalu­

ated from the volume flowrate, 1830 cc.sec.-1 , and the radius 

of the decay tube, 3 .cm.) • A plot of lni versus x is gi ven 
in Fig. 12, the limiting-slope of which is 0.0333 cm.-1 'l'he 

-4 value for}" foilows from equation (12]: 0.48X10 • 

(c) Data of Back (58, Table VII). 
Her~ the radius or the decay tube was 1.2 cm., so that 

àxjôt = 405 cm.sec.-1 A plot of lni versus x is given in 
Fig. 13, the lirniting slope of which is 0.0117 cm.-1 Hence, 

-4 y = 0 .42X10 • 'rhe average value of r based on Back 1 s data, 
0.45x1o-4, is thus about l/6 the value obtained in the 

present work for an Na2HP04 surface. 

Since Back obtained approximate values of the atom 

concentration by measuring the HCN production from ethylene, 

though using an unheated reaction vessel, the term neglected 

in equation [64], i.e. -2k2 [N][IV1], can be evaluated. with 
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Figure 12 

Data of Back (wide decay tube). 
Afterglow intensity as a function of distance. 



• 
• 

• 
• 

• 

~ 

• 

0 . 

• 
• 

~ 

~ 
__,) 

• 

• • 

(Q (\j . 
0 0 

0 
0) 

2 
u 

1 

L.J 
u 

oz 
N<t 

r­
(/) 

0 

0 

0 



- 54b -

Figure J.3 

Data of Back (narrow decay tube). 
Afterglow intensity ae a function of distance. 
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reasonable certainty and shown to be negligible in the 
regions of Figs. 12 and 13 where the limiting slopes were 

derived. 

The various values of~for HP03 have been included in 
Table XI, though discussion of the extreme lack of agreement 
in them will be reserved for a later section. 
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RESULTS 

B: LOW REACTIVITY 

As outlined previously, the concentration of active 
nitrogen reaching the reaction vessel after a period of 
àecay in the decay tube was measured chemically as a 
function of pressure. However, the reactions used were ones 
which occurred to only a limited extent (HCN production 
from ethylene and ethane, and the destruction of ammonia, 
all in the neighborhood of room temperature), the object 
being to determine whether these reactions were better 
explained in terms of catalytic recombination or excited 
molecules. 

It will be understood that all experiments to be 
described utilized plateau flowrates of reactant and, except 
in series 11, sufficient energy expenditures to bring about 
complete initial dissociation. 

ETHYLENE AT ROOM TEMPERATURE 

In series 8 the production of HCN from ethylene was 
determined as a function of pressure with both the decay 
tube (281 cc.) and reaction vessel unheated. The results 
are shown in Table XII and Fig. 14. The afterglow was 
completely extinguished in all experiments. The correspon­

ding atom concent rations, previous ly obtained by r eac t ing 
ethylene and ethane at 350°C. (Series 5), are also indicated 
in Fig. 14. It is seen that the HCN production at room 

temperature ([N] e ) is generally substantially lowe r than the 

atom concentration ([N]), although the two become more 

nearly equal at low pressures. 
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TABLE XII 

Series s. HCN production from ethylene as a function of pres­

sure with both the decay tube and reaction vessel unheated. 
===========================================================~ 

Exp. Pressure Reaction HCN 
temperature 

rrun • oc. pm/s. 

Low reaction temperature. 

517 0,31 40 1,36 
600 o.so 45 1,79 
521 0,52 55 2.06 
518 0,84 60 2.86 
798 1,38 50 3.43 
800 1.39 65 4.19 
597 1.42 65 3.80 
590 1,46 70 3.97 
509 1,47 75 4.03 
510 1.49 70 4.07 
601 2.24 75 4,86 
599 2.29 75 4.91 
603 2.30 70 4.32 
520 2,46 85 4,89 
519 2.49 75 4.48 
516 2,89 75 4.93 
512 2.91 75 4.89 
514 2,91 75 4,57 
591 3,04 90 5,54 
595 3.05 75 5.35 
618 3.42 85 5.66 
619 3.45 75 4.86 
617 3,46 80 4,96 
6l6 3,46 80 5,27 
522 3,68 90 5,33 

High reaction temperature. 

615 3,97 95 7.90 
602 3,99 105 8,59 
594 4.00 95 7.57 
593 4.01 90 7.02 
613 4,85 lOO 9.25 
614 5,00 lOO 8.94 

Decay tube: 281 cc. 

Mean reaction temperature: 75oC • 
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Figure 14 

Series s. HCN production from ethylene as a function of 
of pressure with both the decay tube and reaction vessel 

unheated. 
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Since the ratio (N]e/[N] varies with [N] in precisely 
the manner characterizing catalytic recombination by 
scheme 1, it seems safe to conclude that the low reactivity 
observed for ethylene was due entirely to catalytic recom­
bination of N atoms. It was therefore possible to obtain a 
value for the rate constant for homogeneous catalytic recom­

bination of N atoms on ethylene, i.e. k2 (C H )' by trial­
and-errer solution of equation [52]. If n2=4l and p = 1 
this equation assumes the form 

and it is readily shawn (Table XIII) that the data are 

consistent with 

1 -1 = 0.28 pm s. ~ 0.28/59 mm. -1 

= 1.71 x lo-19 cc.molecule-1 

-1 -1 (la converting mm. ~o cc.molecule , the mean reaction 
temperature of 75°C. was used.) As àiscussed earlier, 

[65] 

k8/k7 is equal to the ratio of~k2 (C2H4 ) to the rate constant 
for HCN production from ethylene. A :rough value for the 
latter has been obtained by Greenblatt and Winkler (66): 

-14 -l -l 0 3.69 x 10 cc.molecule sec. at 298 K., so that 

Since catalytic recombination by scheme 1 would be 
markedly temperature dependent (see page 41), the abnormally 

high HCN production observeà at pressures L~4 mm. is 

adequately explained on the basis of the somewhat higher 



TABLE XIII 

Data used for the calculation of k8/k7 • 

==a==•================a==========m=•==============================•=a== 

Pressure 

mm. 

0.5 

~.o 

2.0 

3.0 

4.0 

[N] = HCN* e 

pm/s. 

~.8 

3.2 

4.5 

5.~ 

5,4 

[N] = HCN** Predicted values of [N]e when 

pm/s. k 8 /2k7 = o.25 k 8 /2k7 = 0.30 

2.3 ~.8 ~.7 

5.4 3.4 3.2 

9.3 4.8 4,4 

~~.o 5,3 4.9 

~2.2 5.6 5.~ 

* Mean values from series 8 (Fig. ~4). 
** Mean values from series 5 (Table X). 

1 

c.r. 
-.1 

Il' 

1 
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reaction temperatures observed (Table XII). In f'act~these 
temperatures were just entering the range~demonstrated in 
series 7 (Fig. 7) to bring about a marked change in the 
ethylene reactivity. (In series 7 HCN production was 
rneasured as a fùnction of the temperature of the decay tube.) 

ETHANE AND ~lMONIA AT ROOM TEMPERATURE 

(a) Series 9 and 10 
In series 9 and 10 the production of HCN from ethane 

and the destruction of ammonia were determined as functions 

of pressure with the reaction vessel unheated and the decay 
tube (281 cc.) either unheated (average temperature = 55°C.; 
series 9) or at 400°C. (series 10). The results, sorne of 
wnich were obtained with KCl as the poison on the reaction 

vessel, are given in TablœXIV and XV, and Figs. 15 and 16. 
The afterglow was extinguished only in the presence of 

ethane. rrhe corresponding atom concentrations, previously 
obtained by reacting ethylene and ethane at 350°C. (series 

5 and 6), are also indicated i n Figs. 15 and 16. I t is 
seen that, in Iaarked contrast "CO the behavior of ethylene, 

the reactivities at room temperature ([N]e) are substantially 
lower than the atom concentration ([N]) even at the lowest 
pressure.* 

It is apparent from the manne r i n which the ratio 
[N]e/[N] varies with [N] that the low reactivities observed 

for ethane and ru~~onia were not due to catalytic r ecom­

bination by scheme 1. Moreover, since t he afterglow 

* This was also demonstrated in series 2 (Fig . 4), 
whe re the destruction of ammonia was measured at vario~s 
pressur es using the 26 cc. decay t ube. 
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TABLE XIV 

Series 9. HCN production from ethane and rurunonia destruc­
tion as functions of pressure with both the decay tube and 

reaction vessel unheated. 

=====================:==;=====;===============;============= 
Exp. Pressure 

mm. 

HCN production! 

621 
624 
620 

0.32 
0.92 
1.45 

Ammonia destruction. 

494 
493 
550 
549 
548 
492 
558 
555 
556 
541 
547 
539 
553 
554 
557 
559 
540 

0.31 
0.34 
0.75 
0.79 
0.81 
0.93 
1.44 
1.45 
1.46 
1.48 
1.49 
1.50 
1.50 
1.50 
1.50 
1.50 
1.51 

Decay tube: 281 cc. 

0.09 
0.44 
0.89 

0.10 
0.09 
0.27 
0.42 
0.36 
0.72 
0.95 
0.74 
0.79 
o.s~ 

0.72 
0.81 
0.79 
0.89 
0.90 
0.95 
0.61 

Exp. 

623 
622 

495 
496 
545 
612 
485 
497 
487 
483 
606 
498 
503 
611 
502 
605 
607 
604 
608 

Pressure 

mm. 

1.53 
1.53 
1.53 
1.98 
2.00 
2.00 
2.01 
2.02 
2.05 
3.02 
3.02 
3.03 
3.06 
3.12 
4.01 
4.04 
4.04 

HCN or 
,6NH3 

pm/s. 

1.53 
2.10 

1.08 
1.02 
1•04 
1.07 
1.01 
1.19 
1.30 
1.11 
1.25 
~.4ô 

~.28 

1.63 
1.28 
1.37 
2.03 
1.45 
2.27 
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Figure 15 

Series 9. HCN production from ethane and ammonia destruc­
tion as functions of pressure with both the èecay tube and 

reaction vessel unheated. 

e Ethane 
0 Ammonia 
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TABLE XV 

Series 10. HCN production from ethane and ammonia destruc­

tion as functions of pressure with the decay tube at 400°C. 

but the reaction vessel unheated. 

====•=======•==z===•=====••=••=••=======•========ma:z======= 

Exp. Pressure Reaction HCN 
temperature 

mm. oc. pm/s. 

HCN production} low reaction temperature. 

628 0.:3:3 45 0.55 
1065 0.55 :35* 1.14 

6:34 0.96 75 2.05 
729 0.98 60 2.74 
745 1.03 80 :3.24 
742 1.50 90 4.47 
728 1.52 75 4.31 

1062 1.61 85* 4.17 
1066 2.60 1:30* 8.:34 
1064 2.64 115* 6.98 
1063 :3.82 145* 9.40 

HCN production} high reaction temperature. 

659 1.42 105 6.75 
804 1.47 115 5.77 
803 1.48 llO 4.75 
802 1.49 120 5.45 
625 1.60 llO 5.9:3 
626 1.61 l.l.O 5.85 
744 2.7:3 135 1:3.3 
743 2.78 140 16.3 
660 :3.07 165 16.0 
7:30 :3.11 115 15.0 
63:3 :3.19 160 16.7 
805 :3.29 195 16.6 
64:3 4.09 190 24.2 
663 4.20 190 25.6 
664 4.2:3 185 26.3 

Decay tube: 281 cc. 

* Constriction sprayed with dry-lee-acetone. 
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TABLE XV (cont.) 

=============a==========•••============•=========•=====a=•== 
Exp. Pressure l1NH3 

nun. tza/s. 

Anunonia destruction, poison on reaction vesse!: Na2HP04 • 

~06~ 0.52 o.oo 
1057 o.ao 0.26 
1056 0.84 0.26 
1058 1.66 1.72 
1055 1. 70 2.04 
69~ 2.28 3.~1 

1060 2.39 2.77 
1059 2.39 2.67 

694 3.15 5.19 
1053 3.18 4.69 

690 3.22 4.69 
1054 3.82 5.52 

689 4.20 5.53 

Ammonia destruction, poison on reaction vesse!: KCl. 

733 1.00 ~.35 

769 1.38 2.05 
767 ~.43 2.24 
768 1.44 2.30 
766 1.45 1.87 
734 1.55 3.03 
765 1.60 2.67 
732 1.98 3.75 
739 2.94 6.00 
737 3.28 5.94 
735 4.23 7.18 
736 4.30 8.21 
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Figure l6 

Series lO. HCN production from ethane and ammonia destruc­

tion as functions of pressure with the decay tube at 400°C. 
but the reaction vessel unheated. 

6 Ammonia with Na2HP04 poison 
0 Ammonia with KCl poison 

e Ethane 
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persisted in the presence of ammonia, schewes 2 anci 4, which 

involve surface catalytic recornbination, would also appear 
to be eliminated, at least with ammonia. (The absence of 
afterglow in the presence of ethane rnerely inàicates that 

the cornplex N •C2H., is stable, but implies nothing about the 
b ' 

reactivity of ethane.) On the other hanà~ different ammonia 
reactivities resulted-in those experiments of series 10 
where KCl was the poison on the reaction vessel. A surface 

effect of sorne kind is therefore strongly irnplied, and, were 
it not for the fact that an adequate explanation can be 
made on other grounds (page ~ 6}, the re sul ts might be inter­
preted as prima facie evidence~for surface catalytic recom­

bination. (It will be recalled that HCN production from 

ethylene was unaffecteà by KCl (series 6)). 

In series 8 the HCN production from ethylene, with both 
the decay tube and reaction vessel unheated, was abnormally 

high at the highest pressures. This àifficulty was even more 
apparent with ethane in series 10, presumably since the heat 
generated by the reaction was supplemented by that carried 

àown from the decay tube. (Cf. also series 6 where, under 
conciitions similar to those of series 10, the maximum 
ethylene reactivity was observed at all pressures.)* In an 

* Variability in the amount of heat generated by the 
reaction, or carried down from the discharge tube and connec­
ting tube, may account in part for the widely divergent 
temperature affects previously reported for ethylene and 
substances of similar reactivity. Examples where a large 
temperature effect was observed are ethylene (41; also 
series 8 of the present work). Examples where the temperature. 
had little or no effect on t.be reaction are ethylene (67), 
ethyl chloride (68), propylene (69), and butene (70). 
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attempt to lower the reaction temperature, the constriction 

in the decay tube was therefore wrapped with "Kleenex11 and 
sprayed with dry-ice-acetone during several experimenta, and 

it was only for thes~and the few other experimenta in which 
a low reaction temperature was observed1 that results were 

given in Fig. 16. However the reaction temperatures were 
still somewhat hig~ so that the results are of less quanti­
tative value than those of series 9 (Fig. 15). Since the 
apparatus was not designed to thermostat the -reaction vessel 
properly, the ethane reaction was not studied further. 

(b) Series 11 
While the results of the preceding section indicated 

that the low reactivities of ammonia~and perhaps also ethane, 
were not due to catalytic recombination by schemes 1 1 2 1 

or 4, the possibility remained that they could be explained 
in terms of scheme 3. In fact, scheme 3 would be one of the 

more likely to occu~ since it would account for the apparent 
temperature independence of the ammonia flowrate plateau and 

for the change in the activation energy of the ethane 

reaction. (This would arise from the process N•C2H6 ---> 
(products) setting in at elevateà. temperatures.) Now, it 

will be recalled (page 41) that scheme 3 is characterized 
by the constancy of the ratio [N]e/[N) as [N] is varied. 
Accorà.ingly, in series 11 the ammonia and ethylene reacti­
vities were compared at a constant pressure of 2.1 mm. but 
using different poisons. The 104 cc. decay tube was used 
and both the decay tube and reaction vessel were unheated. 
The complete results are given in Table XVI and a summary, 

including calculations of the ratio [N]e/[N] = ANH3/HC~ in 

Table XVII. Since the variations in the ratio [N]e/[N] for 
different poisons are well beyond the experimental error, 

even when cognizance is taken of the fact that the HCN 
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TABLE XVI 

Series 11. HCN production from ethylene and ammonia destruc-

as functions of the poison with both the decay tube and 

reaction vessel unheated. 

=================================m====•=============m==•==•a 

Exp. Poison 

HCN production 

261 
263 KCl 
268 

229 
231 BiC13 233 
237 

275 
278 Na2HP04 281 

256 B203 
258 

Decay tube: 104 cc. 

Pressure: 2.1 mra. 

HCN 

pm/s. 

3.75 
3.94 
4.13 

5.58 
5.25 
4.49 
4.96 

4.31 
4.17 
4.00 

4.26 
3.90 

Exp. Poison HCN 

pm/s. 

177 7.35 
179 As2o5 6.10 
181 5.77 
183 6.10 

201 1,.r:n 
202 ZnCl2 7.20 
207 6.77 

217 5.65 
219 ZnCl2* 5.50 
222 4.97 

192 5.70 
195 85% H3Po4 5.79 
200 4.93 

* The reaction vessel was packed with a sufficient 
number of glass rods to double the surface area. 
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TABLE XVI (cont.) 

====za=~==z=====a======•====== ===a========ca====c====~c==== 

Exp. Poison ANH3 Exp. Poison ,L\NH 3 
pm/s. pm/s. 

Am.monia destruction. 

260 0.43 132 3.08 
262 0.12 133 2.43 
264 0.37 134 3.13 
266 KCl 0.13 135 2.37 
267 0.55 136 2.86 
269 0.66 137 3.23 
270 0.40 138 As2o5 3.09 

139 2.96 
230 0.64 140 2.97 
232 0.73 141 2.97 
235 BiC13 0.74 144 2.65 
236 0.36 145 2.26 
238 0.63 178 3.39 

274 1.20 205 3.76 
276 0.72 206 3.78 
277 1.16 208 3.78 
279 1.02 211 ZnC12 3.52 
280 1.07 214 3.16 
283 Na2HP04 1.09 209 3.53 
286 1.15 210 3.59 
291 1.05 
292 0.98 215 3.87 
293 1.07 216 3.37 
302 1.04 218 ZnC12* 3.26 

220 3.14 
127 2.29 221 2.90 
128 2.22 
129 1.79 190 3.77 
130 B203 1.79 191 3.54 
131 1.78 193 3.66 
255 1.97 194 85% H3Po4 3.17 
257 1.31 196 3.76 

197 3.19 
199 3.02 

* The reaction vessel was packed with a sufficient 
number of glass rods to double the surface area. 
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TABLE XVII 

Data used for the calculation of [N]e/[N] 

as a function of poison. 

Poison 

KCl 

BiC13 

Na2HP04 

B203 

As2o5 
ZnC12 

ZnCl ** 2 

85% H3Po4 

Pressure: 2.1 mm. 

0.38 

0.62 

1.05 

1.88 

2.88 

3.59 

3.31 

3.44 

[N] = HCN* 

pm/s. 

3.94 

5.07 

4.16 

4.08 

6.33 

7.01 

5.37 

5.47 

* Mean values from series 11 (Table XVI). 
** Reaction vessel packed with glass rocs. 

o.1o 

0.12 

0.25 

0.46 

0.45 

o.51 

0.62 

0.63 
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proàuction from ethylene was determined in an unheated 

reaction vessel, catalytic recombination by scheme 3 is 
eliminated. (Nothing is decided about schemes 2 and 4 

since they involve a surface dependent process). The data 
of Table XVII are of incidental interest in showing H3Po4, 

As2o5, ZnC12, and BiCl~ to be comparable for inhibiting the 
surface decay of N atoms, though the lower efficiency 
indicated for KCl may have been due in part to the reaction 
previously indicated to occur between heated KCl and active 

nitrogen. 

(c) Series 12 

Although the low reactivity of ammonia appears to be 

consistent with none of the four schemes of N atom reaction 
plus catalytic recombination, it is desirable to have 
confirmatory evidence. In principle, such evidence could 
have been obtained from measurernents of the ammonia 

reactivity (i.e. [N]e) as a function of pressure, as in 
series 9 and 10, simply by noting whether the ratio [N]e/[N] 
was constant, with the proviso that in making a decision on 
schemes 1 and 4 similar atom concentrations would be 

compared, while with schemes 2 and 4, the coraparison vmuld 
be restricted to atom concentrations obtained with similar 
poisons and pressures. (The possible effect of p~essure on 
surface catalytic recombination was inaicated on page 39.) 

However the variation of the ratio [N] /[N] was not sufficient e 
for an unambiguous argument. In series 12 additional data 
on ammonia were therefore obtained with the usual Na2HP04 
poison but using the modified apparatus in which the reaction 

vessel was attached directly to the discharge tube near an 

electrode, and one of the nitrogen leads was sealed off. In 

sorne of the experiments the polarity of the electrodes was 

reverseâ. The re~ults, including the corresponàing atom 

concentrations obtained by reacting ethylene at 3so0 c., are 
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given in Table XVIII and Fig. 17. The ratio [N]e/[N] = 
ANH

3
/HCN was now evaluated at various pressures from the 

three relevant series, 9 1 10, and 12 (Table XIX). Since 

there is great variability in the values, even amongst 
those corresponding to s~nilar atom concentrations and 
pressures, the absence of catalytic recombination by all 
four schemes is confirmed. 

Further evidence against scheroes 1, 2, and 3 is con­
tained in the data of Armstrong and Winkler (44), where the 
ratio ANH

3
/HCN was found to increase with increasing atom 

concentration at constant poison and pressure. Such an 
increase is consistent, of course, only with scheme 4 1 where 

lim [N]e/[N] = o. 
[N ]-)0 

However this scheme has been eliminated on other grounds. 

It may therefore be concluded with sorne certainty that 
the low reactivity of ammonia is not explained by N atom 
attack, whether by direct reaction or energy transfer, and 

whether accompanied by homogeneous or surface catalytic 
recombination. Wnile the argument has been less completely 
developed with ethane, the data were adequate to demonstrate 
that the low reactivity was ~due to the type of catalytic 
recombination (scheme 1) observed to occur with ethylene and 
perhaps to be expected with hydrocarbons generally. I"loreover, 
since the reactivity of ethane as a function of pressure 
with the decay tube unheated was identical with that of 

ammonia under the same conditions (series 8), it appears 

reaction schemes ether than (1) play no part in the ethane 

reaction either. 
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TABLE XVIII 

Series 12. HCN production from ethylene and ammonia 
destruction as functions of pressure using the modified 
apparatus in which the reaction vessel is attached directly 

to the discharge tube. 

=a=================================z•===================•~== 

Exp. Pressure HCN or Exp~ Pressure HCN or 
bNH3 t..NH3 

mm. pm/s. mm. pm/s. 

HCN production; nitrogen lead remote from reaction vessel 
sealed off. 

974 0.62 1.23 972 2.71 8.75 
971 1.30 4.13 970 3.72 10.7 

968 1.60 5.49 969 3.81 11.6 

973 2.62 8.25 

HCN production; nitrogen lead nearer reaction vessel sealed 
off. 

985 1.00 4.17 1007 2.63 13.9 
1008 0.95 3.80 994 3.79 14.1 

984 1.59 9.17 992 3.80 13.1 
995 1.63 7.80 lOOS 3.85 15.7 
993 2.51 12.3 1006 3.85 15.7 

Decay tube: none. 
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TABLE XVIII (cont.) 

========•==•================~ ==•=~==============&=•==a===== 

Exp. Pressure 

mm. 

HCN or 
ANH 3 
pm/s. 

Exp. Pressure 

mm. 

HeN·or 
ANH3 
prn/s • 

Ammonia destruction1 nitrogen lead remote from reaction 
vessel sealed off. 

980* 1.21 o.oo 978 2.61 0.97 

979 1.54 0.06 1011* 2.63 0.90 

962 1.61 o.oo 967 3.76 1.29 

975 1.62 0.15 966 3.77 1.20 

976 1.62 o.oo 1014 3.84 1.83 

963 1.64 o.oo 1012* 3.87 1.67 

977 2.60 1.06 lOlO 3.89 1.98 

~~onia destruction~ nitrogen lead nearer reaction vessel 
sealed off. 

986 0.92 o.oo 989 2.69 2.21 

990 1.61 0.43 987 3.88 5.26 

998 1.61 0.38 988 3.88 5.17 

1000 1.62 0.25 1004 4.05 5.02 

999 2.65 3.07 1003 4.06 5.64 

* With polarity of electrodes reversed. 
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Figure 17 

Series 12. HC~! production from ethylene and arrunonia destruc­
tion as functions of pres·sure using the modified apparatus 
in which the reaction vessel is attached directly to the 

discharge tube. 

Remo te nitrogen lead sealed off 

0 Ethylene 

• Ammonia 
Nearer nitrogen lead sealed off 

0 Ethylene 

• Ammonia 
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TABLE XIX 

Data used for the calculation of [N]e/[N] as a function of 
atom concentration and pressure. 

=========================2=========a==•======•===c========== 

Series Pressure [N]e ... MH * 3 [N] =·HCN* [N}e/[N) 

nun. -pm/s. pm/s. 

9 1 0.45 5.4 .os 
2 1.15 9.3 .12 
3 1.55 11.0 .14 
4 1.90 12.2 .16 

10 1 0.6 11.6 .os 
2 2.5 19e4 .13 
3 4.35 24.4 .18 
4 5.65 28.0 .20 

.12** 1 o.o 2.9 .oo 
2 0.2 6.3 .03 
3 1.2 9.6 .13 
4 1.5 11.3 .13 

12*** 1 o.o 4.6 .oo 
2 1.2 9.9 .12 
3 3.3 13.8 .24 
4 5.3 14.7 .36 

* Mean values from Figs. 6 1 151 16, and 17. 
** Nitrogen lead remote from reaction vessel sealed off. 
*** Nitrogen lead nearer reaction vessel sealed off. 
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Now, it was pointed out in an earlier section that the 

elimination of' the four schemes in which catalytic recom­
bination can occur is tantamount to elimination of reaction 
with N atoms. An inescapable conclusion of the present 
work therefore appears ta be that ammonia, and perhaps also 

ethane, react only with excited molecules at room temperature. 
The reactivities at elevated temperatures may, of course, be 

entirely different; in fact, it was concluded from measure-
. 0 

ments of HCN production from ethylene and ethane at 350 C. 

(series 5 and 6) that the high temperature ethane reactivity 
corresponded exactly to the atom concentration. 

One difficulty with an interpretation baseà on excited 
molecules is that the most likely mechanisms (equations [24] 
and [25Drequire the amount of HCN produced from ethane to 
be twice the amount of ammonia destroyed. While such a 
relation is fairly consistent with the ethane and ammonia 

reactivities obtained with the decay tube at 4oo0 c. (series 
10), equal reactivities were observed when the decay tube 
was unheated (series 9) • . The implication is either that the 
excited molecules are subject to a "catalytic de-excitation" 
on ethane which is favored by lower · temperatures, or else 
that HCN production from N atom attack on the fragments 
created in the reaçtion of the excited molecules with 
ethane must compete with catalytic recombination on the 

ethane itself. 

It might be of interest to treat the reactions of 
active nitrogen with phosphine, HCl, and ethylene (in t he 

latter case by considering the amount of acetylene formed), 

by the methods presented here, to determine i f any of t hem 

were better explained by re.action wi th exci ted molecules 

than by reac t ion with N atoms a s presently suggested 
(39, 41, 38). 
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F0~1ATION OF THE EXCITED MOLECULES 

If exciteà molecules are presen"G it is necessary to 
determine their mode of formation before any conclusions 

on their identity and decay can be made, and the modified 

apparatus used in series 12 was in fact designed for this 
purpose. It has been shown that with this apparatus the 

concentration of excited molecules in the reaction vessel 
should be given by equation [49] 1 i.e. 

if the molecules are formed by homogeneous atom decay; or 

by equation [50] 1 i.e. 

if formed by surface atom decay. On the other hand, the 

concentration of excited molecules f'ormed directly in the 
discharge process would be unpredictable but probably large. 
The ANH3 values previously obtained using the modified 

apparatus (Table XIX) were therefore compared with predic­

tions from equations - [49] and [50] (Table XX). (The 
predictions from equation [49] were made by substituting 

k2 = 1.15 and k1 L 11.1 x 1.68/4.0 = 4.66 (Table XI), where 
4.0 is the radius in cm. of the reaction vessel and -1.68 
that of the decay tube for which k1 was deriveà. The 
approximate factor 1/59 to convert partial pressures in rnm. 

to flm'lrates in pm/s. was also 1ntroduced1 so that the 
equation assumed the form [N2*] / ~ 0.00105 P[N] 2 .) pm s. 

It is seen that at no pressure is there even remote 

agreement with equation [50] 1 whereas below about 2 mm. the 



TABLE XX 

Data used for establishing the mode of formation of N2*. 

================~===================================================== 

Pressure [N) = HCN* [N2*] = 6NH3* Predicted values of [N2*1 

mm. vm/s. pm/s. ** *** 

Nitrogen lead remote from reaction vessel sealed off. 

l. 2.9 o.o o.o >> 1.0 
2 6.3 0.2 0.1 >> 2.1 
3 9.6 1.2 0.3 >> 3.2 
4 11.3 1.5 0.5 >> 3.8 

Nitrogen lead nearer reaction vessel sealed off. 

1 4.6 o.o o.o >> 1.5 
2 9.9 1.2 0.2 >> 3.3 
3 13.8 3.4 0.6 >> 4.6 
4 14.7 5.3 0.9 >> 4.9 

* Mean values from series 12 ('l'able XIX) 
** Assurning that N2* 1s for.med by homog~neous atom deca~ so that 

[N 2*] ~ 0.00105 P[N] 2 • 
*** Assuming that N2* is for.med by surface atom decay so that 

[N2~] )) [N]/3. ' 

1 

(j) 

tf>. 
P> 

1 
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agreement with equation [49] is satisfactory. At higher 
pressures the observed values of hNH3 are considerably 
higher than predicted by equation [49], particularly for 
experiments in which the nitrogen flowed through the body 
of the discharge tube. However, this is adequately ex­
plained by the occurrence of a srnall amount of homogeneous 
decay in the discharge tube in spite of operating under 

conditions of apparently complete initial dissociation. 
The complete absence of reaction with ammonia at lower 
pressures is also good evidence that the excited molecules 
were not primary discharge products. In fact, in series 9 
and 10, where a 281 cc. decay tube was used, substantially 
greater reactivities were observed with ammonia at the 
lower pressures (Table XIX). It therefore appears safe 
to conclude that the excited molecules are formed only as 
a. result of homogeneous a tom decay*. 

This result was, of course, anticipated (i) since a 
known metastable molecule (the A state) is the end product 
of luminous homogeneous decay, while a·suspected metastable 
molecule (the X* state) may be formed by a collision-induced 
cross-over from the A state; (ii) since surface decay pro­
bably leads to a highly de-exci ted molecule (page 7'J ) ; 
(iii) since any excited molecules formea in the discnarge 
process would be dissociated at the high energy expenditures 

* The possibility that a fraction of the homogeneous 
decay by-passes the excited molecules is unlikely, in view 
of the conclusion reached in a later section (page 73, ) that 
all homogeneous decay goes by the same route. Howeve~ the 
possible formation of excited molecules in sorne instances 
of surface decay is less readily eliminated. 
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used*; and (iv) since the ratio ~H3/HCN was observed to 
increase as [N] and pressure were simultaneously increased 
(Table XIX) or as [N] alone was increased (44), suggesting 
that the excited molecules were formed by a high-order mode 
of atom decay. 

The different reactivities noted for ammonia with 
different poisons on the reaction vessel (series 10) may 
now be explained. In general, when a reactant does-not 
interfere with the atom decay, e.g. it allows the afterglow 
to persist unchanged, the normal decay of the atoms in the 
reaction vessel would continue to produce excited molecules 
in accordance with equation [49] 1 i.e. 

where k
1 

depends on the poison. It therefore remains to 
show that the concentration of excited n1olecules would have 
the correct oroer of magnitude. Substituting k2 = 1.15 1 

P = 2 mm., and [N] = 19.4 pm/s. (from Table X), it follows 
that the amount of N2* formed in a reaction vessel poisoned 
with Na2HP04, for which k1 ~ 4.66, will be~ 0.79 pm/s. The 
value of k

1 
for a surface poisoned with KCl may be assumed 

to be similar to that for HP03**, i.e. 1/6 the value for 

* It is possible that unaer conditions of only partial 
initial dissociation, or when the nitrogen is dissociated by 
means other than a condensed discharge, excited molecules 
may also be formed in the discharge process. 

** Smith (53) found that the collision efficiency for 
H atoms was the s~e for surfaces poisoned with HP0

3 
and 

KCl, though the assumption that this is true for N atoms as 
well is obviously open to question. 
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Na2HP04 • I~nce, [N2*] ~ 6 x 0.79 = 4.74 1 and the additional 
N2* formed in the reaction vessel with KCl as poison will 
be~ 4 ~/s. Such an amount is consistent with the observed 
difference of about 2 pm/s. (Fig. 16) so that, provided 
the assumed efficiency of KCl is correct, there is no need 
to seek an effect of KCl on the reaction itself. (It will 
be noted that a necessary consequence of this conclusion 
is that ANH3 values obtained with KCl, HP03, or any ether 
efficient poison on the reaction vessel will be unsatisfac­
tory for use in a theoretical treatment of the decay of 
N2* in the decay tube such as is given in a following 
section.) 

The failure of mass-spectrometric studies (1, 2) to 
detect excited rnolecules may also be explained by reference 
to equation [49]. However in this case, the decay of the 
excited molecules is not justifiably neglected, nor is the 
time during which the molecules are formed sufficiently 
long for complete decay of the atoms as assumed in equation 
[49]. A high upper ·limit for [N2*] will therefore be 
obtained by the calculation. Using k2 = 1.1151 P = 1 mm., 
[N] = 0.01 mm 7 and k1 = 11.1 x 1.68/0.8 x 1/6 = 3.9, where 
1.68/0.8 is a correction for the difference in the radii of 
the decay tubes and ~/6 ~or the use o~ HP03 as po1son 1 1t 

follows that the amount of N2* formed was << 7.4 x 1o-6mm., 
i.e. << 0.00074 % of the total gas. It 1s therefore little 
wonder tha t ex ci ted molecules ~'lere not detected. 

DECAY OF THE EXCITED MOLECULES 

Since it has been established that the excited molecules 

are formed only by homogeneous atom decay, it should be 

possible to fit the measurements of ~~onia destruction as a 
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function of pressure which were obtained in series 9 and ~o 
(Figs. ~5 and ~6) to the relevant decay equation, i.e. 

2[N2*] = [N]2/P2 _ e-Kt 

k 2tP3 Kt - 2lnP/[N] 
[48] 

Values of t (from k~t and k
1

) and lower limits of k2 were 
obtained from Table XI. The·term 2[N2*J/k2tP3 was then 
evaluated, using only those ~H3 values obtained with a 
reaction vessel poisoned with Na2HP0

4 
and using the factors 

to convert pm/s. to mm. as given in Table X. The terms 
[N] 2jP2 

ar.d 2lnP/[N] followed directly from the P/[N] values 
in Table X. Values of Kt and thence K were finally derived 
by trial-and-error solution of equation [48] (Table XXI), 

and the individual decay constants (k4 + k 5 ) and k
6 

from the 
intercepta and limiting slopes of plots of K versus Pm, 
where rn=~ (Fig. 18). (A less satisfactory fit was 
obtained with higher -powers of pressure). The decay constant~ 
including the collision eff'iciency of the homogeneous decay, 
are as follows: 

Quantity 

m 

o.o 
7.4 

2.5 
l 

-1 sec. 
-1 -1 rrnn. sec. 

x 1o-16 A 

Collision efficiency**l.5 x 10-6 

* 
** 

-1 -1 A = cc.molecule sec. 
Using o = 3.84 x 1o-8cm. 

-1 o.o sec. 
-1 -1 

~~ .4 mm. sec. 
7.9 x 1o-~6 A 

l 

3.4 x 10-6 



TABLE XXI 

Data used for the calculation of N2* decay constants. 

==========================================================~======?================== 

Pressure [N2*] .ôl"H * = Il 3 d [N,t] ;k2tP
3 [N]2/P2 2lnP/[N ] Kt K 

ITliil • pm/s. sec. -1 

Temperature of decay tube: 55°C.; k 2 = 1.15; t = 0.198 sec. 

--·- -· 

1.0 0.45 .0752 .0105 . 4.552 1.40 7.1 
1.5 0.85 .0398 .00857 4.760 2.20 11.1 
2.0 1.15 .0222 .00672 5.002 3.00 15.1 
3.0 1.55 .00870 .00402 5.514 4.15 21.0 m 

(L 

4.0 1.90 .00448 .00274 5.900 5.00 26.2 llJ 

1 -
Temperature of decay tube: 4oo°C.; k 2 = 1.77; t = 0.0896 sec. 

1.0 0.60 .136 .0436 3.134 1.20 13.4 
1.5 1.55 .0956 .0333 3.402 1.55 17.3 
2.0 2.50 .0660 .0265 3.630 2.00 22.3 
3.0 4.35 .0336 .0182 4.002 2.90 32.4 
4.0 5.65 .0184 .0135 4.302 3.70 41.3 

* Ivlean values from series 9 and 10 (Figs. 15 and 16). 
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Figure 18 

Analysis of the data of series 9 and 10 in 
accordance with equation [48). 

0 Series 9 
0 Series 10 
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It must be emphasized that the decay constants are 
highly approximate owing to the necessity of taking limiting 

slopes and therefore over-weighting the less precise values 
of ~NH3 obtained at low pressures. Also, in view of the 
undefined form of K, the satisfactory fitting of the data 
to equation [48] was inevitable and does not constitute 
further proof of the presence of excited 1nolecules nor of 
their mode of formation. 
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DISCUSSION 

DECAY OF N ATOMS 

The present work has confirmed, in agreement with 
Rayleigh (16), Buben and Schekhter (21), and Schekhter (22) 1 
that the surface decay of N atoms follows first-order 
kinetics. While this result was anticipated, it is perhaps 
significant that close similarities exist in the behavior of 
N, H, and 0 atoms. All exhibit first rather than second­
arder surface decay with collision efficiencies (y) in the 

-3 -5 range 10 to . 10 , activation energies (E) in the-range 
-1 14 15 -2 1 to 2 kcal.mole , and values of 10 to lO cm. for the 

nQ~ber per cm. 2 of surface species (see Table XI and page 
18). It would therefore be expected that the mechanism of 
the surface decay of N atoms would be the adsorption 
mechanism which has been so successful in explaining the 
behavior of H atoms (24). This mechanism, it will be 
recalled (page 6), proposes that the gas phase atoms combine 
with a layer of atoms adsorbed on the surface. However 
Linnett and Marsden (25) have poj_nted out that at room tem­

perature 0 atoms are only weakly adsorbed on glass. To 
explain the ~irst-order decay they therefore suggested a 
slightly di~ferent mechanism according to which the gas 
phase 0 atoms combine directly \'/ith the structural oxygen of 
the glass or poison, with water of hydration, or with a 
surface layer of oxide (page 8). 

Since there seems to be no information available on 

the adsorption of N atoms on Na2HP04 or related solids, it 

is not possible to decide whether the surface layer respon­

sible for the surface decay consisted of adsorbed atoms or a 
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true surface compound (a nitride or nitrate).* Very 
indirect evidence in favor of the latter may lie in the 
observation (page 25) that active nitrogen reacted with 
heated KCl to create·an intense reddish-orange glow such as 
appears to have been observed in the reaction of active 
nitrogen with HCl (41). However, whatever the origin of 
the layer, it evidently remains intact even at 4oo 0 c. so 
that it was valid to assume,in deriving equations [33] to 
[40] 1 that first and second-order surface decay were not 
competitive. 

The homogeneous decay of N and H atoms is perhaps less 

comparable than the surface deca~ since the rate constants 
for N atoms (Table XI) appear to be an order of magnitude 
smaller than those for H atoms (Table I), in spite of the 
greater diameter of nitrogen. However,-the difference is 
probably adequately explained by the steric factor shown 
by Berkowitz ~al. (2) to be associated with the 
N2 ( 5~) --> N2(B3n) transition. It will be recalled that 
a special case is -also presented by 0 atoms owing to the 
stability of ozone (equations [28]). 

A positive temperature coefficient was observed for 
the N atom homogeneous decay constant. This was unexpected 
in view of Rayleigh's (15) observation of a neg~tive 
coefficient in measurements of afterglow intensity between 
liquid air temperature and 1oo0 c., and it is therefore 
possible that the results of the present work were subject 
to a large, systematic error. Perhaps the most likely 

source of such an error lies in the assumption of complete 

initial dissociation, since, had [N]
0

/P steadily decreased 

* It was stated on an earlier page that·the decision 
does not affect the validity of equations [8] to [12]. 
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as pressure was increased, the effect would have been 

indistin5uishable from a pressure dependent mode of decay. 

However, no pressure depenaence in [N]
0
/P was observed in 

the Wrede gauge measurements ('l'able VI B). Even if it did 

occur, such aependence should preswnably have the same 

magnitude at all decay tube ~emperatures, so that the 

temperature coefficient (though noe the actual constants) 

should remain unal-cereu.. The positive temperature coef­

ficient therefore appears to be real. Actually, the 

ciisagreement with Rayleigh's work is perhaps not serious, 

since the present work applies to a completely different 

temperature range (55 -co 400°C.). 

If the positive temperature coeffici.ent observed by 

Robinson and Amdur (54) in the âeca;y of H a toms could be 

attributed not only to-the surface decay, but also to the 

nomogeneous cieca;y, the present results for N atoms could 

be considereà to have good precedent. 

DETAILS O:B' THE DECAY MECHANISMS 

It was stated in an earlier section that a 4s atorn 

can only combine into 1L::;, 3 z~, 5 2:~, anci 7 -l:~ molecular 
states, that the 7 ~~ state of nitrogen is probably higher 

than t;he 4s dissociation energy, and that the 5~~ etate of 

nitrogen is probably the precursor of the afterglow. 

Therefore, since it has been observed both by Rayleigh and 

1n the present work* that the afterglow intensity remains 

unchanged in the neighborhood of various surfaces, both the 

transition complex and the final molecule forrned in surface 

decay must be in the A or ground states. In making a 

* 'fhe apparatus used. was constructed by Dr. A • .Fontijn 
of this Department •. It had a window suitable l'or observing 
reaction flarnes. 
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further decision between these two states,it will be noted 
that the excited molecules observed in the present work 
were apparently formed from homogeneous atom decay. 
Furthermore, since the surface layer responsible for the 
surface decay remained intact at 4oo0 c., any molecules 
formed by surface decay would be expected to exist briefly 
in close association with the wall,and extensive de-exci­
tation would result whatever the nature of the transition 
complex. It may therefore be concluded that, while the 
transition complex might be in the A state, the final 
molecule formed in surface decay is in the ground state. 
However, the matter is not proved beyond question. 

With homogeneous decay there exists a similar choice 
of paths and it was, in fact, considered by Berkowitz 
et al. (2) that recombination into the 5z state with subse­
quent afterglow emission accounted for only part of the 
decay. This conclusion was based on a comparison of the 

-33 rate constant for luminous homogeneous decay (k2 = 4 x 10 ; 

see page 4 (note)) with the rate constant for a three-
'-- -32) body collision process ~10 • However comparing k2 with 

the total homogeneous decay constant at 25°C. as obtained 

( 
-33 in the present work k2 = 1.09 to 1.94 x 10 (Table XI)), 

it appears that all homogeneous decay must give rise to 
afterglow since the constants are essentially equal. 
Actually a less tentative value of k2 would be highly 
desirable. 

Provided the various conclusions about surface and 
homogeneous decay ~ correct, the mechanisms of N atom 

decay may be summarized as follows: 
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Surface decay: 

N( 4S) + surface ---> N( 4S)-surface 

-
N2 (x~)-surface ---> N2 ( 1~) + surface 

where x may be 1 or 3 but not s. 
Homogeneous decay: 

--

N2 ("5~) + N2 (or N) ---) N2 (B
3
II) + N2 (or N) 

N2(B3ll) ---> N2(A) + hv 

N2 (A) ---> ? 

A tentative elaboration of the last step will be made 
la ter. 

RAYLEIGH 1 S PERSISTENT AFI'ERGLOW 

[67] 

The value of -y for N a tom recombina ti on on a surface 
poisoned with HP03 was calculated 1n the present work from 
the data of Rayleigh (16) to be about 2.7 x 10-8 Such a 
value is several orders of magnitude below the value of 
0.45 x 10-4 obtained from the data of Back (58) and the 
value for H atoms of 2 x 10-5 ( 53 ). Moreover the curved 

portion of Fig. 11 cannot be explained by the homogeneous 

decay term -2k2 [N][M]/ln2 neglected in equation [62], 
since this term was shown to be negligible compared with 
the surface decay ter.rn -2k1/ln2. (Actually Rabinowitch 

(34) concluded that the curvature ~consistent with t he 

rate of homogeneous decay; however he assumed that the 
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-31 -33 value of k2 was 3Xl0 *, rather than 2xlo as found 

in the present work.) Provided Rayleigh's data are 

correct, they would therefore appear to indicate that, at 

the very low atom concentrations that would prevail after 

he had stored active nitrogen six hours, the surface decay 

began to shift from first to second order. Such interme­

diate-order surface decay would, of course, introduce 

curvature into a ln[N] versus time relation.** Furthermore, 

its rate could assume values ranging from the high first­

order value to the very low second-orcJer value (the latter 

being even lower than the rate of homogeneous decay (see 

page 9)), so would have the correct order of magnitude. 

By this interpretation, rather than one based on 

homogeneous decay, the first-order surface decay constant 

should have been obtained, not from the slope as [N] -> o, 
but from that as [N] ->maximum. It would then have been 

much closer to the value of o.45xlo-4 obtained from Back's 

data. It is possible that a detailed analysis of Fig. 11 

would also yield the activation energy of deadsorption*** 
of N atoms from HP03 , a quantity of great 

* This value is for 1 % initial dissociation (cf. 2) 
and is ten times that derived by Rabinowitch on the assumg­
tion of lü ~ initial dissociation. However, whether the 
dissociation was l ~or 10 1o does not affect the argument. 

** Rayleigh's data for an oil surface would also 
apply to intermediate-order surface decay, and the linearity 
of the ln[N] versus time relation (Fig. 4 of reference (16)) 
:nust therefore be only approximate. 

*** Or "decomposition" in terms of the surface decay 
mechanism of Linnett and Marsden. 
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importance to an understanding of the behavior of N atoms. 
For example, its value would determine at what temperature 
or atom concentration second-order surface decay should 
appear and therefore under what conditions active nitrogen 
could best be stored. 

CATALYTIC RECOMBINATION 

Since homogeneous decay with N2 or N as third bodies 
is closely related to homogeneous catalytic recombination, 
a comparison of the rate constants is of interest. The 
available constants, including the three-body collision 
rate (2Z3jn3, where n is the number of particles per cc.), 
are as follows: 

Constant Value Temperature Source 
2 ] 1 -2 oc. cc. m~Iecu e33 sec. (x 10 ) 

k2 1.32 to 2.35 55 Table XI 
k 13 75 page 57 2(C2H4) 
k2(CH~CN) 186 160 (42) · 

2Z-:/n _ 73 75 (28}* 

It is seen that homogeneous catalytic recombination is 
one or more orders of magnitude more rapid than homogeneous 
decay, and , in the presence of CH3CN, even occurs at a 

slightly greater rate than three-body collisions. 

* Glasstone states that to a first approximat ion 
Z3 = Z2 o/À 1 where Z2 is the number of two-body collisions 
pêr cc. per 8sec. In calculating Z2 the values M = 14 and 
a= 3.0x1o- cm. (~~ were used, though the slightly larger 
value a= 3.84x10 _cm. was used for of~. 
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If steric factors were known it might be possible to 
estiMate the relative stabilities of the N-M complexes 

formed in catalytic recombination and the N-N complex of 

homogeneous decay, i.e. the 5~ state. (The only steric 

factor available is a very tentative one for homogeneous 
decay ( 2)). However1 cons ide ring the ca talytic recombina ti on 

processes -alone, it seems permissible to conclude that, 

since the value of k 2 (CH
3

CN) is greater than k2 (C 2H
4
)' the 

stability of N•CH3CN is gregter than that of N·C2H4 ._ This 

is consistent with the observed low rate of HCN formation 
from CH3CN *, and it is likely that an empirical correlation 
would enable a general prediction of catalytic recombi­
nation rates from reaction rates or vice versa. 

Three types of N atom recombination have been observed 
to involve no afterglow and therefore to bypass the 5z 
state: surface decay, the energy transfer assumed in the 
reac-cion of N atoms with HCl**, and homogeneous catalytic 

recombination. It is significaP.t that, in contrast to 

homogeneous decay, where two free atoms form an N-N complex 
(the 5z sta te), the se processes all invol ve an N--1\1 complex 

as in the homogeneous decay of 0 and I atoms · (12, 13). In 

other words, it appears that, just as decay initiated-by 
two f'ree atoms always leads to the 5~ state (page 73), 

that in which one atom is initially complexed, whether to 
the ~vall or another molecule, al ways leads to the 1.2: or 3 2: 

states. With surface decay, a further restriction to the 
1z state has already (though only tentatively) been made. 

* The_late ~f HCN formation from CH3CN is 3.6~1~ 1o-16 
cc.molecule sec. (42) and from c2H4 is 3.69 x 10 (66). 

** This reaction might be due to excited molecules 
(cf. page 63). 
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Such a restriction is obligatory for the HCl reaction 

from energy considerations.* 

EXCITED MOLECULES 

Reasonably satisfactory evidence that excited molecules 
are present in active nitrogen appears to have been ob­
tained in the present work. In particular, it was shown 
that the molecules were formed only from homogeneous 
atom àecay. However Back (58) has concluded from experi­
ments in which it was attempted to reduce the decay time 
of active nitrogen that the excited molecules are a primary, 
rather than secondary, discharge product. (She found that 
the amount of ammonia destroyed continued to increase as 
the decay time was decreased). It is suggested that the 
apparent contradiction is due to the fact that Back sampled 
the active nitrogen from the middle of the discharge tube 

-l at low flashrates (14 sec • . ). Accordingly there was ample 
opportunity for homogeneous decay to occur within the 
discharge tube. The fact that she observed the HCN formation 
from ethylene to fall off with decreasing decay time in a 
sigmoidal manner also means very little since (1) the 
reaction zone was unheated, (11) there was extensive back 
diffusion, and (111) flowrate plateaus were not obtained. 

A further conclusion of the present work was that the 
only mode of decay exhibited by the excited molecules was 
homogeneous decay with first-power pressure dependence. 

This observation seems to be in general agreement with 

* The mechanism of the HCl reaction is believed to be 
N + N•HCl --> N2 + HCl*, HCl* --> H + Cl. If HCl* is to be 
iàentified with an electronically exïited state, then it 
must lie at at least 4.43 eV. (i.e. TI), so that the N 
formed would lie at, or below, 9.76 - ~.43 = 5.33 eV. 2This 
is lower than the level of the Astate (6.2 eV.). 
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the expected behavior of the known (or suspected) metas­
table nitrogen molecules, i.e. the A and X* states.* In 
particular, parallels can be àrawn between (i) the absence 
of radiative decay, the long life of the A state, and the 
inability of a harmonie, homonuclear vibrator to radiate; 
(ii) the non-zero homogeneous decay constant, the collision­
induced cross-over suggested by Evans and Winkler (8) as 
being a mode of decay of the A state, the collisional deac­
tivation which is necessarily important with homonuclear 
vibrators, ~ the mode of reaction to be expected with 
excited nitrogen molecules in general (energy transfer 
in collisions of the second kind); (iii) the very low 
collision efficiencies and the forbidden nature of the 
transitions involved with both the A and X* states; and 
(iv) the observed first-power pressure dependence, and the 
expected dependence for either an electronic cross-over or 
for the deactivation of an anharmonic vibrator. (Anharmonic 
vibrators might deactivate in one step due to a breakdown 
of the selection rules. See page 11.) 

While this agreement lends considerable weight to the 
results that have been obtained, it appears to eliminate 
any possibility of identifying the excited molecules with 
one or the other of the A and X* states, at least with the 
data available. However it is likely that the decision 
could be made by a careful spectroscopie or mass-spectro­
metric study of active nitrogen at high concentrations. 
(The impossibility of detecting excited molecules at low 
active nitrogen concentrations was indicated earlier.) 

* Here the X* state is to be distinguished from low 
l ying vibrational levels of the ground state . The latter 
would be comparatively inert. 
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In the meantime the final step in the homogeneous decay 

scheme begun on page 74 must remain ambiguous: 

k 
N2(A) + H __L> N2(X*) + M 

or 

N2(A) + lVI ----> N2(X*) + M (rapid) 

k 
N (X*) + M --:.::L> N2 (X) + lVi 2 

[68] 

[69] 
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APPENDIX 

A: ASSUIVIP'l'IONS IN 'rHE DECAi E:f2UArriOi'JS 

The decay equations asswae a nwHber of sirtiplifying 
conciitions beyorici the basic one::; given on page 29. The use 
of a time-independer!t pressure, P, requires tna t the re be 
no significant pressui'e gradient in the decay tube whether 

due to flow, heating, or dissociation. This is known to 
be true, especially when a constriction is present.* 
Axial diffusion, i.e. diffusion in the direction of flow, 
must transport an insignificant amount of ntass compared · 

with the flow. This is borne out by the following calcu­
lation: the maximum contribution by diffusion to the flow 
occurs initially .when, at a pressure of 2 mm., it am.ounts to 

- Do[NJ/ôt • ôtjàx • A = 3.7 pm/s. [70] 

where D = cÀ/3; ô[N]/ôt = (k1P + k2P3 )(n~/P), n~ = number 
of micromoles per cc. at a pressure P; ôtjôx = t /2x31.7, 

0 
t

0
, is given by equation [30], 2 = factor to take dissociation 

into account, 31.7 = length of the decay tube; and A = cross­
sectional area of the decay tube. Since the flow under the 
same conditions is 220 pm/s., diffusion can be neglected.** 
This would not necessarily be true at higher pressures 
owing to the greater value of o[N)/ôt. 

* With the discharge off and using the 26 cc. decay 
tube, the gradient was 0.5 ot at 2.1 Mm. and 2 %at 0.3 JJUR. 
With the discharge on (complete dissociation) the gradients 
increased to only 5 %. The gradients would oe less with 
the 281 cc. decay tube as a result of both the greater 
diameter and the presence of the constriction. 

** Steiner (52) has made a similar calculation to 
determine if diffusion could be neglected. 
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Radial diffusion, on the other hand, must eliminate 

any radial concentration gradient. A detailed treatment 
as given in Appendix D shows that this condition is realized 

at lm~J pressures. The decay tube must be of uniform 
diameter so that k1 will be constant. The use of plots 

extending over a pressure range requires that the flowrate 

of nitrogen vary directly with pressure, for only then 
will the linear velocity of the gas and thence the decay 

time be pressure independent. That this assumption is 

valid follows from the approximate linearity of Fig. 2 1 

though, in contrast to the other effects, the validity 

increases with pressure. The effect of dissociation on the 
time of decay must also be pressure independent. This is 

shown in Appendix C to be true only at low pressures or 

large decay times. The use of an average decay tube 
temperature in calculating the time of decay (Appendix C) 
assumes that the temperature of the decay tube is uniform, 
a condition perhaps better realized at higher temperatures. 

It may therefore be concluded that while the decay 

equations are not exact, they should be reasonably valid 
at lower pressures. 
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B: CONVERSION OF FLOWRATES '1'0 PARTIAL PRESSURES 

It has been shown that above about 0.30 mm. ~he 

relation between nitrogen flowrate and pressure is linear 

(Fig. 2) and can therefore be represented sDnply by 

[1':2 \un/s. = 59.0(P- 0.15). 

Neglecting the effect of dissociation, a relation appli­

cable to N atoms formed in the ~ strearn follows as 

[N] / = 59.0([N] /P)(P- 0.15). J.l1I1 s • mm • 

[29] 

((1] 

However equation [71] must be corrected for the fact that 
with the apparatus used, dissociation brought about an 

increased flowrate rather than an increased pressure such 

that 

flowra te o.:: 
p 

[72] 
p 

This relation follows from the continuity equation given by 

Steiner (52). Substituting for [N] in equation [72] the mm. 
approximate-value [N]Jlffi/s./59.0 obtained from equation [71], 
and then using the result as a correction factor for equation 
(71], one · obta1~s the desired relation: 

[N]pm/s.(P- [N]pm/s./118) 

59.0(P - 0.15) [73] 
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APPENDIX 

C: THE TIME OF DECAY 

It has been shown that the average time of flow through 

the 281 cc. decay tube in the region l to 3 nun. i::: 

t
0 

= 0.271 x 298/T sec. [30] 

provided the nitrogen is undissociated. The increased 
flowrates arising from dissociation will reduce the time, 

so that it is necessary to find a relation between t
0 

and 

the true time t. Let x be distance measured along the 
decay tube, x

0 
the length of the decay tube, and v the 

linear flowrate in the absence of dissociation. Then, if 

there is no dissociation, 

[74] 

while if there is dissociation, 

dx/dt = v/(1 - [N]/2P) [75] 

While an expression for [N]/P as a function of t could 
be obtained from equation [37], and equation [75] then 
integrated, the result is too complex to be useful and is 
also pressure dependent. However, by neglecting homogeneous 
decay, [N] is given s~nply by [N) = Pe-k1t, so that equation 

[75] integrates to 

Hence, on equating the two expressions f or x0fv given by 

equations [74] and [76], and rearranging, the desired 

[76] 
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relation is obtained: 

[77] 

Equation [77] is necessarily valid only at low pressures 
(when homogeneous decay is of secondary importance) or at 
large decay times (when the entire effect of dissociation 
becomes less marked). 
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APPENDIX 

:Q: RADIAL DIFFUSION 

As a result of surface decay it is inevitable that a 
radial concentration gradient of sorne kind will exist, and 
that the surface decay will therefore be self-inhibiting. 
However such an effect has in the past been generally 
treated with such a rigid application of Fick's laws that 
a simple method of correcting for radial diffusion has 
apparently not been obtained. This was the case, for 
example, in the work of Steiner {71) on H atom decay. 

Now, as the formal approach involves assigning varia­
bility to the 0 shape• of the gradient, it was natural to try 
an approach in which· a constant "shapen wasused. 

It will therefore be necessary to determine the best 
constant shape. Consider a cylindrical system containing 
a gaseous mixture which includes atoms subject to surface 
decay. The effect of the surface decay will, of course, be 
to lower the atom concentration at the in~ediate surface. 
This effect will be counteracted by diffusion from the 
interior, the relevant law being (72) 

u(R,t) 
2 -Da t rn [78] 

where u(R,t) is tne atom concentration, r is the radius of 

the system, · R is the variable corresponding tor, J and J
1 th 0 

are Bessel functions, amr is the rn zero of J
0

, and 

D = ëÀ/3. However provided Dt is sufficiently large, the 
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law simplifies to 

u(R,t) [79] 

so that the gradient it describes is essentially conical. 
That is 1 as seen along a diameter, it appears as an inverted 
•v". Such a gradient has a constant shape and it is evident 

that it will correspond fairly closely to the true gradient 
in cases where diffusion is rapid or decay is slow. J.Vlore 

specifically the time required for a small amount (e.g. ~ o/J 
of decay must be comparable to or greater than 

[80] 

This condition can be shown to hold in the present work, 

where the average time for~ ' 0 decay during the initial 
75 ~k of decay at ss0 c. and 2 mm. is 0.0012 sec., compared 

with t' = 0.0020 sec. 

A simple expression for the effect of radial diffusion 
when the surface decay is first-order can now be readily 

obtained by assuming a conical gradient. Equating the rate 
of decay to the rate of diffusion in the manner indicated 
by Steiner (7~), one obtains 

2 x c[N] '"y/4 = - D()u(R,t)/ôR ; (cÀ/3r)( [N]" - [N) ') [81] 

where [N]' is the atom concentration at the surface of the 
decay tube and [N]• that at the center. The necessity of 

* This relation was derived by put~ing exp(- Dait) 
equal to a s~itable multiple of exp(- Da2 t), in particular 
ex exp(- Da2t). -
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the factor of two on the left side was indicated in an 
earlier section. It is readily shown that the average 
atom concentration in a cylindrical system, [N], is 
related to [N]' and [N]" by 

[N] = ~[N)" + ~[N]' 

Combining equations [81] and [82], 

[N]' = [N]/{1 + rr/2~) 

where the term (1 + yr/2À) is the desired correction for 
radial diffusion. The rate constant of surface decay is 
therefore more correctly given by 

[82] 

[83] 

[84] 

4 ~ where k1 is given by equation [8] and~= 3.16 x 10 yr/T mm. 
-8 if a = 3.84X10 cm. 

If similar arguments are applied to a spherical system, 
where 

[N] - ![N]" + ~[N]' - 4 4 [85] 

then ~ = 3;r/8~ = 2.37x lo4yr/T rnm.-1 • It can be proven 
that, provided ~p << 1, no correction is necessary to the 
rate constant of homogeneous decay in either a cylindrical 

or spherical system . 

The treatment given is general and can be applied to 

experimental situations other than the present one, e.g. 

static systems . However it would not be valid for a short­

lived species formed sorne distance from a surface. In such 
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a case a very marked pressure effect would be expected 
(cf. page 39). As far as the present work is concerned, 

J -1 ( ' since ~would only amount to 0.043 mm. for r = 1.68 cm., 
-4 0 y= 2.65x1o , T = 328 K.), the correction for radial 

diffusion can be neglected, at least at the lower pressures. 
However the correction could become quite important at low 
temperatures or high pressures. 
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APPENDIX 

E: CATALYTIC RECO~illiNATION 

Since the majority of the experiments described in the 

present work were conducted at high reactant flowrates, it 
is sufficient in deriving equations for catalytic recom­

bination to treat the case of complete consumption of the 

N atoms. In so doing it will be assumed, as proven by 
Forst et al. (42), that [N]e is independent of the lifetime 
of NM. 

Scheme 1 (cf. equations [51]). The basic differential 
equations are 

d[N]jdt = - (1 + p)k7[NM] - k8 [N] [NM] 

and 

d[N]e/dt ::; + (n + p )k7 [Nf•1] • 

Hence 

[86] 

Equation [52] now follows by integrating equat ion [86] f rom 

[N) = [N], [N]e =0 to [N] = o, [N]e = [N]e• 

Scheme 2 (cf. equations [53], 
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à(N]/d[N]e = - 1 + P - k /(n + )k n + p 9 P 7 

Scheme 3 (cf. 

d(N]/dt 

d[N]e/dt 

d[N]/d(N]e 

[N] e 

Scheme 4 (cf. 

d[N]/dt 

d[N]e/dt 

d[N]jd[N]e 

[N]e 

(n + p)[N] 

l + p +-k9/k7 

equations [54]), 

= - (2 + p)k10 [N) [NM] - k 8 (N] [Nrvl] 

= + k10 [N] [NI'il] 

= - (2 + p) - ke/klo 

[N] 
= 

2 + P + k8/klo 

equations [55 J)' 

=- (2 + p)k10 [N][NM] - k [NF1] 
9 

= + k10 [N][Nf·IJ] 

= - (2 + p) - k
9
jk10 [N) 

[N] k
8 

2 
(2 + p) klO 

= 
2 + p 

[87] 

[88] 
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SUI",HJIARY AND CONTRIBUTIONS TO KNOWLEDGE 

(1) A me~hod is described for investigating bath the 
surface and homogeneous decay of N atoms, in which 

the atom concentration reaching a reaction vessel after 
a period of decay in a decay tube is measured as a 

function of pressure by the HCN produced from ethylene 

or ethane at high reactant flowrates and elevated 
temperatures. It was necessary to operate under con­

ditions of complete initial dissociation ta enable a 

theoretical interpretation of the results. The 
apparatus was essentially a modification of the fast­

flo"V.r sys te:n used by Winkler and co-workers • 

(2) The theory relating to atom decay has been developed 
in detail, including a treatment of the factors which 

might affect its validity. Particular attention has 
been given to an estimate of the effect of a diffusion­
limited radial concentration gradient on the rate of 

surface decay. 

(3) The results indicated that the surface decay of N atoms 
proceeded by a first-order mechanism bett'ieen 55°C. and 

400°C., with the collision efficiency for an Na2HP04 -4 surface essentially constant at 2.7X10 • The value 
of the activation energy of the surface decay was 1.02 

-1 2 kcal.mole and the number per cm. of surface species 
14 ' 

was 1.90Xl0 • Depending on the temperature and 

whether or not N2 and N were considereà equivalent as 

third bodies, the homogeneous àecay rate constant 

varied from 1.3xlo-33 to 13xlo-33cc. 2molecule-2sec.-l 

Homogeneous decay was therefore concluded to be of secon­

dary importance below about 2 mm. pressure under the 

prevailing conditions. 
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(4) Similarities in the surface decay of N, H, and 0 atoms 
were pointed out 1 although it was not possible to 

decide whether N atom surface decay involved an adsorp­

tion mechanism (as with H atoms) or one in which a 
layer of nitride or nitrate is formed on the surface 
(by analogy with the 0 atom mechanism). The homo­
geneous decay of N atoms, on the other hand, appeared 

to be an order of magnitude slower than that of H 
atoms, and an unexplained positive temperature coef­

ficient was observed. 

(5) From a comparison of the rate constant for homogeneous 
decay at 25°C. (1.09 to 1.94xlo-33 ) with the rate 

constant for the production of afterglow obtained by 
Berkowitz et al. (2) (4x1o-33 ), it was concluded that 

all homogeneous àecay gives rise to afterglow. Evi­

dence was also presented that the molecules formed in 

the surface decay of N atoms were in a highly de­
excited state. 

(6) Calculations made from the data of Rayleigh (16) and 

Back (58) concerning the surface decay of N atoms on 

HP03 indicated that at the low atom concentrations 
prevailing in Rayleigh's experiment the surface decay 
began to shift from first to second-order. 

(7) As an extension of the study on the decay of N atoms, 
general treatments have been 1nade of the theory rela­

ting to the formation and decay of excited molecules, 

and that relating to catalytic recombination of atoms 

under conditions of complete consur.1ption of the a toms. 
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(8) Evidence was presented that the low reactivity observed 
for ethylene at room temperature was entirely due to 

homogeneous catalytic recombination of the N atoms 
with a rate constant of 13x1o-33 at 75°C. Such a rate 
is an order of magnitude greater than that of homo­
geneous decay at a similar temperature. 

(9) On the other hand it was concluded that N atom attack, 
whether or not accompanied by catalytic recombination, 
did not account for the low reactivity of arnrnonia and 
ethane, both at room temperature. This was considered 
good evidence that excited molecules were present. 

(10) To determine the mode of formation of the excited 
~ molecules a modified apparatus was designed in which 

the reaction vessel was attached directly to the dis­
charge tube near an electrode. The results indicated 
that the excited molecules were formed only by homo­
geneous atom decay. It was therefore possible to 
show that the two mass-spectrometric studies of active 
nitrogen that have been made (1,2) could not have 
detected excited molecules even if the molecules did 
not decay at a11. 

(11) Tentative values of the rate constants for the decay of 
- the excited molecules indicated that the only mode was 

homogeneous decay with a first-power pressure depen­

dence. However it was not considered possible, on the 

basis of the information available, to identify the 

excited molecules with one or the other of the two known 

(or suspected) metastable nitrogen states, i.e. the 

vibrationally~excited ground state and the A3~ state. 

For example, it was pointed out that homogeneous decay 
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with a first-power pressure dependence could equally 

well characterize an anharmonic vibrator or an elec­

tronic state decaying by a collision induced cross-

over. 

(12) Several points of general interest in active nitrogen 

work were brought out. In the construction of the 
apparatus it was shown advantageous to precede the 

reaction vessel by a constriction, to use Na2HP04 as 

the poison, and to use electrodes machined from solid 

alwninum. The rnethod of rneasuring reactivities as a 

function of pressure under conditions of complete 

initial dissociation was shown capable of identifying 

or disproving both catalytic recornbination and N atom 

reaction, and should therefore be of use in the study 

of reactions of uncertain mechanisn1 such as that of 

active nitrogen with HCl. The variability in the 

amount of heat generated by the reaction, or carried 

down from the discharge tube and connecting tube, was 

shown to be sufficient to elirninate catalytic recom­

bination under sorne conditions but not under others. 

(13) Since complete dissociation of hydrogen is readily 
brought about, the present method would be particu­
larly suited to the study of H atom decay. 
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